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Editorial Preface

A typical question that almost all of us (the authors’ team and other colleagues) has been
asked not only once has in general the meaning (although usually being shorter): “What is the
best method for modeling of light diffraction by periodic structures?” Unfortunately for the
grating codes users, and quite fortunately for the theoreticians and code developers, the
answer is quite short, there is no such a bird like the best method.

In the more than 30 years active studies on the subject, I have worked on the theory
and numerical applications of several approximate methods, like Rayleigh expansion,
coupled-wave theory, beam propagation method, first-order approximations, singular Green’s
function approximation, effective index medium theory, etc. My conviction is that they are
quite useful (otherwise why to exist) for physical understanding, but my heart lies in what is
considered as rigorous grating theories. Name °‘rigorous’ is used in the sense that in
establishing the theories, exact vector macroscopic Maxwell equations and boundary
conditions are applied without approximations. The approaches become approximate after
computer implementation, due to the impossibility to work with infinite number of equations
and unknowns, and due to the finite length of the computer word.

Of course, there are always initial approximations and assumptions, like the infinite
dimensions of the grating plane, linearity of the optical response, etc. From physical point of
view, the main feature of the methods, presented in this book are characterized by the use of
optical parameters of different substances as something given by other physical optics
theories and the experiment as an ultimate judge.

The necessity to use more than a single rigorous method comes from practice:
different optogeometrical structures made of different materials and working in different
spectral regions require a variety of methods, because each one is more effective in some
cases, and less effective (or failing completely) in others. In addition, each approach is a
subject of constant research and development. Grating modeling, grating manufacturing and
grating use go hand in hand, and practice provides strong stimuli for the theory development.
Vice versa, recent grating technologies and application cannot advance without proper
theoretical and numerical support.

When I started my grating studies, the method of coordinate transformations that uses
eigenvector technique to integrate the Maxwell equations (sometimes known as the C-
method) has just been formulated. It worked perfectly for holographic grating whatever the
polarization and the grating material, but failed completely for grooves with steep facets. It
took more than 15 years to refine its formulation, so that now it can deal with echelles and
pyramidal bumps (in the case of two-dimensional periodicity) with slopes up to 87 deg
steepness. However, the method is not at all adapted to lamellar gratings. On the other hand,
the Fourier modal method (also known as Rigorous coupled-wave approach, RCW) is perfect
for such profiles, but its use in the case of arbitrary grating profiles (e.g., sinusoidal or
triangular profiles) in case of metallic grating material causes problems when using a staircase
approximation of the profile. The differential method does not use this approximation and
could deal with arbitrary profiles, but it took more than 20 years to make it working with
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metallic gratings in TM (p, or S) polarization. And quite ironically, the improvement came
from advances in the competing RCW approach.

These methods are relatively easy for programing nowadays, after solving the
numerical problems due to growing exponentials and factorization rules of the product of
permittivity and electric field, however there are still some persisting problems for highly
conduction metals. In addition, neither the differential, nor the Fourier modal methods can
deal with infinitely conducting gratings.

Several methods are quite flexible concerning the geometry of the diffracting objects
and the grating material. For example, the integral method can treat inverted profiles, rod
gratings with arbitrary cross section, finitely or infinitely conducting materials in any
polarization, but its programming require deep mathematical understanding of the
singularities and integrability of the Green’s functions. Other two flexible methods are quite
famous and widely used, even in the form of commercially available codes. These are the
finite-element method, and the finite-difference time domain method. The flexibility with
respect to the geometrical structure, optical index inhomogeneity and anisotropy, etc. has to
be paid by the necessity of sophisticated meshing algorithms and very large sparse matrix
manipulations.

These few examples represent only the top of the iceberg, and are invoked to illustrate
the basic idea that the best method has not been invented, yet. Probably never.

We have tried to gather a team of specialists in rigorous theories of gratings in order to
cover as large variety of methods and applications as practically possible. The last such effort
dates quite long ago, and it has resulted in the famous Electromagnetic Theory of Gratings
(ed. R. Petit, Springer, 1980), a book that has long served the community of researchers and
optical engineers, but that is now out of press and requires a lot of update and upgrade,
something that we hope to achieve, at least partially with this new book.

Our choice of electronic publishing is determined by the desire to ensure larger free
access that is not easily available through printed editions. I want to thank all the contributors
to this Edition. Special thanks are due to my colleagues Fréderic Forestier and Boris Gralak
for the technical efforts to make the electronic publishing possible.

Marseille, France Evgeny Popov
December 2012
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Chapter 1

Introduction to Diffraction Gratings: Summary
of Applications

Evgeny Popov

Institut Fresnel, CNRS, Aix-Marseille University, Ecole Centrale
Marseille, Campus de Saint Jerome, 13013 Marseille, France
e.popov@fresnel.fr www. fresnel.fi/perso/popov

Periodic systems play an important role in science and technology. Moreover, desire for order
in Nature and human society has accompanied development of philosophy. Simple periodical
oscillation is referenced as ‘harmonic’ in mechanics, optics, music, etc., the name deriving
from the Greek dpuovia (harmonia), meaning "joint, agreement, concord” [1.1]. It is not our
purpose here to study harmony in general, nor harmony in physics. We are aiming to much
more modest target: rigorous methods of modeling light propagation and diffraction by
periodic media.

The methods presented in the book have already shown their validity and use from x-ray
domain to MW region, for nonmagnetic and magnetic materials, metals and dielectrics, linear
and nonlinear optical effects. The existing variety of these methods is due not only to
historical reasons, but mainly to the absence of The Method, a universal approach that could
solve all diffraction problems. Some of the approaches cover greater domain of problems, but
more specialized ones are generally more efficient. The other reason of the great number of
methods is the complexity and variety of their objects and applications.

1.1.  Diffraction property of periodic media

The most important property of diffraction grating to create diffraction orders has been
documented by Rittenhause for the first time in 1786 [1.2] due to the observation made by
Francis Hopkinson through a silk handkerchief. The appearance of diffraction orders rather
than the specularly reflected and transmitted beams was studied experimentally by Young in
1803 [1.3] with his discovery of the sine rule. A detailed presentation of the analytic
properties of gratings can be found in Chapter 2.

Secondary-school pupils are supposed nowadays to know the Snell-Descartes law,
which undergraduate students in universities are supposed to be able to demonstrate: single-
ray diffraction on a plane interface results in a single transmitted and single reflected rays.
The critical advantage of periodic perturbation of the interface (variation of the refractive

index or surface corrugation) changes the impulsion (wavevector surface component lszn) of
the incident wave Es,i along the surface by adding or subtracting an integer number of grating
impulses (grating vectors) K:

~ 27 A . . C . T
where K = Fd and d is the grating period in a unit-vector direction d .

If the interface lies in the xy-plane and the periodicity is along the x-axis (Fig.1.1), and
the incidence lies in a plane perpendicular to the grooves, the equation in reflection takes the
form of the so-called grating equation:


mailto:e.popov@fresnel.fr
http://www.fresnel.fr/perso/popov
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sin®,, =sin6; +m% (1.2)
where A is the wavelength of light.

K. order 0

order—1

Fig.1.1. Lamellar grating working in in-plane regime in TM (transverse magnetic)
polarization, together with the coordinate system, incident wavevector.

The case of conical (off-plane) diffraction by a plane grating having one-dimensional
periodicity can also be described by eq.(1.1), preserving the wavevector component parallel to
the groove direction:

ky,m = ky,i

kx,m :kx,i +mK (13)

Ky = K2 —K2 — K2

where k is the wavenumber in the cladding. As a result, the diffracted beams lie on a cone,
thus the name conical diffraction.

Two-dimensional periodicity (having grating vectors Kl and K2) imposed on the

optogeometrical properties of the plane interface creates two sets of diffraction orders
together with their spatial combinations, subjected to the same rule formulated just before

eq.(1.1):

Kgmn = kg; +mK, +nK, (1.4)

S,mn

Pure three-dimensional (3D) periodicity appears in crystallography and photonic
crystals, if the substance is assumed to fill the entire space. The third-direction periodicity
imposes additional condition to the wavenumber (said more precisely, to k which is

z,m °
already defined by the wave equation as given in the third equation of (1.3)), which leads to
creation of discrete modes propagating in 3D periodic structures. This also leads to the
appearance of propagating and forbidden zones structure.

1.2. Classical gratings in spectroscopy

The most common application of diffraction gratings is due to the fact that outside of the
specular order (m = 0), the diffraction order direction depends on the wavelength, as stated in
eq.(1.2). The result is that the grating acts as a dispersive optical component, with several
advantages when compared to the prisms:



E. Popov : Introduction to Diffraction Gratings: Summary of Applications 1.3

1. The grating can be a plane device, while the prism is a bulk one that requires larger
volumes of optically pure glass (to add the difficulties of weight and temperature
expansion constrains).

2. Provided a suitable reflecting material, the grating can work in spectral regions, where
there is no transparent ‘glass’ with sufficient dispersion.

3. Grating dispersion can be varied, as it depends on the groove period, while prism
dispersion depends on the material choice and groove angle, which gives quite limited
choices.

Since the first works of Young, followed by Fraunhofer’s quite serious attention to diffraction
gratings use and properties [1.4], there is rarely more important device in spectroscopy
achievements that lay the basis of modern physics. An interested reader can find some
important aspects of their history, properties, and application in [1.5]. Despite the above-listed
advantages compared to prisms, the diffraction gratings never have sufficient performance for
their spectroscopy customers:

1. There is no enough diffraction efficiency, defined as the ratio of the incident light
diffracted in the order used by the application.
This is probably the problem that has been mostly treated by rigorous grating methods,
because they are the only ones to provide feasible results on the energy distribution, while the
other characteristics (spectral resolution, scatter, dispersion, order overlap, etc.) can be
obtained by simpler approaches.

1.0+
—TE
—TM
0.8
0.6 1
0.4
0.2
0.0 ¥ T Y T T T T 1
0.2 04 0.6 0.8 1.0

wavelength

Fig.1.2. Diffraction efficiency of aluminum-made sinusoidal grating with period d = 0.5 um as a
function of the wavelength. Littrow mount (—1° order diffracted in the direction of the incident
beam) for the two fundamental polarizations (transverse electric TE and transverse magnetic TM).

A typical spectral dependence of the diffraction efficiency (defined more precisely as
the ratio between the energy flow in the corresponding order and the energy flow in the
incident order in z-direction) of a surface-relief sinusoidal grating made of aluminum and
working in the —1* Littrow mount' is presented in Fig.1.2. As observed, the problems of
spectral variation of efficiency adds to its polarization dependence.

2. There is no enough resolution, defined as the ratio between the working wavelength
and the smallest distinguishable (as usual, defined using the Rayleigh criterion)
spectral interval:

! Littrow mount means retrodiffusion, when the diffracted beams propagates in a direction opposite to the
incident beam, i.e. sinf_; = -sinb;
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A
- (1.5)

Classical diffraction theories show that the spectral resolution is proportional to the number of
grooves illuminated by the incident beam, and inversely proportional to cos(6;), if we
consider 1D periodicity in non-conical diffraction (speaking more precisely, the inverse
proportionality implies to the sum of the cosines of the incident and the diffracted angles).
The latter dependence gives advantages to grazing incidence for higher spectral resolution
applications, namely astronomy.

3. The efficiency depends on the polarization.

Laser resonators usually use Brewster windows, so that the requirements are for high-efficient
grating working in TM (transverse magnetic) polarization. However, spectroscopic
applications do not like this at all. In astronomy, this property can be quite costly, because the
loss of a half of the incident light intensity requires twice the exposer time. Low polarization
dependent losses (PDL) are one of the most important criterions in optical communications, in
general, and in grating applications for wavelength demultiplexing, in particular, necessary
for multichannel optical connections. Fortunately, contrary to stellar spectroscopy, gratings
used in optical communications work in only very small spectral interval, and are used in
quite smaller sizes, so that there exist several solutions that provide high efficiency in
unpolarized light over a limited spectral region. The idea is to shift the maxima in the spectral
dependence of the two polarizations in Fig.1.2 in order to make them overlap at some required
wavelength. One solution is to use a grating having two-dimensional (2D) periodicity, as
shown further on in Fig.7.1. The period in the perpendicular direction is sufficiently small as
not to introduce additional diffraction orders, and this additional corrugation can shift the
position of the TE maximum to longer wavelengths [1.6].

400 .44 rum

Fig.1.3. SEM picture of the profile of a grating etched in Si wafer and used for wavelength
demutiplexing (after [1.7], with the publisher’s permission)

Another more conventional solution is to use a classical grating with a 1D periodicity,
but having a deformed profile in order to perform the same shift of the TE maximum [1.7, 8].
This can be achieved by introducing a flat region at the bottom of the grooves and
“sharpening” the groove triangle, which needs a sharper apex angle. While this is quite
difficult to be made with grating ruling or holographic recording, etching in crystalline silicon
naturally produces grooves with 70.5° apex angle, as observed in Fig.1.3. A flat region on the
top is made if the etching is not complete. When covered with gold, such grating can be used
from the silicon side, which is transparent at wavelengths around 1.55 pm. Unpolarized



E. Popov : Introduction to Diffraction Gratings: Summary of Applications 1.5

efficiency greater than 80% can be kept over the communication interval of 50-60 nm, as
observed in Fig.1.4.

™
085 L =
08 @ —@ =

0.65

06

0.55

05 ; . . : : :
152 1525 153 1535 154 1545 155 1555 156 1565 157

Fig.1.4. Spectral dependence of efficiency in -1% order for the grating shown in Fig.1.3
(after [1.7] , with the publisher’s permission).

4. There is an overlap of diffraction orders.
As stated by the grating equation, if the period is chosen to provide diffraction orders inside a
large spectral interval, the second diffracted order has the same direction of propagation as the
first one for wavelength of light twice shorter. This problem is avoided in many spectroscopic
devices by three different methods: additional spectral filtering of undesired orders;
interchange of grating having different spatial frequency (period); adding cross-dispersion
grating for echelle applications.

In addition, there is a contradiction between some requirements as, for example, free
spectral range (spectrum covered by the grating), dispersion and overlap of orders. In some
cases, the only compromise is to use interchangeable gratings in order to cover larger spectral
range without order overlap and maintaining higher dispersion. Some spectrographs are
designed having multiple channels with splitting of the incident beam between them, however
reducing the illumination power in each channel.

1.3.  Echelle gratings in astronomy

In astronomy, measurements of very low signals coming from far cosmic objects require large
periods of time, so that the loss of energy due to low efficiency or/and strong polarization
dependence leads to a further growth of costs. When efficiency constraints are added to the
independence of the polarization, the only known solution is the echelle grating (high groove-
angle triangular groove profile used in grazing incidence, Fig.1.5) that has the advantages of
almost equal and high efficiency in both fundamental polarizations [1.9].

metal

Fig.1.5. Schematical presentation of echelle grating.
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The high efficiency in unpolarized light is obtained when the diffraction is made as if
light is reflected by the working facet in its normal direction. Of course, it is necessary that
the reflections at consecutive facets are in phase. The problem is that the efficiency varies
rapidly with the wavelength, and the maxima switch between consecutive orders (Fig.1.6).
The separation of orders is usually made using another shorter-period grating with grooves
perpendicular to the echelle (called cross-dispersion), so that the different orders are separated
in direction perpendicular to the echelle dispersion direction.

[114] [113] [112] [111] [110] [109]

0.8 4

0.6

2

L 044

£

o

0.2 4

0.0 . - e . : f,
0.500 0.505 0.510 0.515 0.520 0.525 0.530

wavelength (um)

Fig.1.6. Diffraction efficiency of an echelle made of aluminum with 31.6 grooves/mm and
64° groove angle of the working facet. Incident angle is equal to 64°. The numbers of the
diffraction orders are indicated in the figure.

Echelle gratings are also used in transmission, glued to the hypotenuse face of a prism
that has a role to deviate back the beam diffracted by the grating, so that the principal
diffracted order of the device propagates almost in the same direction as the incident beam for
a chosen central wavelength. The device is known as a Carpenter prism or GRISM and gives
the possibility to convert an imaging device (camera) into a long slit spectrograph [1.10],
commonly used in airborne or space borne scientific missions.

UV excimer lasers used in photolithography at 193.3 nm wavelength can be equipped
with an echelle grating for narrowing the spectral line. While in lasers working in the visible
and IR, the resonators are equipped with diffraction gratings with symmetrical grooves
working in —1% order than easily can be made holographically or lithographically, a grating
working in the lowest order at 193.3 nm must have more than 9 000 gr/mm, very difficult for
fabrication and impossible for replication. Echelles take longer to be made and are more
expensive as they require mechanical ruling engines with temperature control and clean
environment, but have large periods and can be replicated from the ruled masters and
submasters to become available at acceptable prices.

1.4.  Gratings as optical filters

Spectroscopic applications of gratings use one or more diffraction orders that differ from the
specular reflected and transmitted ones, because of the required spectral dependence. There
exist, however, several applications that use the zero order(s), even with corrugation of the

10
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surface or modulation of the refractive index in the grating region. These are devices having
refractive or reflection properties in the zeroth order that are modified by the grating surface.

1.4.1. Zero-order diffraction (ZOD) imaging

One of the applications uses the diffraction in higher orders to change the spectral dependency
in the zero order, as light that is diffracted in the higher order(s) is absent in the zero order.
The structure known as zero-order diffraction (ZOD) microimage [1.11] represents a
transmission grating (usually with a rectangular or triangular groove form that can be
replicated by relief printing in plastic sheet. Appropriately choosing the groove depth, one
obtains broad-band color filters in transmission by using non-absorbing materials without
colorants that can bleach.

Another type of gratings have periods, smaller than the wavelength in the substrate and
the cladding, chosen to avoid the propagation of other that the zero orders. Such structures are
known as subwavelength gratings, and they play important role in integrated optical devices
and recently in plasmonics to transfer energy from one to another guided mode in dielectric or
metallic waveguides, or to change the mode direction, or to focus guided light (see Section
L.5).

1.4.2. Surface/guided mode excitation

A subwavelength grating can serve to couple the incident light to surface or cavity resonances
that can exist in the grating structure. The absence of higher orders means only that they are
evanescent rather than propagating in the cladding or in the substrate. The horizontal
component of their propagation constant (say, ky) is larger than the wavenumber in the
surrounding media, and thus it can excite a surface or waveguide mode that is subjected to the
same requirement in order to stay confined to the surface. The grating action is the same as in
the coupling between the incident wave and one of the diffraction orders, only that now k, ,

is equal to the real part of the mode propagation constant k:

Re(k,) =k, ; ~K (1.6)

To fail to see the quite small difference between k, and kg in the case of surface
plasmons on highly conducting metal surfaces is one of the rare failures of Lord Rayleigh
[1.12] when trying to explain Wood’s anomalies [1.13]. The case when k, , =k, represents

a transition of the m-th diffracted order between a propagating and an evanescent type, as
follows from eq.(1.3). This transition leads to a redistribution of energy between the
propagating orders, observed in efficiency behavior as a phenomenon called cut-off anomaly.

Lord Rayleigh attributed Wood’s anomalies to the cut-off of higher orders, whereas the
true explanation is that Wood anomaly is due to surface plasmon excitation. It is easy to judge
nowadays, but the difference in the spectral and angular positions of the cut-off and surface
plasmon anomaly sometimes is smaller than the experimental error, or more important, the
error in the knowledge of the grating period. The resonant nature of the surface-plasmon
anomaly has much more pronounced features than the cut-off anomaly, a fact first noticed by
Fano [1.14] and further developed by Hessel and Oliner [1.15]. The form of the so-called
Fano-type anomaly can easily be derived from the interference with a non-resonant
contribution (for example, non-resonant reflection by the grating layer) and a resonant effect
(for example, excitation by the incident wave of a surface mode that is diffracted back into the
direction of the non-resonant wave), as sketched in Fig.1.7.

11
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T
n.res. T
res.

] | |

Fig.1.7. Process of interference between the non-resonant and the resonant reflections
(second term in eq.(1.7)) that is created due to the excitation of the surface or guided wave
through the —I" grating order, and then radiated into the cladding through the +1%
diffraction order.

Here, by mode, we mean a surface or guided wave that represents an eigen (proper)
solution of the homogeneous diffraction problem (assuming non-zero diffracted field without
incident wave). The latter effect is commonly described in physics as having a Lorentzian
character (e.g. electric circuit dipole oscillator). For example, the wavelength dependence of
the total reflectivity r will be the sum of the non-resonant and the resonant Lorentzian
contributions:

o Cres (1.7)

kx,i _kg

r= rn.res.

where the coefficients 1,5, and c. are slowly varying functions of the incident wave
parameters. The pole k? of the resonant term is equal to the surface/guided wave propagation
constant. The Fano-type equation is obtained by taking the common denominator in eq.(1.7):

kx,i _ki

X 1.8
kx,i _kg ( )

r= I.Il.I'eS.

with ki =kP —c, /1, . representing a zero of the reflectivity. The formula implies that for

each resonance, there exist an associated zero, that is expressed as a minimum of the anomaly.
In reality, the pole has always non-zero imaginary part due to the interaction between the
incident and the surface/guided wave. The zero takes, in general, complex values, but there
are several important practically cases when the zero could become (and remains) real, i.e.,
the reflectivity can become zero. The imaginary part of the pole determines the quality factor
(width) of the resonant maximum.

The same reasoning applies in transmission (and in any other existing propagating
order), with the same pole (same resonance), but different zeros. Depending on the imaginary
parts of the pole and the zero, sometimes the resonant anomaly can show itself as a Lorentzian
maximum, sometimes as a pure minimum on otherwise highly-reflecting background,
sometimes both maximum and minimum can manifest themselves. The important cases when
the zeros are almost real are used in surface plasmon absorption detectors and in resonant
dielectric grating filters (see the next two subsections).

1.4.3. Surface plasmon absorption detector

Wood anomaly can sometimes lead to a total absorption of light by shallow metallic gratings
with groove depth that does not exceed 10% of the wavelength. This phenomenon was called
Brewster effect in metallic gratings [1.16] and has found an important application in chemical

12
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and biochemical surface-plasmon grating detectors [1.17]. The effect of total light absorption

appears in a narrow spectral and angular interval (Fig.1.8).
1.0+

0.9 1
0.8—-
07
0.6—-
0.5—-
0.4—-

0.3 1

reflected efficiencies

0.2 1

0.1 1

00 . . . . : .
60 65 70 75 80 85 20
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Fig.1.8. Reflectivity of an optical surface plasmon detector as a function of the incident angle.
Wavelength equals 850 nm, TM polarization. Cladding is glass, the substrate index for the two
curves is indicated in the figure, and the grating layer is made of silver with thickness of 40 nm.

The grating profile function contains two Fourier harmonics.: 35sin (an / d) +59sin (47cx /d+m/ 2)
with the depths given in nanometers (after [1.18], with the permission of the publisher).

The position of the anomaly depends on the propagation constant of the plasmon
surface wave that is quite sensible to the variation of the refractive index of the surrounding
dielectric, thus the determination of the position of the anomaly brings information about the
composition of the surrounding medium, i.e., serves as an optical detector (Fig.1.8).
Introduction of the second Fourier component of the profile function increases the direct
interaction between the plasmon surface waves propagating in opposite directions (the grating
vector of the second harmonic is twice longer that of the first one), interaction that increases
the sensitivity of the device.

1.4.4. Resonant dielectric filters

There is a particular case when the maximum in the reflectivity due to the resonant waveguide
mode excitation stays theoretically at 100% on a low-reflective non-resonant background
value. This is the case of corrugated dielectric waveguides having symmetrical grooves. If, in
addition, the substrate is identical to the cladding, the zero in reflection remains real whatever
the other parameters, i.e. a 100% maximum is accompanied by a 0 value minimum in the
reflectivity (Fig.1.9). This peculiarity was accidentally found in 1983 [1.19, 20] followed by a
theoretical explication in 1984 [1.21]. The effect has been independently rediscovered in 1989
by Magnusson [1.22], who has done a lot for its analysis, and quite important practically, for
its extension in transmission [1.23]. The advantage of the device is that the quality factor
increases with the decrease of the groove depth, i.e. very narrow-line spectral filters can be
obtained using shallow gratings, at least theoretically. However, as usual, the advantage is
paid back somewhere, namely in the tight angular tolerances: when eq.(1.6) results in high
spectral sensibility, it also is responsible for strong angular sensibility. Sentenac and
Fehrembach [1.24] proposed to introduce a direct coupling between the waveguide modes
propagating in the opposite direction (as was done in Fig.1.8), but this time aiming to a
significant reduction of the angular sensibility of the effect.
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Fig.1.9. Reflection by a corrugated dielectric waveguide. Symmetrical triangular profile with
groove angle equal to 10°. Substrate and cladding have optical index equal tol, the layer has
index 2.3 and its thickness is equal to 69 nm. Incident angle is equal to 26.7°. Excitation of TE
waveguide mode leads to a narrow spectral anomaly.

The idea was based on the flattening of the angular dependence of the guided wave
propagation constant on the boundaries of the forbidden gaps, created by the direct mode
coupling due to the structure periodicity, one of the basic properties of photonic (and
electronic) crystals.

1.4.5. Enhanced transmission through hole arrays in metallic screens

In 1998 Ebbesen et al. [1.25] reported an interesting effect on metallic screen perforated with
circular holes (Fig.1.10a). They were surprised to observe peaks with relatively strong
transmission in the spectral dependence (Fig.1.11).
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Fig.1.10. (a) Schematical representation and notations of a two-dimensional hole array perforated
in a metallic screen deposited on a glass substrate and illuminated from above with linearly
polarized incident wave. (b) Surface-plasmon assisted energy flow inside the aperture close to the
resonance.
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Fig.1.11. Spectral dependence of the transmission of the structure presented in Fig.1.10a, with d =
0.9 um, t = 0.2 um, and hole diameter of 0.2 um (after [1.25], with the publisher’s permission).

These peaks were identified as resulting from surface plasmon excitation on the upper,
or the lower surface. Many theoretical and experimental works appeared as a result of this
discovery, which revived the interest to surface plasmons and grating structure, leading to a
new name of the plasmon studies called now plasmonics.

It seems nowadays that the explanation of the enhanced transmission observed in
Fig.1.11 lies in the common action of two phenomena [1.26]. The first one is the surface
plasmon excitation that enhances the electromagnetic field intensity near the entrance
apertures, as represented schematically in Fig.1.10b. The second phenomenon is the tunneling
of the mode in the vertical hollow waveguides inside the holes. Although for small holes even
the lowest mode is evanescent (contrary to 1D lamellar gratings, where TEM mode exists
without cut-off), it gives the possibility of energy transfer from the upper to the lower
interface, much more efficiently than the tunneling through the non-perforated screen [1.27].

One unexpected consequence of the observation of Ebbesen et al. came in fluorescence
single-molecule microscopy and in the biomembrane studies. Both require small measuring
volumes in order to study only a very small number of molecules or a small portion of the
membrane surface. However, small measuring volumes mean week signals. Here comes the
role of the surface plasmon enhanced field and evanescent mode inside the aperture. When the
mode is close to its cut-off, the real part of its propagation constant along the axis of the hole
tends to zero, which leads to a compression of the electromagnetic field at the entrance
aperture, increasing even more the field density and thus the measured signal. In addition, as
the field is evanescent inside the hole, the effective measuring volume does not extend to the
entire hole depth (see Fig.1.12). The small cross-section of the holes reduces further on the
measuring volume to much smaller values than permitted by the diffraction limit, in several
cases volumes of the order of several attolitres have been reported.
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Fig.1.12. Schematic presentation of (a) single-molecule fluorescence backside microscopy field
density, and (b) tiny-portion cell membrane microscopy inside a metallic aperture (after [1.28]
with the publisher’s permission).

1.4.6. Non-resonant filters

Resonant filtering has its advantages, when narrow spectral bands are aimed, but in some
important applications it is necessary to have wider bands, accompanied by angular and
polarization invariance with respect to the incident wave. Such are the requirements for color
filters used to separate the RGB colors on each pixel of the CCD cameras. A promising
example [1.29] contains a small subwavelength grating consisting of circular metallic bumps
with different diameters and heighst (Fig.1.13a) that can filter light in different spectral
regions, depending on their geometrical parameters, (Fig.1.13b).

0.7
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4+U0 450 500 550 600 650 700
A (nm)

(a) (b)

Fig.1.13. (a) Nanostucture consisting of coaxial metallic cylinders, with a subwavelength period
equal to 300 nm, external diameter 260 nm, and internal diameter 160 nm. (b) Transmission
spectrum of the structure for different metals and cylinder heights, as shown in the inset (after
[1.29] with the publisher’s permission).

1.4.7. Flying natural gratings: butterflies, cicadas

The observation of Hopkinson (see Sec.1.1) of the diffraction on a handkerchief is far the less
exotic grating that exists. As always, Nature had all the time to surpass humanity. A striking
realization has been developed during the million-year long evolution of butterfly wings that
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have so attractive coloring. The so called Morpho rhetenor butterflies have a non-pigment
metallic blue color (Fig.1.14) that long has been attributed to multilayer reflection. However,
Vukusic et al. [1.30] had the idea (and funds) to use an electron microscope to observe deeper
in detail the structure of the scales, as reported in Fig.1.15a, a typical 3D structure that
resembles a photonic crystal. The modeling with a 2D grating with a structure given in
Fig.1.15b confirms the blue-spectrum reflection of the scales (Fig.1.16).

Fig.1.14. Entire view (to the left) and magnification of the scales (to the right) of a Morpho
rhetenor butterfly (after [1.30] with the publisher’s permission).

Fig.1.15. (a) Transmission electron microscope image showing the cross-section through a single
Morpho rhetenor scale (after [1.30] with the publisher’s permission). (b) Modeled structure; the
two red lines define a grating layer, the optical index of white regions is 1 (after [1.31] with the
publisher’s permission).
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Fig.1.16. Spectral dependence of the reflection of the butterfly scale (after [1.31], with the
publisher’s permission,).

Another “application” is used by the cicadas (quite common in the southern Europe, see
Fig.1.17a) to camouflage themselves on the tree branches. Their wings are covered with an
anti-reflection nanostructure, first observed by Xie et al. [1.32] and shown in Fig.1.17b.
Anyone that has entered the microwave measuring rooms can identify the cones on the walls
that are about 1 million times larger, as scaled to the wavelength.

G. Xie etal (2008)

200nm

(a) (b)

Fig.1.17. (a) A photo of a cicada, and (b) the nanostructure pattern on its wings (after [1.32] with
the publisher’s permission).

1.5.  Gratings in Integrated optics and plasmonic devices

Gratings are used in integrated optical devices to deviate the direction of propagation of
waveguide modes and surface waves, for their focusing inside or outside the guide, or for
energy transfer between different modes. Let us consider the case with one-dimensional
periodicity. The grating equation can be applied not only to free-space waves, but to the
waveguides modes. If the period is suitably chosen, it is possible to couple one mode to
another:

Re(k, ) =Re(k,,) - K (1.9)
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where k,; and k,, are the propagation constants of the modes.
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amplitude 22
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Fig.1.18. Upper part: schematical presentation of Bragg relief type lamellar grating deposited on
a waveguide (dielectric or plasmonic) with two propagating modes. Lower part: energy carried by
each mode.

It is possible to couple the mode propagating in a given direction to the same but contra-
propagative mode. This is the case of the so-called Bragg gratings that act as a distributed
mirror forming a forbidden zone for the mode propagation, in which the mode field decreases
exponentially without being radiated in the cladding and in the substrate. The result is that it is
rejected back into a contra-propagative direction (Fig.1.18). Due to the limit size of the
grating region, a small part of the incident mode 1 is transmitted to the right, thus the reflected
mode 2 carries smaller amount of energy. The grating grooves can be made curvilinear in
order to focus the mode. The same effect can be obtained by replacing the 1D structure by 2D
periodicity having also a period in the transversal y-direction (see Section 1.8).

1.6.  Beam-splitting applications

The fact that the periodicity creates diffraction orders can be used to create multiple beams
from a single laser beam. The most-commonly used device is symmetrical groove
transmission gratings used as beam splitters for optical disk readers, where the wavelength of
the laser source is constant. As a rule, the zero order beam reads the track and the two first
order beams read adjacent tracks to keep the head both centered and focused. By controlling
the groove depth, the ratio of zero to first orders transmission can be varied over a factor of
10, and a high degree of symmetry is inherent.

A special type of transmission grating can be used to generate an entire family of orders
with a groove shape designed to make their intensities as equal as possible. This gives us
multiple beam splitters, which may have 5 or even 20 orders on both sides of zero. A top view
of such gratings under working conditions (with a laser input) gives rise to the term of “fan-
out gratings”. Applications are found in scanning reference planes for construction use,
optical computing, and others [1.5, 33]. Such gratings tend to have large groove spacings (10
to 100 um) and low depth modulations. The difficulty in making such gratings lies in
achieving a groove shape that leads to a sufficient degree of efficiency uniformity among
orders, especially if they are to function over a finite wavelength range. Two obvious
candidates are cylindrical sections or an approximation of this shape in the form of a wide
angle V with several segments of different angles. The choice may vary with the availability
of the corresponding diamond tools. They have also been made by holographic methods,
which are able to produce the parabolic groove form that gives the best energy uniformity
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between the diffracted orders [1.34, 35]. Applications of fan-out gratings are found in
scanning reference planes for construction use, in biophysics for simultaneous treatment of
great number of samples, etc.

By combining two such grating at right angles to each other, an accurately defined 2D
array of laser beams is generated to be used for calibrating the image field distortion of large
precision lenses, in robotic vision systems, or in parallel optical computing. Instead of using
two 1D periodical grating, it is possible to use a single large-period 2D crossed grating with
specially optimized pattern inside each period [1.36].

1.7. Subwavelength gratings for photovoltaic applications

As explained in Sec.1.4, resonant excitation in metallic gratings can lead to a total absorption
of incident light, effect necessary for the efficient work of photovoltaic devices. The problem
with surface plasmon excitation and the accompanying light absorption is that its wave is not
localized, thus it is characterized by a well-determined value of propagation constant along
the surface, because non-local effects in the real space are localized in the inverse space. This
is why the surface plasmon anomalies have very narrow angular and spectral width, an
advantage in detector construction, but failing in photovoltaics. Evidently, effects that are less
localized in the inverse space will be more localized in the real space. This leads us to cavity
resonances, volume plasmonic excitation, and surface plasmons that propagate in the vertical
direction but are localized in x-y direction. Cavity resonances in deep grooves or in closed
cavities, like embedded dielectric spheres or cylinders inside a metallic sheet can absorb light
within relatively large angular region (20-30 deg) [1.37-40].

—Im

Fig.1.19. Crossed metallic diffraction grating 04— [

00 01 02 03 04 05 06 07 08 09 10
Fig.1.20. Real and imaginary part of the
effective refractive index of the structure of
Fig.1.19 as a function of the filling ratio
when the period is much shorter than the
wavelength A = 457 nm.

However, the problem of cavity resonances is that they are strongly wavelength-
sensitive. An alternative approach consists of using metamaterial behavior of small-feature
structures. By mixing metallic and dielectric materials one can, in general, obtain strongly
absorbing alloys with effective refractive index that does not exist for known materials. In
addition, the equivalent metamaterial layer has a uniaxial anisotropy with axis perpendicular
to the grating plane. Thus inside the xOy plane it has isotropic properties and its response is
polarizationally independent, at least close to normal incidence.

For example, a crossed channel grating as presented in Fig.1.19 and made of silver
bumps on a silver substrate. It can strongly absorb the incident light in much larger spectral
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domain when compared with the surface plasmon excitation effects. As can be observed in
Fig.1.20, close to a filling ratio (f = ¢*/d*) equal to 0.7, both the real and the imaginary part of
the effective refractive index for small-period structure grow significantly to values that no
existing material has in this spectral domain. This increases the effective optical thickness of
the system, together with its absorption, so that a very thin grating (h < 10 nm) can totally
absorbed incident light [1.41]. Because of the 2D periodicity of the structure, it becomes
polarization insensible. Moreover, this effect has no resonant nature and is extended angularly
to almost the entire set of angles of incidence, as seen in Fig.1.21. In addition, the spectral
domain of absorption stronger than 75% extends to a more than 100 nm interval [1.42].

0.10

0.050

0.35 0.40 0.45 0.50 0.55 0.60
wavelength (um)

Fig.1.21. Reflectivity of the crossed graing in Fig.1.19 as a function
of the wavelength and of the sine of the incident angle. Period d = 3
nm, system thickness h = 6.2 nm, filling factor = 0.7, i.e. c/d =
0.837.

However, the use of such structures for practical
applications requires not only a larger spectrum of strong
absorption, but also needs that the absorbed light is not
immediately transformed into heat and that it is kept inside the
photovoltaic layer that transforms light into electricity. The
simple structure represented in Fig.1.19 is not sufficient to
efficiently fulfill these purposes. It has to be complicated by a
structuring in the depth of the device (Fig.1.22). Light is incident
from the top of the device. Its entering part (in blue) is designed
to act as an antireflector, and absorbs most of the blue part of the
spectrum. The green part is absorbed in the middle of the rods,
while the back-side part (in red) absorbs the longer wavelengths,
and serves as a reflector to prevent the unabsorbed part to be lost
in the substrate [1.43].

Fig.1.22. Grating rods as optimal photovoltaic absorber (after [1.43], with the publisher’s permission)
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1.8.  Photonic crystals

Periodic structures in optics can serve for the photons in the same manner as semiconductor
crystals for electrons. This common feature led in the ‘90s to call such structures photonic
crystals. As discovered by Yablonovich [1.44, 45], they present band-gaps that forbid
propagation and thus guaranteeing 100% reflection inside the band. While this property is
widely known and largely used in multilayer dielectric mirrors (Fig.1.23a), the band gap of
1D photonic crystals is limited in relatively smaller angular interval. Some other structures
that have 2D periodicity combined with a nanostructuring in the third dimensions can be
found in Figs.1.15, 17, and 22.

(©) (d)
Fig.1.23. Schematic representation of (a) one-, (b) two- and (c, d) three-dimensional photonic
crystals.
2
r=350 nm

wavelength [pum]

Fig.1.24. Forbidden bands for the photonic crystalmade of circular cylinders withd = 1.414 um, r
= 0.35 um (after [1.46] with the publisher’s permission,).
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A typical band-gap structure of a 2D photonic crystal presented in Fig.1.23b, but its
surface cut at an angle of 45° with respect to the vertical direction, is given in Fig.1.24 for a
system having period d = 1.414 um in both directions, and consists of circular cylindrical rods
with radius equal to 0.35 um and optical index of 2.9833 in air as a matrix. The figure
presents the values of the smallest imaginary part of k,. As can be seen, a forbidden gap in
both TE and TM polarization exists for A €[1.97,2.33 um] [1.46, 47]. Inside the band gap

electromagnetic field intensity diminishes exponentially and the entire incident light is
reflected back. However, the choice of the ratio of the wavelength and the period allows for
the propagation of the -1% order in reflection. This gives the possibility to guide the entire
incident light into this order, thus perfect blazing in the -1* diffracted order can be obtained in
both polarizations, a property that is strongly desirable in many applications. And indeed,
Fig.1.25 presents the diffraction efficiency of the system having cylinders with radii of 350
nm (a) and 150 nm (b). A well-defined spectral region with almost 100% efficiency in
unpolarized light can be observed.
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Fig.1.25. Diffraction efficiency in order -1 as a function of the wavelength lying inside the band
gap. (a) r =350 nm, (b) r = 150 nm (after [1.46] with the publisher’s permission).

The property of totally reflecting the incident light whatever the direction, can be of
great importance for light guiding and manipulation. Light confinement and guiding in a
single dimension is ensured by using planar waveguides. Channel waveguides and optical
fibers confine light in two dimensions, but they suffer from two important limitations:
dispersion and bending losses. High bending angles damage the guiding properties and lead to
radiation losses. A waveguide constructed with photonic crystal walls can ensure bending,
Fig.1.26, without losses even at 90°, as predicted numerically [1.48].

It is impossible even only to list here the potential applications of photonic crystal
devices, as for example negative refraction, perfect lenses construction, photonic crystal
fibers, nonlinear optical applications. The main problem that persists is purely technological:
while it is relatively easy to fabricate 3D periodically structures working in the microwave
and far-IR domain, scaling down to the visible and the near-IR presents a lot of challenges to
optical industry. Fortunately, the process of fiber manufacturing enables literally such
mechanical scaling of the dimension, transferring the initial large-diameter preform into a thin
fiber by pulling it. If the preform is carefully drilled with macroscopic holes, they are
preserved in the final fibers, but scaled to nanodimensions.
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In the resulting photonic crystal fiber (Fig.1.27), light is preserved in the central hollow
guide by repulsion from the surrounding structure that presents a forbidden gap for the
working wavelength.
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Fig.1.26. Light guiding in a cavity formed by photonic crystal walls consisting of cylindrical
objects

Fig.1.27. Schematic representation of a portion of an optical fiber — photonic crystal hybrid
structure. Small cylindrical holes run along the fiber length. A central hole (shown with a dashed
line inside the fiber) serves as an energy propagator, which ensured low dispersion, low
absorption losses and high damage threshold
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2.1 Introduction

Since the 80’s, specialists of gratings can rely on very powerful grating softwares [1-6]. These
softwares are able to compute grating efficiencies for almost any kind of grating in any domain
of wavelength, even though the progress of grating technologies needs endless extensions of
grating theories to new kinds of structures. These softwares are based on elementary laws of
Electromagnetics. Using mathematics, these laws lead to boundary value problems which can
be solved on computers using adequate algorithms.

However, a grating user should not ignore some general properties of gratings which
can derived directly from the boundary value problem without any use of computer. These
analytic properties are valuable at least for two reasons. First, they strongly contribute to a
better understanding of an instrument which puzzled and fascinated many specialists of Optics
since the beginning of the 20th century. Secondly, they allow a theoretician to check the validity
of a new theory or its numerical implementation, although one must be very cautious: a theory
can fail while its results satisfy some analytic rules. Specially, this surprising remark apply to
properties like energy balance or reciprocity theorem.

The first part of this chapter is devoted to the use of the elementary laws of Electromag-
netics for stating the boundary value problems of gratings in various cases of materials and
polarizations. Then, we deduce from the boundary value problems the most important analytic
properties of gratings.

2.2 From the laws of Electromagnetics to the boundary-value problems
2.2.1 Presentation of the grating problem

Figure represents a diffraction grating. Its periodic profile & of period d along the x axis
separates air (region %) from a grating material (region %) which is generally a metal or a
dielectric. The y axis is the axis of invariance of the structure and the z axis is perpendicular to
the average profile plane. We denote by z;, the ordinate of the top of &7, its bottom being located
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Figure 2.1: Notations.

on the xy plane by hypothesis. We suppose that the incident light can be described by a sum
of monochromatic radiations of different frequencies. Each of these can in turn be described
in a time-harmonic regime, which allows us to use the complex notation (with an exp(—iwt)
time-dependence). In this chapter, we assume that the wave-vector of each monochromatic
radiation lies in the cross-section of the grating (xz plane). In the following, we deal with a
single monochromatic radiation.

The electromagnetic properties of the grating material (assumed to be non-magnetic) are
represented by its complex refractive index v which depends on the wavelength A = 27c/®
in vacuum (c = 1/,/€ My being the speed of light, with & and py the permittivity and the per-
meability of vacuum). This complex index respectively includes the conductivity (for metals)
and/or the losses (for lossy dielectrics). It becomes a real number for lossless dielectrics.

_I;l the air region, the grating is illuminated by an incident plane wave. The incident electric
field E' is given by :

—
E' :?exp(ikoxsin(e)—ikozcos(G)), (2.1)
with 0 being the angle of incidence, from the z axis to the incident direction, measured in the

counterclockwise sense, and kg being the wavenumber in the air (kg = 27 /A, we take an index
equal to unity for air). The wave-vector of the incident wave is given by:

N kosin(0)
K = 0 . 2.2)
—kocos(0)

The physical problem is to find the total electric and magnetic ﬁeldsf> and H at any point of
space.
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2.2.2 Maxwell’s equations

First, let us notice that the physical problem remains unchanged after translations of the grating
or of the incident wave along the y axis since they do not depend on y. Therefore, if F(x, Y,2)
and ﬁ(x,y, z) are the total fields for a given grating and a given incident wave, E (x,y -+ yo,2)
and H (x,y + yo,z) will be solutions too, regardless of the value of yy. Assuming, from the
physical intuition, that the solution of the grating problem is unique, we deduce that ? and ﬁ
are independent of y.
In order to state the mathematical problem, we use the harmonic Maxwell equations in
9?0:
Vx E =iopH, (2.3)

VxH=—ioeE, (2.4)

with:
B & in %0,
) & =¢gVv? in %.
In the following, equations (2.3) and (2.4) will be called first and second Maxwell equations

respectively. We note that Maxwell’s equations V.E =0and V.ﬁ = 0 are the straightforward
consequences of the first and second Maxwell equations (it suffices to take the divergence of
both members).

— —
We introduce the diffracted fields E and H¢ defined by:

(2.5)

_>
2 ﬁ—Ei in %
E¢ = 0> 2.6
{ E in @1, ( )
%
— ﬁ—Hi in %
HY = 0, 2.7
{ ﬁ in %1. ( )

The interest of the notion of diffracted field is that it satisfies the so-called radiation condition
(or Sommerfeld condition, or outgoing wave condition), in contrast with the total field which
does not satisfy this condition in %, since it includes the incident field. This means that the
diffracted fields must remain bounded and propagate upwards in % when z — +oco. The same
property must be satisfied in %], but that time the diffracted fields must remain bounded and
propagate downwards in %; when z — —oo. Since the incident fields satisfy Maxwell’s equa-
tions in %, the diffracted fields satisfy these equations as well. Introducing the components of
the diffracted fields on the three axes, Maxwell’s equations yield:

OE! |9z = —iwpoHY, (2.8a)
OE{ /0x = iouoHY | (2.8b)
OE! /dx—JE! |0z = —iouoHY, (2.8¢)
oH{ |0z = iweEY, (2.92)
OH{ /dx = —iweEY, (2.9b)
OH{ /dx— 0H{/dz = iweEY. (2.9¢)
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2.2.3 Boundary conditions on the grating profile

On the grating profile, the tangential component of the electric and magnetic fields must be
continuousﬂ Thus the boundary condition is given by:

(ﬁJrﬁ) xﬁ:ﬂx?, (2.10)
(Ho+ (o) x 7 = (1) x 7. @.11)

with 7 being the unit normal to &, oriented toward region % (figure and the symbol
[?] p denoting the limit of F when a point of region %), tends to the grating profile (with p €
(0,1)). As for Maxwell’s equations, we note that the other boundary conditions on the normal
components of the fields are consequences of equations (2.10) and (2.11). It is worth noting
that the linkage between these two boundary conditions is a typical example of an elementary
property which is difficult to establish, at least for those who are not acquainted with the theory
of distributions. Projecting equations (2.10)) and (2.1T)) on the three axes yields:

[EX)o — [ES]y = —[El]o, (2.12a)
ny[E9o — n [E9)o — no[E)y + 1o [EQ)y = —ny[El]o + n[Elo, (2.12b)
[H)o — [HI]1 = —[H]]o, (2.132)
”)C[sz]o —n[H]o— ”X[sz]l +n[H{]1 = _”JC[Hzi]O +nz[HyJo. (2.13b)

2.2.4 Separating the general boundary-value problem into two separated scalar problems

The first conclusion to draw from equations (2.8)), (2.9), (2.12) and (2.13) is that they can
be separated into two independent sets. The first one, called TE case, includes equations

(2.84), (2.8b), (2.9¢), (2.12a) and (2.13b). It only contains the transverse component (viz. the

y-component) E;l of the electric field and the xz components (orthogonal to the y axis) H¢ and

Hf of the magnetic field. It must be remembered that the incident field E is given by equation
(2.1) and thus is not an unknown field. The same remark applies to the complementary set
(TM case), but with the transverse component of the magnetic field and the xz components of
the electric field. As a consequence, the general problem of diffraction by a grating can be
decomposed into two elementary mathematical problems.

2.2.4.1 The TE case problem

In the first one, the xz components of the magnetic field can be expressed as functions of the
transverse component of the electric field using equations and (2.8b). Inserting their
expression in equation( | shows that E;l satisfies a Helmholtz equation:

V2E! +K*EJ =0, (2.14)

IThe continuity of the tangential component of the magnetic field is valid for materials having bounded values
of permittivity. When the permittivity of the grating material is infinite, as in the model of perfectly conducting
material, this condition does not hold.
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with:
. k() in L@O,
k_{ ki = kov in %1. (2'15)
The associated boundary condition on the diffracted electric field can be deduced from equations
and @1):
[Eﬂ - [Eﬂ = —PRexp(ikoxsin(6) — ikozcos(9)),  with (x,2) € 2, (2.16)

while the associated boundary condition on its normal derivative can be deduced from equations

(2.13b), (2.8a) and (2.8b):

d d i
] [am] _[am
dn 0 dn X dn (2.17)
= —iP, 1 .k exp(lkoxsm(Q) — zkozcos(Q)), with (x,z) € &,

dF
with an denoting the normal derivative T.VF. It can be noticed that equation (2.17) entails

n
the continuity of the normal derivative of the transverse component of the total electric field.
Equations ([2.14), (2.16) and (2.17) are not sufficient to define the boundary-value problem for
TE case. A fourth condition must be added: the radiation condition:

E;i must satisfy a radiation condition for z — =oo. (2.18)

The boundary value problem allows us to deduce a fundamental property of gratings. Let
us suppose that the incident field is TE polarized, i.e. that the electric incident field is parallel
to the y axis (P, = P, = 0). In these conditions, the equations associated with the TM case are
homogeneous: they do not contain the incident field since the right-hand member of equation
(2.12b) vanishes. If we believe that the solution of the grating problem is unique, it must be
concluded that the xz component of the diffracted and total electric field vanish. On the other
hand, the magnetic field is parallel to the xz plane. In other words, in the TE case, the grating
problem becomes scalar: we must determine the y-component of the diffracted electric
field. The xz components of the magnetic field deduce the y-component of the diffracted electric

field using equations (2.8a)) and (2.8b).

2.2.4.2 The TM case problem

Now, let us deal with the TM case. As for the TE case, it can be shown that the y-component of
the magnetic field satisfies a Helmholtz equation by using equations (2.8c)), (2.94) and (2.9b):

VZH{! +I*H! = 0. (2.19)

The boundary conditions need the calculation of the incident magnetic field. From equa-
tion (2.1)) and Maxwell equation (2.3)), it turns out that:

-
H' = Bexp(ikoxsin(e) — ikozcos(0)), (2.20)
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with:

6 = ﬁk_g?exp(ik@xsin(e)—ikozcos(B)). (2.21)

The associated boundary condition on the diffracted magnetic field can be deduced from equa-

tions (2.13a)) and (2.20)):

[H)o — [H]1 = —Qyexp(ikoxsin(0) — ikozcos(6)), with (x,z) € 2, (2.22)

while the boundary condition on its normal derivative is obtained by inserting the expressions
of the xz components of the electric field (equations (2.9a) and (2.9b)) in equation (2.12b).
Remarking that the incident field satisfies the same equations, we obtain finally:

1 [dHyd] 1 [dHyd] o [dHy’]
& dn 0 &1 dn : & dn 0 (2.23)
= e 1 .kj exp(ikoxsin(0) — ikozcos(0)), with (x,z) € 2.

1 dH
It can be noticed that equation (2.23) has a simple interpretation: the product Ed_y is
n

continuous across the profile. Finally, the radiation condition yields:

Hyd must satisfy a radiation condition for z — F-oo. (2.24)

Equations (2.19), (2.22)), (2.23)) and radiation conditions for z — =+oo define the boundary-
value problem for TM case. As for TE case, the uniqueness of the solution shows that that when
the magnetic incident field is parallel to the y axis (Q, = Q, = 0), the equations associated with
the TE case are homogeneous: they do not contain the incident field. It can be concluded that
the xz components of the diffracted and total magnetic fields vanish. On the other hand, the
electric field is parallel to the xz plane. In other words, in the TM case, the grating problem
becomes scalar: we must determine the y-component of the diffracted magnetic field. The
xz components of the electric field deduce from the y-component of the diffracted magnetic field

using equations (2.9a)) and (2.9b).

2.2.4.3 TE and TM cases: a unified presentation of the boundary-value problem

In order to deal with both cases simultaneously, we denote by F¢ the field defined by:

ol _ { E¢ for TE case, (2.25)

Hyd for TM case.

In the same way, by assuming that the incident field has a unit amplitude (P,=1 for TE case and
0Oy=1 for TM case), the incident field in both cases is given by:

F' = exp (ikoxsin(8) — ikgzcos(0)), (2.26)

the total field F being given by:

(2.27)

o Fl4F! in %,
o Fd in :@1.
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Using equations (2.14)), (2.16), 2.17), 2.18), (2.19), (2.22), (2.23) and (2.24), it is possible to

gather both cases in a unique set of equations:

VIR L kPFY =0, 028
[Fd}o — [Fd}1 = —exp(ikoxsin(0) — ikozcos(0))  with (x,z) € &, (2.29)
1 {dFd} 1 {dFd]
o v (2.30)
— —%7.% exp (ikoxsin(0) — ikozcos(0)), with (x,z) € 2,
0
F% must satisfy a radiation condition for y — -0, (2.31)
with:
1 for TE case,
i { & for TM case, i € (0, 1). (2.32)

In the following, this boundary-value problem will be called normalized grating problem. It is
worth noting that equations (2.29) and([2.30) take a simpler form by introducing the total field
F:

[Flo=[F], (2.33)
1 |dF 1 |dF
o [EL:E {EL' (239

2.2.5 The special case of the perfectly-conducting grating

The first grating theories were devoted to perfectly conducting gratings. This case is very impor-
tant since it is realistic for metallic gratings in the microwave domain and far infrared regions.
In the visible and infrared regions, it can provide qualitative results. However, in these regions,
one must be very cautious. The existence of surface plasmons propagating at the vicinity of the
grating surface generates strong resonance phenomena for TM case. Due to these phenom-
ena, the properties of real metallic gratings and those of perfectly-conducting gratings
may completely differ [2].Moreover, the perfect conductivity model allows one to simplify the
grating theory, since the associated boundary-value problems are much simpler.

Basically, the equations associated to the perfect conductivity model are the same as for
real metallic or dielectric gratings, except equations (2.4) and (2.11)). Let us give a brief expla-
nation to this property. In Maxwell equation (2.4), the rlght -hand member includes the volume
current density j in the metal since this term is proportional to the electric field ( Jj = GE
o being the conductivity of the metal). When the conductivity tends to infinity, the volume
current density and the total fields concentrate more and more on the grating surface since the
skin depth tends to zero. As a consequence, at the limit When the conductivity tends to infinity,
the ﬁelds are null in % while the volume current density ] becomes a surface current den-
sity ] . This surface current density cannot be included in the right-hand member of equation

since it is a singular distribution (for the specialist of Schwartz distributions [7], it writes
J#902). Finally, equation li becomes:

VxH=—iotE + (2.35)
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with € being the permittivity of the material. Furthermore, taking into account that the total
fields vanish inside #;, the boundary condition (equation (2.11])) becomes:

7 (0 + [Ho) = T (2.36)

This equation reduces to a relation between the surface current density on & and the limit of
the magnetic field above &. It does not constitute any more an element of the boundary-value
problem.

In conclusion, for perfectly conducting gratings, the fields inside % vanish and, using

equations (2.3)), (2.4), (2.10), (2.6) and (2.7), the basic vector equations for the field in %, can

be written:

— —
V x EY = iouyH?, (2.37)
— —
Vx H! = —iogE?, (2.38)
— —
([E%0+ [E')o) x 7 =0. (2.39)

Following the same lines as in subsections [2.2.4.1/and [2.2.4.2] the boundary value problems for
perfectly conducting gratings are given by:

For TE case:
VE! +IGE! =0, (2.40)
[E;f]o = —P,exp(ikoxsin(6) — ikozcos(6)), with (x,2) € 2, (2.41)
Eyd must satisfy a radiation condition for z — +oo. (2.42)
For TM case:
V2H{ + kgHY =0, (2.43)
dHY! — . -
o | = —iQ, 7 .k exp (ikoxsin(0) — ikozcos(6)), with (x,z) € &, (2.44)
0
Hyd must satisfy a radiation condition for z — +oo. (2.45)

2.3 Pseudo-periodicity of the field and Rayleigh expansion

This section establishes the most famous property of diffraction gratings: the dispersion of
light, which is a consequence of the well known grating formula. In general, this formula is
demonstrated using heuristic considerations of physical optics. Here, we propose a rigorous
demonstration based on the boundary-value problem stated in subsection First, let us
show that the field F¢ is pseudo-periodic, i.e. that:

Fl(x+d,z) = Fd(x,z)exp(ikod sin(9)). (2.46)
With this aim, we consider the function G(x,z) defined by:

G(x,z) = F/(x+d,z)exp(—ikodsin()). (2.47)
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The pseudo-periodicity of F¢ is proved if we show that F¥(x,z) = G(x,z). Owing to the unique-
ness of the solution of the boundary-value problem defined by equations (2.28), (2.29), (2.30)
and (2.31), this equation is satisfied if G obeys the same equations. Obviously, G satisfies these
equations since d is the grating period. Thus F is pseudo-periodic, with coefficient of pseudo-
periodicity kosin(8), as well as F' and F. Notice that in normal incidence (8 = 0), pseudo-
periodicity becomes ordinary periodicity, which in that case is a straightforward property since
both grating and incident wave are periodic.

Using the pseudo-periodicity, let us show that the field above and below the grating is a
sum of plane waves. With this aim, we notice from equation (2.28) that F¥ x, z)exp (—ikoxsin(6))
has a period d and thus can be expanded in a Fourier series:

F4(x,z)exp (—ikoxsin( Z F%(z)exp(2innx/d). (2.48)

n=——oo

Multiplying both members of equation li by exp (ikox sin(@)) yields :

Z Fa(z) exp(ionx), (2.49)
Nn=—oo
with:
o, = kosin(0) +27n/d. (2.50)

Introducing this expression of F¢(x,z) in Helmholtz equation (2.28), we find :

—+oo

Y. (*F(z)/dz* + (K — ) F(z)) exp(iax) = 0, (2.51)

n——oo

and multiplying both members by exp(—ikoxsin(6)),

+o0

Y (PF(z)/d + (K — o) F{ (z)) exp(2imtnx/d) = 0. (2.52)

N—=—o0

It seems, at the first glance, that the left-hand member of equation (2.52) is a Fourier series, and
thus that the coefficients of this Fourier series vanish. This is not correct. Indeed, we have to
bear in mind that k, defined in equation (2.15]) is not a constant. As a consequence, if 0 <y < z;y,
a region called intermediate region in the following, k*> depends on x and the left-hand member
of equation (2.52)) is not a Fourier series. However, above and below this intermediate region,
k? is constant and we can write that the Fourier coefficients vanish:

Vo,  &EF(2)/dZ+5,F () =0  ify>azu, (2.53a)
Vo,  &EFN2)/dP+ R, Fl () =0 ify<0, (2.53b)
with:
Yin=1/ (K —0a2) i€(0,1). (2.54)
We deduce that:

(2.55)

n

Fd(z) _ I nexp(—iY0,nz) + Do nexp(+iYo nz) ify > zu,
Dy, eXP(—i}’l,nZ) +1 exp(—f—iyl’nz) ify <0,

39



2.10 Gratings: Theory and Numeric Applications, 2012

and therefore, using equation (2.49),

w2 oo (Tonexp(it,x — ifonz)+

+Do  exp(i0ux + i nz) ) if 2> zy,
Z:;o—m (Dl,n eXp(i(an - i'}’l,nz)"‘
+11 pexp(iopx + iy nz)) if z<O0.

F(x,2) = (2.56)

Let us remark that equation (2.54) does not assign to ¥;, a unique value. However, equation
(2.56) shows that its determination can be chosen arbitrarily since a sign change does not modify
the value of the field, provided that Iy, and Dy, are permuted. The determination of these
constants will be given by:

Re (¥i,) +1Im(7,) > 0, i€(0,1), (2.57)

with Re (¢) and Im (¢) denoting the real and imaginary parts of g.

Equation (2.56) shows that the field above and below the intermediate region can be rep-
resented by plane wave expansions. The propagation constants of the plane waves along the x
and z axes are respectively equal to o, and +¥; ,. In the physical problem, some of these plane
waves must be rejected since they do not obey the radiation condition. This condition entails
that Iy, = I , = O since, according to equation (2.57), the associated plane waves propagate
towards the grating profile. Finally, equations (2.56)), and the radiation condition allow
us to express the total field by adding the incident field:

exp(icpx — iY,02)+
F(x,z) = +Z;f:°°_wD07n exp(itx +iYnz) ifz> zum, (2.58)
Z:{S_WDM exp(iox — iy 02) ifz <0,

the sums being the expression of the scattered field in both regions. The unknown complex
coefficients Dy , and D ,, are the amplitudes of the reflected and transmitted waves respectively.

The conclusion of this subsection is that above and below the intermediate region,
the field reflected and transmitted by the grating takes the form of sums of plane waves
(Rayleigh expansion [8]), each of them being characterized by its order 7.

2.4 Grating formulae

According to equation (2.54)), almost all the diffracted plane waves (an infinite number) are
evanescent: they propagate along the x axis at the vicinity of the grating profile since they
decrease exponentially when |z| — 4o0. For z — +co, they correspond to the orders n such

that a2 > k3, thus rendering %, = i1/ (@2 —k3) a purely imaginary number. Only a finite
number of them, called z-propagative orders, propagate towards z = +oo , with o> < k(% , thus

Yon = 1/(k(2) — o2) being real. Let us notice that among these orders, the 0/ order is always

included, since Y, , = kocos(0). It propagates in the direction specularly reflected by the mean
plane of the profile, whatever the wavelength may be. In contrast, the other z-propagative orders
are dispersive. Indeed, their propagation constants along the x and z axes are equal to ¢, and
Yo,n» in such a way that the diffraction angle 6y, of one of these waves, measured clockwise
from the z axis, can be deduced from o, = kg sin(@om). Using the expression of o, given by
equation (2.50), the angle of diffraction is given by :

2
Sin(8.,) = sin(6) + 12" — sin(8) +n’-. (2.59)
’ kod d
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This is the famous grating formula, often deduced from heuristic arguments of physical optics.

For the field below the grooves, the wavenumber kg is replaced by k; = kgv. If the grat-
ing material is a lossless dielectric, the directions of propagation of the transmitted field obey
a grating formula as well. This formula is similar to equation (2.59) but the angles of trans-
mission 6y , can be deduced from o, = kv sin(0 ,), which yields, using a counterclockwise
convention:

2
vsin(60,) = sin(8) + 2% = sin(6) + n™. (2.60)
’ kod d

The 0" order is always included in the z-propagative order It propagates in the direction of
transmission by an air/dielectric plane interface, whatever the wavelength may be. In contrast,
the other z-propagative orders are dispersive. When the grating material is metallic, the trans-
mitted plane waves are absorbed by the metal and the z-propagating orders below the grooves
no longer exist.

In conclusion of this section, the reflected and transmitted fields include, outside the
grooves, a finite number of plane waves propagating to infinity with scattering angles given
by the grating formulae. All the orders are dispersive, except the 0/ orders. The reflected
0" order takes the specular direction while for a lossless material, the transmitted 0/ h order takes
the direction transmitted by an air/dielectric plane interface. Consequently, a polychromatic
incident plane wave generates in a given order n different from 0 a sum of plane waves
scattered in different directions, i.e. a spectrum. The measurement of the intensity along
this spectrum allows one to determine the spectral power of the incident wave. This dispersion
phenomenon is the most important property of diffraction gratings. It explains why this optical
component has been one of the most valuable tools in the history of Science.

2.5 Analytic properties of gratings
2.5.1 Balance relations

The mathematical balance relations established in this subsection will allow us to demonstrate
very important general properties of gratings. These balance relations state mathematical links
between characteristics of the field in two regions separated by large distances, without consid-
ering the fields in between. They can give a relation between the fields at z = +oo and the fields
on the grating profile, or the fields at z = —oo and the fields on the grating profile, or the fields
at z = +ooand z = —oo.

2.5.1.1 Lemmal

We consider two pseudoperiodic functions u and v of the two variables x and z, defined in %,
which belong to the class G of functions having the following properties:

* They are pseudo-periodic, with the same coefficient of pseudo-periodicity ¢, in other
words, u(x,z)exp(—iox) and v(x,z) exp(—iox) are periodic,

2This property does not hold if the upper medium is not air but has an index ¥ greater than the index v of the
lower medium, provided that the incidence is chosen in such a way that the incident wave is totally reflected by a
plane interface (Total Internal Reflection). In that case, sin(0) is replaced by Vsin(0) in equation , in such a
way that the zeroth order is evanescent if Vsin(6) > v.
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* They are solutions of a Helmholtz equation:

V2u+kju =0, (2.61a)
V3 4+ kv =0, (2.61b)

with kg being real.
* They are bounded for z — oo,
* They are square integrable in x and locally square integrable in z,
e Their values on & are square integrable, as well as their normal derivatives.

We introduce the sesquilinear functional defined by:

F :/ uﬁ—\_/% ds. (2.62)
2 \ dn dn

The symbol [, denotes a curvilinear integral on one period of the profile & of the grating,
with ds being the differential of the curvilinear abscissa on &?. Obviously, the value in region
Ry of the fields F(x,z), solutions of the four boundary-value problems defined in subsection
belong to Gy, as well as the incident field F'. It is to be noticed that we do not impose
a boundary condition on & or a radiation condition at infinity, but we still impose that these
functions must remain bounded at infinity.

Following the same lines as in section [2.3] it can be shown that above the top of the
grooves, u and v can be represented by plane wave expansions, similar to that of equation

(2.56): if z > zum,

~+oo
u(x,z) = Z (L0, exp(iQx — iY0.02) + Do,y €Xp(iCx + i70,02)], (2.63a)
Nn=—o0
~+oo
v(x,2) = Y. [l exp(i0x — Y nz) + Dp , exp(i0hx + iY.a2)]. (2.63b)
n—=—oo

Let us notice that some terms must be eliminated in the Rayleigh expansions. Indeed, the field
must remain bounded at infinity. It is not the case for the incident terms of coefficients Iy, and
I, , unless the corresponding plane waves are z-propagating waves. Thus we define the set Uy
of orders corresponding to z-propagating waves and equations become:

~+oo

u(x,2) = Y. Ionexp(ioyx —ifonz) + Y Donexp(itx+ iYonz), (2.64a)
nely n=—oo
—+oo
v(x,z) = Z I(’)’nexp(ianx—i}/()’nz)—k Z D{)’nexp(ianxqti}/o?nz), (2.64b)
ner N=—oo

v(x,z) = Z I(’)jexp(—ianx—l— Yo,n2)+
nely

oo (2.64c)
+ ), Djy,exp(—ityx — i z)-

n—=—oo

42



D. Maystre: Analytical Properties of Diffraction Gratings 2.13

it §
Figure 2.2: Balance relations.
Now, we show that .%( can be expressed as a function of the Rayleigh coefficients Iy ,,

Dy, 1) , and Dy ,. With this aim, we multiply equation (2.61a) by v, the conjugate of equation
(2.61D) by u and we substract the first from the second, which yields:

uVv—vwViu=0 in %,. (2.65)
Integrating equation in the blue area of figure [2.2] and applying the second Green
identity yields:
dv _du
— —yv—1dl=0 2.66
/QO (u dn vdn) ’ (2.66)
with Qg being the boundary of the blue area of figure 2.2 and d/ denoting the differential of
dv d
the curvilinear abscissa on Qg. According to equations (2.64a)) and (2.64c), u=" and v— are
X

X
periodic. Since the orientations of the normal on verticals Ol'y and LI are opposite, the con-
tributions of the integrals on these segments cancel each other. Furthermore, the normal to OI';
and LI, is parallel to the z axis and oriented downwords, then equation (2.66) becomes:

dv  _du dv  _du
— _y— )ds = — —7v— | dx. 2.67
/,@ (udn vdn) * /1"11"2 <udz vdz) (267)

Introducing in the right-hand member of equation (2.66) the expressions of u and v given by
equations (2.64a) and (2.64c)), separating the terms n € Uy from the other ones and taking into
account that fxdzo exp in%ﬂx = 0,0, With 8, ¢ being the Kronecker symbol, one can obtain, after
some cumbersome but not difficult calculations that:

dv _du — —
/y <ua — va> ds = Z }/07,,(107,1167,[ — D07,,D67n). (2.68)

nely
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2.5.1.2 Lemma2

In this section, it is supposed that the grating material is lossless, in such a way that plane waves
can propagate in %;. Lemma 2 is similar as lemma 1, but for region %;. We denote by U, the
set of orders corresponding to z-propagating waves in #;. The expressions of u and v below the
X axis are given by:

+oco
M(X,Z) = Z Dl,nexp(ianx_i’)/l,nz) + Z Il,n exp(i(xnx+i7/1,nz)7 (2.69a)
nEUl Nn—=—oo0
~+oo
v(x,2) = Y Djexp(icnx —ivinz)+ Y, 1 ,exp(itx+iYiaz), (2.69b)
l’lGUl N—=—oo0

v(x,z) = Z D), exp(—itpux + i n2)+
nel,

oo (2.69¢)
+ Y 1 exp(—iohx — iYiz).

Nn——oc0

Following the same lines as in section but for the yellow area of figure and
noting that the normal is now oriented towards the exterior of the domain, it can be deduced
that:

dv du - e
— v )ds=— Y yiau(liad],— DD} ,). 2.7
/gz <udn vdn) ’ nel; yl?n( Ln Ln Ln lvn) ( O)

2.5.2 Compatibility between Rayleigh coefficients

In order to state a relation between the Rayleigh coefficients above and below the grating profile,
we assume that the functions u and v satisfy the boundary conditions imposed on the total fields
by equations (2.33)) and (2.34). On the other hand, we do not impose radiation conditions at
infinity, but the functions must remain bounded. In other words, u and v can be considered as
solutions of the most general grating problem, in which the incident wave is not restricted to
a single plane wave, but to the sum of all the plane waves generating diffracted waves in the
same directions, with arbitrary amplitudes. It is straightforward to show from equations
and (2.34)) that the left-hand members of equations (2.68)) and (2.70) are proportional, then to
deduce a relation including the coefficients of the Rayleigh expansions of the field only:

1 Y. Y0.u(lonll,, — DonD)

. Y0.nl0,ndg 5, 0,n o,n)Jr

0 nely (2.71)
| .

p Z YI,n(Il,nE_DlanDll,n) =0.

1 nel

This equation states the most general relation of compatibility between two solutions of the
general diffraction grating problem associated to different sets of incident waves. When the
grating material is perfectly conducting, it is easy to show that the compatibility equation holds,
provided that the sum n € U is cancelled in equation (2.71)).
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Phenomenological theories of gratings make a wide use of the notion of scattering ma-
trix (or S-matrix). The scattering matrix states the linear relation between the amplitudes of
the diffracted and incident waves. We define the column matrix containing the amplitudes of
the incident waves. More precisely, we define the normalized amplitudes of the incident and

- - - [T - [T
scattered waves by Iy , = /0,202 Do.n = \/Y0,nDP0 s [1 n = T_I'YLnILn’ Dy, = T—l}’l,nDLn,

n € (0,1), and by definition, the scattering matrix is a square matrix defined by:
D = SI, (2.72)

with [ being a column vector containing successively all the incident amplitudes i07n forn € Uy
and all the incident amplitudes I, 1,» for n € Uy, D being a column vector containing successively
all the diffracted amplitudes Do,n, and all the incident amplitudes Dl.,n for n € Uy . Thus, the
order of column matrices I and D is the sum|Up| + |U| of the cardinals of Uy and U; Using
these notations, equation can be expressed in the very simple form:

<DD >=<1IJI' >, (2.73)

the scalar product of two column matrices of order N being defined by:

N
<P|Q>=) PO, (2.74)

j=1
Using equation (2.72)) to eliminate D in equation (2.77) yields:
< SIIST’ >=< (S*SII' >=< 1[I >, (2.75)

with S* being the adjoint matrix of S. Since equation (2.75) must be satisfied for any value of 1
and I, we deduce that:

S*'S=1, (2.76)
with 1 being the identity matrix. Equation (2.76) shows that S is unitary.

2.5.3 Energy balance

The energy balance relation is obtain by taking u = v in equation (2.77)), which gives:
<DID>=<I|I>, (2.77)

or equivalently:
D[} = [IT]. (2.78)

Let us show why this equation is known as energy balance relation. To this gld, it suffices

to use the Poynting theorem and to calculate the flux of the Poynting vector ﬁ x H through the
rectangle I'1I,I'4I'5 of figure 2.2] Since the grating material is lossless, the flux of the Poynting
vector through this rectangle (with now the normal oriented toward the exterior, in contrast
with figure [2.2) must be null. The contributions of the Verticil> sides I'11'5 and 1,14 cancel

each other, thanks to the periodicity of the Poynting vector (H has a coefficient of pseudo-
periodicity which is the opposite to that of E). At the top of the rectangle, the calculation
of the flux of the Poynting vector can be achieved by using the Rayleigh expansion given by
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equations . Taking into account that fxdzo exp in%”x = 0y, elementary calculations show
that the contributions to this flux of the different plane waves are decoupled and are proportional
to —}/07,,|107,,|2 and +y0,n|DO,n’2- At the bottom of the rectangle, we use the Rayleigh expansion
given by equations (2.69). The contributions of the plane waves are decoupled as well and are

. T T . . . .
proportional to —T—Oyl i n 2 and —I—T—O}q’n|D1,n|2, with the same coefficient of proportionality
1 1

as the contributions on the top of the rectangle. Therefore, the energy balance can be written:

T0
Y, YalDoal + Y T—l}’l,nIDl,nIz:

nel nel . (279)
_ 2 0 2
= Z Youllon|” + Z —Yiallial™
nel nel; T

The first and second terms in the left-hand member of equation represent the energy
diffracted upwards and downwords respectively and the corresponding terms in the right-hand
member are the incident energy propagating downwords and upwards respectively.

Coming back to the physical problem where the incident wave is unique and has a unit

amplitude (see equation (2.26)), equation becomes:

T
Y alDoal*+ Y, T_(l)')/l,n|D1,n|2:'YO,07 (2.80)

nely nel,

the right-hand member representing the incident energy. In that case, the efficiency p; ,, i €
(0,1) is defined as the ratio of the energy diffracted in a given order over the incident energy.
Using equation (2.79) yields:

% Doa*  ifi=0,
0,0
Pin = ' (2.81)
M) Rl 2 i1,
1o
and the energy balance can be written:
Y, Pont Y Pra=1 (2.82)
nel nel,

The sum of efficiencies is equal to unity. When the grating is perfectly conducting, it is easy to
show that the energy balance still holds, provided that the sum »n € U is cancelled in equations
(2.79), (2.80) and (2.82). When the grating material is lossy, the sum n € U; must be cancelled
as well and one can show that equation becomes:

Y pon<l. (2.83)

nel

The sum of reflected efficiencies is smaller than one, a rather intuitive result if we bear in mind
that a part of the incident energy is dissipated in the grating material.

2.5.4 Reciprocity

In order to demonstrate the well known reciprocity relation, we consider a function u, sum of
the solution of the normalized grating problem (see equations([2.28)), (2.29)), (2.30) and (2.31)))
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n =-0
9 (J,p 69/,

A

~
|
G

Figure 2.3: The reciprocity theorem: The efficiency in the p'* order is the same in the two cases symbolized by red
and blue arrows.

and of the corresponding incident field (in other words, u is the total field). In order to define v,
we consider the p’h order of diffraction (p € Up) in %, with diffraction angle 6 .

Then, we consider a second problem, but with angle of incidence 68" = -6, as showrﬁ
in figure[2.3] The incident wave in this second case has a direction of propagation which is just
the opposite of that of the p'”* diffracted order in the first case and straightforward calculations
show that the corresponding p’" order in %, has a direction of propagation which is the

opposite of that of the incident wave in the first case, which entails 67 , = —6. This geo-
metrical property is known in optics as the reversion theorem. The constants of propagation of
the p'* diffracted order in this second case are given by oy, = —0p and 5, = Y,0 and more
generally, the constants of propagation of an arbitrary n’* diffracted order in this second case
are given by o, = — ), and ) = 0,p—n. Thus v" can be written:
+o0
V' (x,2) = exp(—ictpx — iY pz) + Z Dy, exp(—iCy_ X+ Y0, p—nZ)- (2.84)
n=—co

Functions u and v/ do not satisfy the conditions of the equation of compatibility (equation
1i since they have not the same pseudo-periodicity. It is not so for « and the function v ="
which is given by:

qoo
v(x,z) = exp(iopx + i pz) + Z Dy, exp(iQtp—nx — Y0, p—nZ)- (2.85)

n——oo

3Tt must be remembered that the conventions for the measurements of the angles of incidence and diffraction
in % are opposite
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X X

Figure 2.4: Other reciprocity relations: The efficiency is the same in the two cases symbolized by red and blue
arrows.

Identifying the incident and diffracted waves in equation (2.85)) yields:

Lo, =Dg (2.86)
Djy, = 81, (2.86b)

and from equation (2.71)), it turns out that:

%500, = 10,pD0.p- (2.87)

This is the reciprocity theorem: the products of the amplitudes of the plane waves repre-
sented in figure 2.3 by their propagation constants along the z axis is invariant. In order to
state the reciprocity theorem in a form which is most widespread, we take the modulus square
of both members of equation (2.87):

2

0y 10 1> = 10,57 |Do,p|*- (2.88)

Writing equation (2.88)) in the form:

!
@mg 2= Yo
Top 7N,

and bearing in mind that %, = 15, and ¥; , = %,0, and using the definition of the efficiencies
given in equation (2.81)), equation (2.89) yields:

Do |, (2.89)

P0.p = PO p- (2.90)

The efficiency is invariant.

Figure [2.4]illustrates two other cases where the reciprocity theorem applies. These prop-
erties can be demonstrated by following the same lines as in the first part of this section. It is
important to notice that the reciprocity theorem illustrated in figure[2.3]holds for lossy materials
[9]. More surprisingly, the theorem can be generalized to evanescent waves [10].

2.5.5 Uniqueness of the solution of the grating problem

If two different solutions of the normalized grating problem exist, their difference w(x,z) does
not include any incident wave. We will show that such a field vanish. We assume here that the
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grating material is lossless. First, using the compatibility equation (2.71) with u = v = w, it

emerges that:
1
Y YalDoul*+ =Y. vialD1al* =0. 2.91)
nel 7 nel;

1
To

Since 7o, 1, %,, and 1 are positive, equation (2.91) implies that Dy, = D1, = 0. This is an
important result since it means that if w exists, it has no effect on the far field: the solution in the
far field is unique. However, it could exist a function w localized at the vicinity of the grating
profile and tending to zero exponentially at infinity. The interested reader can find a complete
and not straightforward demonstration of the uniqueness in [1], at least for the TE case.

2.5.6 Analytic properties of crossed gratings

incident wave

Figure 2.5: A crossed grating with periods dy and d; on the x and 7 axes.

Now, we consider the diffraction problem schematized in figure [2.5] An incident wave
of wavevector k_g is incident on a doubly-periodic structure separating air (region %) from
a grating material (region %;). We use all the notations defined in the preceding sections to
characterize the materials. The incident field is schematized in figure 2.6| The direction of
incidence is specified by the polar angles @ and ¥ (see figure 2.6). In order to define the
%)larization of the incident field, we construct the circle MNM’N’ in the plane perpendicular to
ko, with the continuation of NN’ intersecting the z axis and MM’ being perpendicular to NN’.
The polarization angle 0 is the angle between M’M and the direction of the incident electric
field ? With these notations, the incident electric field is given by:

—
E' = P exp(iax+iBy—iyz), (2.92)
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A
zZ

M,

N>
7’

Figure 2.6: Notations for the incident field.

with @ = kpsin@cos¥, B = kosin @ sin¥ and y = ko cos ®. The projection of ? on M’M is
called transverse component of ? and denoted by P'. Its projection on N’N is calle_d_)longitudi—
MM’ NN’
nal (in plane) component and denoted bzP', in such a way that ? =P VM + P! NN
As in the case of classical gratings, it is possible to show that above the top of the grating
(z > zm), the field can be expanded in the form of a sum of plane waves:

::700 szoo (IO,n,m eXP(lOCnx + lﬁmy - l'}/O,n,mZ)‘i'

E(x, Z) — +_:DO7H7T:Xp(lanx + lﬁmy + lYO,n,mZ)) 9 . le > ZM? (2.93)
N=—o0 2ym——oo0 (Dl,n,m eXP(lOCnX + ley — N ,n,mZ)"’

11 m €XP (06X + iBmy + Y1 nm2) ) if 7 <0.

The wavevectors of all these plane waves must be orthogonal to their vector amplitudes. As
for the incident wave, we can define the transverse and longitudinal components of the vector
amplitudes of the plane waves, the transverse component (for example D) , ) being orthogonal
to the z axis in the plane perpendicular to the wavevector (0, B, Y0..,») and the longitudinal
(for example Dl0 .m) its component in the orthogonal direction of the same plane.

Using the Poynting theorem, it can be shown, as in section [2.5.3] that the efficiencies in

the z-propagating orders are given by:
— o

yoy’””" Boum? ifi =0,
0,0
Pinm = " r;m 1 (294)
Y 3 Ey l 2 13 2 b .

.0 (WlDl,n,m‘ +‘Dl,n,m‘ ) ifi=1.
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Of course, the line associated to i = 1 in equation (2.94) must be cancelled if the grating material
is lossy.

We define, as for classical gratings, the sets Uy and U of z-propagating orders in % and
Z) respectively and, when the grating material is lossless, the energy balance can be written:

Y powmt Y, Pram=L1 (2.95)

(n,m)€ly (n,m)el;

We will not demonstrate the reciprocity theorem, the interested reader can find the proof
in [1]. This theorem, in the case of an order (p,q) propagating in %, can be expressed in the
following form:

— — =
YB.Dopy=7P Dopy (2.96)

In the first case, the incident electric field with vector amplitude ? and propagation constant
along the z axis —y generates in %y in the (p,q) order, with (p,q) € Uy, a plane wave of
vector amplitude 307 p,q and propagation constant along the z axis % 4. In the second case,
we consider an incident wave which propagates in the direction which is just the opposite to
that of the (p,q) order in the first case. Thus its constant of propagation along the z axis is

—Y = —Yo,pq- The vector amplitude of this incident wave is equal to P'. It can be shown
that in this second case, the (p,q) order takes the direction which is _t)he opposite of that of

the incident wave in the first case and its vector amplitude is equal to D'q , ,. Thus, equation
(2.96) can be expressed in the following form: the scalar product of the vector amplitudes
of the incident and diffracted waves propagating in the opposite directions, multiplied by
the propagation constant of the incident wave along the z axis, is constant. It can be shown
that this relation entails the reciprocity in natural light for the efficiencies:

< P0,pg >=< PO pg > (2.97)

with < pg , 4 > being the average between the efficiencies in both cases of polarization (6 = 0

T
and 8 = 5)

2.6 Conclusion

We have established the mathematical bases of grating theories: the boundary-value problems.
Most of the formalisms used for solving the grating problems numerically start from these
boundary-value problems, for example the integral theory [1,2].Other theories use some con-
ditions of these problems but deal directly with Maxwell equations, for example the RCWA
method [5].

Without any doubt, the boundary-value problems are necessary to demonstrate the ana-
lytic properties of gratings. Very often, these properties are ignored or neglected. However,
properties like energy balance or reciprocity are needed for a full understanding of the puzzling
properties of this crucial component of optics and nanophotonics. These analytic properties are
also widely used to check new grating softwares. However, they are not more than casting out
nines. They can show that a software fails if they are nor satisfied on its numerical results. It
must be emphasized that they can never prove its validity if they are satisfied.
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Some important analytic properties of gratings have not been mentioned in this chapter.
It is the case for example for the Marechal and Stroke theorem, the only grating property which
allows one to know the field diffracted by a grating without any calculation. This theorem,
which is restricted to perfecly conducting echelette gratings used for TM polarization in very
special conditions will be given in the chapter devoted to the applications of grating properties.
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Abstract

We present a unified formal treatment of spectral methods applied to scattering from penetrable
gratings for both acoustic (scalar) and electromagnetic (vector) problems. These are derived
from coordinate space representations for both acoustic problems for a one-dimensional grat-
ing, and full electromagnetic problems for a two-dimensional grating. The coordinate space
representations are also derived here. By unified we mean that the electromagnetic results use
a scalar analogy, in that the boundary unknowns are the electric field and its normal derivative.

In coordinate space, the kernels of either the integral representations or integral equations
have two variables, the first relating to the field coordinate (which, for an integral equation,
has been evaluated on the surface), and the second evaluated on the surface as part of the sur-
face integration. We refer to this procedure as coordinate in both variables or simply a CC
method. Partial spectral results involve a spectral replacement of the first coordinate variable,
and we refer to these methods as SC. Full spectral methods involve an additional replacement
of the second (always surface) coordinate variable by a spectral one and we refer to these as SS
methods, or in the case of a conjugate Rayleigh basis as SS*.

For both scalar and electromagnetic cases, the partial spectral results are derived without
the use of Green’s functions. Instead we use plane wave states in Green’s theorem. The partial
spectral results are also used to generate surface inversion methods involving perturbation the-
ory and the Kirchhoff approximation. For the full spectral scalar case three spectral expansions
are considered, a physical optics modified Fourier expansion, a Floquet-Fourier expansion, and
an expansion in conjugate Rayleigh basis functions. All are Floquet- or quasi-periodic. For the
full spectral electromagnetic case only the conjugate Rayleigh basis expansion is presented.
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3.1 Introduction

In this paper we present formal equations in spectral space to describe the scattering from peri-
odic surfaces or gratings. We do this both for the acoustic case in one dimension for the direct
scattering problem (Secs.4,5,7) and the inverse problem(Sec.6), and in two dimensions for the
general electromagnetic problem (Secs.9,10,11). In order to do this and justify the validity
of the spectral representations in various regions, we derive in each case the coordinate-space
representations for the scattering (Secs.4,9). This includes the two- and three-dimensional pe-
riodic Green’s function (Sec.3) necessary to describe the coordinate-space scattering, and the
development of plane wave expansions in periodic media (Sec.2) which are used throughout the
paper.

For the partial spectral-space equations it is not necessary to use the Green’s function.
Instead we describe a method using plane waves and Green’s theorem in the periodic cell of the
surface to derive the spectral equations directly and simply. One can describe the coordinate-
space integral representations or integral equations to solve the boundary unknowns as equa-
tions in two coordinate spaces, the space of the source or integrated coordinate, and the space
of the field or exterior coordinate. For clarity, we refer to this as a coordinate-coordinate (CC)
representation. Spectral can then refer to one or both of these coordinate spaces transformed,
a partial spectral space when one is transformed (Secs.5,10) where we use first the transform
of the exterior coordinate (following from the plane waves and Green’s theorem) so we are
in a spectral-coordinate (SC) representation which we treat extensively, including its use in the
inverse problem, the problem of surface reconstruction from (known) scattered field data. A sec-
ond version (CS) is referred to®? but not extensively discussed. Using SC we can then represent
the integrated coordinate in spectral space (SS) where we reference extensive computational
results=0373839  What has become of interest lately= is the transform of the coordinate-space
of integration into the conjugate spectral space S*, and we describe this SS* method extensively
(Secs.8,11) for acoustic and electromagnetic results respectively. Formally this is equivalent to
a dual least squares method.

It is important to define what we mean by the word “spectral”’?®. In a general context,
this could mean just Fourier space, and boundary function expansions in pure Fourier series.
However, in our context, this is not correct. The reason is that the boundary fields are limits of
Floquet- or quasi-periodic functions and must themselves be Floquet- or quasi-periodic. This
reflects the nature of the incident field being, in general, incident off the normal. The periodic
surface has right-left symmetry, but the boundary value problem does not (unless the field is
incident normally). By ”spectral” we thus mean here three kinds of expansions, a physical-
optics modified Fourier expansion (Sec.7) where a single plane wave modulates the Fourier
series, an expansion which we term Floquet-Fourier which preserves the quasi-periodicity but
without the modulating plane wave (Sec.7), and an expansion in conjugate plane wave states on
the boundary (Secs.8,11) where plane waves modulate each term in the expansion. These latter
are Rayleigh or Bloch wave type expansions and are useful because, at least in some degenerate
cases, they lead to self-adjoint problems. All expansions are quasi-periodic. Relation of the
results to Rayleigh and Waterman expansions is discussed.

Using the partial spectral methods developed in Sec.5 for the direct scattering problem,
we discuss in Sec.6 how they can be used to find the periodic surface profile from the incident
and scattered fields. Two methods are presented, one based on perturbation theory and the other
on the Kirchhoff approximation, both for the scalar case. Both surface inversion methods were
initially applied to truncated random surfaces 12 with good results, and the methodology is
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here applied to gratings.

The electromagnetic equations we present are not done in the conventional formalism®!
using boundary currents, but are based on earlier work of ours=> which rely on a scalar analogue
of the electromagnetic problem, so the boundary unknowns we use are the electric field and its
normal derivative. The resulting equations become a direct scalar analogue in terms of different
boundary unknowns for the electromagnetic problem. We also do not discuss the computa-
tional solutions of the equations but rely on references where available. Some related equations
have been solved, and we point out the references where appropriate, but a full discussion of
computational issues would require a separate paper.

A very large number of references are cited in the text. Many of these references, some not
specifically attuned to spectral methods, nevertheless contain spectral components in the devel-
opment or in reference to expansions, in particular to the Rayleigh expansion 2144850545657,
64=66=70’76’80=81’82=94=99’100=104, the Waterman expansionlos, both#223241109 - 5 combination of
the two expansions®?. The gratings we consider are infinite, although spectral methods have
been applied to finite gratings also®*, and our gratings are purely deterministic although ran-
dom gratings have also been considered®. Newer results on gratings apply surface integral
methods to periodic nanostructures®?, indicating the generality of the methods we describe. We
are mainly interested in scattering methods which produce the scattered and transmitted fields
and their use in inversion, although others prefer to consider the dispersion relation for surface
plasmons and polaritons propagating along the grating*®+293  Other rigorous theoretical and
computational developments are also available20:7:8:16:44:4596 I68ITIITSITOTOAIOI a5 well as
approximations 1% applications? 13425115 and other methodology

There are very many papers (our many references do not scratch the surface), reviews
09888IOI8E and books 219308 on scattering from gratings, not the least of them being the
important book edited by Petit®” in honor of which this paper is contributed.

1185
10140,

3.2 Plane Waves in Periodic Media

In two dimensions X = (x, z), we write a plane wave as
¢ (%) = explik(aox +102)]; 3.1)

where o = sin(0), 1 = cos(0) = /1 — ch, and 0 is measured clockwise from the positive

z axis. With the time convention exp(—iwt), where ® is circular frequency, this is thus an
up-going plane wave, and satisfies the two-dimensional Helmholtz equation

(V3 +K)¢() =0, (32)

where k is the wavenumber (here considered to be strictly real). On a one-dimensional surface
z = h(x) we have
o (X)) = explik(opx + Yh(x))], 3.3)

where X;, = (x,h(x)). This is referred to as a Rayleigh function. For one-dimensional periodic
media (here the surface), h(x+ L) = h(x), where L is the period, we have the relation

¢ (x+L,h(x+L)) = exp(ikopL) (x, h(x)). (3.4)
The same result is true even off the surface, i.e.

O (x+L,z) =exp(ikapL) ¢ (x,z). (3.5)
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These results are referred to as Floquet- or quasi-periodicity. The field scattered from this
periodic surface, y*¢, satisfies the same Helmholtz equation, and is also quasi-periodic because
the ratio "’TSC is periodic, i.e.
vx+Lz)  w(x,2)
o(x+Lz)  9(xz)’

(3.6)

so that
V(x4 L,z) = exp(ikapL) y*“ (x,z2), (3.7)

and the same is true on the surface z = h(x). In general for any field function y satisfying (3.2)
and shifted an integer n number of periods we have

y(x+nL,z) = exp(ikopnL)y(x,z). (3.8)

The same is of course true on the surface z = h(x).
In three dimensions any field function which satisfies the three-dimensional Helmholtz
equation
(V3+K)p(X) =0, (3.9)

where X = (x,y,z), and is quasi-periodic in x with period L; and in y with period L, satisfies

V(x+n1L1,y+nala,z) = explik(opni L + BonaLa) | w(x,y, 2), (3.10)

where ap = sin(0) cos(¢@) and By = sin(0) sin(¢) with 0 the polar angle, ¢ the azimuthal angle,
and n; and n; are integers. In three dimensions the up-going plane wave is now written as

¢ (X) = exp[ik(ox + Boy + 102)], (3.11)

where Y =4/1— ag — [302. Although we use some of the same notation in both two and three
dimensions the interpretation will be clear from the context.

We consider the periodic surface z = h(x) in one dimension and z = h(x,y) = h(X,) in
two dimensions which separates two media with wavenumbers k; for z > h (the upper region
1) and k; for z < h (the lower region 2). Notationally, subscripts are used to identify the region,
e.g2. ¢ becomes ¢; or ¢, Y becomes ¥ig or Y0, etc. The paper has a lot of notation, and we
have tried to keep it as clear as possible.

3.3 Green’s Functions in Periodic Media

In two dimensions the free-space Green’s function is

G (¥.7) = -H" (kol¥ — ), (3.12)

4
(1)

where Hj;’ is the Hankel function, and ko is a generic wave number. It satisfies the equation

(V3+i3)GA (R ,3) = —8(F — 7). (3.13)

Its representation as a Fourier transform is

expliky(x' —x) + ik,
GO (¥ %) = P // e =]y ar.. (3.14)
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where the integrals run from —eo to co. We have given kg a small positive imaginary part to define
the integral, and k= k)% + k%. If we choose a specific direction, here the fixed direction z, we
can evaluate the k, integration using complex variables. The result is the Weyl representation
for G?)

GO 3) = -7 /°° explike(x' — x) + iKo|2' — 2]

)= a2 ) . a dky, (3.15)

where Ko = \/k3 — k2 for k§ > k2, and = i\ /k2 — k3 for k2 > k3.

We have two regions. In region 1, we let kg = k1 in (3.15)), scale the integral using ky =
ki, and we get the Green’s function for region 1 (subscript) in (2)-dimensions (superscript)

0 i [ epliti (@l =)+ p(e)l —)
W)= G | n(@) o

(3.16)

where

nia = Vi-a? (a*<1) (3.17)
= +iva2—1, (a®>1). (3.18)

In region 2, let kg = k in (3.15)) and scale using k, = kj (the same scaling as in region 1) to
get the Green’s function in region 2 (subscript) in (2)-dimensions (superscript)
G 5=~ 2/“ expliki (a(x' = x) + (@) | — 2])]
(27)? J—eo n(a)

do, (3.19)

where

pla) = VKX-o?, (a®<K?) (3.20)
= +iva?—K?, (o?>K?), (3.21)

and K = ky /kj, the ratio of wavenumbers. The same scaling in both regions can be thought of
as simply a result of Snell’s Law since the x-components of the phases of both functions must
match at a flat interface.

The Green’s functions above are for an infinite space or, in our case, an infinite surface.
To find the periodic Green’s function for a single cell of the surface we use the single or double
layer potentials which occur in Sec.4. For example, define the single layer potential on an
infinite surface A(x) as

oo

(5v)E) = [ GP(E, B y()dx (3.22)

where y is any field function (here it is the normal derivative). The result can be written as a
sum over periodic cells

(o)

Sy)@,) = Y, L), (3.23)
where
(2n+1)L/2
L) = | GO (%), %) y(%)dx. (3.24)
(2n—1)L/2

Use (3.16) or (3.19) in (3.24)), shift the integration by defining x” = x — nL, and use the Floquet
property of the field function to rewrite (3.22) as
L2

(V@)= || G @By s, (3.25)
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where the two-dimensional periodic Green’s function ((2p)-superscript) is given by

GOP (%, %,) = (21'77;)2 /°° explik (ou(x’ —X);(g()a)!h(ﬂ) —h(x)l)]S(a)dm (3.26)

where the sum S is given by

(o)

S(o) =Y explink;L(cp— )], (3.27)

Nn——oo

and can be evaluated using the Poisson sum® to be

lkIJZ §(a—aj), (3.28)

where & represents the delta function and aj = o + jA /L is the grating equation. The result
substituted in (3.26)) yields the periodic Green’s function for region 1

2p) ot = i expliki (o (x —x) + 1, h(x) —h(x)])]
Gy (X, %) 2k]Lj—Z_oo N

, (3.29)

where

nj = yJ1-a2, (af<1), (3.30)
= +iyJa?—1, (a;>1), (3.31)

and the periodic Green’s function for region 2

G, %) = — i expliki (0 (¥’ —x) + 1 |h(x') — h(x)])]

, (3.32)
2k L =, Y2

where

B = \/m (0} < K?) (3.33)
= +iy/a?—K2,  (0F >K). (3.34)

We have listed the Green’s functions of both regions to stress the exterior scaling k; for both.
The result is the residual of the k; in the phase of both terms, Snell’s law, and the same Poisson
sum.

The Green’s functions satisfy the differential equations

(V3+I)GP(® %) =— ¥ 8( —x)8( —2), (3.35)

where x, =x+nL and [ = 1,2. The periodic Green’s function can also be written as a phased
array of Hankel functions, e.g. for region 1

/—\

G\P(¥ x) = Z exp(iki oonL)H, )<k1\/(xl_xn)2+(zl_z>2)' (3.36)
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The periodic Green’s functions are also Floquet-periodic. For either Green’s function, using
(3.29) or (3.32)) we have that

G?P)(¥,%,) = exp(—iki aonL)G*P) (¥ | 7), (3.37)

where X, = X+ inL. Since the Floquet condition on any field function (3.8)) has the conjugate
phase of (3.37), the product of any Green’s function times any field function y is periodic,

GP)(® %)W (E,) = G (® D)y(3). (3.38)

This result will be used later to cancel vertical integrals in Green’s theorem for the coordinate-
space representation.
The three-dimensional Green’s function in free space is given by

L1 explikol¥ — )
GO 3= — 3.39
=t (339
where k( is a generic wave number. It satisfies the equation
(V3+K3)G (¥ %) = —8(F - ), (3.40)
where X = (x,y,z). Its Fourier representation is
ky (X — ky ik
GO F ) /// eXplike (¥ —x) +1 (y2 y) + k(2 — )]dkxdkydkz, (3.41)
with k2 = k2 + k2 + k2 Use complex integration on the preferred z-direction to yield
. (o — (v — Kol —
GO (F,7) = -~ // explike(x' —x) +1 ;éy ) + iKol? W akar,. (3.42)
0

where

Ko = \JR—I2—k, (kK+k <k) (3.43)
= +i,/k,%+k§—kg, (ki + k5 > k). (3.44)

In the upper region, let ky = kj in , and scale the wavenumbers as k, = kj ¢t and ky = k; 8.
This yields the three-dimensional Green s function for region 1 in the Weyl representation

O)#.7) = mkl expliki (a(x' —x) + B0 —y) + n(a, B)|Z —2])]
6D = | 71(a.B) dodp.

(3.45)

where

= 4J1—a?2—B2, (a*+B%<1), (3.46)
= tiyJo2+B2—1, (®+B*>1). (3.47)

In the lower region, let kg = k; in (3.42), scale the wavenumbers the same (two-dimensional
Snell’s law) to yield the three-dimensional Green’s function for region 2 in the Weyl represen-
tation

G§3) Y1) — mkl // expliky (ot(x —x)+€2((y(;—ﬁ);)+Y2(a,l3)!z’—z|)]dadﬁ’ (3.48)
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where

p = JK2—a2—p2, (a®>+B%<K?), (3.49)
= +i\Jo2+PB2—K2, (a’+B%>K?). (3.50)

The above results are for an infinite surface. To illustrate the reduction to a single cell of
a two-dimensional periodic surface we choose a single layer potential (for either region) with
density ¥ which is any field function (here the normal derivative of the velocity potential)

%)= [| GOm0 vy, (3.51)
Here the surface is doubly periodic (period L; in x and L; in y)
h(fL +)_C'n1n2) = h@l)a (3.52)

where n; and n, are integers and X, = iniL + fnsz The field function is Floquet-periodic
in two dimensions, see . We can thus write as a double sum over periodic cells

Y Y hum@) (3.53)
N|=—00Ny=—0
where
(2na+1)Ly /2 r(2n1+1)L1 /2
b (%) = [ / G (5, %) () ddy. (354
(2m—1)Ly/2 J(2n;—1)L1/2

Use the Weyl representation 1! or 1| for G, shift the integrations using X" = x —n1L,
and y"" =y —nyL, to yield

Ly/2 L1/2 ~
(Sy)(®,) / / xh,xh)l[/(xh)dxdy, (3.55)
Ly/2J—L)2

where the three-dimensional periodic Green’s function is given by

_ /_ =/ _ =
G095 5) = 83 [ SO =)+ B ) 4 L) =G5 s,
’ (3.56)
with the Poisson sums

Pi(a)= Y explinikiLi(cg— o)) qu. Y 6« (3.57)

ny=—o j*—oo

and 5 N
Pz(ﬁ): Z exp[il’lzlez(ﬁo— = Z 5 (3.58)

Nny=——o0 /7 —o0
The grating equations are now @; = oo+ jA/Li and By = o+ j’A/L>. The result is the three-
dimensional periodic Green’s function for region 1 with both coordinates on the surface

GO (i, % i i expliki (0 (¥ —x) + By (Y =) + 17 [h(F,) ~h(¥)))]

)

(3.59)
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where

Wi = J1-d—Bi, (ei+B5<1) (3.60)

_ : 2 2 2 2
= +iyJa2+BI-1, (o +BF>1). (3.61)

The three-dimensional periodic Green’s function for region 2 is given by

@ =t Y Y expliky (0 (X' —x) + B (Y —y) + ¥ [(¥)) — h(Z1)])]
2 o 2k1L1L2 j=—o0 jl=—0c0 ’}/zjj/ ’
(3.62)
where
hip = \JK*—oZ B3, (o +B; <K’ (3.63)

_ 422 2., p2 o g2
= +iyJoi+ B —K*  (aj+B;>K). (3.64)

We use these Green’s functions later for three-dimensional electromagnetic problems. Note
again that the scaling is k; in front of both (3.59) and (3.62). Note also the obvious remark that
for a two-dimensional surface h(X, ) we have two spectral parameters, j and j'.

Both Green’s functions satisfy a two-dimensional Floquet condition

GOP) (%), Xp + Fuyny) = exp[—iky (Qoni L1 + BonaLy)]GOP) (%), 7). (3.65)

Combined with the two-dimensional Floquet condition on any field function (3.10)), the product
of any Green’s function times a field function is periodic

G(3p) (X';z’)_c‘h +fn1”2)‘/’(3_éh +fn1n2) = G(3p) ()_C‘;ufh) W(fh)- (3.66)

We use this property later to cancel side integrals in Green’s theorem. Techniques for computing
these periodic Green’s functions are available!Y1102,

3.4 Integral Methods in Coordinate Space for Scalar Problems

We first present the coordinate-space representation of the scattering from a periodic surface
as comparison and contrast to that of the spectral representations in later sections. In addition,
these yield rigorous representations for the scattered field above the highest surface excursion
and for the transmitted field below the lowest surface excursion, as well as projections on lines
above and below the surface.

The total field in region 1, yq, equals the sum of incident plus scattered fields, y; =
v 4 ¢, and it satisfies the scalar Helmholtz equation

(V34K () =0, (3.67)

as do both incident and scattered fields. We do Green’s theorem using y; and G(lzp ). Cross

multiply (3.67) and (3.35]), multiply by the characteristic function of region 1

@ (%) = O(L/2—x)0(x+L/2)0(z— h(x))0(H, —2), (3.68)
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where 0 is the step function, 6(x) = 1 when x > 0, and 6(x) = 0 when x < 0, and integrate by
parts. To express the results conveniently, introduce the bracket notation

G) yy: ¥, 8] = // GPP\(# %)y (Rs) — G\ (&, ) nyds, (3.69)

where 0, is the partial derivative (dy for / = 1 and d, for [ = 2), n; is the non-unit surface
normal, and ds the arc length along the surface. Repeated subscripts are summed. There are
four surfaces S: x = +£L/2 (h < z < Hy), z=h, and z = Hj, both with —L/2 < x < L/2. The
result is

V@)1 () =[Gy v, 1/2) =[G wind . —L/2)+ G wind H] =[Gy

(3.70)
Using (3.38)), the first two brackets on the right hand side of (3.70) cancel by Floquet periodicity.
For the moment assume the integral on H; represents the incident field (proof below), i.e.

A EE [ngp), v X Hy. (3.71)

We thus have three results. Inside region 1, h(x') < 7/ < Hy, ®; = 1, we have

(@) =y (@) — (G yi:¥, h). (3.72)

Outside region 1, where ®; = 0, we have from (3.70)

y (@) =[Gy ¥ ), (3.73)

which is an Extinction Theorem, and on the surface 7/ = h(x’ ), taking into account the disconti-
nuity of the double layer potential in (3.72]), we have

1 =) in (=
W) = v )~ 1617 il (3.74)

In particular, we can write the scattered field above the highest surface excursion, 7/ >
max(h), using (3.72). The absolute value in the Green’s function in (3.72) is not present, i.e. we
use the representation

@p)yw = L & expliky(o(x' —x) +71(Z —h(x)))]

(3.75)

The result is that the scattered field above the highest surface excursion can be written exactly
as a plane wave expansion of upgoing waves

v )= Y Ajexplik(ap +71;2)], (3.76)
j=—eo

where A can be written as the integral

L2
/ZA(j,x) exp[—iki (atjx + 11 jh(x))]dx, (3.77)
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and the integrand A(j,x) is in terms of the boundary unknowns

i (9 / B
A(j,x) = 2k1;1,~ {a—":(xh) ki (1 — ok (%)) (xh)}. (3.78)

We have written A(j,x) as a function of two variables, the first a discrete spectral (S) variable
J which has replaced the field coordinate variable, and the second a continuous coordinate (C)
variable x, which is the surface integration variable. This is the basis for the spectral-coordinate
(SC) approach used in Sec. 5.

There remains to prove (3.71). This time the representation for the Green’s function
evaluated on z = H) is with X| = (x, H})

2 N I = expliky (o;(x' —x)+ 1 (H —7
CRCE N iki(0y (X =)+ (H1 = 2))] (3.79)
Using (3.79) in (3.71) and the representation (3.76)) for the scattered field it is straighforward to
show that
(G yoe: % H| = 0. (3.80)

Further, if we assume a general plane wave decomposition of the incident field in terms of
downgoing waves

w"(¥) = Y Loexpliki (06x — 1ia2)], (3.81)
n
the relation ) _ .
(G yin ¥ H)| = y"(®), (3.82)
follows immediately. Alternatively, one can view the integrand in (3.71))
d ,
a_wzl<x7H1)_lk171lel(XaH1): (3.83)

as projecting out only the downgoing waves and canceling the scattered waves. The combina-

tion of (3.80) and (3.82) is the proof of (3.7T].

In the region below the surface, region 2, the total field y; satisfies the Helmholtz equation

(V3+83)ya(¥) =0, (3.84)

where the wavenumber k; = Kk is written in terms of a scale factor K. The region is defined
by the characteristic function

@,(X) = O(L/2 —x)0(x+L/2)0(h(x) —2)0(z— H>). (3.85)

The Green’s function ng‘p Vis given by

. i & expliki(ai(xX —x)+pild—z
GgZp)()_C»/, )_ Z [ ( J( ) J’ |)]

T 2kL

, (3.86)
oo Y2j

where 7,; is defined in (3.33). Green’s theorem in this region, the cancellation of integrals along
x = £L/2 by Floquet periodicity, and the vanishing of the integral along H, since at this value
of z the total field consists of downward propagating waves, yields the result

¥ (@)0x(F) = (G, v ¥ ). (3.87)
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On the boundary, the limit of is

|
5‘!’2(362) = [Géz”), V2 %), h). (3.88)

For 7/ < min(h), (3.87) yields a representation of the total field in region 2 in terms of downward
propagating plane waves

v (¥) =) Bjexpliki(ajx' — ;)] (3.89)
j:—oo
where
1Lz .
Bj= Z/_L/ZB<],X> exp[—iki (ajx — 1 jh(x))]dx, (3.90)
and B(j,x) is in terms of the boundary values from region 2
. i o (Xy) . , S
B = - j ih . 91
(J,) 2k1}’2j{ o k(v ol (x)) ya (%) (3.91)

We have assumed that y is a velocity potential. Then the continuity conditions at the
boundary are written as the continuity of velocity

vy, oV L
S @) = G ) =N, (392)
and continuity of pressure
P2v2(%n) = P11 (Xn), (3.93)

where p; are the densities. In (3.92) we defined the normal derivative boundary unknown as N,
and we define the surface field boundary unknown as y/(X,) = w1 (X},), so that y» (X)) = ‘l)l[/ (Xn)

where p = p2/p;. Using these unknowns, (3.78)) and (3.91) become

—i

A(j,x) = [N (%) + iky (1 — ol () w (%) (3.94)
2k
and _ "
. l - K] / -
B(j,x) = NXp) ——(pit+ah (x Xp)]. 3.95
(J,x) 2k1y2j[ (X) 5 (Y2 + 0GR (x)) W (3n)] (3.95)
We can summarize these results using single(S) and double(D) layer potentials
L2 )y
(5@ = [ O Bu)ds (3.96)
—L)2
and

L/2 aG(Zl’)
L (¥, %) v(%)dx, (3.97)

o) E) = [

—1/2 dn
and write the integral equations (3.74)) and (3.88) in symbolic form as

1 .
SV = v —(SIN) + (D1y), (3.98)
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and .
SV = p(S2N) — (Day). (3.99)

Various combinations of these equations and integral equations formed by first taking the nor-
mal derivative of the field representations and and passing to the surface limit
can be used to solve for the boundary unknowns ¥ and N. For the Dirichlet problem, y = 0
and p = 0 so (3.99) disappears and (3.98)) is an integral equation of first kind for N. For the
Neumann problem, first divide (3.99) by p, then let p — oo and set N = 0.

Direct integral equation methods have been used to computationally solve this prob-
lem22267 " Other integral equation solutions=®=7383% have been compared to the solutions of
spectral methods presented later in this paper. Other methods have also been employed 81220737486
Point collocation questions arise 22230072 for any coordinate based method.

3.5 Partial Spectral Methods for Scalar Problems

In this section we use a direct method to generate integral equations in a partial spectral repre-
sentation. The method uses Green’s theorem again, but not the Green’s function. Define the up-
and down-going plane wave states in region 1

01;(¥) = expliki (—ox £ 1,2)], (3.100)
which satisfy the same Helmholtz equation as y1, (3.67),
(V3 +K7)¢;;(%) = 0. (3.101)

For convenience, in (3.100) we have chosen the conjugate in the x-coordinate. In the Green’s
function this occurs naturally. Cross multiply and (3.101) and subtract the results, multi-
ply by ©; from (3.68), integrate over all space, and then integrate by parts. Since all fields are
Floquet periodic, the integrals along x = +L/2 cancel. The results can be expressed with the
collapsed bracket notation

[u,v;S] = /S[u()_c’g)alv()_c’s) —v(Xs)u(Xs)|nds, (3.102)

where, unlike the bracket notation in Sec.4, no exterior coordinate-space variable appears.
There are two surfaces, z = h with —L/2 < x < L/2, and z = H; with —L/2 <x < L/2. The
result is

(015 vish] = [0, yi; Hi. (3.103)

The result can be thought of as an analytic continuation from the periodic surface z = A to a flat
plane z = Hj above the surface. The right hand side of (3.103) can be evaluated explicitly using

(3.76) and (3.81]) to give
(0.5, Wi Hi] = Zile'}’lj{;jIj}- (3.104)

Here the up-going plane waves ¢1+ project out the down-going spectral components of the inci-

dent wave /;, and the down-going plane waves q)l project out the up-going spectral components
of the scattered waves A ;. Combining this with the left hand side of (3.103) we get the set of
equations for region 1

L2
/L/z q)lf JUj* (%a)dx =, {A '} (3.105)
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where :

2iky
We have incorporated the boundary unknowns defined following (3.92). Note that U ;=

71;A(j,x) from 1;

In region 2, the up- and down-going plane waves are given by

Us (%) =

; [N (X) — ik1 (£71; + 0ok (x)) (X)) (3.106)

95,;(%) = expliki (—oyx £ 7)), (3.107)
which satisfy the Helmholtz equation
(V3+K3)05;(%) = 0. (3.108)

Cross multiply (3.84) and (3.108)), multiply the result by @, from (3.83)), integrate over all
space, then integrate by parts. The Floquet periodicity cancels the integrals on x = +L/2 and
the result is the analytic continuation

(05, wash] = (935, s Ha. (3.109)
The right hand side of (3.109) can be evaluated using (3.89) for y» to yield
. B;
[¢§;, Vi Hy = —=2ikiLyp{,’ } (3.110)

Combined with (3.109), and incorporating the definitions of the boundary values following
(3.92) yields the equations from the lower region

L/2
/m 2 ()L (%n)dx = {0} (3.111)
where
+ /- 1 — lkl / -
Lj (%n) = Tkl[N(xh) > — (F1j+ ok (x)) y(3)]. (3.112)

The lower equation in (3.1TT]) is a spectral version of the Extinction Theorem.

The procedure is to solve the combined U™ equation in (3.105)) and the L~ equation in
for the boundary unknowns N and , and to evaluate the U~ and L equations for the
scattered (A ;) and transmitted (B;) amplitudes. The scattered and transmitted fields can be then
found from (3.76) and (3.89) respectively. In order to find field values in the surface wells, we
must use these boundary unknowns in (3.72) and (3.87) respectively.

The advantage of the method is that there are no Green’s functions to compute. Instead,
the results are projected onto plane wave based basis functions (really Rayleigh functions since
they’re on the surface). The Green’s function does this in an alternate way.

It is useful with any theory to check simple special cases. It is also necessary that the
general results reduce to simple solvable cases. Here we take the flat surface limit (2 = 0), and
derive from them the Fresnel reflection and transmission coefficients as a necessary check on
the general results. For 1 = 0, let L — oo, so that for any finite j, limy ;. &t; = 0, so that the
only surviving waves are the 0" order reflection (Ag) and transmission (Bg) amplitudes. The
surface fields N and y thus have two different flat-surface field representations which are

v1(x,0) = (Io +Ao) exp|ik; otpx], (3.113)
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N (x,O) = —iklylo(lo—Ao) eXp[ikl(X()x], (3.114)
v (x,0) = Boexplik; apx], (3.115)

and
Ny (x, 0) = —ik; 7203() exp[ik1 OCQ)C]. (3.116)

From (3.103]) and (3.111)) we have

1 2
- iz ' —i 11
2iki o Lose L N(x,0) + iki noy (x,0)] exp[—iki 0tox]dx, (3.117)
and
-1 il /L/z NG, 0) — Ly (x, 0)) expl—ik: co]dx (3.118)
T ik Lo L) rnt p Ty, Ptk Ooxjd.x. :

If we use the flat-surface field representations on the surface from region 1, (N; and yq), in
the Ag equation, and the flat-surface field representations from region 2, (N, and y»), in the By
equation, we just get identities. Instead, use the opposite procedure, i.e. write Ag and By as

1 .1

L2
= lim — ] —1 A1
T LgEoL/_L/z[NZ(X’O)+lk1y10wz(x’ 0)] exp[—ikj ox]dx, (3.119)

and

—1 L/2
~ 2ik 120 L—>°° L)_1p

Using (3.113)) through (3.116) in (3.119) and (3.120) we get two equations
PY10 — %20

N1 X O) — F’}’zollll (x 0)]6Xp[ ikla()x]dx. (3.120)

Ag = By, (3.121)
2710
and
Iy—A Ih+A
B, — ol = Aol + (Yao/p)llo + Ao (3.122)
2%0
These can be solved to yield the Fresnel reflection coefficient
A _
40 _ PTo Yzoj (3.123)
I pYio+ 70
and the Fresnel transmission coefficient
B 2
Jo___cho (3.124)
Iy PYi0+ %0
Finally we have that
A B
1+22=p=2 (3.125)
Iy Iy

as expected.

71



3.16 Gratings: Theory and Numeric Applications, 2012

3.6 Surface Inversion Using the Partial Spectral Method

We can use the partial spectral results from Sec.5 to develop simple algorithms to reconstruct
the surface height /(x) from the knowledge of the incident and scattered field amplitudes /; and
A;. For simplicity, we choose the Dirichlet problem, y/(X;) = 0. This is a perfectly reflecting
case, and (3.ITI) vanishes identically (multiply it by p, and then set p = 0). The resulting

equations (3.105) become

L/2
L/L/z¢1f xh)dx—2zk171]{A }. (3.126)

We describe two methods, the first is perturbation theory in the surface height, and the second
is the use of the Kirchhoff approximation for the normal derivative N. The full details of both
methods with numerical results were presented in''*12 There the methods were applied to
truncated rough surfaces. Some other methods can be found in°? for uniqueness questions
and for more detailed reconstruction algorithms.

For perturbation theory (3.100) is used on the surface, and becomes

015(%h) ~ exp|—iky ajx] (1 £ iky 11 jh(x)). (3.127)

Substituting (3.127) in (3.126)), and adding and subtracting the resulting equations yields the
two results

1 rL/2
Z/ / exp[—ilq ajx]N()‘c’h)dx = —ikl ’}/1j(1j —Aj), (3.128)
—L/2

and -
Z/_L/zeXp[_iklajx]N( nh(x)dx=—(I;+A;). (3.129)

Fourier inverting both equations yields

N(fh) = —ik; i eXp[iklOij]<Ij—Aj), (3.130)

jzfoo

and
N(%,)h(x) Z explikia;x](1;+A;). (3.131)

Jf—oo

Divide (3.131) by (3.130) (so that we factor out the boundary condition) and take the real part
to get the approximation to the surface profile 4pr produced by perturbation theory

1 {zj_wu j+Aj]ex p[iklajx]}

hpr(x) = —Im :
PT(X) ki Z;o:—w(IJ_AJ) p[zklocjx]

(3.132)

where (Im) is the imaginary part. The equation simplifies for a single incident wave (I; = 6jolo)
to be

I c A 27 jx/L
L {”Zl A jexpli2Tjx/ ]} (3.133)

h -
1 (x) ki " Io— X7 Ajexpli2mjx/L]

These equations (3.132)) and (3.133]) express the surface in terms of the amplitudes of the inci-
dent and scattered fields.
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For the Kirchhoff approximation (KA), assume a single plane wave incidence

v (%) = Iyexpliki (Qox — Y102)], (3.134)

and approximate the normal derivative on the surface in (3.126)) by twice the normal derivative
of the incident field .
N (%) ~ N* (%) = 2m,0,9™ (%y). (3.135)

For the lower equation in (3.126)) this yields

1 L2 .
Z /L/Z[Ylo + aﬂh’(x)] eXp[—lkl (pjx+ (]j]’l<X))]dx = _YIjAj/IO7 (3.136)
where
pj=&j— o, (3.137)
and
q; ="j+Nj- (3.138)

The /' (x) term in (3.136) can be integrated by parts to yield

1 (L2 . ~
1], Pl (it ajhC0)ldx =~ 4/, (3.139)
where
- V1M + ho) . (3.140)
N0+ (1 — o)
We can re-express p; and g; using trig identities as
. 95 1+ ein 05 — Qin
pj = sin(6) —sin(6™) =2cos{JT}sin{]T}, (3.141)
and
. 9s¢ + ein o5 — ein
qj = cos(0;) +cos(6") = 2cos jT cos jT : (3.142)
We thus have that p; and g; are confined to an Ewald circle
Pi+q; <4 (3.143)

and we further have |p;| < 2 and |g;| < 2. This restricts the acceptable j values to a set J and
correspondingly restricts the acceptable scattering angles (modulo the incident angle), and thus
the scattered amplitudes and fields used for the inversion. For fixed g, say g;,, (3.139) is a
periodic Fourier transform restricted in p; and thus restricted in the set J. As g;, increases, p;
decreases, which is equivalent to a low-pass filter. As g;, decreases, more data near grazing
illumination and scattering is involved, where the Kirchhoff approximation gets worse. For
fixed gj,, assume the integral in (3.139) can be approximately inverted to yield

~1
exp|—ikigj h(x)] = FZ [ Ajexplikipjx] = % (x). (3.144)
J
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Taking the real Re and imaginary Im parts of (3.144) (and neglecting periodic phase shifts)
yields hgy, the Kirchhoff approximation of the surface height

1 —Im(%(x))
hxa(x,q;,) K arctan{ Re(Z () }, (3.145)
which again produces the surface height function in terms of the scattered field amplitudes this
time modulated by the Kirchhoff components. Each g;, produces a different value of hgy.
For a non-periodic truncated random surface the method was used successfully to reconstruct
ensemble surface height functions with approximately twice the rms height as for perturbation
theory 12, The cited paper also contains a discussion of the various angle combinations for
different reconstructions.

3.7 Full Spectral Methods for Scalar Problems: Physical Optics Modified Fourier Basis
and Floquet-Fourier Expansions

In Sec.4, both the exterior and interior (integration) variables were in coordinate space. The
equations generated were formally exact for the solution of the boundary values y(X;) and
N(Xy). Once the boundary values were found, the scattered and transmitted fields anywhere
away from the surface wells could be evaluated via either direct transforms or summation meth-
ods in the resulting plane wave cum evanescent wave expansions. The periodic Green’s function
was used and had to be computed. Acceleration methods to do this are available!?1:102,

In Sec.5, we used plane/evanescent waves to derive another set of equations, again for-
mally exact, for the boundary unknowns which avoided the use of the periodic Green’s func-
tions. The equations to be solved were similar to the equations to be evaluated in the sense
that both involved a close interplay between spectral and coordinate parameters in parallel” as
distinct from the “serial” presentation of methods in Sec.4.

Solution of the boundary unknowns in Secs.4 and 5 using direct discretization methods
involves matrix inversion where the rows and columns of the matrix are both sampled in co-
ordinate space, and the sampling methods are flexible. In Sec.5 the columns are sampled in
coordinate space, but the rows are sampled in spectral space, and this is proscribed in terms
of the Bragg waves. Convergence and the usefulness of the two sets of solutions have been
discussed93738:39  The major point is that the limits of convergence, stability and errors are
numerical and directly related to the solution of exact formal equations and not to any strictly
“physical” approximations.

That changes when we attempt to approximate the surface fields in some spectral basis,
and thus to write equations fully in spectral space. The first question is what do we mean by
spectral space in this context? The second is what do we know about possible expansions? The
main thing we know is that the surface fields are the limits of Floquet-periodic functions, so
they must also be Floquet-periodic. In particular, they should not be expanded in a pure Fourier
series (no matter the temptation) since the latter are only valid for normal incidence (o = 0),
where the Floquet periodicity reduces to ordinary periodicity. The validity of a pure Fourier
expansion deteriorates for non-normal incidence.

In this section we briefly describe the use of a pure Floquet type expansion which defines
”spectrum” in one particular way. It is also a physical optics (PO) expansion explained below.
From this we are able to infer the results for what we refer to as a Floquet-Fourier (FF) expan-
sion, and these latter results are presented at the end of the section. The PO expansions for the
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boundary unknowns are

v (%) = exp[—ikiyi0h(x) Z w, ) expliki o], (3.146)

] =—o0

or, written in another form
y (X)) = explik) apx — iky Yioh(x Z 1// exp [i27j'x/L], (3.147)

where the term outside the summation can be written using the complex conjugate of (3.100)
expliky otox — ik Yioh(x)] = @1 (%) (3.148)

The term is the physical optics or Kirchhoff approximation of a down-going plane wave evalu-
ated on the boundary. It serves to modulate the remaining Fourier series, and can be viewed as a
precursor to more general Waterman-type expansions.% in terms of down-going waves. (If the
h term is not present in (3.146)), the expansion is still a Floquet-periodic expansion, and, since
it is a generalization of the Fourier expansion, has the advantage of being invertible. Its result
can be inferred from the results below, and are presented at the end of this section.) The normal
derivative is similarly expanded

N (&) = ikiexp[—ikiyioh(x)] Y N explikiotya. (3.149)
j=—es

Here we have scaled the normal derivative term by ik; for convenience. The expansion was
initially introduced as a physical optics modified Fourier expansion®1%33 and used by several
others 1220275006107 The reference®? can be viewed as the exact version of the approximate
Rayleigh-Fano equations®” valid in perturbation theory for shallow surfaces. The expansions

can be substituted into (3.105]) and (3.1T1)) to yield

Y M5, (POIN ) 5y oy YN (PO =2 (1), Ga1s0)
]__00 ]_—oo
and
3 iky PO B;
P> M55, (PO)NY )JEFYM/J( ——a, Yy W 3l = —op {1, 3151
J == J=—00

where the physical optics (PO) matrix elements are (p = 1,2)
n 1 rL/2 .
M, (PO) =+ /_ L P~ () + (@7 — o)) (3.152)

(note that M- 10/ +(PO) = 6j1) and

W5, (PO) = - / s Pk (7 () + (2 — ) (3.153)
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The latter is written in such a way that integration by parts is obvious. Using integration by
parts, the equations reduce to a simple form

NFPO) £ (PO —I;
/Z My (POYING ™ Fay w1 =2m{, (3.154)
where
at. _ (I —aay) —njno (3.155)
Hi Y1 — Yo
and
PO B;
Y My (PO a5,y = —2m;{( (3.156)
J=—e0
where .
o = (K _O‘jaj’)_'}’Zj'}’lO‘ (3157
27 p (£ —70)
Finally, it is useful to rewrite the physical optics matrix elements as
1 rL/2
.DJJ /(PO) = L/—L/ exp[—i27(j — j)x/L+ iki (£Y,j — Y10)h(x)]dx, (3.158)

which displays the Fourier part explicitly. Note that for a flat surface, the only elements of
(3.158) which survive are the diagonal elements j = j’ (which equal 1). Further, M;Ejj, (PO) =0,

ayin=MNjs azi. » =Y/ P, and, for a single plane wave incidence (I; = jo), the usual flat surface
limit of and (3.156) follows directly.
A Floquet-Fourier (FF) expansion for the boundary unknowns can be written as

Z 1,/, ) expliky ojx), (3.159)

] —_——00

and
= iky Z N, J exp(ik; ajx). (3.160)

/:—oo

The equations corresponding to (3.154)) and (3.156) are thus

Z Ml,, (/ ):Faljj"l/j/(FF)] 227’1j{;jj}, (3.161)
and
B.
Z = FR)INGD Fay9 ) = —23, {07} (3.162)
where
ajgp = ————, )
1jj N
an ;i = _ .
27 PY2j
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and, for p = 1,2, the matrix elements are

1 rL/2
+ . . . .
M, .(FF) = Z/—L/Z exp[—i27(j — j')x/L % ikyypjh(x))dx. (3.165)
The FF equations follow from through by setting the ;o term to zero. These
provide an alternative set of equations to solve for the alternative boundary function coefficients
to produce the same coefficients for the scattered and transmitted fields>®

3.8 Full Spectral Methods for Scalar Problems: Conjugate Rayleigh Basis

A further spectral expansion consists in modifying the physical optics expansion by making the
single physical optics plane wave dependent on the Bragg mode, so that the phase height term
is dependent on the mode, and this leads to a conjugate Rayleigh (CR) expansion using the
complex conjugate of the plane wave states evaluated on the surface as

Z 1,/, explklot/x ik17; jrh(x) Z l// ¢1J (3.166)

/:—oo /:—oo

and the scaled expansion for the normal derivative
= ik; Z N ¢U x,), (3.167)

where the overbar is complex conjugation. Substituting these expansions in (3.105]) and (3.1TT]),
and carrying out the integration by parts necessary to simplify the slope terms as in Sec.7 yields
equations similar in form to (3.154) and (3.156)). For the upper region equation we get

I
Z Mlu ](" ):Fblj/‘l/( o ZZYIJ{A,-]}’ (3.168)

] —_——00

where _
bi . l—OC]Otj/ZF’}/l]}/l]/

L NiFhj
and the matrix elements are defined as

(3.169)

M:I:

1 rL/2 _
1 (CR) = Z/ exp[—i27t(j—j’)x/L—l—ikl(:lz'ylj - ’}/1j/>h(x)]dx =< (Plj;,(])lt/ >. (3.170)

~L)2

It is obvious that Mfrjj, (CR) is self-adjoint, positive definite and thus invertible, and this fact
was used with success in solving the Dirichlet problem?. That s,

[M[[.,]*(CR) = M{.,(CR), (3.171)

where the symbol * represents the adjoint.
The same expansion for the equations in region 2 yields the equations

B.
Z 27 <., )4[’92,,/111(/ B = —2p, {001, (3.172)

J —=—o00
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where _
bt 1K —ajoyFpnihy

2 p Vi Fhy

(3.173)

and the matrix elements are

1 [E2 e . _
2]/ (CR) = L/_L/zexp[—ﬂﬂ?(] — J)x/L+iki (£ — 71 y)h(x)]dx =< (Pzij,(])f;-, >. (3.174)

3.9 Integral Equation Methods in Coordinate Space for Electromagnetic Problems

Up to now we have considered one-dimensional surfaces and acoustic problems. These corre-
spond directly to electromagnetic scattering problems where there is no change in polarization
for the scattered and transmitted fields. The general electromagnetic problem for a periodic
dielectric interface is for a two-dimensional surface z = h(X, ) = h(x,y) which separates media
of different dielectric constants €; for j = 1,2 and permeability u;. The wave numbers for the
two regions are k; = ko./€;[L; where ko = @/c, @ is the circular frequency and c the speed of
light. There is now a change in polarization in the scattered and transmitted fields.

For the source-free electric field d;E; = 0, and each component of the electric field E; with
i =1,2,3 satisfies the same Helmholtz equation as the scalar field, viz. in region 1

(V3+K)E;(X) =0, (3.175)

where Ej; is the i electric field component in region 1, and the Laplacian is three-dimensional.
This is just the vector analogue of (3.67). We can use this to write the vector analogues of
the scalar equations in Sec.4, using Green’s theorem, the three-dimensional periodic Green’s
functions G®?) from m and (’é%‘), the two-dimensional Floquet periodicity of the field,
and the characteristic function defining the region, e.g. for region 1

©(X) =6(L1/2—x)0(x+L1/2)0(L2/2—y)0(y+L2/2)0(z— h(X1))0(H —2). (3.176)
In region 1 the result is
E\(%)0, (%) = E"®) — [GPP)  E\:¥ ), (3.177)

where E!" is the incident field, and the two-dimensional bracket is explicitly

G Bk // GO (@ B Nui(n) — NP (R 50 Eni(®)J (3.178)

where X, = (x,y), the domain of integration D is xe[—L;/2,L, /2], ye[—Ly/2,L;/2], and the
normal derivatives are
Nli(zh) = nl(fL)alEli(fh), (3179)

and
NP R F) = m(F0)AGT (7,5), (3.180)

the normal derivatives of the boundary unknown and the periodic Green’s function respectively.
From (3.177)), the field representation in D is found by setting ®@; = 1, the Extinction Theorem
by setting @; = 0, the scattered field is just the bracket term

) = —[G?p),Eli;f/,h], (3.181)
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and the boundary integral equation is

1 m 3 3 VIR
SEu®) =P @) [[ (677 @ mmi@) - N @ BB, G.182)
with the boundary unknowns E; and its normal derivative Ny;.

Green’s theorem in region 2 yields the representation for the total transmitted field

Eyi(¥)0,(¥) =[G Eyii¥ 1), (3.183)

where ®; = 1 — ®1, and the boundary integral equation becomes

_E2! Xp) / / Xh,xh )N2;i (Xp) — N2(3p) (X, X) Eni (Xp)]dX (3.184)

with boundary unknowns E,; and its normal derivative N,;. Equations (3.182]) and (3.184)) are
similar to the scalar equations (3.74)) and (3.88)), but the fields and their normal derivatives are
not the usual electromagnetic boundary values, the latter being typically written in terms of
normal field components and currents®!. So to continue we must relate these usual boundary
conditions to our boundary unknowns.

For the electric field on the boundary we have the continuity condition of the normal
component of the displacement vector D = ¢E which becomes

eii-Ey =1-Ej, (3.185)
where € = & /¢, and the continuity of the magnetic current
fix Ey =1 x Ej. (3.186)

These are four equations, three of which are independent. These three can be solved directly,
or the four equations solved using a Moore-Penrose pseudo inverse to yield the boundary con-
ditions on the electric field (in index notation) as

E»i(Xp,) = Cij(Xn)E1(Xn), (3.187)
with repeated subscripts summed from 1 to 3 and
Cij(%) = &+ (e~ — Dy, (3.188)

with 71 representing the unit normal. These boundary conditions were introduced some time

ago~> and used successfully for scattering from a body of revolution®!

The continuity conditions on the normal derivative components are more involved. The
full details are in”>. Briefly we introduce the bracket notation for when we set the field on the
surface first and then differentiate

{Em}=Em(x,y,h(x,y)). (3.189)
Then the transverse (”t”) derivatives (x and y) are given by
OAEn} = {hEn} +M{0.En}, (3.190)

and

W En} = {0Em} + hy{0.En}. (3.191)
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Using this notation and the continuity of the electric surface current K¢ = —7 x H, where H is
the magnetic field, in index form

K5;(%n) = K7; (%), (3.192)

we can write the continuity condition for the normal derivative as>>

{Noi} = u{Ny} + (e = 1)Vi(x), (3.193)

where V; can be written in terms of transverse partial derivatives involving the normal compo-
nents of the electric field as

‘/,(fh) = nm&-t{ﬁmﬁjE]j} — n,-8qt{ﬁq,ﬁjE1j}. (3194)

This V; term looks awkward, but it can be integrated by parts. First, choose the boundary
unknowns as

Eyi(%,) = {Eu}t={E:}, (3.195)
and
Nli()_éh) = {Nll}:{N,} (3.196)

Then we can write the equation for the upper region (3.182) as

—{E}+ // GO (2, )N — NOP (@, Z) {ENdR L = EP(Z)). (3.197)

Here {E!} means the exterior primed variable placed on the surface, i.e. X,. The equation
(3.197) 1s diagonal in the index. The coupling is from the lower equation (3.184) written using

(3.193)) through (3.196)) as

g S 3 " o o
ClGEIEN = [[ 1687 (830 (N} + (67" = DVi(0)) — N5 (5,5 Cy (80 (Y.
(3.198)
The V; term can be integrated by parts to yield
// GO (&, %)V; de_// Vi (% %) {Ei Yz L (3.199)
where
Vi (® %) = 0 {miGS ) (&, %) Yiguh — O {nmGS ) (), %) YAmi . (3.200)
We can simplify (3.200) to yield
o 3 . (3p)
Vij (%, %) = NP7 (R, )i — {0iGS) (%), %) Y, (3.201)

where now the derivative of the Green’s function is taken first, and then the result set on the
surface. Combining these results we can rewrite (3.198)) as

CyENES) = [[ 657 (B} — Wy (5 (E) .. (3.202)

where 5
Wi (%, %) = NP (%), %) 8 + (&7 = D{0,GSP (%), %) ;. (3.203)
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Note that (3.197) and (3.202), if put in matrix form, are diagonal in three of the four matrix
blocks multiplying the six-dimensional vector of boundary unknowns [{E;},{N;}]” where T
is transpose. The only coupling occurs in the single block of the electric fields from (3.202)).
We note this in contrast to pre-conditioning methods used to sparsify matrix inversion problems.
Here the results are exact and highly sparse as formulated. They have been used computationally
to treat the scattering from a body of revolution!.

We can use these representations to write plane wave representations for the scattered and
transmitted fields, above and below the largest surface excursions. From @ we can write
the scattered field above the highest surface excursion (7' > max(h)) as

B@) = [[ 67 T - MY @ B (3.204)
where now the Green’s function is, following (3.59)), with the field point above the surface

i i expliki (o (x' —x) + By (y —y) + 7@ —h(XL1))]

(3p) (=
G (X, X)) = -
oo o Njy

Y

2k1L1L2
(3.205)
and

NP & 3,) = ny0,G P (¥ %)), (3.206)

Combining these results we can write the scattered field exactly above the highest surface ex-
cursion as a plane wave expansion in terms of purely up-going waves as

ESC —»/ Z Z Az“’ exp[lkl((x]x —f—ﬁj/y —|—’}/1”/Z )] (3.207)
Jj=—00 jl=—co
where
1 . ) . _
Al =T / / Aijy (1) expl—iki(ajx+ Bjiy + 11 j7h(¥1))ldx L, (3.208)
LiL, JJp
and
Aijy (71) = g TN + it (17 = e = By (), (3.209)

in terms of the boundary unknowns.
Similarly, from (3.183]), we have the transmitted field below the lowest surface excursion
(7 < min(h))

Exil¥ // [GS) (¥ %) Nai (%) — N5 (%, ) B ()%, (3.210)

where now

(o]

y i expliki (aj(x' —x) + By (Y —y) = 1) (@ —h(X1))]

2T TA "~
87 lele e e e Y2jj

Y

(3.211)

NP %) = ng0,G5" (& ,3%)). (3.212)
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The result is the plane wave spectral representation for the transmitted field below the lowest
surface excursion in terms of purely down-going waves as

Exi(¥ Z Z B;;yexpliki (00X’ + By — 1j72)], (3.213)
J=—00 jl=—0o0
where
1 . . ) )
Bir =11, //DBijj’ (X)) exp[—iki(ajx+ By — 12 h(X1))]dX 1, (3.214)
and
— i = . R
Bijy (%)= TR [Noi(%n) — k1 (o) + @+ Byhy) Exi(%)], (3.215)

written in terms of the boundary values from the lower region. Using the boundary conditions
(3.187) and (3.193) and integration by parts we can rewrite (3.215) in terms of the boundary
unknowns as )

i

Bijy(¥1) = W[M{Ni} — Wi (X ){E}], (3.216)

where

Wijj (%) = iki[0tjhs+ Birhy +72,) 8 — (€71 — 1) (8n e+ 8By — Sapayy)m).  (3.217)

Equations (3.207)) and (3.213) are the exact plane wave representations in the appropriate re-
gions. In the next section we write general partial spectral representations of the fields, and
show the relations between them and the plane wave spectral representations here which are
valid in limited domains.

3.10 Partial Spectral Methods for Electromagnetic Problems

We develop this section in analogy with the scalar results in Sec.5. This is the electromagnetic
version of the Spectral-Coordinate approach. We define the three-dimensional plane wave states
in the upper region 1 for up(ﬂ— and down(*)—going waves as

915 (%) = expliki (—ojx — By £ 112), (3.218)

where 7, is defined following (3.59). The function satisfies the three-dimensional Helmholtz
equation
(V3+i1)0f5,(%) = 0. (3.219)

The incident electric field can be written as a general plane wave expansion of down-going
waves

Er@ = Y Yy explii (o By — 19 (3.220)

J_foOJ/:—oo

Apply Green’s theorem in the domain defined by ®; in (3.176)) to ¢1ijj, and Ey;, use the two-
dimensional Floquet conditions to cancel the side integrals as in Sec.9 and the result is

LiL, // ¢1JJ Uijy Ty (n)di = Njj {A i }, (3.221)
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where U is defined as

+
Ujjy (%) =

The A;;;» are the spectral coefficients of the scattered field from (3.207] - Recall that the scat-
tered field is evaluated on a flat surface (z = Hy) above the highest surface excursion, so the
representation (3.207) is rigorously valid and not a Rayleigh approximation. We also used the
boundary values (3.195)) and (3.196). In (3.221)), the up-going plane wave states ¢ project out
the down-going incident field spectral components I;; 7, and the down-going plane wave states
¢~ project out the up-going scattered field spectral components A;; ;. Equations and
(3.222)) are the vector generalizations of (3.103) and (3.106).

For the lower region 2, the three-dimensional up- and down-going plane wave states are

defined as

21k = [{Ni} —iki (£ + otjhy + Bjrhy){Ei}]. (3.222)

95 (%) = expliki (—ax — By £ 1j52)], (3.223)
where 73 is defined following (3.62). The functions satisfy the three-dimensional Helmholtz
equation

(V3+K3)$5,() = 0. (3.224)

Green’s theorem on (])2i , and the total transmitted field E5; in the domain defined by ®;(X) =
1 — 0 (X) yields the relatlons

" By
LiL, // 2JJ lJJ (Xp)dx, = _?’211"{0 " }, (3.225)

where

L (%) = 52— [Noi(®) — ik (£ + @jhe + Byrhy) Eni(%)], (3.226)

2ik;

in terms of the boundary values from the lower region. Using the boundary values (3.195) and
(3.196) and integration by parts, @ can be rewritten as

Lijy () = [u{ N} = Wi ) {EY], (3.227)
with a sum over [ = (1,2,3) and where
W5 (5) = ik (@b + Byrhy £ 12) 8 — (€71 = 1) (08 + Bydn F 12 83)mi].  (3.228)

Note that Wl.j..,l is just W;;;,; from (3.217). Equations 1 3.225) and (3 22 i are the vector gener-
alizations of and (3.112). The procedure is to solve the upper equatlon (3.221) and the
lower equation for the boundary unknowns {Ni} and {E;} and evaluate the remaining
equations for the scattered and transmitted amplitudes.

3.11 Full Spectral Methods for Electromagnetic Problems

In this section we develop the full spectral methods using the conjugate Rayleigh basis in anal-
ogy with Sec.8 for the scalar case. In (3.221)) and (3.225) we use the following expansions in
the conjugate Rayleigh basis,

{E}=Y Y Euwd} (), (3.229)

|=—o0]/=—
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and

(N} =iki Y, Y Nurdy(En), (3.230)
=—ocol/=—oo
with the normal derivative on the boundary scaled by ik; and where ¢1+”, is from (3.218). The
overbar is complex conjugation. Integrate the slope terms by parts as for example

OCj—

i n
<Oy >= ——F—
Lij 1 N —7’111/

¢lj]”¢lll’ (3231)

and the equations for the upper region can be written using (3.221)) as

. —Ljj
Y Y <0000 > Nay = Ui 1) Ear) = 2554, } (3.232)

|=—col/=—o0

where _
1 —ojoy—ByBr F1jjfur

Thj— N

We have written the double spectral values j;' and /I’ as arguments of U in illustration of
the fact that they are each replacing coordinate sampling/integration along two-dimensional
surfaces denoted by X}, and Xj, respectively, as well as to indicate that the equations are
diagonal in the vector index ”i”. That is, the i’ component of A is related to the i components
of N and E. There is no coupling in this index for the equations from region 1. It can be shown
that the matrix < ¢1+jj,, ¢1ng’ > is self-adjoint, positive definite and hence invertible.

For the lower region 2 these same expansions and integration of the slope terms yields

from (3:225)

U (i) = (3.233)

. By
Z Z < 55 Oy > [Ny — Ly (G 1) Epir) = =250 {0™ '} (3.234)

[=—o0]'=

where there is an implicit sum over the repeated subscript p = (1,2,3). The full coupling of
these equations resides in this summation. Here the L term can be written as
M:I:( -j/, ll/)
( jj ) = —_, (3.235)
9 —Yur

where M can be written as a diagonal (D) part and a full (F) part, the latter of which contains
the coupling,
M (jj 1) = D*(jj 1) 8+ Fis (ji 1), (3.236)

where
D*(jj,lI") =K* — ajoy — By By F v Vv (3.237)

and

Fiy (jJ', 1) = (&7 = 1)(048i1 + Bjr 8 F 150 83) (0t — 00) 8p1 + (Bjr — Br) 8pa — (£ — T ) 8p3-
(3.238)

The procedure is to solve the upper equation (3.232)) and the lower equation (3.234), which is a

spectral extinction equation, for the unknown expansion coefficients Ny and E;;, and evaluate

the remaining equations for the scattered A;; » and transmitted B;; » spectral coefficients.

ijJ ijJ
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3.12 Summary

We have derived exact formal sets of equations, in both coordinate and various spectral domains,
to describe the scattering from deterministic gratings. Both acoustic scalar one-dimensional
problems and full electromagnetic two-dimensional problems were considered. Both involved
a grating surface separating two homogeneous regions of space. Both involved coordinate-
space representations from which proceeded rigorous plane wave spectral representations valid
for the scattered field above the highest surface excursion and for the transmitted field below
its lowest excursion. The electromagnetic development was treated in analogy with the scalar
problem, with boundary conditions derived for the electric field and its normal derivative from
the standard boundary conditions on currents and the normal components of the displacement
vector.

From these coordinate representations we proceeded first to partial spectral representa-
tions where the word "partial” refers to the field variables. These could be derived in a straight-
forward way just using plane waves and Green’s theorem, and without involving the Green’s
function explicitly. We stress again that the equations are exact. In addition, these led to surface
inversion examples for the scalar case using perturbation theory (where the boundary values
could be factored out), and the Kirchhoff approximation (where the boundary values were ap-
proximated).

The full spectral equations involved expanding the boundary unknowns in some set of
functions, and it is here where the Rayleigh and Waterman assumptions come into play. For
the scalar case we presented three expansions. The first was a physical optics modified Fourier
expansion with a single plane wave modulating the surface fields. The second was what we
referred to as a Floquet-Fourier basis which modulated the Fourier expansion by still preserving
the Floquet-periodicity of the surface fields but without the full plane waves, and the third was an
expansion in the conjugate Rayleigh basis where each term in the expansion could be thought of
as modulated by a plane wave. For the electromagnetic case only the expansion in the conjugate
Rayleigh basis was considered. Since we used a scalar analogy for the electromagnetic problem
the resulting equations were formally analogous to the scalar equations with the additional
complication being first a vector problem, and second the Bragg modal sampling in two two-
dimensional spaces, the spaces of boundary and field points.

We pointed out in the paper where any of these equations have been solved, but we repeat
that the full computational results and the comparisons of different computational results for
this problem require at least a separate paper if not a separate book.
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Appendix 3.A. A Note on Matrix Elements

For the fully spectral methods in Secs.7 and 8 for the acoustic case and Sec.11 for the elec-
tromagnetic case, the matrix elements have a characteristic form. In the one-dimensional case,
after projection on the various basis sets considered in this paper, (see (3.158), (3.163)), (3.170)),

and (3.174)), they have the general form

L2
M(a,b) = %/L/z expliax + ik bh(x)]dx. (3.239)

For all the cases in question, a = 27(j' — j) /L which is the Fourier part common to all, and b =
+¥,; — Yo for the physical optics case with one overall plane wave, b = 17, ; for the Floquet-
Fourier case with no plane waves modulating the field expansion, and b = +¥,,; — % for the
conjugate Rayleigh case with plane waves related to each Bragg mode in the sum. They have a
general validity in surface scattering problems due to the presence of Green’s functions or plane
wave type expansions. For example, for a random surface, these functions M were referred
to as interaction functions in a Feynman diagram expansion 142230 essentially a perturbation
expansion in the functions.

In addition, for many surfaces, not necessarily analytic ones, the integral can be expressed
in closed form in terms of special functions. For example, a cosine surface yields Bessel func-
tions for M, a symmetric sawtooth function yields simple exponentials, a quadratic surface
yields Fresnel integrals, a vortex-like surface involving a logarithm yields cosine integrals which
can be evaluated in closed form (or, in a different form, confluent hypergeometric functions), a
cycloid can be evaluated in terms of Bessel functions, a full-wave rectified surface in terms of
a Bessel series, and a periodic array of semicircular cylinders (bosses)®® in terms of a Bessel
series. These closed form solutions can be useful in computations or for approximations. The
details can be found in“Z. Two-dimensional integrals occurring in the electromagnetic problem
can be developed in a similar way for egg-crate surfaces of the form &(x,y) = hy(x) +ha(y).
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4.1. Introduction

Integral methods for scattering problems represent a class of mathematical methods based on
integral equations. In this chapter, all the integral equations are deduced from boundary value
problems of scattering and are classified as Fredholm integral equations. They can be written
in the form:

cu(f)=v(i)+ j W(E, )u(F)dF, 4.1)
A

in which A may represent for example the surface of a three-dimension diffracting object or
the cross-section boundary of a two-dimension (cylindrical) object, v and u are continuous
functions in A . The kernel W of the equation is also continuous in A, and c=0orl
according to whether the equation is of the first or second kind. The mathematical problem is
to determine u if v and W are known [1]. This kind of method is widely employed in many
domains of physics [1,2], where it is usual to extend it to cases in which u, v, and W are only
peasewise continuous or can even be singular. A typical example of use in electromagnetism
can be found by applying the second theorem of Green for expressing the field in a given
volume in terms of its values and of the values of its normal derivative on the surrounding
surface. In that case, the kernels of the integral equations include combinations of Green’s
functions and of their normal derivatives on the boundaries of the scattering objects.

The theory of integral equations can be described in a rigorous, elegant and concise way
using distribution theory [3-5] that extends derivatives and other differential operators to
discontinuous functions (a famous example is the so-called Dirac function that, for the
mathematician, should not be called function). The interested reader can find a detailed
presentation of rigorous use of the distribution theory in the electromagnetic theory of
gratings in [6,7].

The first application of the integral method in grating theory was proposed almost
simultaneously for the case of perfectly conducting gratings by Petit and Cadilhac [8], Wirgin
[9], and Uretski [10]. The first numerical implementation was reported by Petit [11,12] for TE
polarization (called also P, or E,,, or s polarization). The first extension of this integral

equation to the other polarization (TM or S or p) led to a non-integrable kernel. This problem
was solved by Pavageau, who proposed for both polarizations new integral equations having
continuous and bounded kernels [13].

Soon after, Wirgin [14], Neureuther and Zaki [15], and Van den Berg [16] gave
formulations of the integral method applied to gratings made of metals with finite
conductivity or dielectrics. The approach was based on the resolution of two coupled integral
equations containing two unknown functions. Problems of limited memory storage and time-
computation on computers in the late ‘60s restricted the numerical implementation of this
theory to dielectric gratings only, for which very rare numerical results were published. This
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restriction was not considered as dramatic by grating specialists at that time. Indeed, it was
generally considered that in the visible and infrared regions in which the reflectivity of usual
metals exceeds 90%, the model of perfectly conducting grating is accurate. However,
development of space optics and astronomy at that time required a precise treatement of the
problem of metallic gratings used in the ultraviolet, a domain where the metal reflectivity
starts to drop down as approaching electron plasma frequencies. This need required a new
approach proposed by Maystre in 1972 [17] by using a single integral equation for a single
unknown function. Solving the difficulties in the summation of the series in the kernels and in
their integration, the integral method in this formulation was the first one to result in a
computer code that was able to correctly model diffraction gratings behaviour over the entire
spectrum for almost all commercial gratings profiles [18]. One of the most important
conclusions for the practical applications and grating manufacturers was the definite
demonstration of the inadequacy of the model of perfectly conducting grating in the near-
infrared, visible and ultraviolet regions [19].

However, the method was unable to treat some kinds of gratings, for example gratings
having large periods and steep facets (echelle gratings, for example) or gratings with profile
that cannot be represented by Fourier series (rod gratings, cavity gratings, etc.). A further
development of this approach was proposed by Maystre [20]. It was numerically implemented
in the early ‘90s in the code ‘Grating 2000’ by the author, which is used in many academic
and industrial centers in the world. Other development was required for other exotic cases that
started to find applications and thus required theoretical support for modeling. This
development covered conical mountings and specially gratings with dielectric multilayer
coatings [21,22], buried gratings and bimetallic gratings [23-26].

It must be emphasized that in this chapter, the authors use, without complete
demonstrations, some analytic properties of gratings demonstrated in chapter 2. Thus, it is
recommended to read this chapter before the present one.

First, we will deal with the most frequent problem: the bare metallic or dielectric
grating. Then, extensions will be given to other kinds of gratings like perfectly conducting
gratings, dielectric coated gratings or gratings in conical diffraction.

4.2. The integral method applied to a bare, metallic or dielectric grating.
4.2.1. The physical model

The grating surface S of period d separates a region V' with real relative electric permittivity

and magnetic permeability €' and p respectively and a region V- with real or complex
relative electric permittivity and magnetic permeability € and p~ (figure 4.1). The indices
n" and n~ of these media are given by n” =\/s+u+ and n =4/¢ u . We consider the

classical diffraction case with incident wavevectork' lying in the xz plane, i.e. the plane

perpendicular to the grooves. The incidence angle 0' is measured in the counterclockwise

sense from the z axis and kzz—kn denotes the wavelength of light in vacuum. The ordinate of

the top of the profile is denoted by z;, and unit normal Ns is oriented towards V'. We denote

by s the curvilinear abscissa on S, with origin being located at the origin of the Cartesian
coordinates, and s denoting the curvilinear abscissa of the point of S of abscissa x =d..
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Figure 4.1. Notations

In this chapter, we use the complex notation with a time-dependence in exp(—icot). Let

F denote the y-component of the electromagnetic field. In TE polarization, it stays for the y-

component Ey of the electric field, and in TM case for the y-component Hy of the magnetic
field.

4.2.2. The boundary value problem.
It is shown in chapter 2 that in that case of classical diffraction, the total field

T+ .+
FFromv, : . o
F! { is invariant along the y axis and that it is pseudo-periodic in x:

FI™inv™
F' (x+d,z) = F" (x,z)exp (iagd), (4.2)
with:
ag =kn*sin0’, k:%"’. (4.3)

Moreover, the scattered field is defined by:

FF=F"-F inV",
F= (4.4)
— - . -
F =F mV ,
with the incident field F' in V* being given by:
Fi (x,2) = eiocox—ikn+ cos Giz' (4.5)

The interest of the notion of scattered field is that it satisfies a radiation condition (also called
Sommerfeld condition, or outgoing wave condition, see chapter 2) for z — +oo . The radiation
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condition states that the scattered field at infinity must remain bounded and must propagate

upward in V' and dawnward in V™. The scattered field also satisfies Helmholtz equations:
2
V2Rt k2 (ni) F£=0 inVZ. (4.6)

The invariance along the y axis allows one to reduce the scattering problem to a two-
dimension problem while the pseudo-periodicity restricts the study of the field to a single

period of the grating. Consequently, it can be considered that V¥ are no more volumes but
surfaces extending on a single period of the grating.

U in V+,_

In order to periodize the scattered field, we introduce the function U{ :
U inV',

U(X,z): e_ia‘)XF(x,z). 4.7)

+
We denote by ™ (s) the limit values of U™ on S and ¢* (s) the values of %" %, with
S

+
dr being the normal derivative of F* on S.
S

The Helmholtz equations and the radiation condition are not sufficient to define the
boundary value problem satisfied by the scattered field F. A third kind of condition must be
added: the boundary conditions of the electromagnetic field components across S. The
tangential components of the electric and magnetic fields are continuous across this interface,
as far as the permittivities and permeabilities of the two media take finite values. For both
polarizations, this property yields:

VIO )=y (), (4.8)
with y; being the value of the periodized incident field, obtained from equation (4.5):
! = F[x(s), z(s)] exp(—ictgx(s)) = exp [—iknJ”cosOiz(s)J. 4.9)

Using Maxwell equations, the continuity of the tangential component of the magnetic field
(for TE polarization) and that of the electric field (for TM polarization) leads to the following
relation:

a7 " ©+4'®) [=a707 ), (4.10)
with
i . OF!
¢ =exp(-iagx) Ny =
4.11)
= —ikn™ dZ—(S)sin 0 + dX—(S)cos 0" |exp (—iknJr cos Giz(s))
ds ds ’
and
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—> for TE polarization,
qt = “1 (4.12)
g—i, for TM polarization.
4.2.3. Integral equation

The theoretical basis of the integral method lies on a general property of the
electromagnetic field: the field inside a given surface of the xz plane can be expressed from
the values of the field and of its normal derivatives on the curve surrounding the surface,

according to the second Green’s theorem. The value of U* at a point of V* of coordinates
x and z be deduced from its values on S using equation (4.139) of appendix 4.A:

Sq

U (x,2)=+# | [(}i(x,z,s')d)i(s')+Ni(x,z,s')wi(s')}ds', (4.13)
s'=0
with
+ 1 & 1 . .+
C}—(X,z,s'):mmzw—#exp{lmK[x—x'(s')]—i-lyl—n|z—z'(s')}, (4.14)
+ N 1S Jdx(s) _(ey]o Om dZ'GY |
N (X,z,s)—zdmgoo{ " sgn[z z'(s )] RN } wis)
xexp{imK[x—x'(s')]+iy§1|z—z'(s')},
where:
O, =0 +mkK, (4.16)
27
K==F, 4.17)
2
Ym = (kni) —al, (4.18)

with s’ being the curvilinear abscissa on a point of S with coordinates x'(s') and Z'(s").

According to section 4.A.4, the values of \|/i (s") and (I)J—r (s") are linked by a relation of
compatibility. Using eqgs. (4.146), (4.147) and (4.148) we obtain:

f [cf(s,s')iﬁ(s Y+ N (5,8 ) (s ')st'—@ -0, (4.19)
s'=0

f (67,908 (6)+ N (5,505 (s) | ds +@ ~0, (4.20)
s'=0

with:
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0

C}i(s,s'):;Tdm:_ooéexp[imli(x(s)—x'(s'))+iy§l|z(s)—z'(s')}, @21)
co bop e agar]
N (s,s)—zdm:_w{ds'sgn(z(s) z'(s )) - ds'] wm

xexp| imK (x (s) = x'(s")) +ivp [2(s) - 2'(s") |

+
Introducing in eq. (4.20) the values of y™(s) =y  (s)+y;(s) and ¢ (s) = q—_[¢+ (s)+d; (s)}
q
given by the continuity conditions on the grating profile (eqs (4.8), (4.9), (4.10), (4.11) and

4.12)) yields a second integral equations with two unknown functions y* and ¢ :
( y gral eq \

f {icns,s')[ws%¢i(s')}+w‘<s,s'>[w+(s'>+wi<s'>}}ds'

s—0 L9 (4.23)

+\v+(S');\vl(S')=0_

Egs (4.19) and (4.23) constitute a system of two integral equations with two unknown
functions, which can be solved on a computer. The amplitudes r,,, and t,, of the plane waves

reflected and transmitted by the grating can be deduced from the solution of the integral
equation using eqs. (4.184) and (4.185) of appendix 4.A:

Sq

_ i —imKx(s)-iy;,z(s) —i(|)+ (s) [ dx(s) Oy dz(s) | +

I, ~d S:Oe { y; +£ s y;rn s ]\u (s)}ds, (4.24)
:L E —ime(s)+iy;nz(s) i¢_(S) dx(s) Om dz(s) _

tn >d Szoe { - +{ % + s }\y (s)}ds, (4.25)

with z; being the ordinate of the top of the grating profile. For non-evenescent reflected

orders, diffraction efficiencies p,, can be obtained using eq. (4.187):
+
2
Pm =Y—T|rm| : (4.26)
Yo

For gratings made of a lossless dielectric material in V, transmitted efficiencies can be
defined as well:

-+
2
T =g 1 (4.27)
Yo
In that case the energy balance (see chapter 2) can be expressed by:
Zmew P +Zmep, T =1, (4.28)
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with P™ and P~ denoting respectively the set of non-evanescent reflected and transmitted
orders. The numerical implementation of the integral equations will be described in section 6.
In contrast with the two coupled equations obtained in this section, the integral equation
obtained by Maystre is unique. This feature requires the definition of a single and well
adapted unknown function. The mathematical definition of this function needs the use of tools
of applied mathematics described in appendix A. Appendix B contains a mathematical
description of this mathematical function and of the integral equation. Here, we give a

heuristic description of this function for TE polarization. First, we replace the material in V™

by the same material as in V™, the entire space being thus homogeneous. It can be shown that
it exists one (and only one) distribution of surface current density @ parallel to the y axis,

placed on S (this surface separates now two identical media), which generates in V' a field
equal to the actual diffracted field in the physical problem. Intuitively, it is easy, from this

surface current density, to express in an integral form the actual scattered field in V™, this
current distribution being nothing else than a set of current lines placed in a homogeneous

medium. From the expression of the scattered field in V', simple mathematical calculations

allow one to deduce the scattered field and its normal derivative above S, thus y*(s) and

®"(s) from the unique unknown function @ .
Now, we abandon the field generated by the fictitious surface current density @, except

the integral expressions of y*(s) and ¢*(s) containing ®, and we come back to the actual
physical grating problem. The continuity conditions for the tangential components of the field

permit the calculation of vy (s) and ¢ (s) thus, using the second Green theorem, of the
actual physical field below S. At that point it has been shown that the four unknown functions
contained in the classical theory previously described in this section can be derived from a
single one and that, in some way, there is a redundancy in the use of multiple unknown
functions. It is easy to understand that this single unknown function can be calculated from a
single integral equation. This equation can be obtained for example by writing the continuity

on S of the integral expressions of the field in V* and V™.

This method was the first one to show that, in contrast with the second Green theorem,
it exists a formula that allows one to express the field inside a given domain from a single
function defined on its boundary. This function is neither the field nor its normal derivative,
but both can be deduced from it through simple integrals. These integrals automatically
satisfy the compatibility condition.

4.3. The bare, perfectly conducting grating

Perfectly conducting gratings were historically the first gratings to be modeled using rigorous
electromagnetic theories. They represent accurate models for metallic gratings working in far
infrared and microwaves regions. The pioneering works appear in the ‘60s [8] and were
followed by many papers. Various formulations of the integral method have been published.
They differ either in the form of the integral equation ot in the numerical implementation. A
review of this matter may be found in [27, 6, 28].

4.3.1. Perfectly conducting gratings in TE polarization

Two different approaches will be presented in this section. The first one, published by R. Petit
and M. Cadilhac in [8], leads to a Fredholm integral equation of the fist kind with a singular
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kernel. A version leading to a Fredholm integral equation of the second kind with a non-
singular kernel was proposed by Pavageau et al. [13] using the ideas of Maue [29].

The total field in V™ is pseudo-periodic, it satisfies the Helmholtz equation:
2
VZFT++k2(n+) FT* =0 inV*, (4.29)
and a radiation condition at infinity. Thus we can apply the generalized compatibility

condition of section 4.A.5:

¢ + + + + i ¥ (s)

| [(} (5,8)YDT(s") + N (5,8 (s ')}ds'ﬂyl (5) == (4.30)
s'=0

with ¥ (s') and ®*(s") denoting the limit of the total field on S and its normal derivative.

The boundary condition on S is straightforward: the total electric field, which is parallel to the

y axis thus tangential to the metal, vanishes on S. This property entails that ¥ (s)=0 and

thus, eq. (4.30) becomes, in operator notation:

G O =—y'. (4.31)
with §*(s,s") given by eq. (4.147)
+ ' _L S L 1 —x'(s' v —7'(s'
G (s, = 2d 2T exp [1mK(x(s) x'(s ))+1ym |z(s) z'(s )H (4.32)

This is a Fredholm integral equation of the first kind, with a singular kernel.
The amplitudes of the reflected waves are deduced from eq. (4.186):

84
. j exp[—ime(s)—iy;;z(s)}dfr (s)ds. (4.33)
2idy}, 0
. 2
The efficiencies p,,, = Y—T|rm| satisfy the energy balance relation:

Y0
> pm =1, (4.34)
P+

with P* denoting the set of non-evanescent orders.
An integral equation of the second kind with a regular continuous kernel can be found

+
using the same function ®* . It is shown in section 4.A5 that the normal derivative N can
S
be calculated in that case (eq. (4.172)). This integral equation can be written either by writing
+ . o\
that d; =¢*e'** is equal to ((I)+ —d)l)el%x. The final equation is given by:
S
®+ S . 84 .
2( ) _ ¢ (s)+ [ Hs,sHe' ™D (s)ds', (4.35)
s'=0
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with:

' 1 , dX (04 dZ imK(x—=x")+i + |,
f7£(s,s)=5 Z [sgn(z—z )E—y—fg}elm (xxprivg o2 . (4.36)
m

m=—00,+00

4.3.2. Perfectly conducting gratings for TM polarization

Once again, the generalized compatibility condition is used (eq. (4.158):
S4 .
| [(}+(s,s')®+(s Y N (s, (s ')}ds'+ v (s)

s'=0

¥

. (4.37)

In that case too, the tangential component of the electric field vanishes on the profile. It is
shown in chapter 2 from Maxwell equations that this condition entails that the normal
derivative of the total field vanishes on S, thus :

o' =0, (4.38)
so that
Sy . +
j JV+(s,s')‘P+(s')ds'+\|/1(s):—ly 2(5), (4.39)
s'=0
with N7 (s,s") given by eq. (4.22) and (4.148):
1 & |dx!' o, dz'
W 5 Bl
2d | ds m ds (4.40)

xexp[imK(x(s)—x'(s'))Hya |Z(s)—z'(s')u.

The Fredholm integral equation of the second kind with a regular continuous kernel is very
close to that obtained for TE polarization (eq. (4.35)).
The amplitudes of the reflected waves are deduced from eq. (4.186):

1 ~ o dx(s) oy dz(s)
rm—ZdSZOexp[ imKx (s) 1ymz(s)}{ & gt s j‘I’(s)ds, (4.41)

+
As for TE polarization, the efficiencies p,, = y—‘f|rm|2 satisfy the energy balance relation:
10

S o =1 (4.42)
P+

4.4. Multiprofile gratings

The use of dielectric coatings has many applications even for diffraction gratings use. For
example, metallic gratings are covered by a thin layer of dielectric material in order to avoid
oxidation of the metal. Dielectric gratings can require an antireflection coating consisting of a
thin layer or a stack of layers. Conversely, a stack of layers is used to increase the metal
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reflectivity or even to replace it, in order to reduce the absorption of light beams for high
power laser applications.

Up to our knowledge, the first numerical results in the study of coated gratings was
made by Van de Berg [16] for a single-layer perfectly conducting grating with the layer filling
up the space between the grating surface and a plane surface. Although at that time the
interest in such geometry remained mostly academic, further development of technology
made it possible to fabricate such layer by dielectric coating and polishing. Another important
application comes from the process of replication of dielectric gratings using an epoxy layer
to transfer the replica to a plane surface of the substrate, or to have epoxy as grating layer
itself.

After this initial work, two integral methods were proposed. The first one [20] is
theoretically able to deal with an arbitrary multilayer grating without limitations concerning
the shape of the profile or the conductivity of the layers. The second method [21] can deal
with a multilayer grating without interpenetration of the profiles.Botten has solved the
problem with a single-profile grating that has a stack of plane layers below and, eventually,
above it [22, 23], by introducing a new form of Green’s function, adapted to the multilayer
system, which leeds to a single integral equation.

In what follows, we will at first describe the method for a single interface inside a stack,
when the layer is relatively thin so that the upper and the lower interface interpenetrate. It is
important to distinguish the two cases, with and without interpenetration, because in the latter
case, it is possible to define a plane layer in between that does not cross the upper or the lower
interface. This possibility enables one to use the plane-wave Rayleigh expansion of the
electromagnetic field between the interfaces, whereas in the former case it is necessary to
write and to solve a system of coupled integral equations that link the field components on the
top and bottom of each layer.

4.4.1. Thin-layer gratings

Figure 4.2. Single layer inside a stack of a multilayer grating

Let us consider the case of a multilayer grating having profiles that interpenetrate. In other
words, it is impossible to introduce inside the layer a plane surface that does not cross one of
the profiles. Then it is impssible to use the plane-wave expansion between the interfaces and
we are led to solve integral equations that are coupled on the two interfaces of each layer.

We introduce in figure 4.2 a grating made of M materials (numbered from 0 to M,
separated by M-1 profiles (numbered from 1 to M). We introduce the following functions:
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UL {Fje_i%x ~FleT X5, in v (4.43)
J .

0 elsewhere.

The function Uj inside each layer can be expressed from the fields and normal derivatives on
the lower and upper interface, for j=1, M-1:

Uix.y) = [ @1, y,sDoT (shdsj + [ M (x,y.8)w] (5))ds!
Sj Sj
~ ~ ~ ~ (4.44)
— | @i (X% y,854 1051 (87 )dsSy = | N (X, Y, 85w 1 (851)dsS -

S S(H—l

j+l

The expression being limited to the second one if j = 0 and to the first one for j = M.
The functions derived from the Green functions in the various materials depend on the
interface number:

qji(x,y,s')zfld - j exp{imK[x—x'(s})]-{—iyim‘Z—Z'(Sa)}, (4.45)

m=-o0 ¥j,m

‘/Vji(xa YaS') :% i {dxd'—S')Sgn [Z—z'(s} )] _a_m_dz'(sa)}x

— Yim 08’ (4.46)
xexp{imK[x—x'(s})}+iy}—:m‘z—z'(s3)},

with:
Vim = Tpm = (kn;) -~ (4.47)

It can be shown it the same manner as in eq. (4.146) that a compatibility condition on the jth

interfacewritten in a matrix form is given by:
vt
TJ = gjd’j + '/VT\V]L = G101 =N juvin - (4.48)

Another compatibility equation is obtained on the (]'Jrl)th interface:

Vi - - - -

JT =G b7 T Vi ¥ — G b — N Wi - (4.49)
In egs. (4.48) and (4.49), we use the double-index Greens functions that are derived on two
consecutive profiles: G .1 =G (s;,8741), gjil,j = (}f (Sj+1,85) » and similarly for .

The computability equation becomes, for the upper and lower media:

+
= Gl + M (4.50)
=G N (451)
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By combining eqs (4.48) with eq. (4.49), we obtain the link between the unknows on the
upper and on the lower interface of the j™ layer, for j=1, M-1:
- = - I
N Gig |y i+ N j 5 Qj \vj+
_ 1 __ _ |7 N
Nin iy Gin |\ 9ja Mg G ¢;
This equation gives the transmission operator of the unknown amplitudes across the j™ layer,
i.e. from the j™ to the (j+1)" interface, for j=1,M-1:

(4.52)

-1
- - I
N Gign | [wi-= @f
T..,.= 2 )
7+ e +]I G . .
TS w Nij G

(4.53)

The transmission operator includes an inverse operator. Numerically, this inversion leads to
the inversion of a matrix, as we will see in section 4.6.

The transmission matrix across the j" interface for j =1, ..., M—1 is obtained using the
continuity of the tangential and normal field components, as given by egs.(4.8) and (4.10):
I 0
A vy
=T Y, T =  qj | j%M. (4.54)
+ - 0 —I
0] 0; ¥
4;

The advantage of this presentation is that there are no exponentially growing terms in
the transmission matrices, since all the components of the two variable functions contain only
scattered propagating or decreasing evanescent waves, in contrast with the other methods
(differential, Fourier modal, Rayleigh, etc.). However, this formulation requires calculating
the cross-layer functions between the interfaces, which leads to computation times equal to
those of single-interface functions. As a consequence, the total computation time is almost
multiplied by a factor 2 with respect to the case where cross-layer kernels can be avoided, as
discussed in the next section.

Finally, it can be deduced from eqgs. (4.53) and (4.54):

["’i\d ] " Lwi J ST Ty o T T T [%}. 4.55)
om ) \ 9 on

Finally, egs. (4.55), (4.50) and (4.51) form an operator system of 4 equations with 4
unknown functions, which can be solved on a computer after representing each operator by a
matrix, as described in section 6.

4.4.2. Profiles without interpenetration

This case is simpler than the situation in sec.4.4.1 because it is possible to use the plane-wave
expansion between the grating profiles and thus to decouple the integral presentation used in
€q.(4.44). The idea is illustrated in figure 4.3.

If it is possible to introduce a plane layer between the profiles, the plane wave
expansion is valid inside this layer. The advantage is that the plane waves (propagating and
evanescent) that represent each diffraction order m can be easily separated into to sets: (i)

upgoing waves having amplitudes of the y-component of the field equal to that are

Tim
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generated by the lower surface Sj, (i1) downgoing waves with amplitudes t j,m generated by

the upper grating surface Sj.;.

Figure.4.3. Layer with two profiles that are separable by a plane layer

Let us first rewrite eqs.(4.184) at z > z}’ :
85,
i = [N (5507 ()4 G (547 ()] 5 (4.56)
s=0
with
Gim (sj) = exp[—ime(sj)—iyimz(sj)J, (4.57)

2idy}”m

dx(s; dz(s;
N o) - s -

J

and with s; denoting the curvilinear abscissa on the i™ profile, s ja being the curvilinear

abscissa of the point of S; of abscissa x = d.
We then can directly use eq.(4.48) to express the field on the interface z = z(s ] 1)

\Ifj_+1 (Sj+1 )

=2 e [ime(s () Y (5 11 )} i = Gtd71 ~ N TV T (4.58)
m

Let us consider the sum in eq. (4.58):

Cjv1 = D exp [imKX(S 1) Y mZ(s j+1)} Tim - (4.59)
m

Inserting in this equation the value of r; ,; given by eq. (4.56) yields:
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Civ1(sj01) =
Sid (4.60)
Zexp[ime(st)+iy}:mz(sj+l)} I [N}L’m (sj)wjF (sj)+ G}:m (sj)d)}r (sjﬂdsj,
m $;=0
which can be written in operator form:
Civ1 =Njj¥] +Gjjnd], (4.61)

where the operators N}L j+1 and G}r j+1 are obtained from a summation in m and an integral in

s;j. Thus we can write eq. (4.58) in the operator form:

Vi
2

The second relation comes from eq. (4.49) by using the amplitudes of the diffraction

=NT iV +Gind] —Gndi —N Wi (4.62)

orders coming down from the upper interfaces and valid below z = Ziy - Following the same

lines as in the previous paragraph yields:

Vi oo _ -
7J= NG Wi +Giar j01 +G 0] + Ny (4.63)

The transmission matrix between the jth and the j+1% interface takes a form similar to the case
of interpenetrating layers, eq.(4.53). However, the difference is essential, because each series
used in (4.63) is evaluated on a single interface:
— — -1 ]I
N G Ni-= ¢}
Tig=| 1 2

Nin Y Gin Nt

(4.64)

+
il Gijn

The second difference is that the exponential terms are explicitly given in the N j o

N G, and G through the functions exp[ime(sj +1)+iy}:mz(sj +1)} and

iLj> Gyj L]

exp[ime(sj)—iy}tmz(sj)} in such a way that it can be extracted from each of these

operators a part containing all the growing and decreasing exponential terms, which allow a
much better stability of the numerical implementation through adequate treatments, for

example the S-matrix algorithm described in appendix A and B of Chapter 7.

4.5. Gratings in conical mounting

When classical gratings with one-dimensional periodicity are used with incidence plane
perpendicular to the grooves, the diffraction orders lie in the same plane. Off-plane incidence
brings the diffraction orders out of the plane and their directions lie on a cone , which explains
the term of conical diffraction. One of the first experimental works can be found in [24, 25].
The use of conical mount is typical for concave gratings and in some spectrographs aiming to
separate off-plane the incident and the diffracted directions.
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The first theoretical studies were made in 1971 using the integral [26] and the
differential [30] methods. An interesting theoretical development came in 1972 when Maystre
and Petit demonstrated that under special conditions, mechanically ruled perfectly conducting
gratings can have very high and constant efficiency over a large spectral domain [31]. They
also established the theorem of invariance [32] that gives an expression of the diffraction
efficiency of a perfectly conducting gratings in conical mounting, expressed as a linear
combination of efficiencies in an in-plane (classical) mount for the two fundamental
polarizations. Since the theorem is not valid for finitely conducting metals, later development
of the integral method allowed studies of diffraction gratings behaviour in conical mount
when working in the UV and visible [33, 34]. An interested reader can find the demonstration
of the invariance theorem in [7, 33].

Figure 4.4. Parameters of the incident wave in conical mount.The angle © denotes the angle
between the incident wavevectorK' and its projection k;(z on the xz plane. The angle 0" is the
angle between the z axis and k;(z. In order to define the polarization of the incident field, we

construct the circle MNM'N' in the plane perpendicular to the incident wavevector k', with the
continuation of NN' intersecting the z axis and MM' being perpendicular to NN'. The polarization

angle O is the angle between M'M and the direction of the incident wavevector k'

The notations are summarized in figure 4.4. The mathematical formulation of the
invariance theorem takes the form of an equivalence between the conical case and an
associated classical case:

(1) conical case:

With incident angles 6’ and ¢, incident polarization angle 0, incident wavelength A,

the efficiencies in the various orders are denoted by p, (Bi,(p, 8,%) .

(i1) fictitious equivalent classical case:
The wavelength is increased to A'=A/cos¢, the angle ¢' is now equal to 0 (in-plane

incidence), the angle 0" =0, then efficiencies in TE and TM polarizations are denoted by

p;E (Oi,k') and p;M (Oi,%’), respectively. It can be noticed that the projection 12;2 of the
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wavevector of the incident wave on the xz plane in conical mount identifies with the
wavevector of the incident waves in the fictitious equivalent case.
The invariance theorem states that:

Pun (61,0,8,2) = (cos8)° pyt* (61,1} + (sin &) pr* (6, '). (4.65)

It is to be noticed that, as for the incident wavevector, the projections of the wavevectors of
the scattered waves on the xz plane in conical mount are identical to the wavevectors of the
scattered waves in the fictitious equivalent case.

4.6. Numerical tools for an efficient numerical implementation

4.6.1. Integration schemes for the integral equation

All the integral equations in this chapter link the value of an unknown function u(s) at a given
point of S to its value on its entire domain of definition:

cu(s)=v(s)+ f W(s,s")u(s")ds', (4.66)
0

where all functions are periodical, with v and W being known functions, W being possibly
singular but integrable. The constant ¢ takes values 0 or 1 according to whether the integral
equation is of the first or second kind.

There are many different ways to solve such an equation for the grating problem.
Pavageau et al. proposed an iterative method [13] that does not require any matrix inversion,
like the well known Born method for scattering problems. Unfortunately, it may diverge [35,
36].

A well known general methods is based on the periodicity of all functions of the
equation, which allows a projection of these functions and of the equation on the Fourier
space:

. 2n
u(s) = Y upexp(imKgs), Kg==—, (4.67)

m Sq

and similar expressions for v and W. The integral equation is transformed into a linear system
of algebraic equations:

> (Wam —8ym )um = vy, Vn, (4.68)

m

which can be solved numerically after truncation. However, this approach requires computing
a double Fourier decomposition:

8484
Wy = I J. W(s,s")u(s") exp(—inK s —imKs')ds ds'. (4.69)
00

The method has been applied to gratings with profiles consisting of few straight segments,
because in that case the double Fourier integral can be calculated in closed form. It is so for
triangular profiles [11] or trapezoidal gratings [37].

The most widespread method is the so-called point-matching (or discretization) method.
Instead ot using discrete Fourier components, the unknown function is discretized on the
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grating profile and represented by its vales u; =u(s;) inside the interval of integration. Ther

integration process leads toan equation quite similar to eq.(4.68)

> (Wip—cdjp Jup =vj. VjelLPl, (4.70)
p

with P being the number of matching points. It is worth noting that the value of W;, may

differ from the value of W(s i»S ) obtained through the rectangular rule of integration

p
(multiplied by the weight of integration) and can require much more complicated treatments,
specially if W is singular. The sophistication of this treatment is one of the decisive keys for
the precision of the solution of the integral solution. The second key is the analytical study of
the kernel, which is described in the next two sections.

When W is regular, continuous, with a continuous first derivative, the rectangular rule
of integration is quite precise since the function to be integrated is periodic and it can be
noticed that the rectangular and trapezoidal rules are completely equivalent in that case.
However, the derivative of W(s,s’) is generally discontinuous when s = s’ and a trapezoidal
rule or higher order treatment provide a better precision [38, 39]. In what follows we assume
that u(s) is a continuous function. This is obviously the case when the grating profile has no
edges. Several more detailed arguments in favour of the rectangular rule can be found in [6,
7]. Let us shortly repeat one of them. We consider an integral of a periodical continuous
function a(s):

84
ag = ja(s)ds. (4.71)
0

The exact integral is equal to the 0" term in the Fourier expansion of a(s):

a(s)= Zam exp(imKgs) . (4.72)

m

Simple calculations show that when using the rectangular rule with P discretization points, the
integration error is proportional to the P™" Fourier coefficient of a(x). Since it is continuous,

the Fourier series converges like 1/P at least.
The implementation of the rectangular rule is very simple. We define the values of W;,

in the following manner:

Sdw(d. P :
W, =—W|=s4,—s4 |, Jp=1....,P-1. 4.73
P p (P dp dj Y (4.73)

Using this result, the product of the unknown functions u(s) with the non-singular parts of the
kernels can be integrated in the form of a simple matrix product:

S84
j W(sj,xs)u(s)ds'~ > W ju, . (4.74)
0 p

In the case of multilayer gratings with profiles interpenetration, there are two main
situations that can complicate the numerical evaluation of the cross-layer functions which link
the fields and normal derivatives on both sides of a layer:

(1) The wavelength A is much larger than the layer thickness t. In that case the profiles are
located too close to each other, compared to A, so that the functions ¢ and N become large in
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modulus for s;,; —s; . This behaviour has the same origin as the singularities of the kernels

@ and W for a bare grating , which will be discussed in section 6.3 and can be eliminated in a
similar manner. Numerical results show no problems as long as layer thicknesses exceed A/20.
(1)  The period d is much greater than the layer thickness t. If the wavelength is not too
much larger than t, then the kernels have no singularities, but their moduli present peaks when

the distance |Pj +1’ij’q| between two points located on the two different profiles is small with

respect to the discretization distance between the points located on the same profile. The
width of these maxima is of the order of magnitude of the layer thickness, thus the correct
implementation the trapezoidal integration rule requires the distance between two consecutive

points of the profile discretization A | to be less than the width of the maxima.

- |S.]5p B S_l:p_l
As a rule of thumb, if A= d/ N, ., where N, is the number of integration points, then its lower
limit is determined by the relation:

o %. (4.75)

N

p,min

Thus, for echelles, a values of d of about 10 um and t of 20 nm requires the number of
integration points to exceed 500. Note that Ny, directly determines the number of unknown
values of ¢ j and yj and thus the size of the matrices to be used. Practically, it is not worth

nowadays for N, to exceed 10 000, because of the computation time, memory requirements,

round-off errors and limited digits. As a consequence, it is necessary to find another way of

integration instead of the trapezoidal rule.

There is another problem that can come from the matrix inversion in the construction of
the transmission matrix between the layers, eq.(4.53). Contrary to the transmission matrix that
contains growing and decreasing exponential terms in the plane wave expansion, (thus
requires some type of recursive algorithm to contain the contamination of the growing
exponentials, S-matrix algorithm, for example, see appendix 4.C), the distance between the
profiles in the z-direction that appears in the kernels in eqgs. (4.45) and (4.46) restricts the
terms to only propagation or evanescently decreasing ones. However, the matrix inversion of
these terms that is required in eq.(4.53) can create exponentially growing terms. Two
situations can appear:

1. The matrix inversion in eq.(4.53) can be done without numerical problems. This happens
when the layer thickness is not quite large. In that case it is possible to progress upwards in
the stack of layers by following the S-matrix algorithm.

2. The matrix inversion does not work. This could happen if the distance between two
consecutive interface is large. Two different geometries can be concerned:

(1) there is no interpenetration of these two profiles. In that case one can easily apply the
technique described in the next section.

(1))  there is interpenetration of two very deep interfaces. It is possible to use directly
eq.(4.52) in the S-matrix algorithm without inverting the matrix to calculate the entire T-
matrix in eq. (4.53). The formulation of the S-matrix algorithm to an equation having the
form given in (4.52) is quite similar to the classical aplication, but it requires one
additional iteration step. The advantage is that it avoids the inversion of small terms that
can lead to singular matrices. This special technique is given in Appendix 7.B and is not
quite popular, but can be used in other methods that apply for multilayer stack, for
example, in the coordinate transformation method.
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4.6.2. Summation of the kernels

There are several problems in the calculation of the functions included in eqs (4.19) and
(4.23):

gi(s’ s') = zi_d Z L-F eimKI:x(s)—x '(s'):|+iy;|z(s)—z’(s')| ’ (4.76)

m=—o Ym

+

Mas)=L Y {%Sgn(Z(s)—z'(s'))—“—_md—z: KON g 77)
] vy ds |

m=—oo

PCELEN |:Sgn(z_z,)d_x_a_m dz | i x(s)x () Jrafels () g 78

2 5 e ds yp ds |
with:
o, =0o+mkK, (4.79)
- 2 2
Ve = (kn ) —o? . (4.80)

For the sake of simplicity, we assume here that n® =1 and we cancel the superscript + in
ve, @ and N*.

Let us at first evaluate the asymptotic values of y,, and o, for large values of m:

o, — mK,
m-—»o0
Ym 2o -=— > i]ag +mK], (4.81)
2|ocm| m—>w
1 1 k? 1
— - + T O T
Ym iltm| 2ifa, mow ijm[K
We consider the function
N R - - N . /
G =7 3 —exp{lmK[x(s) —x(S)]+ Yy |2(5) ~ (s )|} . (4.82)
m=-—o ¥Ym

At point s =s’, it is obvious that the sum does not converge since the terms decrease in 1/ |m| .

Of course, a very slow convergence can be expected when the two points are close to each
other. Different techniques have been proposed to accelerate the convergence. Neureuther and
Zaki [15] have employed a transformation technique based on the use of Mellin transforms.
Other authors have proposed accelerating processes [40-43]. Here we describe a direct
approach [7]. Let us determine at first the asymptotic expression of the kernel. If we replace
(4.81) into eq.(4.82), we obtain the asymptotic term in the sum:
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G..(5,5) = o[ X(5)x(s"] _ZO?, LemK[X(s)—x(s’)+i|z(s)—z(s')|:|
e 4mm
(4.83)

_ o lx®-x)] i 1 e—mK[x(s)—x(s’)—i|z(s)—z(s')|]’

o 4mm

o0
which contains two sums of the form Z E™ /m and can be summed in closed form:

m=l1

goo (S S ) _ oco[X(S) x(s )] log( K|:X(S)—X(S')+i|z(s)—z(s’)|j|j

(4.84)

+ —

; e—oco[x(s)—x(s’)] log (1 _ e—K[X(S)—X(S')—i|Z(S)—Z(S')H )
TU

The calculation of the kernel in (4.82) is achieved by subtracting the asymptotic value:
¢=6..+(6-6.) (4.85)

The first term in the right-and side is explicitely given in (4.84). It is singular for s = s’e. This
singularity is integrable and is be treated in the next section.

The term between parenthesis in eq.(4.85) is obtained by combining the terms in the
sums in eqs.(4.82) and (4.83). As far as the second one is the asymptotic value of the former,
the series converges, whatever the values of s and s’. Furthermore, it is possible to show that
by combining the terms m and —m in the sum, we finally obtain a rapidly converging series,
whose terms decrease as m > when s = s', as shown later in eq.(4.87) Moreover, in this case
this series is continuous and its value is simply given by:

1 1 1
(6-6.) = Ty > (—+—] (4.86)

|s=s’ m=#0 2idyp, 4n|m|

Using the third identity of eq.(4.81), for large values of m, the term in the sum is equal to:
1 1 k? & 1

Yt Y T3 T T o
2idy,,  4n|m| 4d ot 872 |m|

(4.87)

Obviously, the singularity and the slow convergence of ¢ have been carried out by
introducing the series ¢, . Fortunaley, this singularity is logarithmic and thus integrable, as

shown in the next section.
Let us now deal with the second function defined in eq. (4.77):

no L dx(s') Oy Z(8") [ imK[x(s)=x () iy |2(5)-2(s")|
N(s,s") 2 zoo{ I sgn|z(s)—z(s")] - M } .(4.88)

m=—
At the first glance, the term sgn[z(s)—z(s’)] suggests us that this function is not continuous

1

.. dz . . .
for s’ =s, at least if & # (0 for s’ =s. To deal with this term, we proceed in the same way as
s

in eq.(4.85), by introducing an asymptotic value N, and we set now:
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N=Ny+(N =), (4.89)

with
’ _L _ !
N, (s,8") = 7 sgn[z(s)—z(s")]

L dx(s) dz(s') —ay[x(8)-x(s)] —mK[x(s)—-x(s") HimK][ z(s)—z(s")|
+2d{ el EOREC) by } Z (4.90)

m=1

1 {d .d x(5)-x(s)] = _mK[x(s)-x(s)+imK[z(s)—z(s’
+2_d{ );(s')sgn[z(s) As)]+i Z(SS)} XX 3 KL imKa(s)-2(5)]

m=-1

The sums can be evaluated in a closed form:

N, (s,8") = isgn [z(s) — z(s’)]

—ato[X(5)-x(s")]
. dz(s") } e (4.91)

ds’ eK[x(s)—x(s’)]—imK[z(s)—z(s')]

+— ~d {dd(' 5) sgn[z(s) z(s )]

+— >d {dd(' ) sgn[z(s) z(s )] Z(SS, )}

-1
eoco[x(s)—x(s’)]
eK[x(s)—x(s’)]+imK[z(s)—z(s’)] _1

As noticed for ¢, the term N — N must be considered as a series each term of which is

obtained by making the difference of the corresponding terms in the sums in eqs.(4.88) and
(4.90). This series converges much more rapidly than the series in eq. (4.88) and it is
continuous at s =s’.

The limit of &/ when s'— s can be determined calculating the limits of the two terms

N, and (./V -N OO). After tedious calculations, we can deduce that this limit exists and is
given by:
s
dz i 1 & ds?
N(s,s) = hm./V(s s)y=—— _d Z (4.92)
BT

s's ds| 2mo dx ( dzj
ds j ds

This interesting results established by Pavageau and Bousquet [44] is very important for the
numerical applications, because it shows that A/(s,s) contains a series that canverges like

l/m3 (after adding the terms with negative and positive values of m).
Let us notice that the second derivative of the profile function appears in eq.(4.92) and
it clearly requires the continuity of the first derivative, i.e., the absence of edges.
The third kernel H(s,s"), given by eq. (4.36):

f]ﬁ(s,S')=i D> | senfz(s)—z(s )]dx a+ jj (61 fa(s)-2(5) (4.93)
Ym

m=—00,+00
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is deduced from WN(s,s") by replacing the derivatives ' and dz by dx and dz and its

ds' ds' ds ds
study is quite similar. After after tedious calculations it can be shown that:

i

ds’ (4.94)

aaE ROEGH

dz 1 "
H(s,s) = lim N,y(s,s8')=—— —
(5,5) s'>s 0(s:) ds(ZnaO 2d Z

4.6.3. Integration of kernel singularities

Clearly, the asymptotic part of € (s,s’) in eq.(4.84) is singular when s —s'. After some

calculations, it can be found that

lim G . (5.8) = - 1n(K2{[x(s) x(s)] [z(s)—z(s’)]z}). (4.95)

Noting that x(s)—x(s") = (s — s’)(;—X and z(s)—z(s") = (s — s')%, eq.(4.95) yields:
S S

B 1 dx dz ) |S—S'|
hm (}oo(s s') = {ln(Zn) +—In [( dsj (g] }L lnT} . (4.96)

The first two terms represent regular parts that can be integrated by using the rectangular rule,

as shown later. Unfortunately, ln is not periodic and the rectangular rule is very poor

when applied to nonperiodic functlons. It is possible to overcome this difficulty [7] by
considering another function defined on (0, d):

- ' _L |

gw(sas)_2n|: d

[s—5]
d

vanishes when s,s" € (0,d) . The advantage of his new function is that it is continuous except
on the singularity, and all its derivatives with respect to s are the same on " =0 and s" =d
and thus we can use the rectangular rule.

We perform the integration of G (s,s") by setting:

+ln( s |H s,s' € (0,d), (4.97)

. . . 1 . .
which has the same singularity as 2—ln in the interval (0, d), because d—|s—s’| never
T

[ 6:0(5,509()ds" = [ [ @.0(5,570(5) = €o (5,5)0(5) | d5'+ [ G (s,8)(s)ds (4.98)
0 0

0

The term in the square bracket is non-singular and can be integrated using the rectangular
rule, if we take into account that:

lim|[ 6., (5,5)0(5) = 6o (5,5)0(5) | = {ln(znw—ln{(fl"j (dj }}q)() (4.99)
S ds
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The second term in eq.(4.98) contains the singular part, but it can be integrated analytically:
Sq B Sy 5 d
[ G (s5005)d5" = 0(5) [ Gor (5,5 = =—4(s) . (4.100)
0 0

In conclusion, the integration of the singular kernel is made by introduction at first
G, which permits to define a series @ -G, that is continuous and rapidly converging

hence easily integrable by the use of the rectangular rule. Second, the integration of the term
containing ¢ is performed by defining a new function é « » Which has the same singularity

as G, has the property of a periodic function, and can be analytically integrated.

4.6.4. Kernel singularities for highly conducting metals

When the conductivity of a metallic grating tends to infinity, the Green function in the metal
tends to a delta function. This property is rather obvious: for very large conductivities, the
field generated by a line current (delta function) placed in the metal decreases very rapidly
since it is absorbed on very short distances. This behaviour have drastic consequences on the
kernels of the integral equations dealing with metallic gratings, which are directly derived
from the Green function: the two variable functions relative to the metallic part of the grating
tend to delta functions as well. The integration of such functions through a point matching
method requires more and more points of discretization around s’ = s and, since s can take any
value in the interval (0, sq) the integration and the inversion of the final linear system of
equations (bearing in mind that its size is the total number of discretization points) becomes
impossible. This remarks explains why the first attempts at implementing the integral
equations on computers were not able to give any result for metallic gratings in the visible and
infrared regions.

A very efficient way to overcome this difficulty is to apply an approach called local
summation [7], using another form of the Green function [45]:

Q-1 = %Z“eimd% HG (k|f-7]-md%), F=(x,2), (4.101)
1

m

with X being the unit vector of the x axis. This form is the direct consequence of the fact that

! H(J)r (k|f -7 '|) is the Green function of the Helmholtz equation:

4
1 1
V2| —H{ (k[f -7 +k2[—H+ k[f -7 }:6 P-1'). 4.102
1 (KT [+ 1 (7 | =5( ) @102
Since the pseudo-periodic Green function G(r —1') in vacuum is defined by:
VIGET)+KGE )= Y e d5(F-T-md%), (4.103)
m=—00,+00

it follows that G(r —") is a sum of Green functions 4in)r (k|f -7 '| —md f() satisfying:
i
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Vz[ ! em‘"dH+ (k|r -7 —mdx|)}+k2[ em‘“dHJr (k|r -7 —mdx|)}
4i 4 (4.104)

= ®d§(F—7F'-md ).

Sg

Inserting the value of Q(r—t'") given by eq. (4.101) inside the integral '[ C(s,s)d(s")ds’,
0

then making the change of variable T'-mdX =", and finally gathering the infinite sum of

integrals on one period into a single integral from —oo to +oo yields:
Sq 1 00 . ,
j G(s,s)(s)ds' = yr j H (k[F— TP e® ™) ¢(s)ds" (4.105)
i
0 —0

In the same way it can be shown that

0

S .
f N (S,S')w(s')ds'=% [ (k[p-rel®)

ds” w(s)ds.  (4.106)
P71
When the permittivity becomes very large in modulus, the functions ¢ (s,s’) and N~ (s,s")

are obtained by replacing k by kn™ in G(s,s’) and N (s,s’). Since the value of n™ is close to

an imaginary number in the visible and infrared regions for usual metals (for example, n™—
1.3 +i 7.11 for aluminum at 650 nm), the Hankel functions H()L (k|f—f'|) and H{ (k|f—f‘|)

become very close to the modified Bessel functions K, [k‘n_ (f—f')u and

K, [k‘n_ (f—f')u (see [45]) and tend to delta functions when ‘n_‘—>oo. Thus, these

functions vary much more rapidly than the unknown function ¢, which can be considered as
a constant. Thus, remarking that when x' ~ x

F-F]~[x—x] 1+(de ,
d

X
7' —z—(x' —x)% —%j ;(x’—x)z, (4.107)
X
expliog(x'—x)] =
yields finally:
jg(s $)b(s)ds" ~@ j Ho(k‘ (F- f')‘)ei%(x"")ds'z o) 408
21k,/1+[dzj
dx
and
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d%z
Sq diz\lf(s)
j N(s,s)y(s')ds' ~ X —57 (4.109)
0
4ik 1+(dzj
dx

It is not surprising to note that in this approximation, the calculations of the integrals require
neither summation of the kernels, nor integration of the singularities, nor matrix
multiplication. As the kernels tend toward delta-distributions with amplitudes determining the
coefficients in eqs.(4.108) and (4.109), their matrix representations tend to diagonal matrices.
Numerical results have shown that this simpler formulation not only successfully
applies in the domain where the summation and integration processes defined in the previous
sections fail, but also remains valid with a good accuracy (about 10~ in relative value) in a
large domain of metals and wavelengths. For example, with aluminum, this approach works
in the visible, a domain in which the classical method of integration can be used as well (but
with a greater computation time), wheras the local summation is necessary for metals in the
far-infrared and microwaves domain. It is very important to notice that, using the local

summation and assuming that |n~ | > oo, it can be shown that the integral equation for

metallic gratings described in appendix 4.B tends towards the integral equations obtained for
perfectly conducting metals.

4.6.5. Problems of edges and non-analytical profiles

When the grating profile has edges or corners (in 2D case), fundamental difficulties appear.
First, the uniqueness of the solution of the electromagnetic field is not ensured. The
hypothesis of the integrability of the unknown function u(x) in the integral equation is
equivalent to the Meixner condition of integrability [46], although it is singular.

The second problem lies in the validity of the boundary condition of electromagnetic
field on the grating profile. Indeed, on the edges, the normal and tangential direction on the
profile are not defined in a unique manner. Moreover, when establishing these boundary
conditions, the demonstration does not work if the surface has edges; However, these
warnings are not dramatic. The demonstration of Archimede theorem is also questionable if
the object presents edges. Does it exist any doubt about the validity of this theorem?

The third problem in the integral method lies in the process of integration in the vicinity
of the edges. The kernels become discontinuous or even meaningless, depending on whether
the point of calculation of the integral coincides with the edge point or not, see eq.(4.90) -
(4.92). Moreover, the integration can fail due to the eventual singularity of the unknown
function on the edge [44].

To overcome the edge problem, there exist several approaches. The most direct one
consists in replacing the actual profile z = f(x) with its truncated Fourier representation:

M .
)= > ™, (4.110)
m=——-M

The new profile has no edges and in most cases of ruled or holographic gratings, it mimics
quite well the true profile. Numerical tests have shown a very good convergence of results
with respect to the number 2M+1 of Fourier terms and the number P of discretization points,
provided the empirical rule P > 4(2M + 1). This method can be used to describe some profiles
that are not represented by continuous functions, for example lamellar gratings, provided that
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M is larger than 10. Unfortanately, there are several important cases of classical gratings and
classes of relatively new types of gratings and periodic systems that cannot be treated using
this simple approach.

The first problem covers the case of echelle gratings, working in grazing incidence in
high and very high orders (see Chapter 1). The fact that the period is some tens or hundreds
times larger than the wavelength A, and that the working facet is quite steep (sometimes going
up to 86° groove angle), requires that its geometry is represented in the method with an error
smaller than A/20. Simple but incorrect estimations show that this rule of thumb would be
acceptable for numerical treatment: if the period is close to 50 wavelengths, we need about
1000 points of discretization and thus 250 Fourier harmonics, according to the rule P > 4(2M
+ 1). However, Gibbs phenomenon will significantly modify the form of the working facet,
which could be almost vertical. In order to correctly describe the field on this facet, we need
to have at least 5 to 10 points per wavelength along the the working facet, rather than along
its projection on the x-axis. With a 85° groove angle, the length of this facet is about 11 times
its x-projection, in such a way that the number of discretization points must be multiplied by a
factor 10. The number of Fourier components in the profile follows the same rule.

Uoouuy

Figure 4.5. Schematic representation of an etched grating profile with non-analytical function
description.

L7 L7 LT LT

Figure 4.6. Grating made of inclined rectangular cross-section rods.

Another class of problems consists of unconventional geometries, like inverted slope
grooves, obtained during groove etching technologies, as seen in Figure.4.5, or rod gratings,
shown in Figure.4.6. We have noticed that the problem of vertical segments adds difficulties.
For example, the problem of edges cannot be solved any longer by a Fourier expansion of the
profile. It exists a possibility to simultaneously solve the two problems by introducing a
curvilinear coordinate that follows the grating profile. As far as the integration is made along
the profile, this curvilinear integration comes as a natural way of calculating the integrals in
the integral equations. Moreover, adaptive meshing can be used to reduce the influence of
edges.

In the real life, edges do not exist. On each edge there is at least one atom that has no
edges, even though the light has a wavelength much larger than the atom dimensions. Edges
of nuclear particles are not discussed even in the most exotic theories. Thus the idea is to
replace the edges by arcs, where the partial derivatives can be well defined till the second
order, which is sufficient for integral equations as remarked in section 4.6.2. An adaptive
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density of discretization points gives the possibility to significantly increase the density of the
points close to the initial edges, and not elsewhere. Let us, for example, consider a rod grating
having a straight rectangular cross section. The segments 1 and 3 are parallel to Ox, the
segments 2 and 4, to Oz. Let us assume the origin of the curvilinear coordinate at the bottom-
left corner (figure 4.7).

V4

e

I Neo

N ? A (a—ER, 0)

(a, R)

Figure 4.7. Left: rounding of corners of a rectangular cross-section rod with side lengths a and b,
together with x, y, and s coordinate lines. Right: schematic representation of different straight and
arc segments to obtain the links between the Cartesian and the curvilinear coordinates.

The coordinate s starts at x = R and z = 0, and follows the interface along its different
parts:
1) the first horizontal segment, 0 <s<a—2R:

x(s)=R +s,
(4.111)
z(s)=0.
Here the final value of s is equal to s; ;,,c =a—2R:
2) the circular rounding of the bottom-right corner, defined by the equation:
[x-(@-R)]*+(z-R)* =RZ. 4.112)
T
Here, 0 <s—8) pax < RE:
s=Ro+ $1,max »
s—s
x=a—R+Rsin((p)=a—R+Rsin%, (4.113)
_ _ 8 =81 max
z=R—-Rcos(¢p)= R—RCOST.
T
Here, SZ,max = RE + Sl,max
3) the next vertical segment at x =a, 0 <s—s85 ., <b-2R:
X=a,
Z=8-%) max TR, @.114)
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and the same for the rest of the profile. The process is straightforward and needs an adapted

application for each class of profiles. The advantage is that the derivatives (;—X and % exist
S S

and are continuous everywhere on the profile. Thus, the second-order derivatives, which are
required for the explicit summation and integration of the kernels, exist at least piesewisely,
too. This could easily be checked at the point (a — R, 0), for example. For s <s; 1, , We use

eqgs.(4.111):

X6 . 28 (4.115)
ds ©ds ' .

For $j max < <8j max it Is necessary to use eqs.(4.113):

dx(s S—5§
©) _ cos M —1 fors= S1.max »

ds R 4.116)
dz(s) . S—S:max
=Sin

ds

=0 fors=sy ax-

The comparison of (4.115) and (4.116) points out the existence and continuity of the first
derivatives.

It is worth noting that, in contrast with the adaptive spatial resolution used in several
other methods (FEM, FDTD, RCW, coordinate transformation methods), here it is more
convenient to call it adaptive profile resolution method, as far as it represents a 1D curvilinear
coordinate adaptation.

Let us impose the requirement that the arc segments require Ny times larger density
points than on the straight segments. The entire length along s of the profile in figure.4.7 (left)
is equal to Ly = 2a + 2b — 8R + 2nR. The total number of discretization points is related to
the length ot the segments, R, and to N,.. If the distance between the points along the straight
segments 1s A, it will be equal to A/ N, on the arcs. Thus the total number of points for a
single-rod per period is equal to:
2a + 2b — 8R+ 2nRN,,,

A

P=

(4.117)

In practice, unless some automatic scheme of determining the technical parameters of the
computation is used, this equation determines A when the total number of integration points
is chosen.

Starting from s = 0 in figure 4.7 (right), the abscissa values along s of the points on the
interface are given by consecutively adding the values of the point number j to the end values
of the previous segment:

1) first horizontal segment, 0<s <8 . @ 8;=5;1+A,

2) circular rounding of the bottom-right corner, s; a <8 <8y max @ 8; =81 +—,
arc

3) next vertical segment at X =a, Sy <S<b—2R+s8) 5, 1 8;=5;1+A,

4) so on to close the rod, then eventually going to another object inside the same grating
period.

An additional improvement can be performed by making a smooth transfer from A to

A/Ny » 1.e., to smoothly go from the density defined on the straight segments and on the

arcs. This could be important for large-period systems with respect to the wavelength, if there
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is a restriction in the total number of points in the profile discretization. If so, we can lay on
the fact that the smaller the curvature of the segment (i.e., the larger its length), the smoother
the behaviour of the kernels and of the unknown functions. Thus in the middle of a straight
segment we will place points that are more distant to each other than close to the extremeties
of the segments. Maystre has adapted such approach in his code Grating 2000, by defining a
specific distance along the large segments starting from their edges, so that the density of the
discretization points increases when approaching the ends of the segments. This approach
gave the possibility to model echelle gratings working in very high diffraction orders (600 or
more) in the ‘90s, when no alternative approach was able to provide reliable results. The
method was unbeatable for echelles, before Li and Chandezon [47] formulated an
improvement of the coordinate transformation method to work for profiles with edges.
However, the latter does not apply to rod gratings, or to profiles having the form as given in
figure.4.5.

4.7. Examples of numerical results

All the results shown in this section are obtained using the code Grating 2000.
4.7.1. Sinusoidal perfectly conducting grating

Table 1 shows the efficiencies in the two non-evanescent orders (-1* and Oth) of a sinusoidal
perfectly conducting grating of period 600 nm and height 180 nm (from the bottom to the top
of the groove) illuminated under incidence angle 30° and wavelength 600 nm. In this case, the
-1* order is scattered with an angle of scattering (measured anticlockwise, in contrast with
incident angle) of -30°, which entails that it propagates just in the direction which is the
opposite to that of the incident wave (this is called Littrow mounting by specialists of
gratings).

The number of discretisation points is P and the series included in the kernel are

summed from —M to +M. The symbol me denotes the sum of the two efficiencies, the
energy balance being satisfied when Z Pm =1.

TE polarization TM polarization
P.M P-1 P-o ZPm P-1 P-0 Z Pm
4,2 0.4658 0.5437 1.0095 0.9466 0.0514 0.9980
6,3 0.4703 0.5288 0.9991 0.9581 0.0411 0.9992
25,10 0.4669 0.5336 1.0005 0.9579 0.0421 1.0000
50,20 0.4659 0.5334 0.9993 0.9579 0.0421 1.0000
110,50 0.4659 0.5341 1.0000 0.9579 0.0421 1.0000

Table 4.1. The sinusoidal perfectly conducting grating.

It is worth noting that a precision better than 0.01 is reached as soon as P >4 and M > 2!. A
precision of 10~ needs P > 50 and M > 20.

4.7.2. Echelette perfectly conducting grating
The echelette grating is a grating with triangular groove (figure 4.8). The blaze angle b (angle

of the large facet with the x axis) is equal to 30° and the apex angle A (angle between the two
facets) to 90°. The other parameters are the same as in section 7.1. It must be noticed that the
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incidence angle and the blaze angle are equal, which entails that the incident wavevector is
orthogonal to the large facet. In these conditions, it can be shown that for TM polarization, the
grating problem can be solved in closed form: the efficiency in the -1* order is equal to unity
while in the 0™ order it vanishes [48].

The demonstration is straightforward: the sum of the incident wave and of a plane wave
with unit amplitude propagating in the opposite direction satisfies all the conditions of the
boundary value problem stated in section 4.3. The reader can notice that this sum satisfies the
Helmholtz equation. In addition, this sum of two plane waves propagating in opposite
directions constitute an interference system that presents white areas and dark lines. The
maximum of white lines coincide with the large facets of the grating, and on these lines, the
derivative of the field (thus the normal derivative) vanishes. The normal derivative with
respect to the small facet vanishes as well since the field is invariant in the normal direction.
At the first glance, this property is obvious since the field is “reflected” by the large facets, or
in other words, the scattering phenomenon reduces in that case to a simple reflection
phenomenon. This reasoning fails since the same phenomenon is not observed for TE
polarization: it is dangerous to invoke reflection phenomena on the large facets when the
width of these facets has the same order of magnitude as the wavelength of the light! The
concentration of the incident energy in a single order is called ‘blazing effect’ and the theorem
of Marechal and Stroke is the origin of the name ‘blazed gratings’ given sometimes to ruled
gratings.

A=90°

Figure 4.8: A ruled grating

TE polarization TM polarization
P.M Py Po > Pm Py Po > P
6,3 0.6531 0.4451 1.0982 1.4452 0.0012 1.4464
25,10 0.5838 0.4123 0.9961 0.9976 0.0001 0.9977
50,20 0.5838 0.4123 0.9961 0.9976 0.0001 0.9977
110,50 0.5929 0.4055 0.9984 0.9984 0.0000 0.9984
250,100 0.5932 0.4035 0.9967 0.9989 0.0000 0.9989

Table 4.2. The echelette perfectly conducting grating and the Marechal and Stroke theorem.

Table 4.2 shows that the convergence is significantly slower than for the sinusoidal
grating, due to the edges. Nevertheless, a precision of about 0.01 is obtained when P > 25 and
M > 10. With the same values, the Marechal and Stroke theorem is satisfied with a precision
better than 0.003. The computation time is always less than 1second on a PC computer except
for the last line, for which 2 seconds are required.
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4.7.3. Lamellar perfectly conducting grating

The profile of a lamellar grating is shown in figure 4.9. The widths of the hole and of the
bump are denoted by t and b and the height by h. In this example, b =t =300 nm, and h = 180
nm.

t b

+—r—>

L [ [ _ln

Figure 4.9. A lamellar grating

TE polarization TM polarization
P.M P-1 P-o me P-1 P-o Z Pm
6,3 0.7770 0.6999 1.4769 23.66 5.09 28.75
25,10 0.3490 0.6394 0.9884 0.8293 0.1724 1.0016
50,20 0.3347 0.6569 0.9915 0.8191 0.1705 0.9896
150,70 0.3279 0.6659 0.9938 0.8201 0.1718 0.9919
250,100 0.3288 0.6733 1.0021 0.8214 0.1725 0.9939

Table 4.3. The echelette perfectly conducting grating and the Marechal and Stroke theorem

The main conclusion to draw from Table 4.3 is that the convergence for lamellar
gratings is even slower than for echelette gratings. This is not surprising if we notice that the
number of edges is multiplied by 2. A precision of about 0.02 is obtained when P > 50 and M
> 20. The results for P = 6 and M = 3 are aberrant, specially for TM polarization.

4.7.4. Aluminum sinusoidal grating in the near infrared

We consider a sinusoidal aluminum grating with period d = 400 nm, a height h = 100 nm,
illuminated with incidence angle 10° and wavelength 300 nm. With these parameters, three
plane waves (-1%, 0™ and +1%) are reflected. The optical index of aluminum at 300 nm is equal
to 4.2+ i 21.5. We give in Table 4.4 the efficiency in the -1* order and the sum of the three
efficiencies.

TE polarization TM polarization

P.M P-1 me P-1 me
6,3 0.5205 0.9582 0.4367 0.9618
10,4 0.5201 0.9649 0.4325 0.9521
30,13 0.5203 0.9655 0.4321 0.9518
100,45 0.5204 0.9655 0.4320 0.9518

Table 4.4. The aluminum sinusoidal grating
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Table 4.4 shows a very good convergence of the results, similar to the convergence
observed for sinusoidal perfectly conducting gratings, thanks to the local summation of the
two variable functions of the kernel derived from the Green function in aluminum.

4.7.5. Buried echelette silver grating in the visible.

The buried silver grating is shown in figure 4.10. A symmetric echelette silver grating with
period 900 nm has been covered by a dielectric of index 1.5, the maximum depth e of
dielectric being equal to 800 nm. This grating is illuminated in normal incidence .by a plane
wave of wavelength 600 nm. The index of siver for this wavelength is equal to 0.006 + 1 3.75.
Table 4.5 gives the efficiency in the 0" order and the total of efficiencies of the three reflected
orders (-1%, 0" and +1%).

Figure 4.10. A symmetric silver grating coated by dielectric

TE polarization TM polarization

P’M Po me Po me
10,4 0.4892D 0.9830 0.6316 1.0622
30,13 0.5164 0.9651 0.5665 0.9339
100,45 0.5153 0.9600 0.6062 0.9178
200,90 0.5153 0.9593 0.6168 0.9153

Table 4.5. The buried silver grating

The convergence is slower than in the preceding case and the results for P =10 and M =
4 are not correct, specially for TM polarization. For TE polarization, a convergence of the
results with a precision better than 0.006 is obtained for P = 30 and M = 13. This is not so for
TM polarization, in which it is necessary to reach P = 100 and M = 45 to get a precision of the
order of 0.003. Here, the method of local summation is not used, but this fact does not explain
the slower convergence since the modulus of the optical index is not large. The main reason
can be found in the edges of the profile. The slower convergence for TM polarization is rather
general for metallic gratings, due to the existence of plasmon resonances on the grating
surface.

4.7.6. Dielectric rod grating.
The grating is made of dielectric elliptic rods with optical index 1.4, width w = 600 nm and
height h = 400 nm (figure 4.11). The period is equal to 800 nm. It is illuminated with

incidence 20° by a plane wave with wavelength 600 nm. Two orders (-1* and Oth) are
reflected and transmitted. We give in Table 4.6 the efficiency in the 0" transmitted order and
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the sum of efficiencies of the 4 scattered orders, which should be equal to 1 for a perfect

energy balance.
d =800 nm

-aom| @) @ @
+—>

w =600 nm

Figure 4.11. A dielectric rod grating

TE polarization TM polarization
P,M To Z Pm + T0 Z Pm +
me sz
10,4 0.1824D 0.9139 0.7893 1.2489
30,13 0.2163 0.9961 0.8161 1.0054
100,45 0.2073 1.0005 0.8187 1.0004
200,90 0.2070 1.0001 0.8187 1.0001

Tabled. 6. The dielectric rod grating with elliptic rods

The precision for P = 30 and M = 13 is equal to 0.01 and for P = 100 and M = 90, it
reaches 0.0004.

4.7.7. Flat perfectly conducting rod grating

The grating is similar to that of figure 4.11, but its height is very small (8 nm). In order to
obtain a significant reflection, the dielectric has been replaced by a perfectly conducting
material

TE polarization TM polarization
P’M To Z Pm + To Z Pm +
2. Tm 2. Tm
100,45 0.0598 1.1414 0.8940 0.9759
200,90 0.0634 1.0086 0.0292 0.9887
300,140 0.0639 1.0006 0.1059 0.9996
400,190 0.0639 1.0000 0.1119 1.0000

Tabled4.7. The flat perfectly conducting rod grating.

The convergence is very slow and it is necessary to reach P = 300 and M = 140 to
obtain a precision better than 0.006, the energy balance being satisfied with a precision better
than 10~. The reason must be found in the small height of the rods, as explained in section
6.1. The functions included in the kernel of the integral equation become very large in
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modulus and very small in width for two points located on both sides of the rod for the same
abscissa, thus the integration needs a large density of discretization points.
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Appendix 4.A. Mathematical bases of the integral theory

4.A.1. Presentation of the mathematical problem

F+(X,Z) inv", ) ) )
which satisfies the following

We consider (figure 4.1) a function F(x,z)=
F (X,z) mnv-,

conditions:
e it is pseudo-periodic along the x axis:

F(x+d,z) =F(x,z)exp(iogd), (4.118)

e it satisfies a Helmholtz equation:
2
szi+k2(ni) Ff=0 inVZ, (4.119)

e it satisfies a radiation condition for z — foo.

The aim of this appendix is to use the second Green’s identity and basic theorems on
boundary value problems in order to find an integral expression of this function and to
analyze the properties of this integral expression. We will deduce the basic keys for writing an
integral equation from a boundary value problem.

4.A.2. Calculation of the Green function

The first step of the calculation is to find the pseudo-periodic elementary solutions §* () and
¢ (7) of the two Helmholtz equations condensed in eq. (4.119) (with constants k2 (nJr)2 for

Q" and with constant k? (n+)2 for ¢, which satisfy the radiation conditions for z — oo
and the following equations :

V2q+(f)+k2(n+)2(}+(f): > el d3(F-mdx), in VT and V', (4.120)

m=—00,+00

Vzc;‘(f)+k2(n‘)2¢;‘(f)= Y endg(f-md%), inV and V', (4.121)

m=—00,+00
G (F+dR) =6 (F)e'™!, (4.122)
with:
21
o, =0y +mkK, K:F, (4.123)

and X being the unit vector of the x axis.

We must emphasize that, in contrast with eq. (4.119), in which F* and F~ do not
satisfy the same Helmholtz equation, each Green function satisfies a unique Helmholtz

equation in the entire space, with constant k*(n™)? for @ and with constant k?(n*)? for

Q.
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—io,X

After expanding the periodic function (}i e in Fourier series, then multiplying the

Fourier series by el%o* , 1t can be deduced that:
¢rx,z)= Y GHL(z)e**. (4.124)
m=—00,+00

On the other hand, the right-hand member of eq. (4.120) , called Dirac comb, can also be
expanded in series:

> e nd5(F —ndk) = %S(Z)Z elon* (4.125)
m

m=-00,+00

Introducing equations (4.124) and (4.125) in equation (4.120), multiplying by e %X then
identifying the coefficients of the Fourier series yield:

2
G '@ +(r) G @) =5(2), (4.126)

2 2
with (yﬁl) =k? (ni) —oclzn.
For z# 0, eq.(4.126) becomes the well-known one-dimension propagation equation in a

homogeneous media without sources and have for solutions exponentials. We are searching
for plane waves that satisfy the radiation condition for z — too, thus:

. Al exp [iyfan , ifz>0,
Gy(2)= N » ‘ (4.127)
B, exp[—lysz , ifz <0.

Distribution theory proves that the solution Grin of eq.(4.126) is a continuous function of z and

that its derivative has a jump equal to 1/d at z=0. These two conditions allow one to find the
unknown amplitudes:

A =B,
(i) o
and thus:
GE(z)=— li exp(iyﬁl |z|) . (4.129)
2iy;,d
The final form of Cf becomes:
gi(f) =ﬁzy%exp[iamx+iy; |z|} (4.130)
m Tm

Once the source is not in the origin, the Green functions is the function (}i (r—1").

Notice that C}i symbolizes the Green functions.

132



D. Maystre and E. Popov: Integral Method for Gratings 4.37

4.A.3. Integral expression

Now, we apply the second Green theorem in order to find the expression of the function F*.

First, we consider the expression of F~ in V™ :

dF (x\z") ., I dg™ (x-x'z-2")

F(x',z)ds’, 4.131
Ny (x',2) (4.131)

S S S
with the normal NS being oriented towards the exterior of V7, x =x(s), x'=x(s"), and

similar expressions for z and z'. The curve St includes four parts: the vertical lines S; at x =
0 and Sy at x = d, the horizontal segment Sy; at z=2zy <0 (figure 4.12), and, finally, one

period of S. The variable s” denotes the curvilinear abscissa on St, with origine being located
at the origin of the Cartesian coordinates.

4 NS V+
S P
/7 S
IIII X
€< P’ —
St Sp \Aa

Figure 4.12. Application of the second Green theorem.

The pseudo-periodicity in x” of F (x',z") (and of dF_(x',z')/ dNg ) is opposite to that
of @ (x-x.z-z') (or of dg (x-x'z-z ')/dNS ), which entails that
dF (x',z") ond dg (x—x'z-2')

dNg dNg

G (x-x'z-2') F (x',z") are periodic. Furthermore,
dF (x.z') _ dF (x,2z))

taking into account the orientation of the normal on S and S, iN d
X
S

d - _ 1 _ 1 d - _ |l _ |l — ] ) — ] [
ond G (x-x'z z):_ G (x-x'z Z)on S, . while dF”(x',z) _ , dF (x',z)
dNg dx d dx

Sg. Thus, the integrals on Si and S; in eq. (4.131) cancel each other. On Sy, ds’ and dx’

S

identify and the integral takes the form:
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- ' 5 'dF_(X"Z')_d(}_(X—X',Z—Z') - (- '
SI G (x-x'z-2") N, N F (x,z)}ds
1 & m(z—2 )d imK(x—x") | - -
Y D, el fe —oa(8)+ypu(s) [dx' (4.132)
m=—00 0 Ym

Z% z ei“/fn(z—zH J+imKx [L— q)ﬁm N \Ifﬁ,m }

m=—oo er
where ¢y, and wyy, are the m™ Fourier components of the periodic functions

- dF (x,2") _ja x'
dg(s)=—"2"2e
u(s) dN,

advantage of the fact that the segment is parallel to the x axis and lies outside the groove

and yy(s')=F (x'\z e %" defined on Sy . Here, we can take

region, which entails that ¢y ,, and yyy , are related through the plane wave expansion valid
in the homogeneous region (see chapter 2):

Fr= > tpel® % ifz<0, (4.133)
m=—00,+00
which yields:
VH,m = ~17m OH,m - (4.134)

This relation allows us to cancel the integral along Sy; and thus the values of F (x,z) can be
determined by an integral along a single groove of S:

S4 — . Sy _ T
F(x,2)= J‘ C}_(X—X',Z—Z')dFCfNX’Z)dS'— J~ dg (Xdlj,z z')
s'=0 S $'=0 S

F(x',z")ds", (4.135)

with s; being the curvilinear abscissa of the point of S of abscissa d, the origin of curvilinear
abscissa being the origin of the Cartesian coordinates system.

Similar considerations apply to F'(x, z), so that, after elementary calculations:

84 . . L . . .
Fz)== | [gi(x,z,s')el%(x_x Dot (el %* + HE(x, 2,5 %X )\ui(s')el%x}ds'(4.136)
s'=0
with:
C}i(x,z,s')=C.#i(x,z,x(s'),z(s'))=2#d L mK{eox )iz () g 137)
d o Ym
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NS
. (4.138)
2d = 1 ds' v ds’
. + - —iox' + dF (x',2") —ia,x' ;.. .
with y~(s)=F (x.z"e " and ¢ (s")= Te " being defined on the grating
S
profile S. Defining the periodic function Ui(x, Z)= F* (x,z)e_io‘Ox yields:
Sq
Ut (x,2) =+ j [(}i(x,z,s')¢i(s')+./Vi(x,z,s')\ui(s')}ds'. (4.139)
s'=0

4.A.4. Equation of compatibility

In this section, we establish a crucial property of the integral theory of gratings, which
unfortunately is ignored in most of the reference books of Electromagnetics. With this aim, it

is necessary to point out a fundamental property of the expression of Ut (x,z) given by egs.
(4.13) and (4.139). Let us suppose that we introduce in eq. (4.136) arbitrary periodic functions

(T)_(s ) and y (s'). Since we have not introduced the actual physical values ¢ (s') and
v (s)of these functions, we cannot expect to obtain the actual value of F (x,z), but
another function F~(x,z). More important, if the point P™(x,z) of V~ tends towards a point
Pg of curvilinear abscissa s located on the profile (figure 4.12), the limit of F~(x,z) below
iogx'

the profile, denoted lim_ {F_(x,z)} is not equal to y (s')e . The same remark can be

dF(x,2)

made for the normal derivative lim_{ }, which is different from ¢ (s ')ei“ox'_ In

S

order to understand this surprising property, it is necessary to give two results which can be
demonstrated using the theory of distributions. Let us give these two fundamental results
without demonstration.

1. The integral expression of F~(x,z) inside V™ satisfies the Helmholtz equation in
V™ like the actual field. What happens to the same integral expression of F~(x,z), but now
calculated in region V* ? Denoting by Fe_xt(x,z) the function equal to F~(x,z) in V~ and to
this integral extension in V¥, it is easy to verify that F&t (x,z) satisfies in the entire space the

Helmholtz equation satisfied by F~(x,z) in V~, with constant k2 (n_)2 .
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2. The jumps lim. {Fq(x2)}-lim_{Fo(x,2)]  and hm+{dFeztI\(Ix,z)}_
S

F, - , . :
lim_ {w} of F.,(X,z) and of its normal derivative across S (difference between the
S

values in V* and in V™) are respectively equal to —j~ (s")e'** and - (s')e%* .
The conclusion to draw from these properties is that the limit of F~(x,z) and of its normal
derivative on S are equal to § (s)e'™* and § (s")e'** in one case only: if Fo(X,2)

vanishes throughout V7. Indeed, if this property is satisfied, the jumps are nothing but

—1im_{F;d(x,z)} and —lim_ {%}, thus lim_{f:e_xt(x,z)}=\Tf_(s)ei%x and
S

lim_ {%}:Jf(s)ei%x. This case occurs if the values of { (s') and ¢ (s')
S

introduced in the integral expression are equal to the actual physical values y (s') and
¢ (s).
This result is not surprising for the specialist of boundary value problems. Indeed, using

the second Green theorem in V™, we introduce in the integral expression of the field the limit
values of both the field and of its normal derivative below S. In the domain of boundary value

problems, it is well known that if a function must satisfy a Helmholtz equation in V— and a
radiation condition for z — —, one cannot impose the limit values of both this function and
its normal derivative on S. In fact, we can impose either the limit values of this function or
that of its normal derivative on S: in both cases, the solution of the boundary value problem
exists and is unique. Unfortunately, it does not exist any tool of applied mathematics which
enables one to express the field in an integral form including either the limit values of the
field, or that of its normal derivative on S: a prior solution of an integral equation is required,
which is much more difficult.

On the other hand, if both the actual values of the field and of its normal derivative are
known, the field can directly be expressed in an integral form through the second Green
theorem, without any integral equation, and this is why the second Green theorem is
considered as a basic tool of the integral mathods of scattering. It must be emphasized that in
that case, we know a priori that the the limit values of the field and of its normal derivative
are the actual ones, thus that they are compatible, which is not the case for arbitrarily chosen
limits.

This fundamental property shows that when the second Green theorem is used with
unknown values of the limits of the field and of its normal derivative, we must impose to
these limits an equation of compatibility. This compatibility is satisfied if we impose to the

%% or if

limit lim_ {F;(t(x,z)} of the integral expression of Fe_xt (x,z) to be equal to |y (s)e
we impose to the limit lim, {Fe_xt(x,z)} of the integral expression of Fe_xt (x,z) to be equal to
zero, these two conditions being equivalent. Indeed, if lim, {Fe_xt(x,z)} =0, the expression of

Fe_xt(x,z) in V* satisfies a Helmholtz equation, a radiation condition at infinity and its limit
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on S vanishes. The obvious solution of this boundary value problem is Fe_xt(x,z) =0in V"',
and we have seen that the solution of this boundary value problem is unique, thus it is the

solution. The consequence is that lim, Fex (%,2) =0, thus lim_ dFexe (x,2) | _
dN dNg

(T)— (S)ei%x .

In order to implement this condition of compatibility, we have to express

lim,, {%} or lim_ {w} . We can use a first equation:

S dNS
lim, {Fe_xt(x,z)} ~lim. {ngt (x,z)} T (s)e! % (4.140)
or equivalently:
lim, {fjgxt (x, z)} ~lim. {ﬁgxt(x,z)} - (s). (4.141)

In order to find a second equation, we can consider eq. (4.139) which gives the

expression of U™ (x,z) =F (x,z)e '**. If z is fixed, this expression is a Fourier series in X,

which is discontinuous on S. It is well known that the value on S of this Fourier series is the
average value of the limits on both sides of S, thus:

lim+{ﬁe_xt(x,z)}ﬂim_{ﬁe_xt(x,z)}:—2T [(}_(s,s')&)_(s')+JV_(s,s')\T1_(s')}ds', (4.142)
s'=0

with @ (s,s') and N (s,s') being the integral expressions of § (x,z,s') and N (X,z,s")

when the point of coordinates x,z becomes a point of S of curvilinear abscissa s:
G (s,8) =6 (x(s).z(s).s", (4.143)
N7(s,8) =N (x(s),2(s).s"). (4.144)

From eqs. (4.141) and (4.142), we deduce the limits of U~ on both sides of S, and we derive
the equation of compatibility in V™ :

84

[ 67689 )+ (5,507 () |ds’ +‘V By, (4.145)

s'=0

Achieving a similar calculation for V' yields the general equation of compatibility in vE:

s)

j [c; (5,5)0%(s) + NE(s,8)7* (s')} L -0, (4.146)

s'=0 2

1mK

C}i(s,s')—% i T IR, (4.147)

+
m
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A7) (4.148)

It can be shown [7] that gi(s,s') has an integrable logarithmic singularity (it behaves

like a +a1Log|s—s'| when s'—s, aj and a; complex numbers) which can be taken into
account in the integral by removing the singularity a1L0g|s—s'| from (}i(s,s') then by

integrating it in closed form. At the first glance, N (s,s') cannot be continuous, due to the
discontinuity of sgn(z(s) —z'(s')) for s=s’. In fact, a careful analysis of this function around

s = s’ shows that it is continuous and that its limit when s'—s can be expressed in closed
form [44,7], as stated in section 4.6.3.

4.A.5. Generalized compatibility

In the physical problem, the total field in V' includes the incident field. Here, we give an
extension of the compatibility equation to the total field which allows a significant
simplification of the use of integral theory.

'V +
F-l— - F++F1
O = ¢+ ¢ P =yt oy
7 N\ "\
o= ¢' Y=y
v

I-=Fi

Figure 4.13. generalized: generalized compatibility

, I"=F""=F"+F in V",
We define (figure 4.13) a function I'= :
[ =FinV".

F* being the field scattered in V' by a grating illuminated by the incident field F.T s
the expression of the incident field in V. Thus, in contrast with the preceding section, the
function considered in this section does not satisfy a radiation condition at infinity in V™.
According to eq. (4.136), the value of F' is given by:

F+ (X, Z) = 'f |:q+ (X, Z,S ,)eiao(x—x')¢+ (S |)ei0LOX'
s=0 (4.149)

+ N (x,2,58 ')eim‘)(x_x')\u+ (s")e! %X’ } ds',

thus T can be written:
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Sq

I*(x,2)=F (x,y)+ I [@ (x,2,8)e gt (s el
2o (4.150)

+ N (x,2,5 ')el%(x_x')\fr (s ')ei%xl ds'.

We denote by N Al +\|1i and @ = o +(1)i the limits of I'" on S and its normal
derivative respectively. Introducing these values in eq. (4.149) yields:

F'(x,2)= Jg [(}+(X’Z,S.)eioc0(><—x') (CI)+(s ) _¢i (s .))eiocox'
s=0 (4.151)

+ N (x,2,5s ')eia"(x_x') (‘P+(s Y=yl (s ')) ei%xv} ds'.

Thus, the integral expression of the total field I is given by:

rt (x,z) = Fi(sz)-q- Sf |:g+(sz’s,)eioc0(x—x') (q)+(s |)_¢i (s .))eiocox'

s'=0

+ N (x, 2,80 (X)) (‘P+(s Y=y (s ')) ei%xl ds', (4.152)

or, gathering the terms containing the incident field:

r'(x,z)=
. 84 . N - . ' . ' . . '
Fxo)- | [g+(x,z,s')e1“°("‘x)¢l ()% + N (x,2,5e Xy (s')el%x}ds' (4.153)
s'=0
Sd

[Q (x,2,8")e )T (576l 1 A (x, 2,56 U Nt (s1)eivor }ds ,

s'=0

In order to simplify this equation, we consider the part of the integral containing the incident
field, the middle line in the equation above. This part is equal to 0. Indeed, we know that

¢i (s") and \|/i (s') are compatible in V™ since they are derived from the actual values of the

incident field in V™ (figure 4.13). We have shown in the preceding section that the integral

expression of such a function vanishes in V*. Remarking that ¢~ (x,z,s") =G (x,z,s") and
N (x,2,8")=N"(x,2,s") since " and '~ satisfy the same Helmholtz equation (with
constant k?(n*)?), we can write than in V*:

84 . N - . ' . ' . . '
| [q* (x,2,8")e X )gl (sNel%X' 1 A+ (x, 2,506 Xy (s')el%x}ds'zo. (4.154)
s'=0

Thus finally the expression of I'" is given by:
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F+(X,Z)= Fi(x,z)-l,- f |:g+(X,Z,S')eiao(x_x')q)-'—(s')eiaOX’
s'=0 (4.155)

+ N (x,2,58 ')ei(x(’(x_x')‘{’+ (s ')ei%xv} ds'.

The result is that the expression of the total field in V' can be obtained from its limit value
Y on S and from its normal derivative ®*, by adding the incident field to the integral

expression deduced from the Green theorem.
The generalized compatibility equation is derived from the compatibility equations for

F' in V' and for F' in V.

[ [6" 6.0 )+ 5w ) Jas L o (@.156
s'=0
J g8 esn @)+ 0 Gshwi ')]ds'+@ ~0. (4.157)
s'=0
By adding these two equations, we deduce that:
] (67 (5,500 () + 7 (5,8)WF(s) [ds'+y' = \P;(S) . (4.158)
s'=0

The remarkable result is that the compatibility equation given in the preceding section can be
extended to the total field: the left-hand side of eq. (4.158) represents the expression of the
total field on S and the right-hand, one half of its limit on S. Thus the generalized
compatibility condition can be stated in the following way:

The compatibility condition for a field in V' including incident and/or diffracted waves
and satisfying the two conditions:

e itis pseudo-periodic along the x axis:

F(X+d,z) =F(x,z)exp(ia0d), (4.159)

e it satisfies a Helmholtz equation:

VIFE + kK2 (*)?’FF =0 in V7, (4.160)

can be stated in the following way: The value on S of the total field, obtained by adding the
incident wave to the integral expression deduced from the second Green theorem (but in
which the limits are those of the total field) is equal to the half of its limit value on S.

A similar generalized compatibility condition can be obtained for a total field in V™~

when an incident wave propagating upward in V-~ (supposed to contain a lossless dielectric)
illuminates the grating surface, but this case is not worth in the frame of this chapter.
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4.A.6. Normal derivative of a field continuous on S.

The calculation of the normal derivative of F* on the grating surface in the general case is
difficult. However, this aim can be reached at least in one case: when it is possible to define

both F* and F~ which satisfy three conditions:

e Fis continuous across S, or equivalently y* (s) =y (s),

e F' and F~ satisfy the same Helmholtz equation, with constant kz(n+)2, or

equivalently n* =n".
e F satisfies a radiation condition at infinity.

Due to the second condition, it seems that this case does not make sense: if n* =n", one
cannot expect any scattering phenomenon. However, the study of this purely mathematical
problem is crucial, for example in the study of perfectly conducting gratings.

First, it is worth noting that, thanks to the first condition, the gradient of F can be
calculated without any use of distributions, which is not the case if F is discontinuous on S.
Since Y, =Y, G (X,2,8)=G"(x,2,s") and N (x,z,8")=N"(X,2s") it can be deduced
from eq. (4.139) that:

Sd . .
Ff(x,2)= j [(}Jr(x,z,s')el%xdfr(s')+JV+(X,Z,s')el%x\f(s')}ds', (4.161)
s'=0

w2
ol

F (x,2)=—

—

[(}"L (x,2,8)e %% d7(s") + N (x,2,8")e %y (s ')J ds'. (4.162)
s'=0

We have seen in this appendix that, if ¢ (s") and y¥(s") are compatible, the expression of
F*(x,z) given by eq. (4.161) vanishes in V™. The same property holds for the expression of
F~(x,z) given by eq. (4.162), which vanishes in V* if ¢ (s') and y (s') are compatible.
Bearing in mind that " (s)=y" (s), the expression of F in the entire space is given by
adding the right-hand sides of eqgs. (4.161) and (4.162):

F (x,2)=F"(x,2)+F (x,2) = f G (x,2,5"e %™ (¢+(s')—¢‘(s'))ds'. (4.163)
s'=0

Thanks to the continuity of F on S, the expression of its value on the profile does not make
problem and is given by:

F (s)= j c;+(s,s')ei‘*o"(¢+(s')—¢—(s'))ds'. (4.164)

s'=0

In order to obtain the normal derivative of F, let us calculate its gradient:
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VF (x,2) = Sj Vixa) [(}’L(x,z,s')ei%x}(d)’L(s')—d)_(s'))ds', (4.165)

s'=0

OC_+m eiaoxeimK( x—x")+iy, |22

V[C}“L(X,z,s')ei%XJ =L | m=—o4o0 Ym . (4.166)
2d Z eiocoxeimK(X—X')+iv;|Z—Z'|
M=—00,400

The components of the normal NS are given by:

_dy
Ns = & > (4.167)
dx
ds
and thus:
. +
dg+ (X, Z,s |)eIOL0X
dNg -
(4.168)
L lim, Z sgn (Z —7 v) d_X _ (x_mﬂ eiaoxeimK(x—x')+iy[*n|z_z'| .
2d - m=—c0,+ ds * ds
00,400 m
Using egs. (4.165) and (4.168) yields:
: +
dFi 84 dq+ (X, z,s V)el(XOX )
~ ¢ (s)—¢ (s")ds'. (4.169)

: +
dcf(x,z,s')e‘“o"] |
given

In order to eliminate the use of limits in the expression of { N
S

by eq. (4.168), it can be remembered that, by definition,
dFt  dF-

st—ﬁz[q) (s)—d)_(s)Je | (4.170)

Moreover, it is to be noticed that, when z is constant, the components of V [(}”L (x,2,s ')eiaox}

given by eq. (4.166) are Fourier series in X. Using again the property of discontinuous Fourier
series on the discontinuity, it can be derived that:
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dF* LA
dNg dNg
S (4.171)
¢ dX (X dy IOL X il’l’lK(X—X')+i’Y+|Z—Z‘| + -
— J. Z sgn zZ— z — e m [(I) s")—o (s')}ds
s o ds Vi ds
From equations (4.170) and (4.171), we deduce:
t )=~ . Sq :
CLIR MOl U | &.she ot (s)-0 )]s’ @172)
dNg 2 =0
with:
1 dx o dy imK (x—x')+iy, |22
K(s,s")=— sgn(z—z m . 4.173
(55) 2dm:_zoo:+oo en(z-2) 5 v ds} (173)

It is interesting to notice that the expression of function K(s,s') is very close to that of

N(s,s"), the only difference being that ! and gy are replaced by dx and gy
ds' ds' ds ds

Like /* (s,s"), H(s,s") is continuous and its limit when s'—>s can be expressed in
closed form [44,7], as stated in section 4.6.3.

4.A.7. Limit values of a field with continuous normal derivative on S.

We consider a function F satistfying the following conditions

e F has the same normal derivative on both sides of S, or equivalently ¢ (s)=¢ (s),

e F'" and F~ satisfy the same Helmholtz equation, or equivalently n* =n".
e F satisfies a radiation condition at infinity.

The aim of this section is to calculate the limits of F on both parts of S.
From the secong Green theorem (eq. (4.136)), F can be expressed from the values of

¢7(s), ¢ (s), w'(s) and y~ (s):

Sq

F+(X,Z): I [q+(X,Z,S')eiaO(X_X')¢+(s')eiaoX'
s=0 (4.174)

+ N (x,2,5 ')(3i0(°(x_x‘)\|/+ (s")e! % } ds',

and, bearing in mind that ¢ (s)=¢" (s) and that n” =n", ¢ (x,z,s)=§"(x,zs") and
N (x,2,8)=N"(x,2,5"):
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F_(X, Z) =— Jq l:g+(X,Z,S')eia()(x_x')d)'f'(s V)ei(XOX'
s=0 (4.175)

+ N (x,2,58 ')ei%(x_x')\y_(s ')ei%xv} ds'.

It has been shown in section 4.A.4 that, if ¢ (s") and y*(s") are compatible, the expression
of F'(x,z) given by eq. (4.174) vanishes in V™. The same property holds for the expression

of F (x,z) given by eq. (4.175), which vanishes in V™, thus we can write that, if the
compatibility equations are satisfied:

S
F (x,2)=F"(x,2)+F (x,2) = f N (x,z,s')eiaox‘l’(s')ds' , (4.176)
s'=0
or
. 84
U(x,z) = F(x,z)e 1%~ = j N (x,2,8)P (s')ds’, (4.177)
s'=0
with:
Y(s )=y (s—y (s). (4.178)

In order to express the limits lim{U+ (X,Z)} or lim{U_ (x,z)} on both parts of S,. we

can use a first equation:
lim, {U+(x, z)} ~lim_ {U‘(x, z)} —¥(s). (4.179)

To find a second equation, we can consider eqs. (4.176) and (4.177) which gives the
expression of U(x,z). If z is fixed, the expression of U(x,z)is a Fourier series in x, which is

discontinuous on S. The value on S of this Fourier series is the average value of the limits on
both sides of S, thus:

lim, {U+(x,z)}+lim_ {U_(x,z)} =2 Sf N (s,8")(sds' . (4.180)
s'=0

From egs. (4.179) and (4.180), we deduce the two limits:

1imi{U(x,y)}=i$ + f N (s,8")P(s)ds . (4.181)
s'=0

4.A.8. Calculation of the amplitudes of the plane wave expansions at infinity.
For z-— 4w, the expression of F* given by eq. (4.136) can be simplified since

sgn(z-z')==1 and |z—z|=+(z-2'), in such a way that the expression of F at infinity

becomes a sum of plane waves:
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o0
Fruy)= S i exp(iamx +iy;1z) ifz> 7, (4.182)
m=—o0
Fy)= Y tm exp(iamx —iyglz) ifz<0, (4.183)
m=—o0

S

:L ¢ —imKx(s)-iy;,z(s) —i(|)+(S) dX(S)_OLm dz(s) | +
. >4 S:Oe [ y; -1{ ds y; ds J\V (s)} ds, (4.184)

S

_ L imKx(s)ira(s) [ 107() [ dx(s) oy dz(s) | -
m 2ds:oe { - { ds +y; ds ]\v (S)}ds, (4.185)

with z; being the ordinate of the top of the grating profile. It must be noticed that a finite
number of orders m, called propagating orders, are non-evanescent and propagate at infinity.
They correspond to real values of v, (for reflected orders) or y, (for transmitted orders, if
the optical index n™ is real only).

Equation (4.184) can easily be generalized to the case in which we know the limit value

of the total field on S (including incident waves) and its normal derivative. It suffices to
analyze the behaviour at infinity of eq. (4.155) instead of eq. (4.136). The result is that it

suffices to replace the values ¢ (s) and ™ (s) relative to the scattered field by the values

@ (s) and W7 (s) relative to the total field:

S

.. “eime<s)iy;z<s>[i®+<s>+[dx<s>am d(s)

m =
2d s=0 y; ds ’Yr-; ds

J‘I’“L(s)]ds . (4.186)

Diffraction efficiencies p,, in the reflected orders propagating above the grating can be
obtained by using the Poynting theorem on segments of one period parallel to the x axis:

_Tm | . (4.187)

When the grating is made of a lossless dielectric, the transmitted efficiencies t,, are given
by:

-+
= q_y_m t

m +y6_|m| '

(4.188)
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Appendix 4.B. Integral method leading to a single integral equation for bare, metallic or
dielectric grating

Historically, the formalism presented in this Appendix was the first one to lead to a single
integral equation for a dielectric or metallic grating. The steps of the method are summarized
in figure 4.14.

Vv F "
unknown /
* and ¢'+
function @ ¥y an
Wy oand ¢
F- compatibility

=integral equation

Figure 4.14. Steps of the integral formalism leading to a single equation

4.B.1. Definition of the unknown function

- " in V+, o
satisfying the

The single unknown function @ is defined from a function I'=< _
' inV-,

following conditions:

e it satisfies the same Helmholtz equation in the entire space, except may be on
the profile S,:

- 2
v2r+k2(n+) I=o, (4.189)
e it has the same pseudo-periodicity as the actual solution of the grating problem:

F(x+d,2)=T(x,2)e'*?, (4.190)

¢ it identifies to the actual physical solution of the grating problem in A

It =F", (4.191)
e it iS continuous across S,

e it satisfies a radiation condition for y — oo .

We denote by \y'i el%*" and (1)'1r /%X the limit values of T" and of its normal derivative
r L .

;T on S, bearing in mind that by definition, y'*=y" and ¢' "= ¢".
S
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The question which arises is to know if '~ is well defined. The continuity of I" across

S imposes the value of I'™ on S: y'~ =y'" =y*. In addition, T~ satisfies a Helmholtz
equation and a radiation condition at infinity. It is worth noting that, in contrast with the
function T introduced in Appendix 4.A, here the function I' does not include the incident
field and thus has no physical meaning below the profile. As mentioned in Appendix 4.A, the
solution of this boundary value problem (since we impose that [~ =T'") exists and is unique,
thus T is correctly defined in the entire space. The unknown function ® of the integral
equation is defined as the jump of the normal derivative of I" across S, more precisely:

O=¢'""—¢'". (4.192)

io,X

1s the

surface current density which, placed on S, generates in V' the actual scattered field. In other
words, we have considered a fictitious structure consisting of an infinitely thin, perfectly

conducting metallic sheet supporting a surface current density j(s)§/ placed on the grating

As regards the physical interpretation of @, it can be shown easily that @ e

surface, this surface separating two media having identical optical properties (refractive index

n*). The unknown @ is proportional to j.
4.B.2. Expression of the scattered field, its limit on S and its normal derivative from @.
It must be noticed that the function I satisfies all the conditions of the function F of section

4.A.5. Since I is continuous on S, the calculation of I' from @ can be achieved using egs.
(4.163) and (4.137):

84 .
I'(x,2) = j C" (x,2,5"e“ D(s"ds', (4.193)
s'=0
e ( R T < [ N \
X,y,8") =— —exp| imK (x —x")+iyg|z—2] |. (4.194)
21dm:—ooy:;1

The value of the limit \p'+(s)ei°‘0X of I'*(x,z) on S does not make problem, thanks to its
continuity:

84

y't(s)= j G (s,s")D(s")ds', (4.195)
s'=0

with G (s,s") the value on S of §*(x,y,s"), given by eq. (4.147):

G (5.8 = L - 1 eimK(x(s)—x'(s'))Hy;z(s)—z'(s')|’ (4.196)
2ld m=—oo 'Y;

and finally its normal derivative can be derived from eq. (4.172) and (4.173):

o7 (s) = ? + f F(s,s)D(s")ds’, (4.197)
s'=0

147



4.52 Gratings: Theory and Numeric Applications, 2012

N dx o dy MK (x—x )i, [2—2'
"%(S’S):ﬁ Z sgn(z Z)ds s (x=x)qiy| |

Mm=—00,+w0 Tm

(4.198)

It is worth noting that the values of the limits of the field and its normal derivative on S
that are the two unknown functions in the classical integral theory (section 2), are now

expressed from the single function q)(s). This is not surprising since the limits on S of the
function I" given by eq. (4.193) satisfy automatically a relation of compatibility, whatever the
function ® (s ') introduced in the integral may be: it is the field generated by a surface current
on S. As a consequence, we have not to include in the theory a relation of compatibility in

V*, which was the first integral equation in the classical formalism.

4.B.3. Integral equation

The single integral equation will be obtained by writing the relation of compatibility in V™,
considered now to be filled by the actual grating material, i.e. a material of index n~ . With

this aim, we calculate the limits in V™ of the field and its normal derivative on S. inserting in
the continuity conditions of the field given by eqs (4.8) and (4.10) the the limit values given
by eqgs (4.195) and (4.197):

VEO=V' O+ [ §7ss)P(sds, (4.199)
s'=0
d)_(s):i %S)+¢i(s)+ jd F(s,s)D(s")ds' |, (4.200)
q s'=0

with g given by eq. (4.12).
The field in V™ can be deduced from eqgs. (4.199) and (4.200) using eq. (4.136):

84

F(x,2) = —¢' %X j [Q_(x,z,s')¢_(s')+./V_(x,z,s')\v_(s')}ds', (4.201)

s'=0

and the equation of compatibility is given by eq. (4.146):

f +(; (s, s)[ (s +'(s) + j 5£(s',s")CD(s")ds"]
s'=0 q s"=0
(4.202)
+./V(s,s'){\|/i(s')+ j (}+(s‘,s")<b(s")ds"] ds+“’(s) j G*(s,s)D(s')ds' =0,
5"=0

which yields, after simplification:

l:[Af_ Jj er +£c}— (3{ Jj]cp = —(./V_ Jj vi(s) +£g—¢i : (4.203)

2 q 2 2 q
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S
with the symbol @1 denoting the function f O(s,s"m (s ') ds' in operator notation.
s'=0
For z — +o, the expression of ['* =F" given by eq. (4.193) can be simplified since
sgn(z-z')=%1 and |z—z|=+(z-2'), in such a way that the expression of F' at infinity

becomes a sum of plane waves:

F'(x,y)= Z Iy exp(iamx +iy;lz) ifz>z,, (4.204)

m=—oo
with amplitudes given by:

S¢ . -
- [ R 1) () ds (4.205)
2idy; 20

The diffraction efficiencies of the reflected waves are then deduced by:

_Im | > (4.206)

Similarly, it can be derived from eq. (4.201) that the transmitted field can be represented
by a sum of plane waves below the profile:

Foy)= Y tm exp(iamx+iy;lz) ifz<0. (4.207)
m=—oo
The amplitudes of the transmitted plane waves are derived from eq. (4.185) after
calculating the functions ¢ and vy~ from eqgs. (4.199) and (4.200):

S4

¢ 1
-
2 s=0

i) P(S) +(dx(s) , O 42(5)

ds gt ds ]w(s)}ds. (4.208)

Tm

It is interesting to notice that this method has been extended to other problems
(including 3D problems of scattering) by many specialists of theoretical physics and applied
mathematics [49-52].
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5.1 Introduction

Finite element methods (FEM) represent a very general set of techniques to approximate solu-
tions of partial derivative equations. Their main advantage lies in their ability to handle arbitrary
geometries via unstructured meshes of the domain of interest: The discretization of oblic ge-
ometry edges is natively built in. Finite Element Methods have been widely developed in many
areas of physics and engineering: mechanics, thermodynamics. . .

But until the early 80’s, two major drawbacks prevented them from being used in electro-
magnetic problems. On the one hand, existing nodal element basis did not satisfy the physical
(dis)continuity of the vector fields components and lead to spurious solutions [1]. On the other
hand, there was no proper way to truncate unbounded regions in open wave problems.

These two major limitations were both overcome in the early 80’s: Vector elements have
been developed by Nédélec [2, 3], and Perfectly Matched Layers (PMLs) were discovered by
Bérenger [4]. Since then, it has been shown that PMLs could be described in the general frame-
work of transformation optics [5, 6, 7, 8].

All the mathematical and computational ingredients now exist and the goal of this chapter
is to show how to combine them to implement a general 3D numerical scheme adapted to
gratings using Finite Elements. In fact, we are now facing the physical difficulties inherent to
the infinite spatial characteristics of the grating problem, whereas the computation domain has
to be bounded in practice: (i) Both the superstrate and the substrate are infinite regions, (ii)
there is an infinite number of periods and, last but not least, (iii) the sources of the incident field
(a plane wave) are located in the superstrate at an infinite distance from the grating.

In this chapter, the infinite extension of the superstrate and substrate is addressed using
cartesian PMLs. In the framework of transformation optics, we demonstrate that Bérenger’s
original PMLs can be extended to the challenging numerical cases of grazing incidence in order
to deal with extreme oblic incidences or configurations near Wood’s anomalies. The second is-
sue of infinite number of period can be addressed via Bloch conditions. Finally, we are dealing
with the distant plane wave sources through an equivalence of the diffraction problem with a ra-
diation one whose sources are localized inside the diffractive element itself. The unknown field
to be approximated using Finite Elements is a radiated field with sources inside the computation
box and allows to retrieve easily the total field with the plane wave source.

In a first section, we derive and implement this approach in the so-called 2D non-conical,
or scalar, case. We are dealing with the infinite issues rigorously in both TE and TM polarization
cases. It results in a radiation problem with sources localized in the diffractive element itself.
We mathematically split the whole problem into two parts. The first one consists in the classical
calculation of the total field solution of a simple interface. The second one amounts to looking
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for a radiated field with sources confined within the diffractive obstacles and deduced from
the first elementary problem. From this viewpoint, the later radiated field can be interpreted
as an exact perturbation of the total field. We show that our approach allows to tackle some
kind of anisotropy without increasing the computational time or resource. Through a battery of
examples, we illustrate its independence towards the geometry of the diffractive pattern. Finally,
we present an Adaptative PML able to tackle grazing incidences or configurations near Wood’s
anomaly.

In a second section, we extend this approach to the most general configuration of vector
diffraction by crossed gratings embedded in arbitrary multilayered stack. The main advantage
of this method is, again, its complete independence towards the shape of the diffractive element,
whereas other methods often require heavy adjustments depending on whether the geometry of
the groove region presents oblique edges. This approach combined with the use of second order
edge elements allows us to retrieve the few numerical academic examples found in the literature
with an excellent accuracy. Furthermore, we provide a new reference case combining major
difficulties: A non trivial toroidal geometry together with strong losses and a high permittivity
contrast. Finally, we discuss computation time and convergence as a function of the mesh
refinement as well as the choice of the direct solver.

5.2 Scalar diffraction by arbitrary mono-dimensional gratings : a Finite Element for-
mulation

5.2.1 Set up of the problem and notations

We denote by X, y and z, the unit vectors of the axes of an orthogonal coordinate system Oxyz.
We deal only with time-harmonic fields; consequently, the electric and magnetic fields are rep-
resented by the complex vector fields E and H, with a time dependance in exp(—i @?).
Besides, in this chapter, we assume that the tensor fields of relative permittivity € and
relative permeability ( can be written as follows: B

Sxx ‘Z:a O ,u'xx ﬂa O
E=| & &y O and p=1| Us My O : (5.1)
0 0 g o 0 0 p

where &y, &,,... Uz, are possibly complex valued functions of the two variables x and y and
where &, (resp. [i,) represents the conjugate complex of g, (resp. U,). These kinds of materials
are said to be z—anisotropic. It is of importance to note that with such tensor fields, lossy
materials can be studied (the lossless materials correspond to tensors with real diagonal terms
represented by Hermitian matrices) and that the problem is invariant along the z—axis but the
tensor fields can vary continuously (gradient index gratings) or discontinuously (step index
gratings). Moreover we define kg := @ /c.
The gratings that we are dealing with are made of three regions (See Fig. 5.1 ).

* The superstratum (y > h8) which is supposed to be homogeneous, isotropic and lossless
and characterized solely by its relative permittivity € and its relative permeability pu™

and we denote kT := ko /et

* The substratum (y < 0) which is supposed to be homogeneous and isotropic and there-
fore characterized by its relative permittivity €~ and its relative permeability ¢~ and we

denote k~ :=ko\/E U™
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* The groove region (0 < y < h®) which can be heterogeneous and z—anisotropic and thus
characterized by the two tensor fields €5(x,y) and u8(x,y). It is worth noting that the
method does work irrespective of whether the tensor fields are piecewise constant. The
groove periodicity along x—axis will be denoted d.

+ 4+ !
e, u o 6 | // superstrate
P\ /
ffffffffffffffffffff N
gg , 8 : . .
h¢ (x,y) i (x,) Y diffractive
element
: < -
d substrate
£, u* %@ l/td

Fig. 5.1: Sketch and notations of the grating studied in this section.

This grating is illuminated by an incident plane wave of wave vector k) = ax— ¥y =
k™ (sin Bpx — cos Bpy), whose electric field (TM case) ( resp. magnetic field (TE case)) is lin-
early polarized along the z—axis:

EJ =A? exp(ikt-r)z (resp. Hy), = A) exp(ik} -r)z) (5.2)

where AY (resp. AY) is an arbitrary complex number and r = (x,y)T. In this section, a plane
wave is characterized by its wave-vector denoted k};;;}. The subscript p (resp. c¢) stands
for “propagative” (resp. “counter-propagative”). The superscript + (resp. —) refers to the
associated wavenumber k* (resp. k), and indicates that we are dealing with a plane wave
propagating in the superstrate (resp. substrate). The magnetic (resp. electric) field derived from
EY (resp. HY) is denoted H? (resp. EQ) and the electromagnetic field associated with the
incident field is therefore denoted (E°, H®) which is equal to (EQ, H?) (resp. (E?,H?)).

The diffraction problem that we address consists in finding Maxwell equation solutions
in harmonic regime i.e. the unique solution (E, H) of:

curl E = iw,uoEH (5.3a)
curlH=—iwgeE (5.3b)

such that the diffracted field (E4,HY) := (E — EY, H — HY)) satisfies an Outgoing Waves Condi-
tion (O.W.C. [9]) and where E and H are quasi-periodic functions with respect to the x coordi-
nate.
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5.2.2 Theoretical developments of the method

5.2.2.1 Decoupling of fields and 7—anisotropy

We assume that §(x,y) is a z-anisotropic tensor field (8, = ,; = &,x = &, = 0). Moreover, the
left upper matrix extracted from Q is denoted é , namely:

5. &
= % ). 5.4
< 50 8y ) 64

For z—anisotropic materials, in a non-conical case, the problem of diffraction can be split into
two fundamental cases (TE case and TM case). This property results from the following equality
which can be easily derived:

[

— curl (5*1 curl (uz)) =div (éT/det(é)Vu) zZ, (5.5)

where u is a function which does not depend on the z variable. Relying on the previous equality,
it appears that the problem of diffraction in a non conical mounting amounts to looking for
an electric (resp. magnetic) field which is polarized along the z—axis ; E = e(x,y)z (resp.
H = h(x,y) z). The functions e and A are therefore solutions of similar differential equations:

L (1) = div (gvu) Y Rxu=0 (5.6)
with

u=e, E=["/det(), x=¢x, (5.7)
in the TM case and

u= h7 é - gT/det(g)a X = fuZZ ) (58)

in the TE case.

5.2.2.2 Boiling down the diffraction problem to a radiation one

In its initial form, the diffraction problem summed up by Eq. (5.6) is not well suited to the
Finite Element Method. In order to overcome this difficulty, we propose to split the unknown
function u into a sum of two functions #; and ug , the first term being known as a closed form
and the latter being a solution of a problem of radiation whose sources are localized within the
obstacles.

We have assumed that outside the groove region (cf. Fig. 5.1), the tensor field & and

the function ) are constant and equal respectively to é ~and x~ in the substratum (y < 0) and

equal respectively to § * and x* in the superstratum (y > h$). Besides, for the sake of clarity,

the superstratum is supposed to be made of an isotropic and lossless material and is therefore
solely defined by its relative permittivity €' and its relative permeability u ™, which leads to:

1
£t = u_+1d2 and yT =¢" inTE case (5.9)

or
1
&= —1dy and xT=p" inTM case, (5.10)
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where Id, is the 2 x 2 identity matrix. With such notations, é and yx are therefore defined as

follows:
£+ for — y>n xt for  y>hs
Ery) =4 E¥xy) for hE>y>0  y(xy)i=14 x%(xy) for hE>y>0 (5.11)
N & for y<O0 X for y<O0.

It is now apropos to introduce an auxiliary tensor field éfl and an auxiliary function y:

E (x,y):=

=1

+
for y>0 +
{é x" for y>0 (5.12)

gf for y<O0 >%1(X,y)::{x— for y<O,

these quantities corresponding, of course, to a simple plane interface. Besides, we introduce the
constant tensor field 50 which is equal to £ ™ everywhere and a constant scalar field yo which is

equal to x+ everywhere. Finally, we denote ug the function which equals the incident field 1™
in the superstratum and vanishes elsewhere (see Fig. 5.1):

W™ for y>h8
uo(x,y) ::{ 0 for ;<hg (5.13)

We are now in a position to define more precisely the diffraction problem that we are
dealing with. The function « is the unique solution of:

Ze »(u) =0, such that u? := u — uy satisfies an O.W.C. (5.14)

In order to reduce this diffraction problem to a radiation problem, an intermediate function is
necessary. This function, called u1, is defined as the unique solution of the equation:

ZLe (u1) =0, such that u‘ll := uy — ug satisfies an O.W.C. (5.15)
=1

The function u; corresponds thus to an annex problem associated to a simple interface and can
be solved in closed form and from now on is considered as a known function. As written above,
we need the function u‘zl which is simply defined as the difference between u and uy:

u‘zl ::u—ulzud—uff. (5.16)

The presence of the superscript d is, of course, not irrelevant: As the difference of two diffracted
fields, the O.W.C. of u‘zi is guaranteed (which is of prime importance when dealing with PML
cf. 5.2.2.4). As aresult, the Eq. (5.14) becomes:

Ly ) = =L 5 (1) , (5.17)
where the right hand member is a scalar function which may be interpreted as a known source
term —.%1(x,y) and the support of this source is localized only within the groove region. To
prove it, all we have to do is to use Eq. (5.15):

S = "fé%(ul) = "%éal(ul) _jél’m () = fé,é X (uy) . (5.18)

2 2
———
=0
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Now, let us point out that the tensor fields £ and & are identical outside the groove region and

the same holds for y and ;. The support of .#] is thus localized within the groove region as
expected. It remains to compute more explicitly the source term .#;. Making use of the linearity
of the operator .Z and the equality u; = u’i’ ~+ up, the source term can be split into two terms

A =S+ 72, (5.19)
where
A =L ¢ 1 (10) (5.20)
and
A= "%—Elv%—%l(”‘?) . (5.21)

Now, bearing in mind that ug is nothing but a plane wave uy = exp(ik;,r -r) (with k;,r = ox—
Bty), it is sufficient to give Vg = ik]f ug for the weak formulation associated with Eq. (5.17):

S = {idiv [(E —Q k! exp(ik} -r)} +43 (" — x) explik;, -r)} . (5.22)

The same holds for the term associated with the diffracted field. Since, in the superstrate, we
have of course u¢ = pexp(ik} -r) withk} = ax+ 1y,

it =p{idiv [ (&7 - &)k explikl 0)| + 1 (1" — x) explik 1)} (5.23)
where p is simply the complex reflection coefficient associated with the simple interface:

B~ in the TM case

+ _ —
=L withpt={ (5.24)
p p QT in the TE case

P

5.2.2.3 Quasi-periodicity and weak formulation

The weak formulation follows the classical lines and is based on the construction of a weighted
residual of Eq. (5.6), which is multiplied by the complex conjugate of a weight function ' and
integrated by part to obtain:

N=— Vi v ud i )
R y(u,) = /Q<£Vu) Vi + g un dQ+/aQu (gw) n ds (5.25)

The solution u of the weak formulation can therefore be defined as the element of the space
L?(curl,d, &) of quasiperiodic functions (i.e. such that u(x,y) = ug(x,y)e'®* with ug(x,y) =
ug(x+d,y), a d-periodic function) of L*(curl) on Q such that:

K (u,u') =0 Vu' € L*(curl,d, ). (5.26)

As for the boundary term introduced by the integration by part, it can be classically set to zero
by imposing Dirichlet conditions on a part of the boundary (the value of u is imposed and the
weight function «’ can be chosen equal to zero on this part of the boundary) or by imposing
homogeneous Neumann conditions (§Vu)-n = 0 on another part of the boundary (and u is
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Fl u(x+d.,y) = u(x,y) e I

Fig. 5.2: Quasi-periodicity of the field and sample of a d-periodic mesh.

therefore an unknown to be determined on the boundary). A third possibility are the so-called
quasi-periodicity conditions of particular importance in the modeling of gratings.

Denote by I'; and I, the lines parallel to the y—axis delimiting a cell of the grating (see
Fig. 5.2) respectively from its left and right neighbor cell. Considering that both « and u’ are in
Lz(curl, d,a), the boundary term for I'; UT, is

/ 7 (é Vu) ‘ndS = eI (é V(u#e+iax)) ‘ndS =
I;ur, — I;ur, —

/ u_; <§ (Vugy + iau#x)> ndS=0,
I,UT,

because the integrand u_; (é (Vug +ia u#x)> -n is periodic along x and the normal n has opposite

directions on I'; and T, so that the contributions of these two boundaries have the same absolute
value with opposite signs. The contribution of the boundary terms vanishes therefore naturally
in the case of quasi-periodicity.

The finite element method is based on this weak formulation and both the solution and the
weight functions are classically chosen in a discrete space made of linear or quadratic Lagrange
elements, i.e. piecewise first or second order two variable polynomial interpolation built on a
triangular mesh of the domain Q (cf. Fig. 5.3a). Dirichlet and Neumann conditions may be used
to truncate the PML domain in a region where the field (transformed by the PML) is negligible.
The quasi-periodic boundary conditions are imposed by considering the u# as unknown on I
(in a way similar to the homogeneous Neumann condition case) while, on I, u is forced equal
to the value of the corresponding point on I'; (i.e. shifted by a quantity —d along x) up to the
factor ¢/*?. The practical implementation in the finite element method is described in details in
[10, 11]

5.2.2.4 Perfectly Matched Layer for z—anisotropic materials

The main drawback encountered in electromagnetism when tackling theory of gratings through
the finite element method is the non-decreasing behaviour of the propagating modes in super-
stratum and substratum (if they are made of lossless materials): The PML has been introduced
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by [4] in order to get round this obstacle. The computation of PML designed for z—anisotropic
gratings is the topic of what follows.

In the framework of transformation optics, a PML may be seen as a change of coordinate
corresponding to a complex stretch of the coordinate corresponding to the direction along which
the field must decay [12, 13, 14]. Transformation optics have recently unified various techniques
in computational electromagnetics such as the treatment of open problems, helicoidal geome-
tries or the design of invisibility cloaks ([15]). These apparently different problems share the
same concept of geometrical transformation, leading to equivalent material properties. A very
simple and practical rule can be set up ([10]): when changing the coordinate system, all you
have to do is to replace the initial materials properties € and B by equivalent material properties

& and Hs given by the following rule:

&=J1"eJ Tdet(J) and p,=J""pJ " det(J), (5.27)

where J is the Jacobian matrix of the coordinate transformation consisting of the partial deriva-
tives of the new coordinates with respect to the original ones (J~7 is the transposed of its
inverse).

In this framework, the most natural way to define PMLs is to consider them as maps on a
complex space C3, which coordinate change leads to equivalent permittivity and permeability
tensors. We detail here the different coordinates used in this section.

* (x,y,z) are the cartesian original coordinates.

* (x5,vs,25) are the complex stretched coordinates. A suitable subspace I" C C3 is chosen
(with three real dimensions) such that (xs,ys,zs) are the complex valued coordinates of a
pointon I" (e.g. x = Re(xs), y = Re(ys), 2 = Re(zy))-

* (X¢,Ye,2¢) are three real coordinates corresponding to a real valued parametrization of
rcc.

We use rectangular PMLs ([12]) absorbing in the y-direction and we choose a diagonal
matrix J = diag(1,sy(y), 1), where s,(y) is a complex-valued function of the real variable y,
defined by:

y
70) = [ 500y (5.28)
The expression of the equivalent permittivity and permeability tensors are thus:
SyExx & 0 Sy Hox Ha 0
g=| & s'g 0 and po=| Mo s, 0. (5.29)
0 0 SyEz B 0 0 Sylzz

Note that the equivalent medium has the same impedance than the original one as € an i
are transformed in the same way, which guarantees that the PML is perfectly reflectionless.
Now, let us define the so-called substituted field Fy = (Eg, Hy), solution of Egs. (5.3) with
& =&, and x = ;. It turns out that F; equals the field F in the region y < y <y (with y? = —h~
and Y = h8 + h, see Fig. 5.3a), provided that sy(y) = 1 in this region. The main feature of this
latest field F; is the remarkable correspondence with the first field F ; whatever the function
sy provided that it equals 1 for y/ <y < y?, the two fields F and F are identical in the region
y' <y < y"[8]. In other words, the PML is completely reflection-less. In addition, for complex
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valued functions sy, (Sm{s,} strictly positive in PML), the field F converges exponentially
towards zero (as y tends to oo, cf. Fig. 5.3c and 5.3d) although its physical counterpart F
does not. Note that in Fig. 5.3d, the value of the computed radiated field ug on each extreme
boundary of the PMLs is at least 10~8 weaker than in the region of interest. As a consequence,
F; is of finite energy and for this substituted field a weak formulation can be easily derived
which is essential when dealing with Finite Element Method.

Still remains to give a suitable function s,. Let us consider the complex coordinate map-
ping y(y.), which is simply defined as the derivative of the stretching coefficient s,(y) with
respect to y.. With simple stretching functions, we can obtain a reliable criterion upon proper
fields decay. A classical choice is:

¢ ify<y?
ss(y) =41 ifyb<y<y (5.30)
gt ify>y

where (* = ¢"* +i¢"* are complex constants with £+ > 0.
In that case, the complex valued function y(y.) defined by Eq. (5.28) is explicitly given by:

W+ (e —y") ifye <y?
y(¥e) = 9 Ye ify? < ye <y, (5.31)
V4+ETe—y) ify.>y

Finally, let us consider a propagating plane wave in the substratum u, (x,y) := exp(i(ox —

B, y)). Its expression can be rewritten as a function of the stretched coordinates in the PML as
follows:

U (xeyve) =t (x(xc),y(ve)) = 0% g=iBr (/¢ (") (5.32)

The behavior of this latest function along the y, direction is governed by the function U*¢(y.) :=
e~ B & ye Letting B :=Re{B, ), B :=3m{B;}, {" :=Re{{ VYand &' :=3m{{ "},
the non-oscillating part of the function U (y.) is given by exp ((ﬁ,’l_ ¢ 4B ’*)yc>.

Keeping in mind that /3,/,_ and/or [3,;/’_ are positive numbers, the function U®® decreases expo-
nentially towards zero as y. tends to —eo (Fig. 5.3d) provided that {~ belongs to C™ := {z €
C,Re{z} >0, and Sm{z} > 0}. In the same way, it can be shown that {* belongs to C*.

Let us conclude this section with two important remarks:

1. Practical choice of PML parameters. As for the complex stretch parameters, setting
¢* = 14 iis usually a safe choice. For computational needs, the PML has to be truncated
and the other constitutive parameter of the PML is its thickness h (see Fig. 5.3a). Setting
=2 /V/€E leads to a PML thick enough to “absorb” all incident radiation. These
specific values will be used in the sequel, unless otherwise specified.

2. Special cases. The reader will notice that a configuration where B, is a very weak
positive number compared to ko with B, (this is precisely the case of a plane wave at
grazing incidence on the bottom PML) leads to a very slow exponential decay of U*°.
In such a case, close to so-called Wood’s anomalies or at extreme grazing incidences,
classical PML fail. We will address this tricky situation extensively in Section 5.2.4.
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Fig. 5.3: Example of computation of the radiated field u‘zi (TM case).

5.2.2.5 Synthesis of the method

In order to give a general view of the method, all information is collected here that is neces-
sary to set up the practical Finite Element Model. First of all, the computation domain € (cf.
Fig. 5.3a) corresponds to a truncated cell of the grating which is a finite rectangle divided into
five horizontal layers. These layers are respectively from top to bottom upper PML, the su-
perstratum, the groove region, the substratum, and the lower PML. The unknown field is the
scalar function ug defined in Eq. (5.16). Its finite element approximation is based on the second
Lagrange elements built on a triangle meshing of the cell (cf. Fig. 5.3b). A complex algebraic
system of linear equations is constructed via the Galerkin weighted residual method, i.e. the set
of weight functions u’ is chosen as the set of shape functions of interpolation on the mesh [10].

* Inregion 1 (upper PML, see Fig. 5.3a),
R+ (u,u) =0, (5.33)

with §+ and x;~ depending on the equivalent anisotropic properties of the PML given by
=5
Eq. (5.7), Eq. (5.8) and Egs. (5.29).

* Inregion 2 (superstratum),
%g’ﬁ(ug,u’) =0, (5.34)

with § " and ¥t depending on the homogeneous isotropic properties of the superstratum
given_by Eq. (56.7), Eq. (5.8), Eq. (5.9) and Eq. (5.10).
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* Inregion 3 (groove region),

%’ég,xg(ug,u’) = ~Rgs 4o (A1) (5.35)

with é ¢ and x® depending on the heterogeneous possibly anisotropic properties given by
Eq. (5.7), Eq. (5.8), Eq. (5.11) and .} given by Eq. (5.19) , Eq. (5.22), Eq. (5.23) and
Eq. (5.24).

* Inregion 4 (substratum),
Ry, (u,u) =0, (5.36)

with é ~ and y~ depending on the homogeneous isotropic properties of the substratum
given by Eq. (5.7), Eq. (5.8), Eq. (5.9) and Eq. (5.10).

* Inregion 5 (lower PML),

%é_%;(ug,u’) =0, (5.37)

with £~ and J; depending on the equivalent anisotropic properties of the PML given by
=5
Eq. (5.7), Eq. (5.8) and Egs. (5.29).

5.2.2.6 Energy balance: Diffraction efficiencies and absorption

The rough result of the FEM calculation is the complex radiated field ug . Using Eq. (5.16),
it is straightforward to obtain the complex diffracted field u¢ solution of Eq. (5.14) at each
point of the bounded domain. We deduce from u? the diffraction efficiencies with the following
method. The superscripts * (resp. ~) correspond to quantities defined in the superstratum (resp.
substratum) as previously.

On the one hand, since u“ is quasi-periodic along the x—axis , it can be expanded as a
Rayleigh expansion (see for instance [9]):

d

fory<Oandy > h%, u'(x,y) = ¥ ul(y) e~ (5.38)
nez
where 4
1 . 2
ul(y) = - / u® (x,y)e "% dx with o, = & + -, (5.39)
dJ-ap d

On the other hand, introducing Eq. (5.38) into Eq. (5.6) leads to the Rayleigh coefficients:

ut(y) =rne +a,e By for y>ne

ul(y) = with B =k — a2 (5.40)
u;(y) = [ne—iﬁrfy+bneiﬁrfy for y<0

For a temporal dependance in e~?’, the O.W.C. imposes a,, = b, = 0. Combining Eq. (5.39)
and (5.40) at a fixed yq altitude leads to:

/2 ,

rn= %/ / u (x,y0) e B0 4y for yo > hS
—d/2

(5.41)

/2 , B
th = Ull/_d/2 u? (x,yo) e @By dx for yo<0

165



5.12 Gratings: Theory and Numeric Applications, 2012

We extract these two coefficients by trapezoidal numerical integration along x from a cutting of
the previously calculated field map at yg. It is well known that the mere trapezoidal integration
method is very efficient for smooth and periodic functions (integration on one period) [16].
Now the restriction on a horizontal straight line crossing the whole cell in homogeneous media
(substratum and superstratum) is of C* class. From a numerical point of view, it appears that the
interpolated approximation of the unknown function, namely u‘zi preserves the good behaviour
of the numerical computation of these integrals. From this we immediately deduce the reflected
and transmitted diffracted efficiencies of propagative orders (7;, and R,,) defined by:

+
R, := i’nl’_ng% for yo > h$ 1 in the TM case
with = = (5.42)
T, = tﬂ,’%’: Yrj for yo <0 €% in the TE case

This calculation is performed at several different yg altitudes in the superstratum and the sub-
stratum, and the mean value found for each propagative transmitted or reflected diffraction order
is presented in the numerical experiments of the following section.

Normalized losses Q can be obtained according to Poynting’s theorem through the straight-
forward computation of the following ratio:

/ wey3m(ef ) E-Eds
Q S

= — , (5.43)
/cﬁe{Eo x Ho} -ndl
L

The numerator in Eq. (5.43) clarifies losses in Watts by period of the considered grating and are
computed by integrating the Joule effect losses density over the surface S of the lossy element.
The denominator normalizes these losses to the incident power, i.e. the time-averaged incident
Poynting vector flux across one period (a straight line L of length d in the superstrate parallel to
Ox, whose normal oriented along decreasing values of y is denoted n).

Finally, combining Egs. (5.42) and Eq. (5.43), a self consistency check of the whole
numerical scheme consists in comparing the quantity B:

B:=Y T,+) Ru+0Q (5.44)

to unity. In Eq. (5.44), the summation indexed by n (resp. m) corresponds to the sum over the
efficiencies of all transmitted (resp. reflected) propagative diffraction orders in the substrate
(resp. superstrate). We give interpretations and concrete examples of such numerical energy
balances over non trivial grating profiles in sections 5.2.3.2 and 5.2.3.3.

5.2.3 Numerical experiments

5.2.3.1 Numerical validation of the method

We can refer to [17] in order to test the accuracy of our method. The studied grating is isotropic,
since we lack numerical values in the literature in anisotropic cases. We compute the following
problem (cf. Fig. 5.4), as described in [18] and [17]. The wavelength of the plane wave is set to
1 wm and is incoming with an angle of /6 with respect to the normal to the grating.

We present the Ry efficiency (cf. Table 5.1) in both cases of polarization versus the mesh
refinement. So we have a good agreement to the reference values, and the accuracy reached is
independent from the polarization case.
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Fig. 5.4: Rectangular groove grating: This pattern is repeatedly set up with a period d = 1 um. This

substrate

&

superstrate

=1

=-44.9757+2.9524 i

grating has been studied by [17] and is one of our points of reference

Maximum element size RgE REM
Ao/ (4+/¢€) 0.7336765 | 0.8532342
Ao/ (6/€) 0.7371302 | 0.8456592
Ao/ (8/€) 0.7347466 | 0.8482817
Ao/ (104/¢€) 0.7333739 | 0.850071
Ao/ (12+/¢€) 0.7346569 | 0.8494844
Ao/ (14+/¢€) 0.7341944 | 0.8483238
Ao/ (16+/¢€) 0.7342714 | 0.8484774

Result given by [17] 0.7342789 | 0.8484781

Tab. 5.1: Reflected efficiencies versus mesh refinement. Note that the efficiencies are properly com-
puted (two significant digits) even for a rather coarse mesh.

5.2.3.2 Experiment set up based on existing materials

The method proposed in this section is adapted to z—anisotropic materials, such as transparent
CaCOs3 [19], LiNbO3 [20] or Ni:YIG [21] and lossy CoPt or CoPd [22]. Let us now consider
a trapezoidal (cf. Fig. 5.5) anisotropic grating made of aragonite (CaCO3) deposited on an
isotropic substratum (SiO, €si0, = 2.25). Along the anisotropic crystal axis, its dielectric
tensor can be written as follows [19]:

2.843 0 0 u 0 O
£ = 0 2.341 0 and U = 0 w O (5.45)
=CaCO L
. 0 0 2.829 —CaC0s 0 0 o
600 nm 300 nm
600/ nm
500 nm

Fig. 5.5: Diffractive element pattern. This element is made of aragonite for which the dielectric
tensor is given by Eq. (5.46) and is deposited on a silica substrate with a period d = 600 nm.

Now let’s assume that the natural axis of our aragonite grating are rotated by 45° around
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the grating infinite dimension. The dielectric tensor becomes:

2592 0251 O
0.251 2592 O
0 0 2.829

45°

€ acos = (5.46)

We shall here remind that our method remains strictly the same whatever the diffractive element
geometry is. The 2D computational domain is bounded along the y—axis by the PMLs and
along the x since we consider only one pseudo period. We propose to calculate the diffractive
efficiencies at A4y = 633 nm in both polarization cases TE and TM, and for different incoming
incidences (0°, 20° and 40°). Since both u and € are Hermitian, the whole incident energy is

diffracted and the sum of theses efficiencies ought to be equal to the incident energy, which will

stand for validation of our numerical calculation.
Finally, the resulting bounded domain is meshed with a maximum mesh element side size
of A9/10+/€. Efficiencies are still post-processed in accordance with the calculation presented
section 5.2.2.6.

™ T > T 4 To T R_ Ry R total
0° - 0.203133 | 0.585235 | 0.203138 - 0.008473 | - || 0.999978
20° - 0.399719 | 0.575625 | 0.004643 || 0.004412 | 0.015630 | - | 1.000029
40° || 0.025047 | 0.420714 | 0.493491 - 0.002541 | 0.058238 | - | 1.000031
TE ) T Ty T R 4 Ry Ry total
0° - 0.322510 | 0.538165 | 0.124722 - 0.014683 | - || 1.000080
20° - 0.538727 | 0.444403 | 0.000369 || 0.005372 | 0.011180 | - | 1.000051
40° || 0.012058 | 0.434191 | 0.541090 - 0.005032 | 0.007686 | - || 1.000057

Tab. 5.2: Transmitted and reflected efficiencies of propagative orders deduced from field maps shown
Fig. 5.6

At normal incidence, the 4 field in the TE case (cf. Fig. 5.6b) is non symmetric whereas
the e field in the TM case is (cf. Fig. 5.6a). This is illustrated by the obvious non-symmetry of
TTE and T}™® (cf. Table 5.2: 0.322510 versus 0.124722!), whereas 7™M = 7™ = 0.20313.
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Fig. 5.6: Real part of the total calculated field depending on 6y and the polarization case

5.2.3.3 A non trivial geometry

Since the beginning of this chapter, we have laid great stress upon the independence of the
method towards the geometry of the pattern. But we have considered so far diffractive objects
of simple trapezoidal section. Let us tackle a way more challenging case and see what this
approach is made of.

We can obtain an quite winding shape by extracting the contrast contour of an arbitrary
image (see Fig. 5.7a-5.7b). The contour is approximated by a set of splines, and the resulting
domain is finely meshed (Fig. 5.7¢). Finally, as shown in Fig. 5.7b, the formed pattern (h% /Ao =
1.68), breathing in free space (Eybstrat = 1), i supposed to be periodically repeated d /Ay = 1.26
on a plane ground of glass (€sj0, = 2.25). The element is considered to be “made of” a lossy
material of high optical index (&marsy = 40+ 0.17). The response of this system to a incident
s-polarized plane wave at oblic incidence (6y = —30°) is finally calculated. The real part of the
quasi-periodic total field is represented in Fig. 5.7d for three periods.

Indeed, we do not have any tabulated data available to check our results. But what we
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do have is a pretty reliable consistency check through the computation of the energy balance
described by Egs. (5.42) and (5.43). As shown in Fig. 5.7e, we obtain at least 7 significative
digits on the energetic values. The total balance of 1.00000019 is computed taking into account
(1) values of the total field inside the diffractive elements, (ii) values of the diffracted field at
altitudes spanning the whole (modeled) superstrate, (iii) values of the total field at altitudes
spanning the entire (modeled) substrate. Finally, (iv) the calculated field u‘zi also nicely decays
exponentially inside both PML. These four points allow us to check a posteriori the validity of
the field everywhere in the computation cell.

(a) (b) e =1 (©)

superstrate w

Eparsy =40+ 0.1 1
. i

marsu

X

Esubstrats = 2-29
() (6) ENERGY BALANCE
Ro | 0.13436549
R |0.10229352
% T, | 0.00802646
& T, |0.00870891
% To | 000666213
T. | 0.00359647
0 1073634721
TOTAL | 1.00000019

Fig. 5.7: (a) Initial contrasted image. (b) Proposed set up. (c) Sample mesh. (d) Re{E.} in V /m.
(e) Energy balance of the problem.
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5.2.4 Dealing with Wood anomalies using Adaptative PML

As we have noticed at the end of Section 5.2.2.4, PMLs based on “traditional coordinate stretch-
ing” are inefficient for periodic problems when dealing with grazing angles of diffracted orders,
i.e. when the frequency is near a Wood’s anomaly ([23, 24]), leading to spurious reflexions and
thus numerical pollution of the results. An important question in designing absorbing layers
is thus the choice of their parameters: The PML thickness and the absorption coefficient. To
this aim, adaptative formulations have already been set up, most of them employing a posteri-
ori error estimate [25, 18, 26]. In this section, we propose Adaptative PMLs (APMLs) with a
suitable coordinate stretching, depending both on incidence and grating parameters, capable of
efficiently absorbing propagating waves with nearly grazing angles. This section is dedicated
to the mathematical formulation used to determine PML parameters adapted to any diffraction
orders. We provide at the end a numerical example of a dielectric slit grating showing the
relevance of our approach in comparison with classical PMLs.

5.2.4.1 Skin depth of the PML

ht §+(x,y), £+(xa}’) top PML
+ + gt truncated
h €L H superstrate

groove region

g y

" £4(x,).

) pe (x,y)
,,,,, _ \.JZ - IS

h~ e, u" truncated

substrate
- € (50, (Y | oiom PML

d

Fig. 5.8: The basic cell used for the FEM computation of the diffracted field ule.

As explained in Section 5.2.2.6, the diffracted field u¢ can be expanded as a Rayleigh
expansion, i.e. into an infinite sum of propagating and evanescent plane waves called diffraction
orders. As detailed at the end of Section 5.2.2.4, we are now in position to rewrite easily the
expression of, say, a transmitted diffraction order into the substrate. Similar considerations
also apply to the reflected orders in the top PML. Combining Eq. (5.32) and (5.40) lead to the
expression u, ((v.) of a transmitted propagative order inside the PML:

s (Ve) = 1ty (Y(yc)) = tye P D HET 0]
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The non oscillating part of this function is given by:
Uy (v) =taexp (B, &+ B8 )ye),

where B, = By~ +iB, . For a propagating order we have B, > 0 and B, = 0, while for
an evanescent order 8y =0 and ;" > 0. It is thus sufficient to take {"~ > 0 and "~ > 0
to ensure the exponential decay to zero of the field inside the PML if it was of infinite extent.
But, of course, for practical purposes, the thickness of the PML is finite and has to be suitably
chosen. Two pitfalls must be avoided:

1. The PML thickness is chosen too small compared to the skin depth. As a consequence,
the electromagnetic wave cannot be considered as vanishing: An incident electromagnetic
“sees the bottom of the PML”. In other words, this PML of finite thickness is no longer
reflection-less.

2. The PML thickness is chosen much larger than the skin depth. In that case, a significant
part of the PML is not useful, which gives rise to the resolution of linear systems of
unnecessarily large dimensions.

Then remains to derive the skin depth, [, associated with the propagating order n. This charac-
teristic length is defined as the depth below the PML at which the field falls to 1 /e of its value
near the surface:

Uy ()

e

Uy 6=1) =
Finally, we find I, = (B, "~ 4 B, ¢ ~)~! and we define I~ as the largest value among the
L,
[” =maxl/, .

nez

The height of the bottom PML region is set to 27~ = 10/~

5.2.4.2 Weakness of the classical PML for grazing diffracted angles

Let us consider the (bottom) PML adapted to the substrate. Similar conclusions will hold for the
top PML. The efficiency of the classical PML fails for grazing diffracted angles, in other words
when a given order appears/vanishes: this is the so-called Wood’s anomaly, well known in the
grating theory. In mathematical terms, there exists ng such that 8, =~ 0. The skin depth of the
PML then becomes very large. To compensate this, it is tempting to increase the value of >,
but it would lead to spurious numerical reflections due to an overdamping. For a fixed value
of h—, if ¢’ is too weak, the absorption in the PMLs is insufficient and the wave is reflected
on the outward boundary of the PML. To illustrate these typical behaviors (cf. Fig. 5.9), we
compute the field diffracted by a grating with a rectangular cross section of height 48 = 1.5um
and width L8 = 3um with €8 = 11.7, deposited on a substrate with permittivity €~ = 2.25. The
structure is illuminated by a p-polarized plane wave of wavelength Ay = 10um and of angle
of incidence 6y = 10° in the air (¢™ = 1). All materials are non magnetic (4, = 1) and the
periodicity of the grating is d = 4 um. We set h = 10, and £~ =1.
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Fig. 5.9: Zero™ transmitted order by a grating with a rectangular cross section (see parameters
in text, part 5.2.4.2) for different values of ">~ : blue line, """~ = 1, correct damping; green line,

§"~ =0.1, underdamping; red line, {""~ = 20, overdamping.

5.2.4.3 Construction of an adaptative PML

To overcome the problems pointed out in the previous section, we propose a coordinate stretch-
ing that rigorously treats the problem of Wood’s anomalies. The wavelengths “seen” by the
system are very different depending on the order at stake:

* if the diffracted angle 6, is zero, the apparent wavelength Ay / cos 6, is simply the incident
wavelength,

* if the diffracted angle is near +m/2 (grazing angle), the apparent wavelength A/ cos 6,
is very large.

Thus if a classical PML is adapted to one diffracted order, it will not be for another, and vice
versa. The idea behind the APML is to deal with each and every order when progressing in the
absorbing medium.

Once again the development will be conducted only for the PML adapted to the substrate.
We consider a real-valued coordinate mapping y,(y), the final complex-valued mapping is then
ye(y) = {7 y4(y), with the complex constant { ~, with {»~ > 0 and {”>~ > 0, accounting for the
damping of the PML medium.

We begin with transforming the equation ﬁniz Ocniz, so that the function with
integer argument n — [, becomes a function with real argument continuously interpolated
between the imposed integer values. Indeed, the geometric transformations associated to the
PML has to be continuous and differentiable in order to compute its Jacobian. To that extent,
we choose the parametrization:

—

2
a(yq) = %+§yﬁ, (5.47)
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so that the application 8~ defined by B~ (yd)2 =kie — Oc(yd)2 is continuous. Thus, the prop-
agation constant of the n™ transmitted order is given by B,” = B~(nlg). The key idea is to
combine the complex stretching with a real non uniform contraction (given by the continuous
function y(y4), Eq. (5.49)). This contraction is chosen in such a way that for each order n there
is a depth y7; such that, around this depth, the apparent wavelength corresponding to the order
in play is contracted to a value close to Ag. At that point of the PML, this order is perfectly
absorbed thanks to the complex stretch. We thus eliminate first the orders with quasi normal
diffracted angles at lowest depths up to grazing orders (near Wood’s anomalies) which are ab-
sorbed at greater depths. In mathematical words, the translation of previous considerations on
the real contraction can be expressed as:

exp[—iB~ (ya)y(va)] = exp (—ikoya) (5.48)
The contraction y(y,) is thus given by:
koya Yd
YOVa) = p=r—= = ; (5.49)
ba) B~(va) /e~ —(sinBy+yq/d)>

The function y(y,) has two poles, denoted y; | = d(£ve~ —sinfy). When y; | = +nlg with
neN*, B~ (y; ) =B (£niy) = BL =0, i.e. we are on a Wood’s anomaly associated with the

appearance/disappearance of the £ transmitted order. We now search for the nearest point to
¥y 4 associated with a Wood’s anomaly, denoting:

nt/ Di= n{+nei§* Vi —ni Aol

* D_ = min |y% *
n*/ e N b’d,f +n* Aol

In a second step, we look for the point yg = n*Ag such that:

n*/ D= min (D",D7). (5.50)

n*e{n n*}
To avoid the singular behaviour at y; =y’ ., we continue the graph of the function y,(y) by
a straight line tangent at y9, which equation is #9(y,) = s(Y) (va — ¥9) +y(»9), where s(y;) =
;Tyd(yd) is the so-called stretching coefficient. The final change of coordinate is then given by :

y(ya) for yg <9
¥(va) = (5.51)
to(ya) for ya > Y.

Figure 5.10 shows an example of this coordinate mapping. Eventually, the complex stretch s,
used in Eq. (5.29) is given by:
_dy
$504) = ¢ 5= (va). (5.52)
Yd

Equipped with this mathematical formulation, we can tailor a layer that is doubly perfectly
matched:

* to a given medium, which is the aim of the PML technique, through Eq. (5.27),

* to all diffraction orders, through the stretching coefficient sy, which depends on the char-
acteristics of the incident wave and on opto-geometric parameters of the grating.
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Fig. 5.10: Example of a coordinate mapping $(y,) used for the APML (black solid line). The graph
of ya(y) (blue solid line) is continued by a straight line to(y,) tangent at YY) (red dashed line) to avoid
the singular behaviour at yq =y

5.2.4.4 Numerical example

We now apply the method described in the preceding parts to design an adapted bottom PML for
the same example as in part 5.2.4.2. The parameters are the same, and we choose the wavelength
of the incident plane wave close to the Wood’s anomaly related to the 41 transmitted order
A = 0.999y2, )-Moreover, we set the length of the PML h™ = 1.1y§7 . and choose absorption
coefficients {* = {~ = 1 +i. For both cases (PML and APML), parameters are alike, the only
difference being the complex stretch s,

The field maps of the norm of H,, E, and E|, are plotted in logarithmic scale on Fig. 5.11,
for the case of a classical PML and our APML. We can observe that the field H, that is effec-
tively computed is clearly damped in the bottom APML (leftmost on Fig. 5.11(b)) whereas it
is not in the standard case (leftmost on Fig. 5.11(a)), causing spurious reflections on the outer
boundary. The fields E, and E), are deduced from H, thanks to Maxwell’s equations. The high
values of Ey at the tip of the APML (rightmost on Fig. 5.11(b)) are due to very high values of
the optical equivalent properties of the APML medium (due to high values of sy), which does
not affect the accuracy of the computed field within the domain of interest.

Another feature of our approach is that it efficiently absorbs the grazing diffraction order, as
illustrated on Fig. 5.12: the +1 transmitted order does not decrease in the standard PML (blue
solid line), and reaches a high value at y = —IAF, whereas the same order tends to zero as
y— —h~ in the case of the adapted PML (blue dashed line).

To further validate the accuracy of the method, we compare the diffraction efficiencies com-
puted by our FEM formulation with PML and APML to those obtained by another method.
We choose the Rigorous Coupled Wave Analysis (RCWA), also known as the Fourier Modal
Method (FMM, [27]). For the chosen parameters, only the O™ order is propagative in reflexion
and the orders —1, 0 and +1 are non evanescent in transmission. We can also check the energy
balance B = Ry + T-1 + To + T+ since there is no lossy medium in our example. Results are
reported in Table 5.3, and show a good agreement of the FEM with APML with the results from
RCWA. On the contrary, if classical PML are used, the diffraction efficiencies are less accurate
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Fig. 5.11: Field maps of the logarithm of the norm of H,, E, and Ey for the dielectric slit grating at
Ao = O.999y§7 . (same parameters as in part 5.2.4.2). (a): classical PML with inefficient damping of
H in the bottom PML. (b): APML where the H, field is correctly damped in the bottom PML. For
both cases the thickness of the PML is h = Llyy ..
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Fig. 5.12: Modulus of the u, for the three propagating orders with adapted (dashed lines) and
classical PMLs (solid lines). Note that the classical PMLs are efficient for all orders except for the
grazing one (n = 1) as expected. This drawback is bypassed when using the adaptative PML.

compared to those computed with RCWA. Checking the energy balance leads the same conclu-
sions: the numerical result is perturbed by the reflection of the waves at the end of the PML if
it is not adapted to the situation of nearly grazing diffracted orders.
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Ro T, T Tii B

RCWA 0.1570 | 0.3966 | 0.1783 | 0.2680 | 0.9999
FEM + APML | 0.1561 | 0.3959 | 0.1776 | 0.2703 | 0.9999
FEM + PML | 0.1904 | 0.4118 | 0.1927 | 0.2481 | 1.0430

Tab. 5.3: Diffraction efficiencies Ry, T—1, Ty and Ty of the four propagating orders, and energy
balance B = Ry + T-1 + To + T4, computed by three methods: RCWA (line 1), FEM formulation
with APML (line 2), FEM formulation with classical PML (line 3).

—— Jdo=(1+10")y; |
ol —— )\():(1—107”))127+

log oy
|
(o)}

Fig. 5.13: Mean value of the norm of H; along the outer boundary of the bottom PML y =
([H,(—h~)])x, for Ao approaching the Wood’s anomaly y}; , by inferior values (Ao = (1—-10"")yy ,
red squares) and by superior value (Ay = (14 107")y7 ., blue circles) as a function of n.

Eventually, to illustrate the behavior of the adaptative PML when the incident wave-
length gets closer to a given Wood’s anomaly, we computed the mean value of the norm of
H_ along the outer boundary of the bottom PML y = (|H,(—h")|),, when Ao = (1 + 107")yy ¢
and Ao = (1 — 10_”)y27+, for n = 1,2,...10. The results are shown in Fig. 5.13. As the wave-
length gets closer to yt*t 4> 7 first increases but for n > 3, it decreases exponentially. However,
in all cases, the value of y remains small enough to ensure the efficiency of the PMLs.

5.2.5 Concluding remarks

A novel FEM formulation was adapted to the analysis of z-anisotropic gratings relying on a
rigorous treatment of the plane wave sources problem through an equivalent radiation problem
with localized sources. The developed approach presents the advantage of being very general
in the sense that it is applicable to every conceivable grating geometry.

Numerical experiments based on existing materials at normal and oblique incidences in
both TE and TM cases showed the efficiency and the accuracy of our method. We demonstrated
we could generate strongly imbalanced symmetric propagative orders in the TE polarization
case and at normal incidence with an aragonite grating on a silica substratum.
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We also introduced the adaptative PML for grazing incidences configurations. It based on
a complex-valued coordinate stretching that deals with grazing diffracted orders, yielding an ef-
ficient absorption of the field inside the PML. We provided an example in the TM polarization
case (but similar results hold for the TE case), illustrating the efficiency of our method. The
value of the magnetic field on the outward boundary of the PML remains small enough to con-
sider there is no spurious reflection. The formulation is used with the FEM but can be applied to
others numerical methods. Moreover, the generalization to the vectorial three-dimensional case
is straightforward: the recipes given in this last section do work irrespective of the dimension
and whether the problem is vectorial.

In the next section, the scalar formulation adapted to mono-dimensional gratings is ex-
tended to the the most general case of bi-dimensional grating embedded in an arbitrary multi-
layered dielectric stack with arbitrary incidence.
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5.3 Diffraction by arbitrary crossed-gratings : a vector Finite Element formulation
5.3.1 Introduction

In this section, we extend the method detailed in Sec. 5.2 to the most general case of vector
diffraction by an arbitrary crossed gratings. The main advantage of the Finite Element Method
lies in its native ability to handle unstructured meshes, resulting in a build-in accurate discretiza-
tion of oblique edges. Consequently, our approach remains independent of the shape of the
diffractive element, whereas other methods require heavy adjustments depending on whether
the geometry of the groove region presents oblique edges (e.g. RCWA [28], FDTD...). In this
section, for the sake of clarity, we recall again the rigorous procedure allowing to deal with the
issue of the plane wave sources through an equivalence of the diffraction problem with a radi-
ation one whose sources are localized inside the diffractive element itself, as already proposed
in Sec. 5.2 [29, 30].

This approach combined with the use of second order edge elements allowed us to re-
trieve with a good accuracy the few numerical academic examples found in the literature. Fur-
thermore, we provide a new reference case combining major difficulties such as a non trivial
toroidal geometry together with strong losses and a high permittivity contrast. Finally, we dis-
cuss computation time and convergence as a function of the mesh refinement as well as the
choice of the direct solver.

5.3.2 Theoretical developments

5.3.2.1 Set up of the problem and notations

We denote by X, y and z the unit vectors of the axes of an orthogonal coordinate system Oxyz.
We only deal with time-harmonic fields; consequently, electric and magnetic fields are repre-
sented by the complex vector fields E and H, with a time dependance in exp(—i ¢). Note that
incident light is now propagating along the z-axis, whereas y-axis was used in the 2D case.

Besides, in this section, for the sake of simplicity, the materials are assumed to be isotropic
and therefore are optically characterized by their relative permittivity € and relative permeability
U (note that the inverse of relative permeabilities are denoted here v). It is of importance to
note that lossy materials can be studied, the relative permittivity and relative permeability being
represented by complex valued functions. The crossed-gratings we are dealing with can be split
into the following regions as suggested in Fig. 5.14:

* The superstrate (z > zp) 1s supposed to be homogeneous, isotropic and lossless, and there-
fore characterized by its relative permittivity €t and its relative permeability ™ (=1/v*)
and we denote k™ := ko /et ut, where ko := @/c,

» The multilayered stack (zy < z < zo) is made of N layers which are supposed to be homo-
geneous and isotropic, and therefore characterized by their relative permittivity €”, their
relative permeability p” (= 1/v") and their thickness e,. We denote k, := ko +/€" u” for
n integer between 1 and N.

* The groove region (zg < z < Zg—1), Which is embedded in the layer indexed g (&%, u®) of
the previously described domain, is heterogeneous. Moreover the method does work ir-
respective of whether the diffractive elements are homogeneous: The permittivity and
permeability can vary continuously (gradient index gratings) or discontinuously (step
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index gratings). This region is thus characterized by the scalar fields e¢ (x,y,z) and
us (x,y,z)(= 1/v&(x,y,z)). The groove periodicity along the x—axis, respectively (resp.)
y—axis, is denoted d,, resp. d,, in the sequel.

* The substrate (z < zy) 1s supposed to be homogeneous and isotropic and therefore char-
acterized by its relative permittivity €~ and its relative permeability 4~ (= 1/v~) and we
denote k~ :=ko/E U,

Let us emphasize the fact that the method principles remain unchanged in the case of several
diffractive patterns made of distinct geometry and/or material.

Fig. 5.14: Scheme and notations of the studied bi-gratings.

The incident field on this structure is denoted:

E"™ = A exp(ik;) 1) (5.53)
with
o —sin 6y cos @
kf=| By | =kT | —sin6singy (5.54)
Y —cos 6y
and
E? cos Y cos By cos @y — sin Yy sin @y
Aj = ES =A® | cosyycos By sin@y+sinyycos@y |, (5.55)
EY — oS Yy sin By
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where @y € [0,27], 6y € [0,7/2] and yy € [0, 7| (polarization angle).
We recall here the diffraction problem: finding the solution of Maxwell equations in
harmonic regime i.e. the unique solution (E, H) of:
curlE=iouuH (5.56a)
curlH=—iwgeE (5.56b)
such that the diffracted field satisfies the so-called Outgoing Waves Condition (OWC [31] ) and
where E and H are quasi-bi-periodic functions with respect to x and y coordinates.
One can choose to calculate arbitrarily E, since H can be deduced from Eq. (5.56a). The

diffraction problem amounts to looking for the unique solution E of the so-called vectorial
Helmbholtz propagation equation, deduced from Eqgs. (5.56a,5.56b):

M.y := —curl (v curlE) +k§ €eE =0 (5.57)
such that the diffracted field satisfies an OWC and where E is a quasi-bi-periodic function with

respect to x and y coordinates.

5.3.2.2 From a diffraction problem to a radiative one with localized sources

According to Fig. 5.14, the scalar relative permittivity € and inverse permeability v fields asso-
ciated to the studied diffractive structure can be written using complex-valued functions defined
by part and taking into account the notations adopted in Sec. 5.3.2.1:

vt for 7> 20
V" for z,_1>z>2z, with 1<n<g
O(x,,2) i =4 V8 (x,y,2) for zo1>z>z (5.58)
V" for 7z, 1>z>2z, with g<n<N
v for z<znN
withv={e,v} , z=0 and z,=-Y] ,¢ for 1<n<N.

It is now convenient to introduce two functions defined by part € and v corresponding to the
associated multilayered case (i.e. the same stack without any diffractive element) constant over
Ox and Oy:

vt for z>0
v (x,y,2) ;=< V" for z,_1>z>z, with 1<n<N (5.59)
v~ for 7 < ZN

with v = {¢g,v}.
We denote by Eg the restriction of E' to the superstrate region:

[ En® for 7>z
Eo _{ 0 for z<z (5.60)

We are now in a position to define more explicitly the vector diffraction problem that we are
dealing with in this section. It amounts to looking for the unique vector field E solution of:

Mg v(E) =0 such that E? := E —E, satisfies an OWC. (5.61)

In order to reduce this diffraction problem to a radiation one, an intermediary vector field de-
noted E is necessary and is defined as the unique solution of:

Mg, v,(E1) =0 such that E‘f = E; — E satisfies an OWC. (5.62)
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The vector field E| corresponds to an ancillary problem associated to the general vectorial
case of a multilayered stack which can be calculated independently. This general calculation is
seldom treated in the literature, we present a development in Appendix. Thus E; is from now
on considered as a known vector field. It is now apropos to introduce the unknown vector field
E‘zl , simply defined as the difference between E and E{, which can finally be calculated thanks
to the FEM and:

E{:=E—E, =E—E‘. (5.63)
It is of importance to note that the presence of the superscript d is not fortuitous: As a difference
between two diffracted fields (Eq. (5.63), Eg satisfies an OWC which is of prime importance in
our formulation. By taking into account these new definitions, Eq. (5.61) can be written:

Mey(BY) = —Mev(Ey), (5.64)

where the right-hand member is a vector field which can be interpreted as a known vectorial
source term —1(x,y,z) whose support is localized inside the diffractive element itself. To
prove it, let us introduce the null term defined in Eq. (5.62) and make the use of the linearity of
M , which leads to:

S = %&‘,V<El) = //fs,v(E1> - ///el,v] (El) = -//efsl,va] (El) . (5.65)
————

=0

5.3.2.3 Quasi-periodicity and weak formulation

The weak form is obtained by multiplying scalarly Eq. (5.61) by weighted vectors E’ chosen
among the ensemble of quasi-bi-periodic vector fields of L (curl) (denoted L? (curl, (dy,dy),K))
in Q:

Ke v(E,E') = /Q —curl (v curlE) - E' 4+ i} e E-E'dQ (5.66)

Integrating by part Eq. (5.66) and making the use of the Green-Ostrogradsky theorem lead to:
o (E,E) = / _v curlE - curl B/ + 2 ¢ E-FdQ — /a (nx (v curlE))-F'dS  (5.67)
Q Q

where n refers to the exterior unit vector normal to the surface dQ enclosing Q.

The first term of this sum concerns the volume behavior of the unknown vector field
whereas the right-hand term can be used to set boundary conditions (Dirichlet, Neumann or so
called quasi-periodic Bloch-Floquet conditions).

The solution Eg’ of the weak form associated to the diffraction problem, expressed in its
previously defined equivalent radiative form at Eq. (5.64), is the element of L? (curl, (dy, d,), k)
such that:

VE' € L*(curl,d,,dy,k), Zey(ES,E) = —Fe_e, v—v, (E1,E). (5.68)
In order to rigorously truncate the computation a set of Bloch boundary conditions are
imposed on the pair of planes defined by (y = —d, /2,y =d,/2) and (x = —d,/2,x = d,/2).
One can refer to [11] for a detailed implementation of Bloch conditions adapted to the FEM. A
set of Perfectly Matched Layers are used in order to truncate the substrate and the superstrate
along z axis (see [32] for practical implementation of PML adapted to the FEM). Since the
proposed unknown E‘Zl is quasi-bi-periodic and satisfies an OWC, this set of boundary conditions
is perfectly reasonable: E‘zi is radiated from the diffractive element towards the infinite regions
of the problem and decays exponentially inside the PMLs along z axis. The total field associated
to the diffraction problem E is deduced at once from Eq. (5.63).
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5.3.2.4 Edge or Whitney 1-form second order elements

In the vectorial case, edge elements (or Whitney forms) make a much more relevant choice [33]
than nodal elements. Note that a lot of work (see for instance [34]) has been done on higher
order edge elements since their introduction by Bossavit [35]. These elements are suitable to the
representation of vector fields such as E¢, by letting their normal component be discontinuous
and imposing the continuity of their tangential components. Instead of linking the Degrees Of
Freedom (DOF) of the final algebraic system to the nodes of the mesh, the DOF associated to
edges (resp. faces) elements are the circulations (resp. flux) of the unknown vector field along
(resp. across) its edges (resp. faces).

Let us consider the computation cell Q together with its exterior boundary dQ. This
volume is sampled in a finite number of tetrahedron according to the following rules: Two
distinct tetrahedrons have to either share a node, an edge or a face or have no contact. Let us
denote by .7 the set of tetrahedrons, .# the set of faces, & the set of edges and .4 the set of
nodes. In the sequel, one will refers to the node n = {i}, the edge e = {i, j}, the face f = {i, j, k}
and the tetrahedron ¢ = {i, j,k,l}.

Fig. 5.15: Degrees of freedom of a second order tetrahedral element.

Twelve DOF (two for each of the six edges of a tetrahedron) are classically derived from
line integral of weighted projection of the field Eg on each oriented edge e = {i, j}:

J d
ﬁij:/ Ez-t,‘jlidl
i,

i , (5.69)
ﬁji:/ ES -t A;dl
J

where t;; is the unit vector and Ai, the barycentric coordinate of node i, is the chosen weight
function.

According to Yioultsis et al. [36], a judicious choice for the remaining DOF is to make
the use of a tangential projection of the 1-form E§ on the face f = {i, j, k}.

Bk :/ (Eg X n;;k> -grad A;ds
[

, (5.70)
B = /f <E‘21 X nlfjk) -grad A; ds
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The expressions for the shape functions, or basis vectors, of the second order 1-form Whitney
element are given by:

{ wi; = (8A?—4X) gradA;+ (-84 4;+21;) grad A,

Wijk = 16A;A; grad A, —8A; A grad A, — 8 4 A; grad A; (5.71)

This choice of shape function ensures [37] the following fundamental property: every degree of
freedom associated with a shape function should be zero for any other shape function. Finally,
an approximation of the unknown Eg projected on the shape functions of the mesh m (Eg’m) can
be derived:

=) Yewe+ Y Orwy. (5.72)
ecé fesz

Weight functions E’ (c.f. Eq. (5.68) are chosen in the same space than the unknown EZ,
L?(curl, (dy,dy),k). According to the Galerkin formulation, this choice is made so that their
restriction to one bi-period belongs to the set of shape functions mentioned above. Inserting
the decomposition of Eg of Eq. (5.72) in Eq. (5.68) leads to the final algebraic system which is
solved, in the following numerical examples, thanks to direct solvers.

5.3.3 Energetic considerations: Diffraction efficiencies and losses

Contrarily to modal methods based on the determination of Rayleigh coefficients, the rough
results of the FEM are three complex components of the vector field E? interpolated over the
mesh of the computation cell. Diffraction efficiencies are deduced from this field maps as
follows.

As a difference between two quasi-periodic vector fields (see Eq. (5.61)), EZ is quasi-bi-
periodic and its components can be expanded as a double Rayleigh sum:

El(x,y2)= Y ul(z)e @nthny) (5.73)

(n,m)ez?

Wlth(xn—(Xo+ nﬁm—ﬁo—l— mand

de/2  pdy/2
E4(x,y,z) e (@xTBnY) gxdy . 5.74
0= g [y y (5.74)

By inserting the decomposition of Eq. (5.73), which is satisfied by E¢ everywhere but in the
groove region, into the Helmholtz propagation equation, one can express Rayleigh coefficients
in the substrate and the superstrate as follows:

_. Jr . +
dx(z) — fh%e ZYn,mZ_f_efl:’CneV}/n,mz (575)

i’l m
with %5, = k= — a2 — B2, where %, (Of —i %) is positive. The quantity uiyy, is the sum of
a propagative plane wave (which propagates towards decreasing values of z, superscript p) and
of a counterpropagative one (superscript ¢). The OWC verified by E¢ imposes:

en% =0 for z>2z

enm=0 for z<zy (5.76)

Y(n,m) € ZZ{

Eq. (5.74) allows to evaluate numerically ey, (resp. €,) by double trapezoidal integration of
a slice of the complex component Ef at an altitude z. fixed in the superstrate (resp. substrate).
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It is well known that the mere trapezoidal integration method is very efficient for smooth and
periodic functions (integration on one period). The same holds for E;l and Ef components as

well as their coefficients ef,‘,{,jp }and efl:%'m}_

The dimensionless expression of the efficiency of each reflected and transmitted (n,m)
order [38] is deduced from Egs. (5.75,5.76):

J’_
Rym = ﬁ 76 €,.m(2c) € n(zc) for z.>z
_ (5.77)
T, ’
Tn,m = ﬁ % eﬁ,m (Zc) 'EQ,m (Zc) for z. <zy

e

with el = enbe x+ el Py F e 2.

Furthermore, normalized losses Q can be obtained through the computation of the follow-
ing ratio:

1 / —
/ —weSm(e® )E-EdV

Q (5.78)

I — .
/—me{Eo X Ho} -ndS
52

The numerator in Eq. (5.78) clarifies losses in watts by bi-period of the considered crossed-
grating and are computed by integrating the Joule effect losses density over the volume V of
the lossy element. The denominator normalizes these losses to the incident power, i.e. the time-
averaged incident Poynting vector flux across one bi-period (a rectangular surface S of area
dydy in the superstrate parallel to Oxy, whose normal oriented along decreasing values of z is
denoted n). Since Eg is nothing but the plane wave defined at Eqgs. (5.54,5.55), this last term
is equal to (A2+/€y/podydy)/(2cos(6p)). Volumes and normal to surfaces being explicitly
defined, normalized losses losses Q are quickly computed once E determined and interpolated
between mesh nodes.

Finally, the accuracy and self-consistency of the whole calculation can be evaluated by
summing the real part of transmitted and reflected efficiencies (n,m) to normalized losses:

0+ Z CKe{Rn,m}"’ Z EKe{Tn,m}a

(n,m)€Z? (n,m)€Z?

quantity to be compared to 1. The sole diffraction orders taken into account in this conservation
criterium correspond to propagative orders whose efficiencies have a non-null real part. Indeed,
diffraction efficiencies of evanescent orders, corresponding to pure imaginary values of }/,fm for
higher values of (n,m) (see Eq. (5.75)) are also pure imaginary values as it appears clearly in
Eq. (5.77). Numerical illustrations of such global energy balances are presented in the next
section.
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5.3.4 Accuracy and convergence

5.3.4.1 Classical crossed gratings

There are only a few references in the literature containing numerical examples. For each of
them, the problem only consists of three regions (superstrate, grooves and substrate) as summed
up on Figure 5.16. For the four selected cases, among six found in the literature, published

Fig. 5.16: Configuration of the studied cases.

results are compared to ones given by our formulation of the FEM. Moreover, in each case, a
satisfying global energy balance is detailed. Finally a new validation case combining all the
difficulties encountered when modeling crossed-gratings is proposed: A non-trivial geometry
for the diffractive pattern (a torus), made of an arbitrary lossy material leading to a large step
of index and illuminated by a plane wave with an oblique incidence. Convergence of the FEM
calculation as well as computation time will be discussed in Sec. 5.3.4.2.
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Checkerboard grating In this example worked out by L. Li [27], the diffractive element
is a rectangular parallelepiped as shown Fig. 5.17a and the grating parameter highlighted in
Fig. 5.16 are the following: @9 = 6y = 0°, Yo =45°, dy =d, = 5).0\/5/4, h=2A, " = ef =
225and e” =¢e8 =1.

(a)
Fig. 5.17: Diffractive element with vertical edges (a). Re{Ey} in V/m (b).

FMM [27] FEM

T 14 0.04308  0.04333
T_ 1 0.12860  0.12845
T 141 0.06196  0.06176
To. -1 0.12860  0.12838
Top 0.17486  0.17577
To, 41 0.12860  0.12839
Tii—1 0.06196  0.06177
Ti1p 0.12860  0.12843
T+ 0.04308  0.04332
Y. Re{Rym} i 0.10040
(n,m)€Z
TOTAL - 1.00000

Tab. 5.4: Energy balance [27].

Our formulation of the FEM shows good agreement with the Fourier Modal Method de-
veloped by L. Li ([27], 1997) since the maximal relative difference between the array of values
presented in Table 5.4 remains lower than 10~. Moreover, the sum of the efficiencies of prop-
agative orders given by the FEM is very close to 1 in spite of the addition of all errors of
determination upon the efficiencies.
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Pyramidal crossed-grating In this example firstly worked out by Derrick et al. [39], the
diffractive element is a pyramid with rectangular basis as shown Fig. 5.18a and the grating
parameters highlighted in Fig. 5.16 are the following: Ay = 1.533, @y =45°, 6 =30°, yp=0°,
dy=15,dy=1,h=0.25, et —ef=1lande™ =¢ef =2.25. Results given by the FEM show

Fig. 5.18: Diffractive element with oblique edges (a). Re{E,} in V/m (b).

Given in [39] [40] [41] [42] FEM

R_1p 0.00254 0.00207 0.00246 0.00249 0.00251
Roo 0.01984 0.01928 0.01951 0.01963 0.01938
T 1 0.00092 0.00081 0.00086 0.00086 0.00087
T 0.00704 0.00767 0.00679 0.00677 0.00692
T 10 0.00303 0.00370 0.00294 0.00294 0.00299
Too 0.96219 0.96316 0.96472 0.96448 0.96447
Ty o 0.00299 0.00332 0.00280 0.00282 0.00290
TOTAL 0.99855 1.00001 1.00008 0.99999 1.00004

Tab. 5.5: Comparison with the results given in [39, 40, 41, 42].

good agreement with ones of the C method [39, 42], the Rayleigh method [40] and the RCWA
[41]. Note that, in this case, some edges of the diffractive element are oblique.
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Bi-sinusoidal grating In this example worked out by Bruno et al. [43], the surface of the
grating is bi-sinusoidal (see Fig. 5.19a) and described by the function f defined by:

flx,y) = Z [cos (%) +cos (?)] (5.79)

The grating parameters et al.highlighted in Fig. 5.16 are the following: Ao = 0.83, ¢y = 6y =
Yo=0°%dc=dy,=1,h=0.2, et =g =1and e~ = &¢ =4. Note that in order to define this

(a) (b)
Fig. 5.19: Diffractive element with oblique edges (a). Re{E.} in V/m (D).

[43] FEM
R 19 0.01044 0.01164
Ro 1 0.01183 0.01165
T 11 0.06175 0.06299
Y Re{Rum} - 0.10685
(n,m)eZ

Y Re{Tm} - 0.89121
(n,m)€Z

TOTAL - 0.99806

Tab. 5.6: Energy balance [43].
surface, the bi-sinusoid was first sampled (15 x 15 points), then converted to a 3D file format.

This sampling can account for the slight differences with the results obtained using the method
of variation of boundaries developed by Bruno et al. (1993).
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Circular apertures in a lossy layer In this example worked out by Schuster et al. [44], the
diffractive element is a circular aperture in a lossy layer as shown Fig. 5.20a and the grating
parameter highlighted in Fig. 5.16 are the following: A9 = 500nm, @y = 6y =0°, et = €8 =1,
¢ =0.8125+5.2500i and £~ = 2.25.

0.5

(b)
Fig. 5.20: Lossy diffractive element with vertical edges (a). Re{Ey} in V/m (b).

[45] [27] [44] FEM

Roo 0.24657 0.24339 0.24420 0.24415
Y, Re{Tm} — - — 0.29110
(n,m)€Z

Y Re{Rum} — - - 0.26761
(n,m)eZ

0 — - — 0.44148
TOTAL - - - 1.00019

Tab. 5.7: Comparison with [45, 27, 44] and energy balance.

In this lossy case, results obtained with the FEM show good agreement with the ones
obtained with the FMM [27], the differential method [44, 46] and the RCWA [45]. Joule losses
inside the diffractive element can be easily calculated, which allows to provide a global energy
balance for this configuration. Finally, the convergence of the value Ry as a function of the
mesh refinement will be examined.
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Lossy tori grating We finally propose a new test case for crossed-grating numerical methods.
The major difficulty of this case lies both in the non trivial geometry (see Fig. 5.21a) of the
diffractive object and in the fact that it is made of a material chosen so that losses are optimal
inside it. The grating parameters highlighted in Fig. 5.16 and Fig. 5.21a are the following:
Mo=1L¢p=y=0°d,=d,=03,a=0.1,p=0.05,R=0.15, h = 500nm, e =% =1,
e = —21+20iand e~ =2.25.

(@) (b)

Fig. 5.21: Torus parameters (a). Coarse mesh of the computational domain (b).

FEM3D 6=0° 60 =40°

Ro,0 0.36376 0.27331
Too 0.32992 0.38191
0 0.30639 0.34476

TOTAL  1.00007 0.99998

Tab. 5.8: Energy balances at normal and oblique incidence.

Tab. 5.8 illustrates the independence of our method towards the geometry of the diffractive
element. ¢ is chosen so that the skin depth has the same order of magnitude as b, which max-
imizes losses. Note that energy balances remain very accurate at normal and oblique incidence,
in spite of both the non-triviality of the geometry and the strong losses.
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5.3.4.2 Convergence and computation time

Convergence as a function of mesh refinement When using modal methods such as the
RCWA or the differential method, based on the calculation of Rayleigh coefficients, a number
proportional to Ng have to be be determined a priori. Then, the unknown diffracted field is
expanded as a Fourier serie, injected under this form in Maxwell equations, which annihilates
x— and y—dependencies. This leads to a system of coupled partial differential equations whose
coefficients can structured in a matrix formalism. The resulting matrix is sometimes directly
invertible (RCWA) depending on whether the geometry allows to suppress the z—dependance,
which makes this method adapted to diffractive elements with vertically (or decomposed in
staircase functions) shaped edge. In some other cases, one has to make the use of integral
methods in order to solve the system, as in the pyramidal case for instance, which leads to the so-
called differential method. The diffracted field map can be deduced from these coefficients. If
the grating configuration only calls for a few propagative orders and if the field inside the groove
region is not the main information sought for, these two close methods allow to determine the
repartition of the incident energy quickly. However, if the field inside the groove region is the
main piece of information, it is advisable to calculate many Rayleigh coefficients corresponding
to evanescent waves which increases the computation time as (Ng)? or even (Ng)*.

FEM relies on the direct calculation of the vectorial components of the complex field.
Rayleigh coefficients are determined a posteriori. The parameter limiting the computation time
is the number of tetrahedral elements along which the computational domain is split up. We
suppose that it is necessary to calculate at least two or three points (or mesh nodes) per period
of the field (A9//Re{e}). Figure 5.22 shows the convergence of the efficiency Ry (circu-
lar apertures case, see Fig. 5.20a) as a function of the mesh refinement characterized by the
parameter Ny;: The maximum size of each element is set to Ag/(Ny /Re{e}).
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Fig. 5.22: Convergence of Ry in function of N, (circular apertures crossed-grating).
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It is of interest to note that even if Njy; < 3 the FEM still gives pertinent diffraction effi-
ciencies: Ryo = 0.2334 for Nyy = 1 and Rg o = 0.2331 for Ny = 2. The Galerkin method (see
Eq. (5.67)) corresponds to a minimization of the error (between the exact solution and the ap-
proximation) with respect to a norm that can be physically interpreted in terms of energy-related
quantities. Therefore, the finite element methods usually provide energy-related quantities that
are more accurate than the local values of the fields themselves.

Computation time All the calculations were performed on a server equipped with 8 dual
core Itanium1 processors and 256Go of RAM. Tetrahedral quadratic edge elements were used
together with the direct solver PARDISO. Among different direct solvers adapted to sparse
matrix algebra (UMFPACK, SPOOLES and PARDISO), PARDISO turned out to be the less
time-consuming one as shown in Tab 5.9.

Solver Computation time for 41720 DOF Computation time for 205198 DOF
SPOOLES 15mn32s 14h44 mn
UMFPACK 2mn07s 1h12mn

PARDISO 57s 16mn

Tab. 5.9: Computation time variations from solver to solver.

Time

Computation time (s)

Zul

Fig. 5.23: Computation time and number of DOF as a function of Ny,.

Figure 5.23 shows the computation time required to perform the whole FEM computa-
tional process for a system made of a number of DOF indicated on the right-hand ordinate.
It is of importance to note that for values of Ny, lower than 3, the problem can be solved in
less than a minute on a standard laptop (4Go RAM, 2 x 2GHz) with 3 significant digits on the
diffraction efficiencies. This accuracy is more than sufficient in numerous experimental cases.
Furthermore, as far as integrated values are at stake, relatively coarse meshes (Vy; ~ 1) can be
used trustfully, authorizing fast geometric, spectral or polarization studies.

Nowadays, the efficiency of the numerical algorithms for sparse matrix algebra together
with the available power of computers and the fact that the problem reduces to a basic cell with a
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size of a small number of wavelengths make the finite element problem very tractable as proved
here.

5.4 Concluding remarks

In this chapter, we demonstrate a general formulation of the FEM allowing to calculate the
diffraction efficiencies from the electromagnetic field diffracted by arbitrarily shaped gratings
embedded in a multilayered stack lightened by a plane wave of arbitrary incidence and polar-
ization angle. It relies on a rigorous treatment of the plane wave sources problem through an
equivalent radiation problem with localized sources. Bloch conditions and a new dedicated
PML have been implemented in order to rigorously truncate the computational domain.

The principles of the method were discussed in detail for mono-dimensional gratings
in TE/TM polarization cases (2D or scalar case) in a first part, and for the most general bi-
dimensional or crossed gratings (3D or vector case) in a second part. Note that the very same
concepts could be applied to the intermediate case of mono-dimensional gratings enlighten by
an arbitrary incident plane wave (so-called conical case). The reader will find detail about the
element basis relevant to this case in [11].

The main advantage of this formulation is its complete generality with respect to the
studied geometries and the material properties, as illustrated with the lossy tori grating non-
trivial case. Its principle remains independent of both the number of diffractive elements by
period and number of stack layers. Its flexibility allowed us to retrieve with accuracy the few
numerical academic examples found in the literature and established with independent methods.

The remarkable accuracy observed in the case of coarse meshes, makes it a fast tool for
the design and optimization of diffractive optical components (e.g. reflection and transmission
filters, polarizers, beam shapers, pulse compression gratings. ..). The complete independence of
the presented approach towards both the geometry and the isotropic constituent materials of the
diffractive elements makes it a handy and powerful tool for the study of metamaterials, finite-
size photonic crystals, periodic plasmonic structures. .. The method described in this chapter
has already been successfully applied to various problems, from homogenization theory [47]
or transformation optics [48] to more applied concerns as the modeling of complex CMOS
nanophotonic devices [49] or ultra-thin new generation solar cells [50].
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5.A APPENDIX

This appendix is dedicated to the determination of the vector electric field in a dielectric stack
enlightened by a plane wave of arbitrary polarization and incidence angle. This calculation,
abundantly treated in the 2D scalar case, is generally not presented in the literature since, as
far as isotropic cases are concerned, it is possible to project the general vectorial case on the
two reference TE and TM cases. However, the presented formulation can be extended to a fully
anisotropic case for which this TE/TM decoupling is no longer valid and the three components
of the field have to be calculated as follows.

Let us consider the ancillary problem mentioned in Sec. 5.3.2.2, i.e. a dielectric stack
made of N homogeneous, isotropic, lossy layers characterized by there relative permittivity
denoted £/ and their thickness e j- This stack is deposited on a homogeneous, isotropic, possibly
lossy substrate characterized by its relative permittivity denoted V! = £~. The superstrate is
air and its relative permittivity is denoted €t = 1. Finally, we denote by z; the altitude of
the interface between the j* and j+ 1/ layers. The restriction of the incident field E™ to
the superstrate region is denoted Eq. The problem amounts to looking for (E,H;) satisfying
Maxwell equations in harmonic regime (see Egs. (5.56a,5.56b)).

Across the interface 7 = z;

By projection on the main axis of the vectorial Helmholtz propagation equation (Eq. (5.57)),
the total electric field inside the j layer can be written as the sum of a propagative and a
counter-propagative plane waves:

Eicajfi_ Eic7j>_
Ei(x,y,2)= | E}7" |exp(j(oox+Boy+72)+ | E}7" |exp(j(aox+Boy—7viz))
Ez7j7+ Eza.].77
1 1
(5.80)
where
Y =ki—o5—Bg (5.81)

What follows consists in writing the continuity of the tangential components of (E;,H;) across
the interface z = zj, i.e. the continuity of the vector field ¥ defined by:

5
El
iH}
iH

(5.82)

The continuity of ¥ along Oz together with its analytical expression inside the j** and j+ 1"
layers allows to establish a recurrence relation for the interface z = z;.
Then, by projection of Egs. (5.56a,5.56b) on Ox,0y and Oz:

oHY
921 — iy H: =—ime E% (5.83)
i H, — i By HY Ey

195



Gratings: Theory and Numeric Applications, 2012

542
and oE
iPo Ef — ! Hi
aaEf—l'OtoEf =iou H% . (5.84)
oL HY

Consequently, tangential components of H;j can be expressed in function of tangential compo-

nents of E;:
. 2] 224
0 ou —wo iHly = _iff ) (5.85)
—Bo oy —we| |iHf 0

B
By noticing the invariance and linearity of the problem along Ox and Oy, the following notations

are adopted:
IF = BV exp(+iy;2)
I et . (5.86)
Uy~ =E{" exp(£iy;z)
and )
+J
x .
o= | U 5.87
I Uy+7ji 5D
Uy_7]
Thanks to Eq. (5.80) and Eq. (5.84) and letting M = B!, it comes for the ;' layer
1 1 0 0 U’
0 0 1 1 U=’
W (x,y,z) = exp(i(apx+ Boy ; ; ; ; o, (5.88)
o) = el Dyl —pmfy —ymly | | o
J J J J —J
ViMy, —YiMsy, —YiMy YiMy LUy "
it
Finally, the continuity of ¥ at the interface z = z; leads to:
(5.89)

®j1(zj) =T, IT; @) (2)).

Normal components can be deduced using Eqs. (5.83,5.84).

Traveling inside the j+ 1'" layer

Using Eq. (5.80), a simple phase shift allows to travel from z =zjtoz =241 =2z; —ej;1:
0 0
0

exp(—i¥jt1€j+1) 0
i1 (zj11) = 8 exp(+l}3+16j+l) exp(—i72+1€j+1) 0 Dy 1(z))
0 0 0 exp(+iYjriej+1) ]
T;;
(5.90)

Thanks to Eq. (5.90) and Eq. (5.89), a recurrence relation can be formulated for the analytical

expression of E| in each layer:
(5.91)

D 1(zj+1) =T H_;+11 I1;®;(z))
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Reflection and transmission coefficients

The last step consists in the determination of the first term @, which is not entirely known,
since the problem definition only specifies U)? " and U)(,)’J“, imposed by the incident field Eg.
Let us make the use of the OWC hypothesis verified by Ef (see Eq. (5.62)). This hypothesis

directly translates the fact that none of the components of E? can either be traveling down in

N+1,— N+1,—
Uy '

= 0. Therefore, the four unknowns

the superstrate or up in the substrate:

U;? o, Uy0 ’_,U;V 1 and uy *L¥ e transverse components of the vector fields reflected and
transmitted by the stack, verify the following equation system:

N—-1

Py1(an) = (Mya1) Ty [T Tv—j (Myv—;) ™ Ty—j—1 Po(20) (5.92)
j=0

This allows to extend the definition of transmission and reflection widely used in the scalar case.
Finally, ®y is entirely defined. Making the use of the recurrence relation of Eq. (5.91) and of
Eq. (5.80) leads to an analytical expression for Ef in each layer.
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Chapter 6
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Brian Stout
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6.1 Introduction to particulate gratings

Lattice sums of spherical harmonic functions are well suited for modeling gratings composed
of periodic arrays of identical discrete particles, henceforth referred to as particulate gratings
(cf. fig. (6.1)). By discrete particles, we mean that the particles have a physical boundary such
that there exists a region between the individual particles that is governed by the host material’s
constitutive relations. This feature makes particulate gratings somewhat different from most
of the other diffraction grating problems studied in this book which are usually characterized
by a substrate and a superstrate with distinct constitutive parameters. The techniques of this
chapter can be extended to include the effects of a nearby planar interface,[26, 27, 28] but such
considerations complicate the problem somewhat and this chapter therefore concentrates on
substrate-free particulate gratings.

¢ b E ¢ ¢ C ¢
« ¢ . ¢ ¢ ¢
Figure 6.1: Particulate grating with lattice vectors a and b.

Theoretical analysis of the particulate grating problem can draw on both single-particle
scattering theory and techniques originally developed for solid state physics. The solid state
analogy is clear from the similarity of this problem to the scattering of waves by crystal lattices,
particularly in the “muffin tin” approximation[25]. Summations of the spherical harmonic fields
scattered by the (infinite) number of particles in the lattice involve semi-convergent series and
will generally go under the name of “lattice sums”. By lattice sum, we mean sums of the form
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YAD (r j) where A refers to the ensemble of points, r;, in a periodic lattice, and P is a given
function.

Lattice sums have applications in many fields and their study dates back to the 19th cen-
tury treating conditionally convergent sums of solutions to the Laplace equations (most notably
in the Madelund constant of ionic crystals). Nevertheless, they were not always recognized
as a specific branch of study, and their derivations tended to be scattered throughout the liter-
ature. This situation is changing however with the appearance of extensive reviews in recent
years[15, [16} (19, 20]. Furthermore, another monograph, dedicated entirely to lattice sums, is
appearing at the same time as this one.[3]]

As developed in detail in the aforementioned monograph, the study of the (scale invari-
ant) Laplace equation lattice sums have generated a number of important analytic results. The
grating problem on the other hand involves propagating waves and consequently requires lattice
sums of Helmholtz-type solutions. Although there are fewer fully analytic results for the (scale
dependent) Helmholtz lattice sums than for the Laplace equation case, analytic manipulations
remain essential for regularizing and accelerating a numerical analysis.

In solid-state physics, Helmholtz (i.e. Schrodinger) equation lattice sums are a key aspect
of the Korringa-Kohn-Rostoker (KKR) methods for band-structure calculations in crystals.[22,
14} [13]] In KKR theory, lattice sums intervene in the calculation of the “structure constants” of
the lattice Green function and their regularization generally goes under the name of Ewald sum
techniques. The Ewald sum method is quite intricate, but its basic principle can be viewed as
separating a semi-convergent sum into slowly and rapidly convergent parts and then to transform
the slowly convergent part into reciprocal space via the Poisson sum formula where it becomes
a rapidly convergent series.

Although Ewald sum methods are proven to be quite efficient for most of the prob-
lems encountered in solid state physics, there utility has been repeatedly criticized for grating-
type applications (requiring numerically unwieldy evaluations of incomplete Gamma functions
with negative real arguments[32]], poor numerical properties for high multipole orders or large
wavenumber, k ). A number of authors have consequently looked for alternative lattice sum
techniques since the pioneering work of Kerker over 30 years ago. In this chapter, we simply
discuss and compare some of our preferred methods in the appendices. Our emphasis will in-
stead be placed on painting a complete gratings-picture analysis capable of describing both near
and far-field phenomenon in particulate gratings.

The matrix elements of the Q propagation matrix introduced in section [6.3.3| correspond
to the “structure constants” of a KKR theory. More precisely, due to the differences between
the Schrodinger equation and Maxwell’s propagation equation, the € matrix elements can be
written as a superposition of the KKR structure constants. In both KKR and particulate grating
theory, one desires to calculate the lattice Green function. A fundamental method choice in this
chapter is to use the language of T-matrices. Notably, we will see that the quasi-periodic Green
function can be expressed as a lattice sum of multiple-scattering T-matrices. The multiple-
scattering T-matrices themselves are calculated in terms of the single-particle T-matrices, and
the Q matrix.

The T-matrix manipulations are carried out on a basis set of solutions to the Helmholtz
equation, which we generally refer to as partial waves, (PWs), also commonly referred to as
spherical wave functions (SWFs). This T-matrix approach is also generally adopted in the KKR
calculations[22]], but in the light scattering community, the terminology “T-matrix method” is
often considered to be synonymous with extended boundary condition technique (also called
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Null-field methods), but the T-matrix is a general theoretical construct that relates the field
incident on a particle to the field scattered by the particle. As such, it can be seen as providing
a complete solution to the single-particle scattering problem. In practice, the T-matrix can be
generated by a wide variety of techniques including DDA, method of moments, and fictitious
source techniques.

The T-matrix of an individual particle depends on the shape and the constitutive parame-
ters of the particles, both of which can be quite arbitrary as long as the particle response is linear
(including anisotropic constitutive parameters, magnetic permeability contrast etc.). However,
since the T-matrix can be viewed as being the complete solution of a 1-body problem, its deter-
mination can be viewed as being separate from the grating problem. In this chapter, we simplify
the T-matrix part of the problem by considering only isotropic spherical scatterers. The T-matrix
of such scatterers is diagonal in the partial wave basis with its elements being determined an-
alytically from Mie theory. We insist however, that for particulate gratings composed of more
exotic scatterers, it generally suffices to insert the appropriate T-matrix to obtain the response of
lattices composed of such scatterers. We refer the interested to reader to reviews of the T-matrix
methods.[17, [18]]

The methods developed in this chapter can be adapted to the study gratings composed
of periodic infinite cylinders. However, there are fundamental differences in the mathematics,
since this problem is usually addressed by solving 2-dimensional Helmholtz equations. We
therefore neglect this problem in order to concentrate on the fully 3-dimensional problem of
particulate gratings like those of figure [6.1]

The first five sections constitute the heart of this chapter since they describe the gen-
eral mathematical analysis of gratings using spherical harmonic lattice sums. The last four
sections treat numerical methods for calculating lattice sums and special functions. Support
material, corrections, and erratum will be made available and updated during the year 2013 at
www.fresnel.fr/perso/stout/index.htm.

6.2 Waves and partial waves

A fundamental aspect of the particulate gratings is that they can be viewed as a multiple-scatting
phenomenon with light propagating through the host medium between individual scatterings
events. The wave equation for light in this homogeneous isotropic medium is:

VxVXE+KE=0, (6.1)

where k = \/€,11,7 is the wavenumber of the host medium. Solutions of eq.(6.1)) satisfy both
the vector Helmholtz equation,
AE+KPE =0, (6.2)

and the additional constraint that the longitudinal field components are null:
V.-E=0. (6.3)

A basis set for solutions to the vector Helmholtz equation of eq.(6.2)) can be readily con-
structed starting from the scalar Helmholtz equation:

Ap+Kp=0. (6.4)
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As well established in textbooks, eq.(6.4) can be solved by separation of variables in spherical
coordinates with ‘regular’ solutions taking the form of spherical harmonics, Y, ,, multiplied by
spherical Bessel functions, j, (kr), that are regular for all values of r. There are also ‘irregu-
lar’ solutions spherical Neumann functions, y, (kr), that have essential singularities as kr — 0.
Details concerning the properties and calculation of the ¥, ,, (6, ¢) are given in section m

The spherical coordinate solutions to eq.(6.4) will henceforth be referred to as scalar
partial waves and will be defined as:

Iam (kr) = jo (kr) Y, (F) , and %, (kr) =y, (kr) Yo, (T) . (6.5)

The regular partial waves, _Z,,, can serve as a basis set for any source free incident field
solution to eq.(6.4). Outgoing partial waves solutions of the Helmholtz equation, denoted .74,
will be of primary interest in grating theory since they will be used to describe fields scattered
by the grating. They are defined as a superposition of the regular and irregular partial waves:

Ty (k) = hy (kr) Yo m () = _Znm (kr) + 1% (k) (6.6)

Incident field solutions to the vector Helmholtz equation of eq.(6.2) can be expressed as
scalar partial waves associated with unit vectors along each axis i.e.:

lnC —xZOtnm/nm kr —I—yZOC/ //n’m’ kr +Z Z (X// ///n”m”(kr> : (67)

n m/ n// m//

The field scattered field scattered by a particle in the context of the vector Helmholtz equation
can likewise be developed in terms of the outgoing spherical waves:

Sca[ —xzﬁnm yn kr +y Z Bn/ /%/ / kr +z Z ﬁn// //%// " (kr) 5 (6.8)

// //

provided that the coordinate system origin is chosen to lie inside the particle and that the field
description is applied only to regions lying outside the particle. The field in eq.(6.8) repre-
sents the field scattered by a single scatterer, so the grating problem in terms of partial waves
must sum over the field scattered by all the particles in the lattice. Finding efficient ways for
calculating the lattice sum will therefore figure prominently in the subsequent sections of this
chapter.

Before studying T-matrices in the next section, we first address an important technical
issue. The field expansions in eq.(6.7) and eq.(6.8)) have both transverse and longitudinal com-
ponents and therefore are not generally solutions of the light propagation problem of eq.(6.I).

The transverse Wave condition of eq. @) can be satisfied by requiring that the Cartesian field

coefficients, oc,g my ™, (and respectively ’y ’ ) satisfy certain relations amongst themselves.

The important point is to remark that the constramt conditions, although somewhat complex
in spherical coordinates, only affect the partial wave coefficients, and not the partial waves
themselves. Consequently, in the rest of this chapter, we can generally restrain our attention to
lattice sums of scalar partial wave sums even though the end goal is describe electromagnetic
field scattering.

Expressing the transverse vector partial waves in terms of the Cartesian axis partial waves
of eq.(6.7) or eq.(6.8) is a relatively complex affair involving angular momentum coupling
formalism, coordinate transformations, and recurrence relations.[21] Consequently, it is more
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common to invoke one of the various methods that have been devised over the years to directly
generate transverse partial waves: Debye potentials, Hertz potentials, the Boulenkamp-Casimir
approach[10]], pilot vector techniques[3l], etc. Whatever one’s “preferred” technique and nota-
tion, the two types of transverse partial waves, ¥ 7, , (often denoted M ; , and N 4 ) in the
literature), can be expressed:

\P/Jp (kr) =]

Jn (kr) X m(T)
1 AN . AN

¥ 2 (kr) = = {0 1) o (k) Y (F) + [ (k1)) Zon(F) | (6.9)
where X, ., ¥, and Z,, ;,, are the vector spherical harmonics (VSHs), (described in section
eq.(6.9.3)). The first subscript, ¢, on ¥ 7 q.p Serves to indicate that the radial dependence is
governed by spherical Bessel functions. A value of ¢ = 1 in the second subscript indicates a
“transverse electric” (TE) type wave (i.e. possessing no radial electric field component), while
g = 2 indicates transverse magnetic (TM) waves. In order to minimize the number of subscripts,
we adopt the common procedure that the third subscript p of ¥ 7, ,, replaces the fwo multipole
subscripts n and m by defining its value such that[31]:

pn,m)=nn+1)—m. (6.10)

With the notation of eq.(6.9)), one can express any incident field satisfying equation (6.1])
in terms of the transverse vector partial waves:

En(r)=E Y Y ¥ s 4p(kr)ag,, (6.11)

qg=1.2p=1

where a, , are (dimensionless) field coefficients, and E is a constant with the dimension of
electric field and which can be used to adjust the field strength. With this notation, the field
scattered by a particle whose circumscribing sphere is centered at a position x; can be written:

Equ (rj) =E Z{zz%ﬁ”’ kr) £39) (6.12)
q 14

where r; =r—x;, and féfg are the scattering coefficients of the particle j. The index, 7Z°. on the
¥, ,.p indicates that the radial dependence should be governed by spherical Hankel functions,
hy (kr), rather than the spherical Bessel functions, j, (kr), found in the ¥ » , , functions of

eq.(6.9).
6.3 T-matrix theory

6.3.1 Green functions and T-matrices

The fundamental object that one would like to calculate in a multiple-scattering system (like
a particulate grating) is the system Green’s function. However, the dyadic Green’s function
for a homogeneous medium has a strongly singular behavior and needs to be defined in the
context of distributions.[S]] The T-matrix formalism allows us to largely circumvent this singular
behavior, and also to work directly in terms of fields which is often more manageable than the
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relatively intricate dyadic Green’s function formalism. For instance, the operator form of the
Green function of a single object in a homogeneous medium can be written:

G=g+gtg, (6.13)

where t is the isolated particle (or /-body) T-matrix operator, and g is the Green function oper-
ator of the homogeneous medium (sometimes called a propagator). In this formalism, the sin-
gular behavior is relegated to the propagator, g, leaving the (non-singular) scattering response
due to the object being described by .

Furthermore, when considering excitations outside the scatterer, the homogeneous Green
function, g to the right of the ¢ operator acting on the sources generates the incident field, while
the g to the left of it generates the scattered field.[24] In the partial wave basis, ¢ then truly
takes the form of a matrix, henceforth denoted, ¢, that relates the incident field coefficients to
the scattered field coefficients:

f=ta, (6.14)
where a and f are column matrices composed respectively of the incident field and scattered
field coefficients (cf. eqs.(6.11] and (6.12)).[30] The 1-body T-matrix, ¢, in this expression is
now truly a matrix relating field coefficients of partial wave field decompositions.

This T-matrix formalism can be extended to include systems containing N particles. The
system Green function can be written,

N
G:g+g<ZT<f>>g, (6.15)

Jj=1

where the multiple-scattering (or N-body) T-matrix operators, Tl ), are associated with each
particle and which incorporates all the multiple-scattering effects due to the presence of the
N — 1 other particles in the system. Passing once again to a partial wave field description, the
multiple-scattering T-matrix, TU), generates the field scattered by each particle in terms of the
field incident on the system:

FU) =T1gl) (6.16)
where /) indicates the incident field developed on a coordinate system centered on the ;™
particle. All multiple-scattering phenomenon and some rather subtle technical difficulties have
all been incorporated into the definition of TU), but nowadays they can be calculated rather
readily for systems with a finite number of particles starting from the 1-body T-matrices, ¢(/),
of the individual particles.[30]

The number of particles in a grating problem is infinite (from the ideal mathematical
standpoint), which given their physical content would render exact calculations of TU) im-
possible. Nevertheless, the fact that the system is identical when viewed from any lattice site
allows the T(/) matrices to be calculated as a lattice sum as we shall see in section[6.3.3] We
first rapidly review below our notation and terminology for lattices.

6.3.2 Direct and reciprocal lattices

A lattice, A, of dimension dj, is invariant under a coordinate system translation along any
vector, rj, that can be expressed

da
ri=Y Jjai, (6.17)
i=1
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where a; are the primitive lattice vectors, and j = (j1,..., jg,) is a shorthand notation for a set
of d relative integers, j; € Z. In order to diminish the number of subscripts, we will sometimes
employ an alternative notation for the primitive lattice vectors: a = a;, b = a,, and ¢ = aj3.
It also proves convenient to define the x and y axis of the system so that the primitive lattice
vectors can be expressed: a = (a,0,0), b = (bx, by,0), and ¢ = (cy, ¢y, ;).

When dj = 3, the r;j ensemble defines a crystalline type lattice, henceforth denoted (L), as
frequently encountered in photonic crystals and “meta-materials”. A two-dimensional grating,
or mono-layer lattice (ML), like that of figure occurs when the system invariance only
occurs for 2D displacements of rj = j,a+ j,b. Finally, linear chains (C) are only invariant with
respect to translations of r; = ja.

The reciprocal lattice, A*, is defined in terms of lattice ‘wave-vectors’, Pg> defined in
terms of the primitive reciprocal lattice vectors, a;:

da
Pe=27) g, (6.18)
i=1

where g; € Z. The primitive reciprocal vectors, a;, are defined such that their scalar products
with respect to a; satisfy:
ai-aj:&j i,j=1,...,dA. (6.19)

From eqs.(6.17) (6.18) and (6.19), one readily finds that the reciprocal lattice vectors, p,, of
eq.(6.18), have the property

rj-pg=2mN , (6.20)

where N is some integer (which results in exp (ir i pg) =l forall rj and p,).
The unit cell “volume”, of, appears repeatedly in theories of particulate lattices. For
lattice dimensions of dy = 1, 2, and 3, the corresponding <7 5 3 is given by:

M:’a’ dy=1
ofh = |a X b dy =2 , (6.21)
o3 = |(axb)-c| dr =3

with dimensions of “length” for dy = 1, “area” for dy = 2 and “volume” for dy = 3. The
corresponding “volume” of the reciprocal space lattice sites are given by .7 1.

6.3.3 Grating T-matrices

Each site of a lattice is identical to all the others so that the multiple scattering T-matrices of
eq. are all equal, i.e. TU) =T. The scattering coefficients f (/) are then given by:

FU) =14 (6.22)

The trouble with this equation is that the coefficients f (/) and a/) are expressed on localized
partial wave basis, but the long range nature of scattered fields would require the T-matrices to
act on very high multipole orders in order to account for these long-rang interactions.

Since manipulating high multipole orders is numerically inefficient, one considerably
simplifies this problem by only calculating the multiple-scattering 7-matrices for incident fields
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satisfying a quasi-periodic condition. Quasi-periodicity can be viewed as requiring the partial-
wave decomposition of the incident field on each lattice site, rj, to satisfy,

ah) = ¢iBrig (6.23)

where ‘a’ corresponds to the incident field coefficients at the origin, and B, the ‘on-shell’ quasi-
periodicity vector. The term ‘on-shell’ indicates that the quasi-periodic vector satisfy |B| =k,
and although this considerably restricts the type of incident fields (and modes) that one can
treat, it does correspond to many situations of physical interest including both homogeneous
and inhomogeneous plane-waves incident on diffraction gratings.

The quasi-periodic condition can be viewed as a partial Fourier transform description in
that the overall field behavior is of an oscillatory nature, while the quasi-periodic T-matrix,
Tg, describes local-field perturbations due to the presence of the particles. Consequently, one
expects the 7g matrices to be well approximated on a truncated (i.e. finite) partial-wave basis
(similar to the behavior of the isolated particle T-matrices[30]). The quasi-periodic condition
allows the Foldy-Lax equations for the multiple-scattering T-matrices to take the form:

TB = t—f—l‘QﬁTB , (6.24)

where the (g matrix designates a quasi-periodic lattice sum of the irregular translation-addition
matrices:
Qp (k,aicq) = Y. ePTi (krj) . (6.25)
rieA
rj#0
The analytical properties of the irregular translation-addition matrix, H (x), are described in
section [6.8.3| where one also gives expressions for its matrix elements.

The exclusion of the ‘origin’ lattice site, r; = 0, from the sum in Qg has a physical
significance in that it accounts for propagation of the light scattered by all the other particles
in the lattice onto the particle at the origin (the light ‘scattered’ by the particle onto itself has
already been included in the individual T-matrix, 7). One finds in section @ that each matrix
element of the translation-addition matrix, H (kr j) , can be written:

[H (krj)], oo = 2 Cm (P2’ d ) u (krj) Yo (7)) (6.26)
I,m

where the sum over the multipole indices, (/,m) is finite. Expressions for the C;,, (p,q;p’,q’)
coefficients[31} [5, 29] are given in the section [6.8] Inserting eq.(6.26) into eq.(6.25) and rear-
ranging the summations, we find

[‘Qﬂ}pq'p’ q - ch,m (p,q;p/,q/) Z eiﬁ.rjhl (krf) Yim (?j>
e I,m ri€A

=Y Cm(p.a:0'.d) Sim(k,B) - (6.27)

l.m

where we have defined S; ,, (k, B) as a Hankel function lattice sum such that:

Sum (k. B) = S0 (k,B) = Y. ePTidty (krj) . (6.28)

erA
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We recall that .77, ,,, (x) was defined in eq. as a partial wave of the spherical Hankel function
type.

It will occasionally prove useful to calculate the analogous lattice sums over the partial
waves of the Bessel or Neumann types, denoted respectively, S;l{n (k,B) and S;ﬁf’/ n (k,B). Since
we will principally be concerned with the partial wave lattice sums of the Hankel function type,
Sy,m without a superscript will always indicate a lattice sum of the Hankel function type. We
also remark that the exclusion of the origin position from the lattice sum is important from a
mathematical standpoint since the Hankel functions have an essential singularity at their origin.

The solution to eq.(6.24) for the multiple-scattering T-matrix is readily formulated in
terms of matrix inversion:

Tg=[r"' -] . (6.29)

Once the Tg matrix is known, the scattering field coefficients for any particle, j, in the lattice is

the same as the coefficients at the origin but multiplied by a P phase factor. In the matrix
notation, this is simply expressed:

f[(ij) — eiﬁ-rjfB — eiﬁ’roBa , (6.30)

where a is the column matrix composed of the incident field coefficients developed around the
origin.

6.3.3.1 Far-fields

The field ‘scattered’ by the grating (i.e. ‘transmitted’ and ‘reflected’ diffraction orders) can be
determined by inserting eq.(6.30) into eq.(6.12) wherein the scattered field takes the form of
a lattice sum of the transverse-outgoing-vector partial waves, ¥ 5+ , ,,, described in eq. of
section [6.2}

E57A (r) =F Z eiB'rf‘P%ﬂ (krj) fﬁ

rjeA

(o)

E Z Z Z q{%”,qyp (krj)eiﬁ.rj [fﬁ}q,p' (6.31)

q=12p=1 [ r;eA

We will see in eq.(6.62)) of section [6.4.4] that for each multipole order, p = 1,...c0, and
transverse wave type g = 1,2; the term in brackets can be re-expressed as an infinite sum of
plane waves. Only a finite subset of these waves are of the propagative type however (the rest
are all of an evanescent nature). Consequently, the multipole summation of eq.(6.31) allows
one to calculate the efficiency of each reflected or transmitted order in the far field.

6.3.3.2 Near-fields

Another quantity of physical interest is that of near fields in a particulate grating (non-linear
effects, SERS, etc.). The plane wave expansion discussed above for far fields could be invoked
in principal, but for near fields one must also calculate the (infinite) evanescent orders that one
could neglect in the far field. The convergence of the plane wave expansion will generally be
poor near the grating, which renders this approach unattractive.
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As long as the incident field is quasi-periodic with respect to the grating, one needs only
to determine the near fields in a single Brillouin zone around a given lattice site (the site at
the origin being the most practical). In this case, it seems clear that the localized multipolar
field developments are well adapted to the development of the local field in the Brillouin zone.
In multiple scattering theory, the fg coefficients give the field scattered by the particle at the
origin, while the excitation field corresponds to the field at that was ‘incident’ on this particle,
i.e. the superposition of the field incident on the grating and the field scattered by all the other
particles in the system. This excitation field can be developed on the regular partial waves and
its coefficients, e B> related to the scattering coefficients via the 1-body T-matrix via the relation:

eg=1"fg. (6.32)
The total field in the Brillouin zone is simply a superposition of the scattered and excitation
field:

EP) (1) =E (W (kr) fg +'¥ 5 (kr) 1~ fp)

Y (o k) fop ¥ g (kr)eg,] 633)
q=1,2p=1

6.3.3.3 Propagating modes

The response of a grating or chain of particles will often be dominated by the excitation of
nearly guided modes in the structure (commonly referred to as leaky modes). Unlike, lossless
3D lattices which have true propagating modes described by real values of B, the leaky modes
in a grating or chain of particles are so-named because they generally radiate energy to the far
field even in the absence of intrinsic losses. Consequently, leaky modes can be described by
a complex valued B-vector (or complex frequency). The determination of a leaky mode thus
involves searching for a complex pole in the determinant of the multiple-scattering T-matrix,
75 l-

Since matrix inversions are numerically expensive, one may prefer to look for zero eigen-

vectors, Vi, of the matrix [fl — Qﬁ(x] ,lLe

-0 [va=0. (6.34)

However, the search for zero eigenvalues can limit the implantation of complex analysis meth-
ods that have proven useful in determining the position of poles in the complex plane.

The Floquet mode associated with the eigenvector, Vg, can be constructed from eq.(6.34)
coupled with the plane-wave development the terms in eigenvector, Vq:

EG™ (r)=E ) i [Z ¥ e qp (krj) eiﬂa‘rj] Valgp - (6.35)

g=12p=1 |rjeA

Before finishing this section, it should be pointed out that matrix inversion solutions to
the multiple scattering problem (like that given in eq.(6.29)) were disregarded for a long time
in favor of iterative solutions to the T-matrix or underlying linear system of equations. The

reason for this is that the matrix [r‘l -Q Ba] is generally ill-conditioned. This difficulty can be
generally overcome by analytical matrix balancing as described in the next section[6.3.4]
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6.3.4 Matrix balancing

Although not necessary from a formal standpoint, analytical matrix balancing improves the con-
ditioning of the matrices occurring in multiple-scattering calculations for both matrix inversion
and eigenvalue resolution.[30] Analytical matrix balancing can be achieved by multiplying a
matrix from both the right and left by diagonal matrices, [£] and [w] ', whose matrix elements
are given by:

[WLL‘]/J%P/ - 6Q7q,517717, Yn (kR> ) [&]q,q’,p,p’ = Sq,q’3p7p’§n(kR) , (6.36)

where Y, (kR) and &,(kR) are respectively the regular and irregular spherical Ricatti-Bessel
functions (cf. and R the radius of the minimal circumscribing sphere surrounding the
scatterers.

Matrix balancing can be readily formulated by defining normalized incident and scattering
coefficients, @ and f respectively such that:

a=[yla, fg=1811p - (6.37)
The associated normalized or ‘balanced’ matrices are defined[30]:
i=[Elly]™ . Tp=[ElTlvlT . Qp=(w]QplE] . (6.38)

The above definitions were chosen such that eqs.(6.22) and respectively take the
form: L .
7V =Tgal) (6.39)
and B
Tga=rta+1QgTga. (6.40)
The normalized T-matrix, 7, is then obtained via the generally well-conditioned matrix inver-
sion: .
Tg— [i‘l —ﬁﬁ} . (6.41)
Since we generally want the non-normalized T-matrix for applications, we reconstruct, 7g via a
final multiplication by our diagonal matrices:

Tg =[] ' Tglv] . (6.42)
6.4 Mathematical relations for lattice sums

This section is dedicated to reviewing the mathematical relations that allow one to treat lattice
sums for lattices of dimensions dx = 1,2, 3 (i.e. particulate chains, gratings, and crystals). They
will notably allow us to evaluate the lattice sum in eq.(6.27) which is used to calculate far-field
response from gratings. These relations were derived (and often rederived) in many places, and
we refer the reader to refs.[15) 16, (19,20, [8] for additional details and perspectives.

The most difficult mathematical problem to address will be the evaluation of Hankel func-
tion lattice sum, S;fj’,;1 that was introduced in eq. for the calculation of the QB matrix of
eq.(6.27).

s =Y ePrist  (kr)) (6.43)
rjEA
rj#O
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When not otherwise specified, partial waves lattice sums will always be assumed to be of the
Hankel functions type. The underlying reason for this appears in the translation-addition where
Hankel functions allow one to re-express waves scattered by a given lattice site as waves inci-
dent on a different lattice site.

We will occasionally consider Bessel and Neumann types of scalar partial waves:

Srgzym = Z elﬁ.rj@’%m (krl)
/ rjeA
rﬂéO
Sitm= Y &P g, (krj) (6.44)
rjEA
rﬁéO

The interest of these sums in part is due to the fact that S;ff;l = S,{fn iSf{m but also because S,{n
can potentially prove useful in certain applications. We will see that the relations developed in

this chapter permit the S, ,{iq sum to be evaluated in closed form, but unfortunately the Neumann
partial wave sum, S;%m, appears to be as difficult to evaluate as the Hankel partial wave sum,

and a closed form expression does not appear to be possible.

6.4.1 Lattice reduction

Although Ewald sums are a time honored technique in solid state physics, a considerable
amount of effort has recently been devoted to what has come to be called Lattice reduction
techniques. The basic idea turns around the fact that lattice sums tend to be more practical for
da = 1 and dj = 3 than for the grating dimension of dp = 2.

First one chooses a coordinate system such that a preferred axis (like the z axis) will
along a given lattice vector. For example a = (0,0,a), and b = (0,b,,b;). With this basis the

2D Mono-Layer lattice sum, Sﬁ/[nﬁ can then be written expressed as a superposition of a Chain

sum, Sim, containing the origin (z-axis), and a superposition of all the chain sums ‘above’ the
central chain (z>0), denoted S%,I;f or ‘below’ the central chain, Sﬁ%_ (z<0). The central chain
can be readily be evaluated using one of the techniques described in this chapter, while the
integral expression for Hankel functions described in section [6.4.4]allows one to derive efficient
expressions for S\ and )5

Lattice reduction can also be applied in the reverse direction, with one expressing the
3D crystalline lattice sum, S,ﬁm, as the superposition of a monolayer sum in the z = 0 plane,
with sums of all monolayers with z > 0, Sﬁfn and all monolayers with z < 0, Sﬁ; There exists

efficient techniques for calculating the crystalline lattice sum, Sﬁ’m while one can determine

efficient expressions for Sﬁ,’,}t and Sﬁjnj using again the integral expressions of section m In
this reverse lattice sum method, the monolayer lattice sum is expressed:

S = Sy — Shht — Sk (6.45)

One should that the choice of orientation of the coordinate axis will not be the same in general
for different lattice sum techniques, but these differences can be be compensated for by using
the rotation matrices of section

Lattice reduction is based on the idea that it can prove numerically efficient to carry out
lattice sums for a lattice dimensions other than that desired. To construct a 3D periodic media,
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we rotate the 2D lattice of the preceding section back to an orientation in the xOy plane with
a = (a,0,0), and b = (by,b,,0), and now ¢ = (0, ¢z, c3). The quasi-periodic vector is given by
B = (B1, B2, B3). The 3D lattice sum can then be written:

S = Soh 4 Sh S (6.46)

The Sﬁj; denotes all the z > 0 planes, while S5~ sums all the z < 0 planes.

n.m
The lattice reduction technique breaks the sum down into elements which tend to have

a decreasing difficulties for divergence. An interest of the lattice reduction technique is that it
can be adapted to partial lattices. For instance, large but finite chains, a finite number of infinite
chains or finally a finite number of infinite planes.

6.4.2 Plane wave expansion

The expansion of a plane wave in terms of partial waves allows one to transform between partial
wave and Fourier transforms. It reads:

o U=V ~
=4n ) Y Vv (knYy, <k> Yy u (7)

v=0U=—v

o U=V
- Z Z pvu¥ypu(r), (6.47)

v=0u=-v

where Wy ,, (r) are the scalar partial wave functions discussed in section and py , the
coefficients in the development of a scalar plane wave on a partial wave basis i.e. :

Wou (N =y (k)Y (B),  pum=4mi"Y; (k) . (6.48)

One can produce an integral expression of j, (kr)Y, ,, (¥) by multiplying both sides of

eq.(6.47) by Y, (E) and integrating over all directions of k.

/koe’krYnm —47r/d§2k2 Z iV jy (kr) Yy u (7 ryy, (k)Ymm(/lE)

v=0U=—V
=47i" j, (kr) Y, m (r) . (6.49)

We have thus found that regular partial waves are an angular Fourier transform of the spherical
harmonics:

¥ g = jn (k) Yo (F) = yre / dQue® Y, (k) . (6.50)

Likewise, the transverse regular partial waves, ¥ ; can be expressed as an angular Fourier
transform of the vector spherical harmonics:

¥ gt am(kr) = /dQ e* X (k)

krz, (k) . (6.51)

‘P/q an(kr
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6.4.3 Poisson summation formula

The Poisson summation formula is a crucial mathematical tool for evaluating lattice sums. It
allows one to pass from a sum over the real lattice vectors to a sum over the reciprocal lattice
vectors. Formally, it can be written:

ik-r; 277’. aa
Y et Y 5(k—p,) 6.52)

rieA da PgEN*

where 7;, is the “volume” of the reciprocal lattice cell. Since long and short range interactions
can both be strong for lattice problems the Poisson summation formula often does not directly
accelerate the lattice sum, but it nevertheless proves invaluable for a number of useful that we
will derive in the rest of this chapter.

For the 1-D sum in eq.(6.90), this can be written:

Z o k+B)(zja) _ Z S (k +ﬁz——8) (6.53)

j:—oo g=—00

We then write this relation in a dimensionless form:

2r & k, B 2
(k+B)-(zja) — S 2+ g2 . 6.54
]z_"ooe kai" g_z:’w (k * k gkg) (6.54)

6.4.4 Integral expressions for outgoing partial waves

The Weyl identity expressed the Hankel function of order O as an integral of plane waves:

17 exp (xik-r
ho (kr):ﬁ / dkﬂ@%
Z

exp [i (kex + ikyy + ik;2)]
dkydk, =0 6.
27tk / k. S (6.35)

where the plus sign is taken for z > 0 and the minus sign is used when z < 0. The k, component
is fixed by the constraint that k2 - k2 +k2 =k, namely k, = [k — k2 — k. Tt is interesting to
remark that the spherical Bessel functlon is a superposition of plane waves that are constrained
to satisfy ||k|| = k. Since the reciprocal space integration in eq.(6.53) is carried out in the
xOy plane, it is convenient to define a specific symbol for the wavevector in the xOy plane,
K = kx +kyy, and the full wavevector is then, k = K + k;z. It is also convenient to define
dimensionless or normalized quantities:

K=|K|/k v=k/k=\1-K . (6.56)

If we take the position vector r in eq.(6.55) to lie along the z axis, r = rz, then we can
integrate over the azimuthal angle to obtain a single integral expression for Hankel functions
that can be used in lattice sums:

ho (kr) =

/ SRR P k] 220. (6.57)
0

v
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Wittmann pointed out that the above Weyl identity of eq.(6.55) can be generalized to all
partial waves of the Hankel function type[33] :

Wt nm = hn (k1) Yo m(7)

7 my +i (kex + kyy +k
= [kt (ke ) B SPEHEERSTEDD .

Y
(6.58)

If we take r again to lie along the z axis, we find an integral expression for spherical Hankel
functions: -
I (k) = i / JRR P, (y.) SRR (6.59)
0 Z
The integral relation of eq.(6.58) can also be extended to the outgoing vector partial
waves:

T%,q:l,n,m(kr) = % ff dkxdky exp(ii(kxx;kvy+kzz))Xnm(ic\)
7220 . (6.60)
j-n 7 +i(kex+hyy+k, -~
N o Ly 7 e G P Nz, k)

The Poisson sum rule allows one to express quasi-periodic 2D lattice sum in terms of 2D
reciprocal lattice vectors. For the scalar partial waves, one has:

_ 2mi " ~F :
Z exp (zﬁ . rj) Y nm (krj) = Z WY,W (kg> exp (lk;t -r) z20, (6.61)
rieA pgeAr g2

while for the vector partial waves,

. 2mwi " ~+ )
Z eXp (lB .r]) ‘I{%”J,n,m(krj) = Z WXan (kg> eXp (lk?-i‘)
rjen pgeAs 8.z 72
. 2mil " ot -
Y exp(iB-rj) ¥ onmlkri) =Y, Wzn’m (kg> exp (iky - ) 220. (6.62)
ri€A pgEN "18:272

In the partial wave lattice sums of eqs. 1| and ll , the wavevector k;,t is given by:

2
k= <ﬁ” +pgﬁ\/k2— (B)+Pe) ) , (6.63)

and k;z is its z component:

2
kgo=kg 2= \/k2 - (BH +pg> : (6.64)

One remarks that for a real Bloch vector B I the wavevector kz,t is real i.e. propagative in nature
only for those lattice vectors for which

k> (B +pg| (6.65)
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6.4.5 Partial wave rotation

Let us consider once again a row matrix, ‘Pt/g,/ > composed of one of the types of partial
waves in eq.(6.3). The fact that the choice of the orientation of the coordinate system is arbitrary
imposes transformation relations amongst the partial waves. Let us consider a position M given
by the vector r in our chosen coordinate system. We next consider another coordinate system
with the same origin, but rotated by the 3 Euler angles, &, 3, and y in which the same point M
is now designated by a vector '(n.b. |[r'| = |r| = r). The linear relationship between the row
matrix in these 2 coordinate systems is then:

V(r)=¥(r)2(a,B.7) . (6.66)

If the rotated coordinate systems is taken such that 7’ lies along the z axis in the rotated coordi-
nate n this relation takes the form:

¥ (r)=%(rz) 2(¢,0,0) . (6.67)
In component form this reads for Hankel function sums:

By (kr) Yo (F) = hy (k1) Yu0 (0,0) Zn,0:0,m (97, 67,0)

[2n+1
= e hy (kl’) @n,O;n,m (¢Fa 6?70) ) (6.63)

where we used eq.(6.75)) for an expression of the ¥, (0,0).

6.5 Numerical Examples

This section will be expanded considerably in the second edition.

6.5.1 Far and near field response from gratings

As discussed in section 0.3) once the lattice sums have been determined for all the Qg matrix
elements, and the lattice T-matrix of eq.(6.29) obtained, one has ready access to both the far
and near field response of the system. However, the quasi-periodic lattice for all the multipole
orders must be calculated anew whenever one looks for response to a different quasi-periodicity
vector, B or wavenumber k (i.e. frequency).

6.5.2 Modes for particulate chains

There is considerable interest in calculating and characterizing the ‘propagating’ modes of pe-
riodic chains, gratings, and finite stacks of particulate gratings. A major difficulty is that these
systems are open, so propagating ‘modes’ are necessarily lossy which entails that they don’t
exist for real values of frequency and quasi-periodicity vector B. This situation was in fact
already present in the T-matrices of the individual particles which have do have poles at any
real frequencies, but one can find poles at complex frequencies. For planar surfaces, Greffet
has recently argued[2] that the Leaky-modes can be described by letting either frequency or
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wavevector be described by a complex number. This idea has recently been employed by sev-
eral authors for calculating modes in infinite particulate chains where the component of B along
the chain axis is allowed to be a complex number. (23} 4,16, 11} 12]] There are still some technical
issues under discussion considering modes in gratings due to ambiguities in the best manner to
define a complex propagation vector in the grating plane.[9]. This issue will be treated in more
depth in the second edition.

Typically, one has looked for propagating modes in particulate arrays of sub-wavelength
particles metallic particles. There is however an increased in interest in high index dielectrics.
Due to the complexity of the full multipole approach, most works searches for modes in the
complex plane have adopted what amounts to be a electric dipole approximation to eq.(6.29)).[23]]
We have recently argued that electric dipole is insufficient in the presence of strong interactions
that are provoked by resonances.[23]] These results and conclusions are reviewed here.

We adopt the same parameters for a plasmonic chain as Conforti and Guasoni.[6] Namely,
we consider an infinite chain of identical 50nm diameter silver particles separated by d = 75nm
(center-to-center). The system is immersed in a non-magnetic medium with relative permittivity
£=225m=1.5).

The figures are plotted with normalized frequencies and wave-vectors:

w=-—=— pB=1— (6.69)

where A, is the vacuum wavelength. The light line for these parameters is given by @ = nﬁ .
The dispersion relations of the principal propagating modes calculated in the electric dlpole
approximation are plotted in figure [6.2] (dashed curves). They are then compared with fully
converged nmax = 10 calculations of these dispersion relations (solid line) in this same figure
by solving eq.(6.34). The imaginary part of the dispersion relations for dipolar and converged
multipole calculations are given in figure[6.2j).

0.250 0.250
0.2251 0.225 1 .
0.200- L 0.200 - *
a —
8 0.1751 ‘ S 01751 —
o | & /~
;é 0.150 - V/A { & 0.1501 S~
| / ©
0.1251 | S 01251
| T2
0.100 - ﬂ 0.100 -
0.075 L————— ————— 0.075 ¥y ——————
03 02 01 00 01 02 03 04 05 06 4.2 -1.0 0.8 06 -04 -02 0.0 02 04 06 08
Re(p)d/(2x) Im(B)d/(2x)

Figure 6.2: Real and imaginary parts of the dispersion relations in the dipole approximation (dashed curves),
and fully converged multipole calculations with nmax = 10 (full lines). The Longitudinal mode with posi-
tive imaginary part is in cyan(gray) the “T1” mode with positive imaginary part is in blue(black line). The
“T2” transverse mode with negative imaginary part is in orange(gray). reproduced with permission :
http://dx.doi.org/10.1364/JOSAB.29.001012

Figures [6.2) and [6.2b) merit some commentary. It is immediately clear that the dipole
approximation provides a moderately accurate prediction of dispersion relations only over a
narrow range of frequencies for which the imaginary part of the propagating wavevector is
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rather small, and the real part is near the light line. One should also recall that symmetry
dictates that if a given value of 8 corresponds to mode at a given frequency, then by symmetry,
—P is also a solution to these equations. For the sake of clarity, these symmetric modes are not
presented in these figures.

Like Conforti and Guasoni[6], we find a transverse mode, labeled “T2” whose imaginary
part of B3 is opposite in sign with the real part of 8. It may prove physically relevant to think of
this T2 mode as a backscattering mode, or to interpret this in terms of negative effective index.
It is interesting to remark that the T2 mode tends toward the edge of the Brillouin zone at low
frequencies. It has recently been argued that these

Our dipole approximation predictions for the longitudinal mode are quite similar to that of
ref.[6] wherein the dipole prediction is that the mode “folds back” before reaching the edge of
the Brillouin zone. The full multipole calculations on the other hand predict that the longitudinal
mode goes to the edge of the Brillouin zone, and that the “fold back™ only occurs after it has
gone “beyond” the edge of the Brillouin zone. In our calculations, the “T1” mode is quite close
to the light line, and henceforth rather poorly confined by the plasmon chain so its importance in
applications seems limited. In our calculations, the dipole approximation for the “T1” mode is
quite similar to the multipole solution except that we only found that the full multipole solution
predicted both extremities of the T1 mode to lie on the light line.

0.250 -
0.225-:
0.2004 *

0.175 -

0.150 -

wd/(2nc)

0.1254 4

o
o
<
a

Figure 6.3: Normalized extinction is a solid blue (line) and scattering cross section given by a dashed
green line of a silver monomer in terms of frequency (a = 25nm). reproduced with permission :

http://dx.doi.org/10.1364/JOSAB.29.001012

Due to the system design (sub-wavelength resonance particles) one expected to find sig-
nificant guiding of modes appear only in the frequency domains where the scattering cross
section of the individual particles is non-negligible. To illustrate this point, we plot the extinc-
tion and scattering cross section for an individual particle in the chain in figure [6.3] We remark
in particular that near individual particle resonance maxima, all the guided modes of figure
lie near the light line, and as seen in figure [6.2p) it is here also that their imaginary parts are
smallest. Furthermore, with the exception of the ‘backscattering’ mode T2, all guided modes
apparently cease to exist when one moves sufficiently far away from the scattering resonance
frequency.

The reader has probably remarked some strange behavior of the modes in the electric
dipole approximation at high frequencies. For instance, at around @ = 0.225 a “kink” appears
in the longitudinal mode, and a spurious T2 solution emerges from the light line. We carried
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out mode calculations with various multipole cutoffs and found that such kinks and spurious
solutions were relatively commonplace (at high or low frequencies) when low numbers of mul-
tipoles are used in the simulations and such behavior disappears when higher multipole orders
are used. It is also worth remarking that for high order simulations, the Re[f] of the modes
terminate at either the light line, or the edge of the Brillouin zone, but modes can terminate at
undiscriminating positions in 3 space when calculations are carried out at low order.

0.225- 0.225-
0475 T 0.175- ;
—~ | e o — S
5 g L z )
& 0.150 . 0150
= X .
= - P
8 0125 L 801251
0.100 i 01004
0.075 . . . 0075 —————————— ——————
0.0 0.2 03 0.4 0.5 12 1.0 0.8 06 -04 -02 00 02 04 06 08
Re(p)d/(2r) Im(B)d/(2x)

Figure 6.4: Positive and imaginary parts of the dispersion relations in the Re[f] > 0 part of the Brillouin zone.
Transverse modes with: Im[f] > 0 modes are solid blue(black) lines, while that with Im[B] < 0 is given by a dashed
blue(black) line. Longitudinal modes with Im[f] > 0 are solid cyan(gray) lines, while those with Im[] < 0 is a
dashed cyan(gray) line. reproduced with permission : http://dx.doi.org/10.1364/JOSAB.29.001012

The mode diagrams of figures [6.2p) and [6.2b) were somewhat unconventional since they
did not display symmetric, —f3, modes, and allowed the dispersion relation of the longitudinal
mode to move outside the Brillouin zone. A more conventional representation of the dispersion
relations is given in figure [6.4] which includes the symmetric modes, but only displays modes
when Re[ ] has positive values lying within Brillouin zone (here we display only the converged
multipole calculations). Transverse modes with Im[f] > 0 modes are given by solid blue(black)
lines, while transverse modes with Im[f3] < 0 are dashed dashed blue(black) lines. Longitudinal
modes with Im[f] > 0 are given by solid cyan(gray) lines while longitudinal modes with nega-
tive Im[3] are in dashed cyan(gray). It is interesting to note that the longitudinal modes extend
to the positive edge of the Brillouin zone and that the “fold back™ only occurs when Im[f] of the
longitudinal mode is negative. One can also remark that transverse modes, T2, with both posi-
tive and negative Im[f] exist above the light line, but that their imaginary parts are quite large.
Longitudinal modes above the light line also exist at frequencies below the particle resonance
maximum, but these modes remain quite close to the light line.

6.6 Chain sums
6.6.1 Hankel function chain sums

A periodic chain of wave scattering is defined by a lattice vector a, such that there is an elemen-
tary ‘scatterer’ at all positions r; i.e.:

ri=ja  jEL  j=—oc0,..—2,—1,0,1,2, .. e . (6.70)
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A chain sum for a quasi-periodicity vector B is defined:

S (k,a, B:a) = S (k,a,B:a) = Y. . (ja) e P 6.71)
Jj70

JeZ

One can remark that the chain sum, Sn n» depends on the amplitude of the lattice vector a = |a],
and its direction, and the scalar product between a and another vector B which we will call
the ‘incident’ or ‘quasi-periodicity’ vector. The chain sum in fact only depends on the scalar
product between B and the periodicity vector:

B=Ba . (6.72)

One remarks that the direction of a depends on the orientation of the coordinate system. We
can take advantage of this fact to define the z axis as the direction of a such that:

ri=ja, (6.73)

but one must keep in mind that the expression for Sim is reference frame dependent. In this
coordinate system, the chain sum, S,Cl’m (k,a, B ;E), takes the form :

Som(k,a,B:2) = Y. A m(jaz)e )eiP2ia
J#0

jez

g (J)

J#0

JEZ
= 80hn0 Y n (jka) [effﬁ“ Y (—1)"eiiBa] (6.74)
j=1
where we used the fact that only the m = 0 scalar spherical harmonics are non null at 6 =0, 7:

2n+1

Yn,m (070) = 5m,01n,0 = ar

Y0 (7,0) = 8.0 (—)" Yum (0,0) . (6.75)

The analytical expressions for the first few Hankel function are:

h — _Cix
0(x)=——¢
(=1 i
h - B
1) =e ( X x2>
(1 3 3
/’lz (X) =¥ (; — ; — F) N (676)

which are readily obtained from the general analytic expression for Hankel functions of arbitrary

order: .
X

i
- 1 n+s e
i) = (Y e 77
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6.6.2 Integral technique for Hankel lattice sums

Generalizing the Weyl integral to produce an integral expression for spherical Hankel functions
gives us the integral:

) exp (iy:kr)

Y

by (kr) = / dKKP, (k./k , (6.78)

where we recall that k; = Vk* — K and K = k7 — k3 is the wavevector component in the xOy

plane. In the last line we defined the dimensionless quantities, K = K /k and 3, = \/ 1 — K so
that this integral could be calculated using dimensionless variables.

Now if we actually try to evaluate this integral, we will have numerical problems when
we go past the point where k, = 0. Since the singularity coming from the k, denominator lies
just above the real axis, we can analytically continue the integration into the fourth quadrant
of the complex plane. Any angle will do as long as the resulting line integral is sufficiently far
from the positive real axis or the negative imaginary axis. We will generally take an angle of
45° as a reasonable compromise. We will find that the integrand will decrease exponentially for
large |K| in the complex plane so that we don’t have much problem with the integral extending
to infinity.

Thanks to the integral expression for Hankel functions of eq.(6.78)), we are now ready to
treat an infinite chain sum for a chain oriented along the z axis:

SCo(kna,B:2) = Y exp(iBaj)hu (k|j|a) Yo (‘j—,z)
jer”

= iexp (iBaj)hn (kaj)Ynm(0,0)
=1

+ Y exp(—iaj) hy (kaj)Ynm(7,0)

=1
2n+1
= Om,0 ar

i exp (iBaj)hy, (kaj)+ ieXp —ifaj)h (kaj)]

j=1

(6.79)

where we used:

[2n+1 2n+1
Yn7m (O, O) = 6}’”/0 ?Pn (1) y Yn,m (77:, O) = 5"1,0 Pn (_1> 3 (6.80)

P,(1)=1, P, (—1)=(-1)". (6.81)
Using the integral relation of eq.(6.78), we have:

~ 2n+1 1 k
S (k- B32) = 80y [ = z"k/ ak x k) Z/)

X [iexp[i .+ B)jd+ Zexp (k, — ]] . (6.82)
j=1

and
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We have finally an integral expression for the chain sums:

Som(k,a,B:2) = Y. exp(iB jd) by (krj) Yo (7))

jez”
2n—+1 1 JRE
4r
()"

’ exp [—i<kz+ﬁ)ka} —l+exp [—i@z—ﬁ)ka]_ - (6.83)

6.6.3 Polylog approach to Hankel chain sums

Inspection of eqs.(6.79) and (6.77) shows that all terms in the chain sum can be expressed in
terms of polylogarithm functions which are defined by/[/1]]:

Liy (z i Z— . (6.84)

The chain sum expressed in terms of polylogarithms is then:

2n+1 n—Hl (n+s)!
”m(kaﬁ 2) = Omo 4w [( 25s! (n—s)!

><(L1s+1e><P[ i(k+pB)a] +(=)"List1exp[i(k— B)a])
(ka)s-i-l
(6.85)

This was the chain sum for outgoing Hankel functions, but we will also sometimes be interested
in incoming Hankel functions, or Bessel functions of the fourth kind. These are expressed:

W (x) =y (x) = ju () — iy () (6.86)

and their chain sums are:

2n+1 & yret B ©# (n+s)

k-t FETE (o £ )

><(Lis+1e><P[ i(k=PB)al+ (=)"Liss1exp[—i(k+B)a])
(k )s+1

(6.87)

6.6.4 Bessel function chain sums

Although fully analytic expressions for Hankel function chain and lattice sums do not seem to
exist currently, the Bessel functions lattice and chain sums do have analytic expressions. These
Bessel function sums are useful in their own right for certain applications:
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L (ka2 = Y Yum (7)) ju(jka) P

= Y Yo (7)) ju(jka) ePe— Y Yo (7o) jo (jka)
j:—oo j:—oo
:j:ZMY"’m (7}) jn ]ka)e”ﬁa—ﬁ .0 - (6.88)

Using the integral expression for Y, ,, (? j) Jn (jka) as an integral over the directions a wavenum-
ber k as derived in eq. Ib allows us to write:

jn (KR}) Y (7)) B @) = 4;1," / Vo (k) B2k 2i090, (6.89)

The lattice sum of the Bessel type then can be written:

Yo (%) [ Y k) i)

Jj=—o0

1
——0,0 - 6.90
Jan 0 (6.90)

At this point, one invokes the Poisson summation formula which can be written formally as:

& (kya,Bi2) =

dQy —

i oikri _ (2m)™ ) Y 5(k—p,) 6.91)
] = % pg i .
rieA pQEA*

where 7 is the “volume” of the reciprocal cell. For the 1-D sum in eq.(6.90), this can be
written:

Z ¢!k +B)-@ja) — Z 5 (k +B.— —g) (6.92)
Jf—oo g_foo
We then write this relation in a dimensionless form:

o a m & B 27
i(k+B)-(zja) _ < L BNlid
¥ e o 0 ( < B ka) 6.93)

j:—oo

Putting this relation into the k integral of eq., we then obtain a finite sum expression for
C..J
Sh'7

1 i &max

\/T_n: ~— Y Yao(cosB.y) . (6.94)
g &min

where since -1 < k;/k < 1we only sum over those values of g for which

$¢ (k,a,B:2) = —

2
<R [m] <1. (6.95)
a
The values gmin and gmax are:
[ B:a—ka _ PBatka
8min = < o +1 8max = T . (6.96)
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The angle cos f3; ; in eq.(6.94) is given by:

P 2R 1) + 15 (B + 5 (6.7

COS =
ﬁz,g kCl 9

where we used the parity relation:

A~

Yn,m (_/f) = <_ 1)n Yn,m (_r) . (6.98)
We recall that the sin and cosines for a complex angle, 6, = 6’ + 0", are given by:

-n/ " -n/ "
819 -0 +e—19 69

e
cos 6, = >
= cos8’ cosh8” —isin@'sinh 0" , (6.99)
and
eieleieﬂ N eiieleeﬂ
0 —
sin 6, 5
= sin @’ cosh8” +icos@'sinh 6" . (6.100)

6.6.5 Chain sum rotation

The chain sums expressions given in eqs.(6.83)), (6.87), and (6.94) all took advantage of the
facilities presented by orienting the chain of particles along the z axis. When performing lattice
reduction techniques, it is necessary to have chain sums in other orientations. The chain sum is
obtained by applying:

2n+1

i Zom (85.05) . (6.101)

Yo (F) = Yo (2) 23} (65,05) =

which just translates the relation derived in Edmonds (eq.(4.1.25) page 59) that:

n 4
T (0.9) =\ 5 Yun (6.0) (6.102)

Thus is trivial to write chain sums of any type ( / ,7¢,%/) in an arbitrary orientation, 7, in terms
of the chain sum in the direction Z by the simple relation:

C /p.>_ Crp.o 4n
Sum(B;T) =S, (ﬁ,Z)\/—QnHYn,m(&,,%) : (6.103)

An orientation along the x axis is for example:

C (o _ Crpoay .| 4T b
Sum (B:X) =S, (ﬁ,Z)\/ZnHYn,m(z,O) : (6.104)

is useful when carrying out a monolayer sum in the next section. An orientation along the y axis

is for example:
4 T T
S C (R T
Sum (B3¥) = S, (B,Z)\/—szrlYn,m(z,z) . (6.105)
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6.7 2D Grating lattice sums

A 2D periodic media is characterized by two basic lattice vectors a, b. Although, we want to
describe a system with lattice vectors a = (a,0,0), and b = (b, b>,0), we are going to work in
a rotated coordinate systems in which the lattice will be placed in the xOy plane.

6.7.1 Integral technique

For the integral technique, it is useful to adopt a coordinate system where the a lattice vector
lies along the y axis. In this coordinate system, the basis vectors are a = (0,a,0), b= (0,b,,b,),
then lattice sites are given by:

Ti=(ja.jp) = Ja@+ jbb = (0, jaa+ jub2, jbb1) - (6.106)

In this case, fixing j, = 0 and summing over j, corresponds to a chain sum along the y axis,
and j, < 0, corresponds to a term in the z < 0 half plane respectively.

The Mono-Layer (ML) lattice sum, S}, can be written:

S = Stm (B:¥) +Suln ™ 530 (6.107)
where Sim (B1;Y) is the chain sum along the y axis, and SnMrﬁ is the sum of all the sites with
z # 0 The lattice sum for all j;, > 0 (z > 0) sites can be expressed as an integral:

s = U5 B ) [ )" (et )]

i"ka PV VI
1
X —— — , (6.108)
1 —exp{—i [kbz (ﬁz—kg) kb (Bl +y)] }
while the lattice sum for all j, < 0, can be expressed:
ML— _ 1 - ood_%xN(m) 7 M - T \Mm
Sn,m - (_l)n ka g_Z_w[) 7, Pn ('}’) [(kg lkx) + (kg +lkx) :|
X ! (6.109)

1 —exp{ i kb (=B, +K) +kb1 (~B, +7)|}
In both of these expressions, we defined k, as the reciprocal lattice vector along the y axis:
ke = Bo+2mg/a = kkq (6.110)

and normalized the components of the quasi-periodic vector 3 as:

Bi=Bi/k  Br=Pa/k, 6.111)

and v is reciprocal lattice vector along the z axis:

y=\/1-K—i2. 6.112)

At the end of this calculation, one should keep in mind that lattice sum was carried out in a
system where the lattice was in the yOz plane. One can obtain the expression for the lattice sum
in the xOy plane by rotating the lattice sums by 90° around the y axis in a clockwise manner,
and then 90° around the new y’ axis, and finally 90° around the new 7" axis.
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6.7.2 Modified Bessel function sums

Although the integral technique is rather efficient, one may prefer to obtain do a little more
analytic work and obtain the lattice sum in a manner which takes the from of a lattice sum in
a 2D host space. As for the integral it proves convenient to place the lattice in the yOz plane,
but this time, one places the a lattice vector along the z axis, so that the lattice vectors can be
written:

a=(0,0,a), and b= (0,by,b;) .

The lattice sites in this system can be expressed:
Ti—(jujy) = Ja@+ job = (0, jpba, jaa+ jub1) = jub2¥ + (jaa + jsb1)Z - (6.113)
The reciprocal lattice is given by:
Ko (o, 0,) = 8ad+81b , (6.114)
where the reciprocal lattice vectors are:

1

a=—
ab,

~ 1
(0,—b1,b7) b= (O, —,O) . (6.115)
by
This time, lattice reduction is performed by carrying out the lattice sum on the z axis of
the working coordinate system which is to say that one sets j, = 0, and sums over all j,. The
lattice sum is then achieved by:

St =S (B1:2) + Syt + Sy (6.116)
where S%,ﬁ’i is the sum of all sites except those along the 7 axis:
SnMrI;{i _ Z olib(Bibi+pB2ba) i eijaﬁla%lm (krj) ' 6.117)
’ €T Ja=—es

Since j, # 0 in this sum and all lattice sites are in the yOz plane, the azimuthal angle of r; is
either /2 or —m /2 for j, > 0 or j, < 0 respectively. This allows us to conclude in this plane,
Jn.m doesn’t depend on the sign of m:

Hr—m (krj) = A (krj) . (6.118)

We then appeal to an integral representation:

_ an+l o
hn(kr)TDZ’(cose):( ’)r / KK (—ikpy (1) Pl (1) dt (6.119)
o <_i)n_m = ikzt D
= [ oy () Py () (6.120)

where z = rcos 0, kp = 1/ (kr)> — (kz)* > 0, and K, (z) is a modified Bessel function defined
by:
K, (z) =" Hy, (i7) | (6.121)
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and finally y(¢) is defined such that:

ivir—1 | >1
= - . 122
Y(1) { N R (6.122)

The modified Bessel functions, K, (z). The j, sum can then be written:

Y, P (k)

Ja=—0°

:—(_7? (=)™ [sen (o)) Z b / et (kpy (1) Py () dt - (6.123)

:<—7;> (—)" [sen ()] / Y Bk (py (1) P () dr . (6.124)
]:—oo

Using the 1D Poisson sum formula, we have:

Y lialkithia - = Z 5(kt+ﬁ1+g—)

Ja=— g§=—>
_271' > ﬁl
_Eg_z_f(” +g5> (6.125)
Z eijaﬁla%,m (kr])
ja:_°°
—i)" m [T ik - ij a "
= E ymisgn () [ Y g, (e (1) P (1)
- Ja=—
2(—i .
=200y sgn i) Y e oy (W s 30 P (B
g_foo
o
=2 san ()" Y e P, (kb o] %) P (B (6.126)
g_foo
where f; , and Bl,g are defined:
2n - B 2z
Bl,g—ﬁl"’g_ ﬁ],g=7+gg (6.127)
and -
7g57<l317g) : (6.128)

We have therefore the monolayer sum:

20" & - (B . , _
S = 7 L Pn (Bus) T, 0PI sgn ()" Hy (kba vl 7)
JhEL*

n =) =)
2i —m

— 0 L (Brg) X[+ (e ] H (b

g=—o0 jb:]

= L P (El,g> S (Wg,kb27e) (6.129)
g=—o0
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where we defined: -
proL (6.130)

We = Bobs —

One can rotate the lattice sum to put it in the desired coordinate system in the xOy plane. This
can be obtained simply by a rotation of 90° about the y axis. The expression of eq.(6.129) is
still in the form of the 2 double infinite sums like our initial expression. However, only a finite

number of g values will correspond to propagating modes, i.e. ‘3178’ < 1, and the other values

for g correspond to evanescent modes and are exponentially convergent. therefore infinite series
sums. The jj, sum in eq.(6.129) is known as a Schlémilch series, and it can be expressed as a
finite sum of Bernoulli polynomials.

6.7.3 Schlomilch series

The Schlomilch series can be expressed

)

Swht) = Y, [+ (=) e M| Hy () - (6.131)
=1
The zero order sum is
So (A )——1—2i<c+1 “)+2+Z 2, (6.132)
ot )= n “4r) T 8, o7 \Og  Tlg] )’ '

where C ~ 0.5772 is Euler’s constant and

O = (12— Ay =A+2m. (6.133)
6.8 Addition theorem and Rotation matrices

6.8.1 Scalar spherical harmonics

The scalar spherical harmonics, Y;,,,(6,¢), are expressed in terms of the associated Legendre
functions P (cos 0) [7] :

[2n+1(n—m)!
anm(O,d))—{ A (n+m)!
=P (cos0)exp(im¢) , (6.134)

] ’ P (cos 0) exp(im¢)

where in the second line we have introduced the normalized associated Legendre functions,
P/ (cos 6;) = Ay mP"(cos 6;), where the A, normalization factor is defined:

_[2n4+1(n—m)! :
Anvmz[ - (n+m>!] . (6.135)

These scalar spherical harmonics are normalized with respect to an integration over the solid
angles :

4ﬂdgzyv*“(e, 0)Yum(6,6) = (—1)¥ /nsin 040 [ d6 Yy u(6,0)Yum(6,0)
’ 0 0

— Sy (6.136)

0
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In principal, the Legendre polynomials, P,(x) = PY(x), can be obtained from Rodrigues’

formula:
1 d"

Palx) = 2! dxt

but in practice we will calculate them with recurrence relations. Likewise, the associated Leg-
endre functions could be obtained for from the expression:

(P -1)", (6.137)

Plx)=(-1)"(1 —xz)”‘/2 %Pn(x) : (6.138)

Their calculation is simplified by noting that the normalized associated Legendre functions have
the convenient parity property that:

P "(x)=(-1)"P) (x). (6.139)

There are alternative ways of calculating the scalar spherical harmonics that are better for
formulating lattice sums and reflections from a physical interface. In lattice sums and reflections
from surfaces, the spherical harmonics will be evaluated in terms of the direction of the incident

or reflected wavevectors, k:

Yo (86, 0) = Y (k) = Yoo (k]K) = Yo (ke fhes Ky f e Ko JK) (6.140)
where we recall that:
k
EZ = cos 6;
ky/k = sin 6y cos ¢
ky/k = sin O sin ¢y , (6.141)

and we keep in mind that P, are functions of cos 6 = k, /k.
Since x = cos® , and the P,(x) are polynomials in x, the gc—":nPn(x) are functions of

cos 0. The factor (1 — xz)m/ 2 corresponds to sin” 6; with no ambiguity in sign since Re {6;} is

€ (0, 7). One should remark that the (1 —xz)m/ % is non-polynomial so that is why one refers
to them as associated Legendre functions. For applications involving reciprocal space and/or
integrations in the complex plane it proves useful to explicitly extract this factor, and define
associated Legendre polynomials, which we shall denote, P (not to be confused with the nor-
malized associated Legendre functions).

For positive m we have then:
Yom (ke /K, Ky /K K, /k) = P, (cos 6;) exp (im@y,)
. oom d” ok
= ln,m(_l)m sin™ Ok (COS (pk +1sin (Pk) dx_m n(f)
d"  k;
= (sin B cos @ + isin 6 sin ¢ )" (—l)mlanPn(z)
d" _ k;

m_Pn_
mmbn

k )
_ jm| _
_ (kx/k+iky/k)mP,;"(%) _ (g) exp(imcpk)P,T(%) (6142

= (kX/k + iky/k)m (_1)mln
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where we have defined the normalized associated Legendre polynomials, Pvnm, such that:

k d" _ k
< (—1)’"1,177,,@31(?) . (6.143)

~

3

U
l

The parameter,
K=kXx+ky, (6.144)

corresponds to the momentum space vector in the x-y plane.
The wave vector components k,, ky, and k;, are related to the possibly complex angles, 6
and ¢, via the relations:
ky = ksin 6 cos @
ky = ksin Gk sin (])k
k2 =Ik* —K* =k*cos* 6 , (6.145)

This relation of eq.(6.142) for Y, ,, can be extended to negative m by writing :

|m| ~
Yo (ke/k,ky/k k[ k) = <§) exp(imd)k)P,T(%) mz0, (6.146)

as long as we define f’,jm such that :
Pm=(=1)"P". (6.147)

The objective of the above procedure was to define Ign’" (x) that are always polynomials
of x for both positive and negative m. This is in contrast to the associated Legendre functions
P’ (x) which are not polynomials in terms of x.

6.8.2 Translation-addition theorem for scalar partial waves

Let us consider a point M in a system using spherical coordinates. We consider a second system
of spherical coordinates centered on the position ry. The position of M in this second system
centered on ry is:

r=r—ry. (6.148)

We take the usual convention of outgoing scalar partial waves as products of spherical
Hankel function and scalar spherical harmonics:

W s (k) = P50, (k) = hy (kF) Yy (0,0) (6.149)

while the regular scalar partial waves replace the spherical Hankel functions with spherical
Bessel functions: |
W g (kF) = W30 (k7) = jio (kF) Y (6,0) . (6.150)

One can construct arow ‘matrices’ composed of the ¥ 7 , ,, (kr) or ¥ sz, » (kr) functions
respectively then the translation-addition theorem for scalar partial waves can be compactly
expressed in matrix form:

¥, (kr) =W, (kr') . a(kro) ¥ > rg
Wy (kr) ="', (kr') . B(kro) Y <ro
¥, (r) =", (r').B(kro) V|, (6.151)
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where the elements of the irregular translation-addition matrix, o have extremely simple ex-
pressions in terms of the 3Y coefficients :

n+v
Oy mm(kro) =4mi"™" Y iP3Y (n,myv, 5 p) hy (kro) Yo m—p (60, 90) (6.152)

p=|n—v|

while the the elements of the regular translation-addition matrix, By s, :nm, are the same as the
Oy yu:n,m coefficients but with the j, (krg) replacing the £, (kro) function i.e.:

n+v
By wnm(kro) = 4ri™" Y iP3Y (n,m; v, w;p) jp (kro) Ypm—y (60, ¢0) , (6.153)

p=|n—v|

where 3Y (n,m; Vv, u;p) are the 3Y coefficients defined by the angular integral of three scalar
spherical harmonics:

T 2%
3 (nmvaip) = [ [ i (0,0)%5, (6.6)7;,0(6,0)sin0d6d9
= (_)u(_)m—#/()n/()ZnYmm(Q,q))Yv_u(9,¢)Yp7u_m(9,q>)sin9d9d¢
L+ Dv+D)2p+D1 (0 v nov
-] P e) (0 aln)

4w —-m f p—m
(6.154)

The symbol,
n v p
( m M) , (6.155)
stands for the Wigner 3J coefficients. It is worth remarking that the ‘3Y” coefficients of eq.(6.154)
are closely related to the Gaunt coefficients developed in quantum mechanics for treating the
helium atom (mostly differing on account of different normalization conditions).

6.8.3 Vector translation-addition theorem

The vector translation-addition theorem are the vector analogue of the scalar translation theorem
discussed above in section6.8.2] This would be an almost trivial extension of the scalar addition
theorem if we were working with solutions of the vector Helmholtz equation in a Cartesian
basis like those of eqs.(6.7) and (6.8). The additional complication is due to the fact we want
to the vector translation-addition theorem to act on the purely transverse waves like those of
q.(6.9). Defining column matrices, ¥ , composed of the transverse vector partial waves, the
vector translation-addition theorem is written:

W', (kr) =", (kr') J(kro) ¥ >
Wy (kr) ="', (kr') H(kro) ¥ <o
" (r) =Y, (r) J(kro) Viro| , (6.156)

where the matrix J(krg) matrix can be expressed in terms of spherical scalar f(kry) matrices
of eq.(6.153) (expressed in terms of spherical Hankel functions) while the H (kry) matrices can
be expressed in terms of the a(kry) matrices of eq.(6.152).
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Explicitly, the H (kro) matrix can be expressed:

Av,u;n,m (kr07 6o, (PO) Bv,u;n,m (k”Oa 6o, ¢0)

. 6.157
Bv,,u;n,m (kr07 6o, ¢0) Av,u;n,m (kr07 6o, ¢0) ( )

H(kro) = [

The vector coefficients Ay ., are then calculated using :

1 1
Avgiinn = 5\/v (v+1)n(n+1) [Z,umocv,“;n,m—k
+/(n—m)(n+m+1)\/(v—p)(v+u+ 1) 0ty s 1:0,m+1
/rm) n—mr )V (v—p+ 1)av,uf1;n7mf1] . (6.158)
When filling up a matrix, with the Ay, coefficient, we should fill them up column by column

(calculate all the v, i) elements for a fixed n,m. Then, for each n,m, the By ., coefficients can
be calculated from the previous (i.e. v — 1) scalar coefficients :

(
(

1 [2v+1 1
B =i [2 - iy

v/ (n—m)(n+m+1)\/(v—p)(v—p— D)oy —1 s 1:n,m41
o m) o= m+ D m) (VEE= Doy 1| - (6.159)

6.8.4 Rotation matrices

Under rotation, each of the four blocks of a vector translation-addition matrix transform follow-
ing the rotation matrix, 7 («, B, v), which is expressed in terms of the 3 Euler angles, «, 3, and
Y. The Z (o, B,y) matrix elements are described in detail in ref.[7], and are block diagonal in
the orbital (multipole) ‘quantum’ number, 7 :

(2 (00, B, V)] g pm = Onvexp (inct) dify, (B) exp (imy) (6.160)

The elements d‘(ﬁ% are standard,[7] and the dfln,)ﬂ term in the rotation matrices can be expressed

in terms of the Jacobi polynomials[7] :

n n—1)! 1/2 m+-p m—U B
d{[ﬁ% B)= [((n:‘;))!!((n _’;1)” (cos%) X (sin%) Péﬁu’”’m“‘) (cosB) . (6.161)

6.9 Recurrence relations for special functions

Partial wave descriptions are composed of products of spherical harmonic and spherical Bessel
types special functions. For a numerical analysis, it is important to calculate these functions
rapidly and accurately. Recurrence relations prove to be a good manner to achieve this goal.
Multipole expansions must be truncated to a given order ny,x, which determines the the strength
of spatial field variations. Inspection of the translation-addition theorem formulas show us that
we will need to evaluate spherical harmonic and spherical Hankel functions up to order 2nx.
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6.9.1 Recurrence relations for associated Legendre polynomials

The recurrence relations for the IB;lm polynomials are are initialized with:

By (u) =/ % : (6.162)

We can then calculate all the 13,;’ up to 2nmax With the recurrence relation:

Pru) =/ 2”2: Lot | (6.163)

The ﬁn’” with m = n — 1 are calculated via:

P (u) = uv2n+ 1P (6.164)

All the remaining 13;1’” with m = 1,...,n — 2 can be calculated for each n = 3, ..., 2ny,x using the
relation :

= n ~ n—1>%—m? -
P () = % (2n—1)xP,€”1—\/<(2n+3)P,’1"2 . (6.165)

Although we obtain the }N’,? in the above scheme, it can sometimes prove useful to obtain the
normalized Legendre Polynomials through the recurrence relation :

P ()= 1 (u\/4n2 - 1) BY (u)— (n—1)4/ iZiﬁ,ﬁ’_z (u) . (6.166)

n

The 13;1’” with negative values of m are calculated using :

P () = (=)"P" (u) . (6.167)

n

6.9.2 Logarithmic Bessel functions

The spherical Bessel, Neumann and Hankel functions of the Ricatti form, are simply these
functions multiplied by their argument. The advantage of this form is that they have better limit
properties for small arguments. Their definitions are respectively:

V() =2in(@), (@ =2m(2),  &(2) =ah(z) . (6.168)

Multiplying the logarithmic derivatives of these functions by their argument defines the func-

tions’ q)(l), (p(z), (p(3):

(6.169)

The (p,(ll) can also be generated by particularly efficient numerical recursion relations. They also
provide particularly symmetric expression for the Mie coefficients of spherical scatterers and
formulations of matrix balancing. The Wronskian relation for Ricatti-Bessel functions:

Y (0) &, (x) =, (1) & (x) = 1, (6.170)
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takes a simple form in terms of the (p,gl’m) functions as:

o (2) — %5” (z) = m : (6.171)

The @) can be reliably calculated numerically from the upward recurrence relation:

2
o) (2) = —Z(3) —n, (6.172)
n—,(z)
starting with an initialization of
o) (2) =iz (6.173)

The &, (z) functions in most situations can then be readily calculated numerically from the
recurrence relation:

—-1\Z 3
()= =D (g3, () (6.174)
starting from the initial value & (z) = —ie’>. One should note that analytical expressions exist

for the spherical Ricatti-Hankel functions, &, (z), and these can be useful at low multipole order:

&o () = —ie”
§1@)2_1&<1+£)

& (z) =" <i —Z— —2) . (6.175)

When one deals with high multipole orders however, it usually is more practical to exploit the

recurrence relations of eq.(6.172)) and (6.174]).

The regular Ricatti Bessel functions, go,gl) (z), obey the same recurrence relations as the

(3)

¢, (z) functions. If one calculates them by via upward recurrence, things may work fine for the
first few recurrence calculations, but at some point, the recurrence relations can go completely
off course. The solution to this problem has been known for quite some time is that the ¢, (z)
functions should be calculated starting from high values of n in a reverse recurrence relation. I
start usually with n equal to at least ny,x + 20 where np,x 1s the largest value that I want to use
in calculations, and start simply with ¢, .20(z) = 0. The ¢, (z) functions so obtained have
always been the correct ones up to machine precision. The reverse recurrence relation is:

ZZ

e (o)

¢Op(z)=n+1 (6.176)
One can check calculations by verifying that the ¢ (z) obtained by backward recurrence is

equal to the analytical result:
coSz

Po(z) =25— (6.177)
sinz
Once the @, (z) functions have been calculated, one can readily generate the y, (z) func-
tions with the upward recurrence relation which is the direct analogue of eq.(6.174)

w©@ =" 09,1, 6.178)
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starting with the initial value Y (z) = sinz. Analytical expressions for the lowest y, (z) are:

Vo (z) = sinz

v (2) = % —cosz (6.179)
3 .3

YV (z) = (—2 - 1) sinz — —cosz . (6.180)
Z Z

It is perhaps worth remarking that, there is one potential numerical problem with using
eq.(6.174) to calculate spherical Hankel functions. For some values of z the real and imaginary
parts of the spherical Hankel functions can have extremely different absolute values. For con-
creteness, let us assume that [Im (A, (z))| < |Re (hy (z))|, then using eq.(6.174), the calculated
value of Im (A, (z)) will usually be quite inaccurate if its absolute value is less than last signifi-
cant figure in the calculation of Re (%, (z)). This problem can be circumvented (for real values
of z at least) by calculating the spherical Neumann functions (denoted here by y, (z) but some
authors denote it n,, (z)). We recall that the Neumann functions are real-valued provided that z
is real valued.

The Ricatti Neumann functions are defined :

Xn (2) = 2yn (2) - (6.181)

The first few Ricatti Neumann functions, y,, (z), are

X0 (z) = —cosz
cosz .
X1 (z) = -, sinz
3 3.
x2(z) =— (—2 — 1) cosz— —sinz . (6.182)
z z

We define a (p(z) ‘logarithmic derivative’ Neumann function as :

o2 () = % l2) (6.183)

(2)

We can calculate the ¢, from the upward recurrence relation:

2
o () =——n, (6.184)
_n?
n—¢,” ()
with an initialization of )
) _ sing 1
0 (&) =z~ (6.185)

Once the (p,(,z) functions have been calculated, one can readily generate the J, (z) functions with

the upward recurrence relation which is the direct analogue of eq.(6.174)

Xn(2) = X"Tl@ (n —o? (z)) : (6.186)
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starting with the initial value ¥ (z) = —cosz.
Having calculated v, (z) via eq.(6.178) and y;, (z) via eq.(6.186)), one can finally construct
hy (z) by
hn (2) = jin (2) +iyn (2) (6.187)
with the real and imaginary parts of &, (z) now both being calculated up to machine accuracy.
The ratio of spherical Bessel functions to spherical Hankel functions also occurs fre-

quently in Mie theory, and I found it convenient and more accurate to calculate these ratios
directly using upward recurrence relations, notably:

Jn(@)  jn1(@) n— @ 1(2)

= ) (6.188)
3
ha(z)  hp—1(2), — (pr(z—)l (2)
with the initialization _ ( ) | ‘
J1(Z 1—z .
=—(1—-—= -2 6.189

which has good properties for numerical calculations. If one needs jo (z) /ho (z), one can usually
calculate it as

jo(z)  sinz 1 —e 22
@) T = > . (6.190)
and jj (z) /h; (z) satisfies the recurrence relation if we start with jo (z) /hg (z) since
@) _jo@) 1-go(z) _ 1—eF1-2Gr 1 1—iz—e ®F —ize "
- 3 - s — T A5 .
hi(z) ho(z) 1—q0(§ )(Z) 2 1—iz 2i i+z
1 | — :
- (1 - ;Jr—ie—m) . (6.191)
For coated spheres, it is can also useful to use the analogous recurrence relation:
(@) 1@ n—e? (2)
with the initialization of )
Jolz) _ _ sinz (6.193)
yo(z)  cosz’ '
with the first recurrence giving
ji(z)  zcosz—sinzg (6.194)

yi(z) zsinz+cosz

Other useful relations are obtained from the classic spherical Bessel function recurrence
relations:

. anfl (Z) +an+l (Z>
N 2n+1

fi(z) = M) _zgfll)f n1@) (6.195)

Jn (2)
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with f, (z) = jn (2), hn (z) to obtain :

Vi1(2) Vi-1(2)

./ 1 . — 1 _ B 1
Un@)+ D jn(@)=n7 —==+ nt ) mmm =y @) (6.196)
with
¥, (2) = 2/, (2) +n (2) (6.197)
we obtain a convenient expression for the derivative of Ricatti-Bessel functions:
¥, (2) = Y1 (2) =1 (2) - (6.198)
or the expression:
v, (2) = (n+1) jn(2) = Y1 (2) - (6.199)

6.9.3 Vector Spherical Harmonics

There is no universally accepted notation for the Vector Spherical Harmonics (VSHs). Our
notation for their normalized forms is X, ;,,, ¥, m, and Z,, ,, where they are respectively defined

by

Xm(0,0)=2Z,,(0,0) xT
Yn7m(9,¢) E?Yn,m(ea‘i))
_rVYm(6,9)
Z,m(0,0)= T ) =rxX,m(0,9), (6.200)

The scalar spherical harmonics, Ynym(G, ¢), do have a nearly universal convention for their
definitions[[10] which we recalled in eq.(6.134).

For numerical calculations of the VSHSs, it is convenient to introduce the normalized func-
tions ), and 5} defined as:

u'(cosB) = }/mm#P,;"(cos 0) (6.201)
d
sy(cosB) = }/n’m%P,;"(cos 0), (6.202)

where the P are the Legendre functions defined in eqs.(6.137), (6.138), and (6.139), and ¥,

a normalization factor given by

A 2n+1)(n—m)!
tam = \/rﬁ - 47(rn (jz_+)1() (n+r)n)! ' (6.203)
The transverse VSHs have compact expressions in terms of %)’ and s/
X,m(0,0) = [mnm (cos®) @ —s',y(cose)a] exp(img)
Z,,(0,9)= [E;"(cos 9)6 + iu) (cos )a] exp(im@) . (6.204)
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The normalized ), functions can be readily calculated with recurrence relations

—O —1

4>|~
SES

n(2n+1) _
1_ 2—n—1
\/2 ntl) n—l)v X (%)

n—1
(n—1) 4n —1) .
\/ e a0

\/ 2+ 1) (n—1)(n—2)(n—m—1)(n+m—1)

(2n “n(n+1)(n2—md) Uy (x)

2n—|—1 _
_ 1 —n—1

(6.205)
while the 5] can be determined from the %)’ functions via the formula
si(cosB) = me1) V(n+m+1)(n—m)sin0a" " (cos 0) + cos 07" (cos 0) (6.206)
The respective parity properties of %' and s}’ are
" (x) = (=1)" ) (x)
5,"(x) = (=1)"s (x) (6.207)
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The basic idea of the differential methods consisits in projecting the electromagnetic field on
a set of basic functions in order to reduce Maxwell partial differential equations into a set of
ordinary differential equations. When working in a Cartesian coordinates, the natural basis
consists of exponentials, using the periodicity of the optogeometrical parameters. Diffraction
by a single aperture requires working in the basis of cylindrical Bessel functions [7.1], while
diffraction by an arbitrary-shaped single object requires vector spherical functions [7.2] as a
basis.

The first studies using the differential method [7.3] appeared in the late 1960s, initiated
by the birth of the computers. These studies concerned the modeling of diffusion of particles
in nuclear potential by using the separation of variables of the radial Schrodinger equation.
The method was called “optical method” due to the similarity between the Schrodinger and
the Helmholtz equations. The first applications to grating diffraction appear in 1969 [7.4], but
accurate and converging results required combining the differential method with conformal
mapping techniques [7.5]. The classical differential theory as known nowadays was
formulated in [7.6, 7.7]. One can find a detailed review on the classical differential method in
[7.8]

It appeared that the classical differential theory suffered from severe numerical
problems in transverse magnetic (TM) polarization, as well as for deep gratings. The first
breakthrough was made in the first half of the 1990s, by introducing orthonormalization of the
differential equations during their integration [7.9] and followed later by the so-called R-
matrix or S-matrix propagating algorithms [7.10]. The second breakthrough improved
considerably the convergence in TM polarization for lamellar gratings, by introducing the
correct factorization rules (see further on), at first by chance [7.11] and after that using
theoretical arguments [7.12], closely followed by a generalization to arbitrary profiles [7.13].
A detailed review can be found in [7.14].

7.1. Maxwell equations in the truncated Fourier space

Let us consider a structure with two-dimensional periodicity along the x- and y-axis (Fig.7.1)
with periods equal to dx and dy. The modulated (grating) region extends in z from zp;, to
Zmax. Inside that region, for a given value of the vertical coordinate z, the permittivity € and
permeability p are periodic functions in x and y that can be projected on exponential Fourier
basis:
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+00
e(x,y,z) = Z €mn(2)exp(imK, x +inK, y)
Ve (7.1)
wx,y,z)= Z K (2) exp(imK  x + inKyy)
0 :
incidence _]5’1..\__1 :
z } !
Evg E y
Zmax I:
d,
Zmin dx X

Fig.7.1. Schematical representation of a structure having two-dimensional periodicity in x and y-
directions, consisting of truncated pyramids with height h.

where K, =2n/d, and K, = 21/ dy. We shall deal with a monochromatic (wavelength 1)
plane wave incident on the structure with a wavevector:

Kine = (atBo>—70) (7.2)

with components related to the incident polar angle 6 (between the incident direction and the
grating normal) and azimuthal angle ¢ (between the plane of incidence and the xOz-plane):

o, =kysinOcose, B, =k,sinOcosq,

Yo :\/k%niznc _O(‘S_B%’ k0 =2n/ A

(7.3)

where nj, is the refractive index of the cladding.

The existence and uniqueness of the solution of the diffraction problem is an interesting
problem that is not discussed here. The reader can refer to several basic works (see for
example [7.15, 7.16]. What is important to conclude is that the electromagnetic field is

pseudo-periodic, so that similarly to eq.(7.1), the electric E and magnetic H field vectors can
be represented in pseudo-Fourier series:
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E(x,y.2)= Y. En,(2)exp[i(a,+mK,)x+i(B,+nK,)y |

e (7.4)
+00
H(x,y,2)= Y Hy,(2)exp|i(ag+mK )x+i(By+nK,)y]
In what follows, we use the notations:
o, =0 +mK,, B, =p;+nkK,. (7.5)

From a numerical point of view, it is necessary to truncate the series in eqs.(7.1) and (7.4),
introducing truncation parameters Ny and Ny, which limit the lower and the upper boundaries
in the series.

Maxwell equations written in Fourier space take the form, assuming exp(—imt) time
dependence with circular frequency o:

) d )
1Bm,nEz,m,n (Z) T Ey,m,n (Z) = 1(‘)Bx,m,n (Z)

dz
d . .
—Exmn(z)—lamnEzmn(z)=103Bymn(z)
dz ™ i m
ioLmnEymn(Z) 1an xmn(Z)_l(’OBzmn()
| (7.6)
ianHzmn(Z)__ ymn(Z)_ 1(D]:))(mn()
atemn gy
d

—H z)—1ia z) =—-1iwD
dz x,m,n( ) Zmn( ) ymn( )

iOLm’nHy,m’n (z)— iBm,on,m,n (z)= —iooDZ’m’n (2).

As can be observed, the third and the sixth equations are not differential equations, and they
are used to eliminate the z-components of the fields, as shown further on. It has to be stressed
out that the equations with different (m,n) numbers are coupled through the Fourier

components of D=¢E and B= uﬁ .

The next step is to factorize the products D=¢E and B= pﬁ. In this chapter we

assume media with linear dielectric and magnetic properties and without spontaneous
polarizations. The problem of Fourier transform of the product of two functions

D(x,y,z) = f ﬁm’n () exp[i(oc0 +mK, )x +1(B, + nKy)y] (7.7)

m,n=-o

is, in generally, solved theoretically by convolution of the Fourier transformers of the two
functions, using the so-called Laurent’s rule:

]_jm,n (Z) = Z 8mfm',nfn’(z) Em’,n’(z) . (78)

m’,n'=—0

However, there are several problems in the numerical application of this rule:
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First, numerical applications are simplified when using matrix notations. However,
most of the standard routines use single-rank vectors and rectangular (2-ranks) matrices, while
the vectors D and E in eq.(7.8) have two indexes, and the matrix € depend on four indexes. In
the case of classical grating with one-dimensional periodicity, this problem does not exist.
Fortunately, for structures having 2D periodicity, a reduction to standard arrays is possible by
introduction of a single index instead of the double for the vectors, by the following
substitution:

=(m+N, 2Ny +D)+(n+N,+1) (7.9)

so that when m varies between —Ny and +Ny and n varies between —N, and +Ny, p varies
between 1 and Pnac = (2Nx+1)(2Ny+1). Using these notations, we can introduce standard
arrays in the following manner:

D,(z)=D,,,(z), E,(2)=E,,(2), etc.for HandB,

(7.10)
8p7pr(Z) = 8mfm’,nfn’(z)
so that eq.(7.8) takes the standard truncated form
. Prax .
D,(2)= ) &, y(2)E (2). (7.11)
p'=l
That can be written in matrix notations in the form
| D) |=[e2)]| E) . (7.12)
where double square brackets stand for the Toepliz matrix.
In addition, two diagonal matrices are useful:
O, =0, 0,
PR PR (7.13)

Bp.p = 8ppPn

with 8p,pv being the Kronecker’s symbol.

Second, due to the vectorial character of the fields, the matrix form in eq.(7.12) has to
be interpreted in a block form:

[D,(2)] [E.(2)]
[Dy(z)] :[[a(z)]] [Ey(z)] , isotropic media (7.14)
[D,(@)] [E.(2)]

D,@]) [[e«@] [e@] [.@]|([E, )]
[D,@]|=|[ex@] [ew®@] |en.@]][Ey(2)]]. anisotropic media. (7.15)
[D.@]) \[ex@] [en@] [en@] \[E-2)]

€,(2)
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The third problem linked with the truncation of eq. (7.8) has limited the use of the
differential methods (including RCW method) for more than 30 years, and has been solved for
lamellar gratings in the late 90s [7.11, 7.12], and for arbitrary-profile gratings in the start of
the 2000s [7.13]. The problem is due to the very slow convergence with respect to the number
of Fourier components in the truncated sum of eq. (7.8), when the two functions in the
product are discontinuous. As demonstrated by Li [7.12], four different cases can be
distinguished with respect to eq.(7.12):

1. Both ¢ and E are continuous functions of x and y.

2. ¢ is discontinuous, but E is continuous. This is the case of the tangential component of
E.

3. Both € and E are discontinuous, but their product D is continuous, as it happens for the
normal component of D.

4. All three functions are discontinuous.

In the first and second case, Laurent’s rule assures relatively rapid convergence. In the
third case, more rapidly converging scheme can be obtained through the following
considerations for isotropic media.

If D = ¢E is continuous, then it is possible to factorize the product between D
(continuous) and 1/¢ (discontinuous) using the Laurent’s rule (called by Li direct rule):

[E(2)]= u%u[ﬁ(z)} , (7.16)

wherefrom the so called inverse rule is formulated:

-1
[D(2)]= ﬁ%ﬂ [E(2)]. (7.17)

which can be applied if the matrix ?]l is not singular, a requirement that can create
e(z

numerical problem for highly conducting gratings having small imaginary part of €.

LN
ﬁ;‘ Kae,,
6 : : %

0 5 10 15 20 25 30
N

log(error)

Fig.7.2.Convergence of the classical and the FFF version of the differential theory in the case of a
dielectric sinusoidal grating with high contrast. Squares, old version of the differential theory for
TM polarization, open triangles, new version, TM polarization; solid triangles, TE polarization

(after [7.13]).
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When infinite series are considered, eq.(7.17) is identical with eq.(7.12). However, as
shown in Fig.7.2, the correct use of the direct or the inverse rules improves drastically the
convergence of the differential methods with respect to the truncation parameter. Similarly to
the abbreviation FFT, standing for Fast Fourier transformation, we have introduced the term
Fast Fourier factorization (FFF) to name the correct use of the direct and the inverse rules,
when applied numerically in the truncated Fourier space.

In the fourth case, neither the direct, nor the inverse rule result in acceptable
convergence, so that this case must be avoided. Fortunately, this can be done by considering
separately the electromagnetic field components, tangential or normal to the grating profile
and taking into account that the electric field components tangential to the surface separating
two different permittivities are continuous, in the same way as the normal components of the
displacement D.

7.2. Differential theory for crossed gratings made of isotropic materials

In the isotropic case, the displacement vector D can easily be separated into a continuous part
Dy, = ¢Ey, normal to the profile surface, and D; = ¢E that contains the continuous function

ET. Let us define a unit vector N, normal to the grating profile. Although it is well defined

on the profile (except edges), it is necessary to generalize its definition all over the grating
region, which cannot be done in a unique manner. Different choices are shown further on for
specific gratings having 1D or 2D periodicity. Using this generalized vector, the relations

between E and D can be decomposed into two terms, for each of which we can apply the
direct or the inverse factorization rules, skipping the explicit writing of the z-dependence:

D=8EN+8ET:8N(N-E)+8[E—N(N-E)] (7.18)

The first term is a product of type 2 and requires the direct rule. The second term is of type 3,
demanding the inverse rule, so that:

RESARENN
] [E—N(N.E)}ﬂéu_l (N(NE))

(7.19)

Introducing a square matrix representing a tensor product denoted (NN) with elements given

by N;iN;, we obtain:

(5] -1 s - 2] 720

where the matrix Q. has the form:

Q, =[] +[H_1 ‘[[SJJJI[NN]]- (7.21)
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7.7

In a similar manner for magnetic materials, we can find the link between magnetic field

and induction in the truncated Fourier space:
[B]=Q.[H].
. 1] -
with Q, =Q, =|I],l1|+ E —[[u]] IINN]]
Eq.(7.20) allows eliminating E, in the system (7.6):

[E,]=Qcb ([D,]- Qe [EL]- Qo [ E, )

[a[Hy]B[HX]

= _Q;lzz + Qs,zx [Ex ] + Qg,zy I:Ey JJ

where the matrices o and B are defined in eq.(7.13).
Repeating the procedure for H,:

[H,]=Q. [Q[EY}QB[E"] ~Quan [Hx]=Quay [Hy]] :

it is also eliminated from eqgs. (7.6).
For non-magnetic media, the last expression is further simplified:

This equation can be expressed in a compressed form:

iF(z) =1M(z)F(z)
dz

Here the matrix M has 4x4 blocks:
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1 -

Mll = _aQs,zzQs,zx - Qu,yzQp,zz
-1 -1

M12 = _aQs,zzQs,zy + Qp.,yzQp.,ZZO(‘

—1 a
M13 = _(DQp,yzQp,zzQp,zx +8Q8,ZZB + pr,yx

—1 a
M14 = _mQu,yzQp,zzQp,zy _EQS,ZZ(X + 0‘)(Q;L,yy

-1 -1
M21 = _B Qa,zzQa,zx + Qu,szu,ZZB

-1 -1
M22 = _B Qs,zzQs,zy - Qp,szu,zza

1 B A1
M23 = (DQu,szu,zzQu,zx +6Q8,ZZB - (DQu,xx
Moy = 0Q, o QpyQuiy ~ 2 Qphyot -
24 = Oy xz Q22 Ry zy o ez~ 0Q 4y

(7.28)

-1 a
M31 = (DQg,yzQa,zzQs,zx - 6 Qu,zzB - O)Qs,yx

—1 a
M32 = (DQs,yzQs,zng,zy + ng,zzOL - (DQS,yy

-1 -1
M33 = _an,zzQu,zx - Qs,yzQs,zzB

-1 -1
M34 = _aQu,ZZQu,Zy + Q&,yz e,zz%

-1 B A
M41 = _(’OQS,XZQS,ZZQS,ZX _EQ}L,ZZB + (DQS,XX
oo ol LB
42 — O‘)Qs,szs,zzQa,zy +g

-1 -1
M43 = _B QM,ZZQH,ZX + QE,XZQS,ZZB

-1 -1
M44 = _B Qp,zzQp,zy - Qs,xz e,zz% -

-1
Qu,zza + wQa,xy

This form looks like the form of the M-matrix obtained by Lifeng Li for crossed anisotropic
(electrically and magnetically) gratings with profiles invariant with respect to z [7.17].

Whatever the form of the matrix M, eq.(7.26) represents a linear set of first-order
ordinary differential equations. It can be solved numerically (with several problems, discussed
further on), using well developed numerical schemes. In the case of vertical invariance of the
optogeometrical parameters of the system inside the modulated region, the elements of the M-
matrix becomes constant in z, so that the solution of eq. (7.26) can be found through the
eigenvectors and eigenvalues of M, a technique known under the name of Fourier modal
method, or Rigorous coupled wave (RCW) method.

The solution of (7.26) gives a linear link between the field in the substrate and in the
cladding

F(z

)=TF(z (7.29)

max min) ’
where T is called transmission matrix.

The advantage of this presentation comes from the fact that the field components
participating in the calculations are tangential to the interfaces between the substrate and the
modulated region, and between the cladding and the modulated region, so that they are
continuous across these interfaces (in the absence of surface charges).
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7.3. Electromagnetic field in the homogeneous regions — plane wave expansion

In most case, the substrate and cladding are homogeneous isotropic media. The
electromagnetic field there can be expressed as a sum of plane waves. In particular, if the x
and y-dependencies are given as in eq.(7.7), the z-dependence is explicitly known, for
example for the electric field it takes the form:

= _ T+ . > - "
E (2) = Ay exp(iy,z)+ A, exp(-1y,Zz) (7.30)

of two waves propagating upwards (sign +) and downwards (sign —) along the z-axis, with p
given in eq.(7.9). Each diffraction order with a given p propagates independently of the
others, the coupling is effective inside the grating region.

The z-propagation constant y depends on the medium properties:

Vo 2\/0)28;1—()(; —B% . (7.31)

Equations (7.6) enable us to express the magnetic field components through the electric ones:

2 2
1 [ +
H, =- poEXerBp YpEyp
i,yp 9 9

OU O
(7.32)

2,2
H :L % T p E +aP_BPE
y.p ti oL X,p ou y.p

where the sign of y determines the direction of propagation in along z-axis.
With this link in mind, the column vector F in eq.(7.27) takes the form:

X

[E]
F= Ey% SPrAT+PTA, (7.33)
1]

y

where the column vectors

(7.34)

contains the amplitudes of E, and E, propagating in positive or negative direction of the z-
axis, matrices W* are block-diagonal:
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I
I
PE =] + (7.35)
\Pxx \ny
+ +
Y Yy
with diagonal blocks
I,=1
o, By +7,
Wipp =F——, Wiypp = F—— (7.36)
YpOU TpOH
2,.2
gt _y %t £ 4 %oPp
YX.pp Y,01 YY.Pp Y,01
found from eq.(7.32)

Let us consider the case of a single incident wave from the cladding. The grating
generates different diffraction order that propagate upwards in the cladding and downwards in
the substrate. We attribute number 1 to the substrate and number 3 to the cladding. The total

number of unknown diffracted field amplitudes will be equal to 4P .x, two sets of A;p and

Aly_’p transmitted in the substrate, and two sets of Af:p and A;Tp. These unknown amplitudes

are subjected to 4P ,.x number of linear algebraic equation in (7.29).

In order to obtain the T-matrix, the numerical integration of eq.(7.26) is made by using
the so-called shooting method, which consists of choosing 2P.x linearly independent
representatives of the transmitted field. These representatives must correctly reflect the link
between the electric and magnetic field components, as given by eqs.(7.32). A typical

example for the shooting vectors starting from the substrate is that matrix W™ which has
2P nax linearly independent columns. Here again, the number 1 indicates the substrate.
Thus the F column vector at z = z,,;, can be formally written as a linear combination of

the unknown amplitudes A':

= 1= 5 1-

F(z,,,) =Y A", (7.37)
Assuming that there is no incidence from the substrate side. Here the tilde indicates that the
vector F is not yet the true solution of the diffraction problem.

The result of the numerical integration from z,;, t0 Zmax Will provide the values of F at
YA™ of A", due to the linearity of the
problem. On the other side, the column vector F at the upper interface is equal to

Z = Zmax , Which are also a linear combination F(z,,,

\V3+A3++\|/3_A3_, according eq.(7.33), thus a linear set of algebraic equations for the

unknown amplitudes A" and A®" is obtained, with the free part determined by the wave
incident from the cladding side:

vIAT +yTAT =F(z,, A", (7.38)

max )

Once this system is solved, all field components can be calculated.
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Unfortunately, this simple procedure creates enormous numerical problems that can be
explained by using two different arguments:

First, it is known (but no quite well) in the theory of systems of ordinary differential
equations, that numerical integration could become instable after a specific integration length,
due to the fact that the set of shooting vectors can lose its linear independence during the
integration. In other words, if the initial choice covers a vector space of 2P,,x dimensions,
this space could shrink during the numerical integration to reduce its dimensions, so that the
final algebraic system (7.38) could become singular. A solution of the problem based on this
understanding was proposed in 1990 by G. Tayeb by using intermediate orthonormalization
procedures during the numerical integration.

The second argument is based on the fact that inside the modulated region, as well as in
the homogeneous regions, electromagnetic field contains components that propagate both in
the positive and in the negative z-direction. During the integration, they both are treated in the
same manner. As far as the solution requires taking into account the evanescent orders in
addition to the propagating ones, a part of the former grows exponentially in z-direction,
while the other part decreases exponentially. Due to the limited length of computer words, the
ones that decrease substantially will be lost with respect to the ones that grow rapidly, even if
the former could bring physical information. During the 90s, several different algorithms were
proposed for solving the problem, based on a different treatment of the diffraction orders
propagating upwards and downwards [7.9, 7.10]. Among them, to so called S-matrix
propagation algorithm [7.10c] is probably the easiest to implement. Moreover, it can be used
with methods other than the differential one in, for example, treating a stack of layers by the
integral method, or by methods based on a transformation of the coordinate system. Interested
reader can find in Appendix 7.1 a brief description of the S-matrix algorithm.

7.4. Several simpler isotropic cases
In practice most applications use non-magnetic materials, for which the form of M-matrix is
considerably simplified, taking into account that then Q, is diagonal and equal to .

Furthermore, several specific cases are of great interest for application, and they lead to a
further simplification of the M-matrix.

7.4.1. Classical grating with one-dimensional periodicity, example of a sinusoidal profile

Let us consider a classical grating with grooves parallel to the y-axis and surface profile given
by the equation z = g(x). The vector normal to the surface is given by
1

—(—g'(x), 0, 1), if g'(x) exists,
J1+g%(x) . (7.39)

N =(1,0,0), if not

N =

where the prime stands for a derivative with respect to x. In case of vertical walls

N =(1,0,0). Thus the easiest way to generalize the normal vector to the entire modulated
region is just to make it equal to eq.(7.39) not only on the profile z = g(x), but everywhere
inside the grating region for min[g(x)] <z < max[g(x)]. The advantage of this choice is that

N does not depend on z, and the Fourier transformation of the tensor NN is done only once.

If the derivative of the profile function does not exist, or if the function is a multivalued
one (e.g., circular or elliptical rods), but the interface can be expressed as a two-variable
function:
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g(x,y)=0,
the normal vector is

N= grad[g(x,z)]/|grad[g(x,z)]| .
The Q. matrix takes the form:

Epelf 1] o U[

Q.= 0 [€]

easily defined as

1

€

Gratings: Theory and Numeric Applications, 2012

the gradient

[ t)von

0

[Hﬂ]l—ueﬂﬂmm]} o ][] ]

(7.40)

of the profile function

(7.41)

where it is taken into account that NZ + N2 =1. The fact that the normal vector components

participate in the form of products in couples is important, because it leads to the conclusion

is that the choice of the sign of N plays no role.
Further simplification of the M-matrix comes if limited to non-conical diffraction with

Bo =0:
-1 a
_aQs,zzQs,zx 0 0 _ng,zza + (,OHO]I

0 0 —op,l 0
M =

0 =2 _ofe] o 0

WHy
_(DQS,XZQ;,IZZQS,ZX + (’OQg’xx 0 O _QS,XZQ;IZZ(X

(7.42)

This shows that the system to integrate decouples into two subsystems, corresponding to the
two fundamental polarizations, transversal with respect to the plane of incidence, transverse

electric (TE):

and transverse magnetic (TM):

%[EX] =-i0.Q; ,,Q; x [EX]—i(%Qs}zza —wuo][Hy]
1, ]=i0( Q0 ~ Qs Qb Qun )[EL-1Qu Q[ 1,
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7.4.1.1. Fourier transformation of the permittivity

The set of ordinary differential equations to be integrated contains the Fourier transforms of ¢,
/e, u, 1/u, Ni, and Ni. In general, Fast Fourier transform (FFT) techniques can be easily

applied. As already discussed with respect to eq.(7.39), the normal vector components must
be transformed only once, if chosen to be independent on z. On the other hand, the
permittivity and permeability depend on z and their Fourier components have to be calculated
for each value of z during the numerical integration. Fortunately, in the 1D case, it is possible
and recommended to use analytical formulae for the Fourier transforms of €, 1/g, pu, 1/,
which give faster more accurate results. This can be done because for a given value of z, they
are piecewise constant functions of y. Fig.7.3 presents schematically a grating with a period d
that separates two homogeneous media with permittivities €; and €3. For a given value z, of
z, the Fourier transform of, for example, the permittivity intside the modulated region
0<z<h is given by

e X2 e d+X1
€, =— J. e M dx + 2 I e M X dx
X1 X2
s (7.45)
sinf mK, =2—1| .y
X 2 —imk 5
=(g—¢;3) ¢ +€30,
mm

so that the two integrals can be solved analytically, once x; and x, are determined from the
inverse of g(x):

X, =8 '(2). (7.46)

If the inverse of g(x) has more than two solutions, the sum of integrals (7.45) will contain
several more terms. The same equations can be used to obtain the Fourier transforms of the
inverse of the permittivity.

7 A
Z( . \
| £ M :\
0; XIE(ZU) x5i(zy) 1d | i X
e(x.z)) 4 E i i i i
i e 5
s — ;
0 X (IZu ) X (IZ{}) d ' X

Fig.7.3. Piecewise constant representation of the permittivity for a one-dimensional grating
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In the case of a sinusoidal profile:

z= %[1 +sin(K,x)] = x,= arcsin(zhﬂ— 1. (7.47)

7.4.1.2. Fourier transformation of the normal vector

As already explained, the Fourier transformation of the normal vector requires its continuation
all over the space. If the grating profile can be represented as a single-value function, we can

use eq.(7.39) for N and calculate the Fourier components of the tensor NNT by use of the
Fast Fourier transform (FFT) technique once for all z-values. For a sinusoidal grating having
a profile defined in eq.(7.47), the normal vector takes the form:

(—nhcos(KXx),O,lj
1 d

ﬁ(—g'(x)a 0, 1) = 2
1+g"*(x) \/H(Tglj cos* (K, x)

N = (7.48)

7.4.2. Classical isotropic trapezoidal or triangular grating

A trapezoidal grating is shown schematically in Fig.7.4 with two flat regions L at the top and
the bottom of the groove and two different, in general, groove angles y. The Fourier
transform of the permittivity and its inverse are calculated using eq.(7.45) with:

X| =Zz(c0tgy,

(7.49)
Xy =X¢ ~Zgcotgy,

with x- =d—L,. For the normal vector, the period can be divided in four regions A to D, as
shown in the figure:

N, =0
N, =sin N, =sin
S N R G Yo} (7.50)
N, =-cosy, N, =cosy,
N, =1] .
in B and D,
N,=0

Their Fourier components do not depend on z and can be represented as a sum of several
analytical terms, similar to eq.(7.45):

262



E. Popov: Differential Theory of Periodic Structures 7.15

z
Al B Co
| | |
hop——\ !
| 1 | |
Z0 | >\ : :
e F--N\---- t
i 0\ |
~ Vi LA\
o L | | YN
X, X, X d X

Fig.7.4. Trapezoidal profile with parameters. The normal vector direction is given in red arrows.

(Ni) _ SiIl2 V hco't[g‘VI e—imede +_hC0tngl+Ll e—imKXXdX
" d 0 hcotgy, (751)
sin2 \I’z N —imK, x 1 < —1imK, x
+—= I e dx+-— I e *dx
hcotgy;+L; d-L,
(N2) =2 T g 0N T gy 0
m d 0 d hcotgy;+L;
. hcotgy, . d-L,
(NN,) = —% | oMKy gy SN2V [ o™, (7.53)
0 hcotgy;+L;

A triangular-groove grating can be considered as a particular case of a trapezoidal
profile with no flat regions, L; =L, =0, x- =d. Moreover, the profile given in Fig.7.4 also

includes the case with vertical facets, and some more exotic profiles with hanging back walls,
Fig.7.5.

AANANNY

Fig.7.5. Two different profiles with slanted grooves
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7.4.3. Classical lamellar grating

Lamellar profile with vertical walls is most easy to treat, because the normal to the profile
vector has only one non-zero component, Ny = 1. The Q. matrix takes the form:

' -

Q. = 0 [s] o (7.54)
0 0 [e]
a -1 (o3 -1
0 0 g[[a]] Bo —g[[s]] o+ ol
2
0 0 BE()[[éa]]l — oyl —%)[[8]]1 a
M= 2 (7.55)
_LBO a__m[[g]] 0 0
WHy WKy
wﬂlﬂ_l— i I Po_, 0 0
€ WK WU

In non-conical diffraction, when 3¢ = 0, the two fundamental polarizations are decoupled and
can be solved independently of each other. The M-matrix is simplified to obtain an
antidiagonal block form:

0 0 0 —g[[s]]_1 o+ op,l
®
0 0 —op,l 0
2
M= 0 a——w[[s]] 0 0 (7.56)
W
s
mu—]| 0 0 0
€
thus the two sets of differential equations for each polarization become:
i[E |= i(mu I —g[[s]]_l ocj[H ]
dz- * o Y
. I (7.57)
E[Hy] :lw[[gﬂ [EX]
and
d .
E[Ey] =—1mU, [Hx]
d o2 (7.58)
SlH]= 1(0)—%—@[[8]]][Ey]
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Even in the case of conical diffraction, it is possible to define two other polarizations,
for which the differential system decouples. These are the electric and magnetic polarizations
that are transverse with respect to the x-axis. Let us denote the two polarization with
superscripts (e), when Ex = 0, and (h), when Hy = 0. For (e) case, it is possible to express Hy
as a function of Hy from eq.(7.26) and the first line of the M-matrix in eq.(7.55):

-1
O 7-1 O 7-1
[ng)} = —(couoll —g[[a]] aj g[[s]] Bo [HS)} (7.59)
which can be simplified into:
-1
[HE |=—a(o’ne[e]-o) By H ] (7.60)
The second line of the matrix M then results in:

i[E(e)] = i{%[[g]]_1 —op ]I+%|Ie]]_] o’ (oazu [e]-o’ )_1}[H(e)] (7.61)
dzL Y ® e 0 * '

This expression can be further simplified, and together with the third line of eq.(7.55) (when
E« = 0) gives a set of equation for (e) polarization:

(7.62)

Similar procedure for (h) case when th) =0, result in another system of differential
equations, decoupled from the (e) case:

%[H(yh)} = ico“]ﬂr +B3 (a [[8]]_1 o— mZuO]I)_l } [Egh)}

%[ES}“] = é(mzuoﬂ ~afe]” “)[H(yh)]

(7.63)

In non-conical mount, By = 0 and eqgs.(7.62) and (7.63) become equivalent to eqs.(7.58) and
(7.57).

Both conical and nonconical cases of diffraction by lamellar gratings are solved by
eigenvector technique, due to the fact that the coefficients of the differential equations are z-
independent. Moreover, due to the separation of the two fundamental polarizations, it is
possible to further reduce by half the size of the matrices, by dealing with second-order
differential equations. For example, eq. (7.57) can be written in the form:
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%[EX] =iM, | H, ]
. (7.64)
E[Hy] =My, [E,]
Thus

d2

d7[EX] - _M14M41 [EX]

- (7.65)

d?[Hy} =My My, [Hy}

Les us denote with pg the eigenvalues of the product M;,M,, and with V the matrix
with its eigenvectors arranged in columns. The solution of the first eq.(7.65) can be written as:

[E,(2)]= VO (z)V ' [E, (0)] (7.66)

with
@, (2) =06, exp(£ip,z) (7.67)
which shows that the elementary solutions along z (called modes, wherefrom the names
Fourier modal method or Rigorous coupled waves method) exist in pairs that can propagate

upwards or downwards with the same propagation constants.
By integrating the second eq.(7.65), we obtain that:

[H,(2) |= W)W [ H,(0)] (7.68)

with W that can be written in different forms, because the eigenvectors are defined within an
arbitrary factor. For example, if we take into account the second eq.(7.64), W = iip_lM 4V,

where the diagonal matrix p has elements equal to p,. Another possibility, that is quite
convenient in TM polarization described by eq.(7.57), is at first to calculate the eigenvectors
of M,M,,, instead of M,;,M,, (their eigenvalues are the same). Then the link between V

and W contains the inverse of M,,, which is just equal to lﬂlﬂ, so that W = iiﬂlﬂ Vp.
][> ol

7.4.4. Crossed grating having vertical walls made of isotropic material

Most of the recent applications of the Fourier modal method are devoted to studies of light
diffraction by structures with 2D periodicity and piecewise invariant in the third direction.
This popularity has several reasons. First, extraordinary light transmission was found in the
late 90s by Ebbesen [7.18] for such structures, namely metallic sheets with periodical hole
arrays, and it attracted a lot of attention (see Chapter 1). Second, the technology of such
structures has significantly advanced in the last 20 years. Third, the Fourier modal method is
relatively simple to implement, and much faster than most of the other methods, because of
the eigenvalue/vector technique of integration.

Detailed study of these structures will be described in a separate chapter. However, due
to its importance, we are discussing different aspects of this theory, as it presents a particular
case of the more general geometry, that is characterized by a constant value of the z-
component of the normal vector on each cross-section having z = const. The prolongation of
the normal vector within the entire grating cell is discussed in sections 7.6.2.2.
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7.5. Differential theory for anisotropic media

If we consider anisotropic media that do not extend inside the grating structure, there is not
necessary to reformulate the diffraction theory, only that in the general case it is not possible
to separate the problem into two independent polarizations, and it is necessary to work with
the complete 4Pmax vectors and matrices.

In the case of anisotropic medium that lies inside the grating, the equations linking the
M-matrix with the Q¢ and Q, matrices remain the same, eq.(7.28) for isotropic and
anisotropic media. The difference comes from the fact that the Q-matrices take more complex
form, because the link between the normal and tangential components of the couples E and D
and H and B is made through the tensors of permittivity and permeability, which are not
scalars. Let us establish this link in detail for E and D. As far as the continuous and
discontinuous field components must be factorized differently, we construct a column vector
F¢, which contains the continuous field components Et and Dy. There are two tangential
components to the grating surface, and only a single normal:

F.=|E; |=| T-E |=U,|E, (7.69)
ET2 2E EZ

where the double bar indicates a second-rank tensor with 3 dimensions, and the matrix U, has

o (N%). (N?)y (NE)

le

U,=| T, Ty,
T2x T2y TZZ

€

(7.70)

with N representing a tensor product with contraction of indices, for example,

(NE) =N, B +NyEpu + N,y et

Z7ZX

The vectors N,Tl,and Tz are defined on the grating surface, but for their further Fourier

transform, it is necessary to choose a suitable continuation. The necessary conditions are that
(1) they are continuous on the surfaces where € and p are discontinuous, and (i1) they form an
orthonormal triad.

Since € never vanishes, the determinant of U, represents a quadric non-null form,
equal to:

g, =detU, =(NE):(TxT,)= > NN, (7.71)
1,j=X,y,Z

since N=T, xT,.

Thus U, has an inverse Ufgnv in the form:
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N, —_(N?)xaz_x (N?)xﬁl_x
U,ignvzé N, —:(N?)xﬁz:y _(N?)xﬁl:y (7.72)
NN, [(Ne

It is not evident to derive this form, but it can easily be verified by using the equivalence
U, U™ =T and the fact that N =T, xT,. For example, the product of the second line of U,

with the second column of Ufgnv can be written in vectorial form:

ol

3 (USUL“V)W =T, -[(N%)x@] = —[(N?)x@].i =—(N%)(T,xT)=(NE)-N=£,(7.73)

Going back to the vector Fg, it is continuous across the grating surface, whereas the
Cartesian components of the electric vector are, in general discontinuous, as well as the
components of U.. Thus for their Fourier transform, it is necessary to apply the inverse
factorization rule:

[E]=[u™] [E] (7.74)
At the other hand,

E=U™F, = D=gU"E (7.75)

with E, being continuous, so that the Fourier transform of D requires the direct factorization

[B]=[zu™[um] [E] (7.76)

rule:

1.€.,
Q, = [[?U;“VMU;“V ]]_1 (7.77)

For gratings having anisotropic magnetic properties, the corresponding Q, matrix is
obtained from egs. (7.71), (7.72), and (7.77) by replacing U™ by UE‘V and € by 1.

7.5.1. Lamellar gratings made of anisotropic material

Such gratings are analyzed in the chapter devoted to the Fourir modal method by using more
direct approaches, but here we want show how the corresponding equations can be obtained
from the general eqgs.(7.72). To this aim it is sufficient to realize that

N =(1,0,0)
T, =(0,1,0) (7.78)
T, =(0,0,1)
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so that
(N? T, = (649 —€x0-0)
(NE)xT, = (~£,,,0,8,,)
(N? N=¢_
and eq.(7.72) takes the form:
L _ E-:Xy €xz
XX SXX 8XX
u™=l 0o 1 0
0 0 1
. : 1
with a determinant equal to ﬁ—]‘ . Thus
SXX

[or -

The second matrix that is required takes the form:

=yyinv _
eU, " =

0
EyxExy
g
ooog
XX
e _ €2xExy
Zy 8

_ SPzx%xz

7.21

(7.79)

(7.80)

(7.81)

(7.82)

This form is valid even when the permittivity tensor is not symmetric, as happens in the

modeling of magnetooptical effects.
The Q. matrix takes the form obtained in [7.19], using a completely different approach:
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T =]
= yinv inv
Q =zur||ur| (7.83)
-1 1-1 -1
N 1 ” N 1 ﬁgxy H ﬂ 1 ﬁ - H
8XX 8XX i 8XX 8XX 8XX
- -1 T Te W0 1 T L -1
— Syx 1 8YX8XY 8yX 1 8Xy 8yxgxz 8yx 1 €y
= {—ll— € +([—1l— €, +([—||[|— —=
e oo e g g g
XX XX | XX | ©xx XX J XX XX xx ]Il ©xx XX
S S R T R 6 I N T T -1 1
gzx 1 SZXSXY € 1 SXY Szxgxz 8zx 1 sz
—==1||— Szy -+ €\t l— —=
| €xx Il €xx | Exx | €xx | XX | €xx Exx | Exx | _Sxx ] _Sxx ]

7.6. Normal vector prolongation for 2D periodicity; Fourier transform

As observed, the proper use of the direct and the inverse factorization rules requires that the
vector normal to the interfaces between different media is defined not only on these
interfaces, but throughout the entire grating cell. In the case of classical gratings with one-
dimensional periodicity, the prolongation of the normal vector can be done quite easily, as
shown in sec.7.4.1. For two-dimensional periodicity, the choice depends on the geometry, but
also on its mathematical representation. Several different solutions have to be considered,
without pretending to be exhaustive.

In general, the cross-section profile changes with z, so that the matrices Q¢, Q,, and M
have to be recalculated for each value of z. If the geometry is z-invariant, this must be done
only once. Concerning the Fourier components of the normal vector, there are two different
classes of grating profiles that has to be treated separately. The first class consists of surfaces
that can be expressed all over the unit cell (containing a single period in x and z) as an
analytical (at lease piecewisely) function zg = g(X,y), where S indicates that the point lies on

the interface. In this case, it is possible to have a unique extension of N whatever the values
of z. In addition, it is not necessary to calculate the cross-section of the surface(s) with a plane
perpendicular to the z-axis for each value of z. This case also includes multilayered
homomorphous structure with constant layer(s) thickness in the z-direction. We consider this
class of cases in sec.7.6.1.

The second class of surfaces includes surfaces that cannot be expressed through single-
valued functions, as the example given on the right-hand side of Fig.7.12. In that case, it is
necessary for each fixed value of z to know the cross-section function of the grating surface
with the plane z = const. Subsection 7.6.2 presents general analysis, some important specific
cases are considered further in the following subsections.

7.6.1. General analytical surfaces

If the interface representing the structure can be expressed as a single-valued function,
analytical over the entire unit cell (this is also valid if different analytical functions can be
defined over different regions of the cell):

zg = g(X,y), (7.84)

then the components of the vector normal to the surface defined on the surface have the form:
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_Og %,
ox’ oy’

N(X, y)= .
\/l + gradzg(x, y)

(7.85)

It can immediately be extended to whatever the values of z inside the modulated region.
Moreover, its values do not depend on z, as it was a case of the classical one-dimensional
grating already discussed in sec.7.4.1.

The permittivity and its inverse can easily be obtained on a mesh (x,y) covering the
grating cell for each z:

gx,y)<z = g&(X,y)=¢

(7.86)
g(X7 Y) 2z = S(X’ Y) = 81

where 1 and 3 are the indexes representing respectively the inferior and the superior regions
separated by the grating surface (as it was done in Fig.7.3). If the cross-section of the grating
surface with the planes z = const are ellipses (or circles), and if N, does not depend on (X,y)

at each z, it is possible to replace the numerical Fourier transform by an analytical formulae.
One important particular case is the z-invariant grating with elliptical cross section; another
case includes the gratings having a rotational symmetry, as shown in Fig.7.12.

The same extension (7.85) for the normal vector is valid for a stack of layers having
homogeneous thicknesses in the z-direction:

zg; = g(X,y) +t; (7.87)
The permittivity and its inverse inside the intermediate layers are simply given as:

zgi1(X,y)<z<zgi(X,y) = &(X,y)=¢; (7.88)

7.6.2. Irregular general surfaces

If the case does not fit into the preceding section, the interface is expressed through the more
general function u(x,y,zg) =0, and the vector N has to be determined for each inclusion:

du du du
ox 0y Oz

|grad u(x,y, ZS)|

N(X,y,2g) = (7.89)

However, these values are well defined on the grating surface (except on its edges), and
have to be extended over the entire cell. When considerintg a cross-section of the profile with
a plane at z = const., several different cases exist:

7.6.2.1. Single-valued radial cross-section

At first, we shall consider that the cross section function f(xg,yg) =0 defines a single
curve, and that curve can be expressed in cylindrical coordinates as
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Ps = Ps(P) (7.90)
where

Ps :\/(Xs _Xc)2 +(ys —YC)2

(7.91)
¢= arctan[(ys —ye)/ (xXg— XC)]

A

X

v

Fig.7.6. Single-curve cross-section of the grating surface at z = const.

and x. and y. represent a “central” point of the curve, Fig.7.6. Here we assume that the
values of pg are unique for each ¢. The other case is analyzed further on.

It is possible to extend to the entire cell the values of the normal vector, defined only on
the curve, by assuming that it is constant for each fixed angle ¢. This prolongation requires
the following procedure:

1. Fixing the pair (x,y).
Calculating the angle ¢ =arctan[(y—yc)/(x—x¢)].
Calculating pg = pg(¢) from eq.(7.91).
Calculation of xg =pgcos¢, and yg = pgsin¢.
Determining N, together with N, and N from eq.(7.89).

Attributing these values of the components of N(xs, yg) to the pair (x,y).

NS ke

Fast Fourier transform after the normal vector components are determined for all the
pairs (x,y) on a mesh inside the grating cell.

The procedure can be simplified for most of the typical diffracting objects, as shown further
for objects with elliptical or circular cross-section.

If the grating profile varies with z, the calculations of the Fourier components of the
permittivity and its inverse has to be made at each value of z, both for the analytical profiles,
for which the normal vector prolongation can be chosen z-invariant, or for the irregular
surfaces. For each (x,y) pair of the mesh used in the FFT method, it is possible to determine
whether the point lies within or outside the cross-section part of Fig.7.6:

P(@) <ps (@), &(X,¥) = Eingie

(7.92)
p((P) 2 Ps ((P); S(Xa Y) = €outside

with p=(x—xc)? +(y—yc)*
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7.6.2.2. Objects with polygonal cross section

A typical example of such objects is presented in Fig.7.1. Its surface consists of different

plates, and for their treatment the condition N, = const. for fixed z is fulfilled, because N is
constant at each plate. Another possible surface consists of plane ribbons with curvature in z-
direction, Fig.7.7.

Fig.7.7. Surface made of plane ribbons

As shown in Fig.7.8, the cross-section represents a polygon. On each of its sides the
modulus of the in-plane component of the normal vector is known:

A §egment [

\ Aol

Fig.7.8. Object with a polygonal cross-section.

N, :1/1—N§,I- (7.93)

and its direction is perpendicular to the segment. If the i-th segment is located between the
angles ¢; and ¢,,;, we can extend the definition of the normal vector all over the unit cell

situated within the range (@;, ¢;,;), delimited by the bold dot-dashed lines in Fig.7.8, by

273



7.26 Gratings: Theory and Numeric Applications, 2012

assuming that N = Nl. . The normal vector extension will be continuous everywhere, except on
the sector border lines (bold dot-dashed lines) and thus the only points where both
permittivity (and/or permeability) and N are simultaneously discontinuous are at the

polygonal corners, where anyway N is never continuous.

The procedure to follow requires that for each value of z the polygon corners (Xi, yi)
and the z-components of N for each segment are determined, as well as fixing some “central”
point (X¢,yc) . Then the angular ranges of each segment with respect to that central point are
calculated:

0, = arctan Y1 Y€ (7.94)
X;—Xc
For each pair (x,y), the azimuthal angle is given as (p:arctan[(y—yc)/ (x—xc)], which
value determines the number of the segment, say j, within the point lies. The unknown in-
plane part of the normal vector is perpendicular to the j-th segment:

Nx,j :(Yj+1_}’j) 3

(-‘/j+1 —Yj )2 *(Xjﬂ —Xj)

2
1-N7

(7.95)

N . =—(x.,—-x.
. (XJH XJ) (Yj+1_Yj)2+(Xj+1_Xj)2

The expression in the square root comes from the normalization of N.

The value of the permittivity depends on whether the point (x,y) lies inside or outside
the polygon. The calculations of g(x,y) and 1/¢ are made simultaneously with the normal
vector calculus. After the angular segment in which the point (x,y) of the mesh in grating cell
is determined (say the j-th one, as in eq.(7.95)), we can find the length of pg between the

central point and the polygon segment, shown in Fig.7.8. For this sake we show in Fig.7.9 the
enlarged segment:

(Xjs1:Yjs1)

(sty_j)

(XC,YC)

Fig.7.9. The j-segment of Fig.7.8 together with notations

The sine theorem gives the possibility to determine the angle {:
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\/(Xj+1 _Xj)2 +(Yj+1 —Yj )2 B \/(Xj+1 —Xc )2 +(Yj+1 _S’C)2

sin(Qj,; — ;) sin(G)

wherefrom the radius pg is given as:

\/(Xc _Xj)2 +(Yc _Yj)2

sin(t—C— ¢+ ;)

ps =sin(C)

Eq.(7.92) enables us to obtain the values of the permittivity (and its inverse):

p((P) < Ps ((p)a S(Xv Y) = €inside
p((P) 2 pS ((P)a S(Xa y) = &,utside

with p=/(x=x¢)? +(y—yc)? -

Fig.7.10. Schematic presentation of corner rounding

7.27

(7.96)

(7.97)

(7.98)

Concerning the edges, in reality the surfaces never have such, as etching always ends by
rounding the corners, as shown in Fig.7.10. Let us consider that the rounding between the
segments numbered i-1 and i is made preserving the values of N, and that in the cross-plane z
= const., the rounding can be considered as circular, having a center in (X¢,,¥¢,) and radius

r; . The in-plane component of the normal vector follows the curvature radius and thus is given

by equations, similar to eq.(7.95):

NXAZ—(X—XCi) I;Ngi 5
(v=ye, ) +(x=xc)

— 2.

V.A; :(y—}’ci) N
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The prolongation is more complicated, if the consecutive values of N, at the two sides of the
rounded corner differ significantly. In that case a linear interpolation of N, between ¢, and

¢, +A; can be applied.

7.6.2.3. Mutlivalued cross-sections

If the cross-section cannot be represented as a radial function, nother possibility arises if it is a
piecewise analytical function in x (or y), as shown in Fig.7.11, where we can use two different
functions of x. We assume again that N, is known, as it happens for z-independent profiles,

for which it is simply null. In the upper part of the figure, for each value of x it is possible to
calculate the normal vector on the profile:

N (_fl'(x)’LNz)

N = 2 2
Y1+ (x)+N;

We can take this value to be the same for each y in the upper region A, so that the numerical

(7.100)

Fourier transform is made only once in A, and once in A, .

A

ys =1 (x) - X

»
»

Fig.7.11. Piecewise analytical ¢ ross-section of the grating surface at z = const.

The permittivity has to be calculated at each (x,y) mesh point:
Y<Vss &(XY) = Einsige

(7.101)
y 2 Ys» S(Xa Y) = &,utside*

7.6.4. Objects with cylindrical symmetry

Many periodic systems consist of inclusion having rotational cylindrical symmetry, like
spheres, vertical cylinders, or ellipsoids with axe of rotation parallel to the z-axis, but also
smooth surfaces, as presented in Fig.7.12.

These structures are characterized by a circular cross-section of the surface with the
horizontal planes at z = const., but also with an independence on x and y of the values of N,
on each horizontal plane. In addition, due to the circular cross-sections, the angular
component N, = 0 everywhere. Once z is fixed, the variation of the interface in the vertical
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direction fixes the value of N,, for example through eq.(7.89), wherefrom the radial normal

vector component N, = /1— Nﬁ . For each pair of (x,y) then:

N—

Fig.7.12. Several profiles with cylindrical symmetry.

X—X~)N
Nx<x,y)=J ( - 20, -
(xX=x¢c)"+(y=Yyc)
( ¢ N ¢ (7.102)
N, () =t
\/(X_XC) +(y-yc)
In addition, for profiles invariant in z-direction, N, = 0 and N, =1.
The permittivity is given as a piecewise constant function:
e(x,y)=¢ ..., 1f (x—x 24 (y— 2<R22,
( Y) inside ( C) (y YC) ( ) (7103)

e(x, y) = €outside > if (x- XC)2 +(y- YC)2 > RZ(Z)

where R(z) is the radius of the profile surface for a given z.

Having obtained the values of the normal vector components and permittivity for each
X,y enables us to calculate their Fourier transforms, either by Fast Fourier transform (FFT), or
analytically.

7.6.5. Objects with elliptical cross-section

Similar simplification is possible for systems with elliptical cross-sections that have N, =
const. for z fixed. Such are the inclusions of vertical cylinders with elliptical cross-section,
ellipsoids with one of the axes orientated in z-direction, but also all types of the structures
shown schematically in Fig.7.12 that have elliptical or circular cross-sections.

Let us assume that the ellipse axes are parallel to the x and y-axes.. The cross-section
curve for z = const. is given by the equation:
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2 2
Xs — X Ys—Yc | p2
( - j +( 5 j =R (7.104)

In order to obtain results similar to eq.(7.102), we introduce an elliptical coordinates, defined
as:

a (7.105)
~ Y~ Yc
YT

Using these notations, the ellipse becomes a circle, for which the considerations of the
previous subsection apply. Thus

X—X
C
N,

N, (x,y)= .

(5205

Y—Yc
b Np

() o2

with N, =4/1- N2 , which remains constant for each fixed z.

(7.106)

Ny(x,y) =

Concerning the permittivity, it is determined in the same way as in eq.(7.103) for
circular profile:

2 2
S(Xa Y) = &inside» if (X ¢ j + ( Y _byC j < R2 (Z)a
a

2 2
e(x,y) = Eoutside > if [X_ch +(y_bycj > RZ(Z)
a

(7.107)

with R(z) given by eq.(7.104).

Remark on the prolongation of the normal vector

Special attention has recently been paid to the numerical implementation of the differential
method for gratings having 2D periodicity formed by vertical holes or bumps that are
invariant in z, and that have arbitrary cross-section in the xOy plane. A detailed study in the
case of z-invariant geometry that applies for an eigenvalue/eigenvector technique of
integration (FM or RCW method) is given in ref.[7.20], followed by several other works
[7.21, 7.22]. It is necessary to note that the technique of prolongation of the normal vector as
discussed in [7.20] can be applied also for z-dependent profiles with similar cross section; the

difference is the renormalization factor +/1— N% for each z.
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The authors compare several different formulations of the Fourier Modal method
applied to structures with rectangular, circular, or elliptical cross-sections. These formulations
include the classical formulation of Moharam and Gaylor that uses only the direct
factorization rule, the formulation given by Lifeng Li [7.23] that introduces two different

Fourier transforms of the permittivity &, namely U_S—U and H_sﬂ, which are calculated by

applying at first the inverse rule along one of the coordinates, and then the direct rule along
the other one. This second formulation was made for rectangular and parallelogram cross-
sections. For circular or elliptical (or other smooth) forms, it introduces a stepwise treatment
of the profile, which appears more slowly convergent than the special techniques developed
after.

(a) (b)

Fig.7.13. Two different prolongations of the normal vector for a circular inclusion. (a) Radial
prolongation. (b) Electrostatic continuation of the normal vector for a circular cross-section
inclusion inside a square grating cell (after [7.20]).

The third approach to the problem requires a prolongation of the normal vector (NV) to
the profile within the entire grating cell. As already stressed, there are several possibilities to
make this. A typical example is the radial prolongation, Fig.7.13a, which has been discussed
in Sec.7.6.2.1 and 7.6.4 and it includes discontinuities of the normal vector on the cell
boundaries, where the permittivity is continuous. Another approach proposed in [7.20] is the
electrostatic one, which insures the continuity all over the cell and on its boundaries, except
for on single points inside, Fig.7.13b.

Fig.7.14 shows the convergence rates for the transmitted zeroth order of a grating
consisting of dielectric cylindrical inclusions with a circular cross-section with refractive
index n = 1.5, in normal incidence from the substrate. The grating period is 2A, the width of
the grooves is A, and the grating depth is A/(2n—1). The graph presents the diffraction
efficiency in transmission as a function of the truncation order N using the three considered
formulations: Moharam’s original formulation, Li’s formulation, and the formulation using
the normal vector (NV) field. As usual the Fourier series run from — N to N, which yields

2N+1 Fourier coefficients for each of the two directions of periodic continuation, or (2N + 1)2

coefficients in total. As can be expected, both the original approach and the formulation by Li
have worse convergence than when correctly taking into account the factorization rules for the
tangential electric field and normal displacement components to the profile, where the
permittivity is discontinuous [7.20]. It is necessary to stress that the difference in the
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convergence rates is even more pronounced for metallic inclusions, having much larger
optical contrast.

0.25
o248 T

wewMoharam | e
0.246} "L

— NV radial

© NV electrostatic
0.244; o o —0——0—73
0.24 e

-"’-
024 I‘/ 1 1 1 1
T4 6 8 10 12

truncation order

Fig.7.14. Convergence rates with respect to the truncation of the Fourier series for four different
approaches used to model the diffraction by a cylindrical inclusion with circular cross-section.

Recently, Weiss et al. [7.24] proposed another alternative approach to treating smooth
inclusions, by changing the coordinate system, so that its planes are parallel to the profile and
to the grating sell walls (see Fig.7.15). If the transformed system is orthonormal, its
coordinate lines are automatically tangential or perpendicular to the physical walls. If not, the
Maxwell equations have to be rewritten in covariant vector form using the covariant and
contravariant vector components.

O O O 1.5

—(a)
-— — 1 77 e
E ] I
c I |
. . \ i
. ] b, 0.5 0N 77

RN % 0.5 1 15
x' in um
(@) (b)

Fig.7.15. Coordinate lines and surfaces according to (a) [7.20] and (b) [7.24]

This approach is somehow equivalent to the normal vector prolongation, due to two
main reasons:

(1) The NV approach defines in an unambiguous manner the normal vectors on the
profile, giving a liberty to continue them all over the cell. The coordinate
transformation is also defined on the profile and the outside boundaries, but can be
chosen in different ways around the grating cell.
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(i1) The change of the coordinate system introduces in the Maxwell equations the
metric tensor G that multiplies the electric displacement and magnetic induction
in the right-hand side of eq.(7.6), so that for the electric field we obtain the
substitution:

D=¢E — GeE. (7.108)

The normal vector approach acts in a similar manner by introducing the matrix
Q. givenin eq.7.21, which makes the following substitution in the Fourier space,

eq.(7.20):
[D]=[«E] > Q.[E] (7.109)

7.6.6. Multiprofile surfaces

A grating with multiple bumps (or inclusions) inside the single cell could be treated by
separation the cell into sub-cells, not necessarily rectangular, containing a single inclusion, as
shown in Fig.7.16, where a specific cross-section at z = const. is separated into three regions
A, B, and C. As far as the Fourier components of the normal vector, of the permeability and
the permittivity have to be calculated for each value of z (if they depend on z), the separation
into subcells can vary with z.

A

y

A

gA(X\y)=z

X
»
»

Fig.7.16. Cross-section at z = const. of a grating having different inclusions. The three different
regions to be treated independently are separated by dashed lines.

The case schematized in Fig.7.17a can result from a surface covered by a thin layer of
another substance, a layer that cannot be treated using eq.(7.87). The simplest possibility is to
have different continuation of the normal vector inside each region. At first, the angle

(p:arctan[(y—yc)/ (X—XC)] for the point with coordinates (x, y) is calculated, and it is
necessary to determine to which region the point belong. If it lies inside the innermost region
C, the values of N(x,y) = Nl((p), where Nl((p) is determined using one of the procedures
discussed above for a single interface that is defined by the inner profile function.

If the point (x, y) lies in the outermost region, we take N(x,y) = Nz((p) , Where Nz ()

corresponds to the second interface. In-between, we have two possibilities. The first choice is
to divide the region into two subregions as indicated in Fig.7.17a with the dashed line. In each

of them, N(x,y) is taken to be equal to its values on the adjacent profile, so that it is
continuous everywhere where the permittivity and/or permeability are discontinuous.
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\ Ao

X
»
»

(a) (b)

Fig.7.17. Structures with interpenetrating cross-section profiles

The second possibility is to introduce a linear interpolation inside region B, but it is
necessary to know the distances p;, and p, between the central point and the profiles along

the ray with @ =arctan[(y—y¢)/(x —x¢)] fixed. Then:

Np(5,y) = N, () +[ Ny (@)~ Ny (@) | =L,
P2 =P (7.110)

with p° = (X_XC)2 +(Y‘Yc)2

Another specific case that appears in the studies of magnetic resonators is presented in
Fig.7.17b. In can be treated in the same way is for the case in Fig.7.17a, but it is necessary to
introduce a separate region D indicated in the figure and containing the opening, for which

N= (0,1,0), for example.

7.7. Integrating schemes

Numerical solution of a system of ordinary differential equations is a mature domain due to
the enormous amount of physical and technical applications. Unfortunately, the grating
problem represents one of the worst tasks for the theory of ordinary differential equations,
because the system to be integrated is a stiff one. To better understand the problem, let us
consider the case of a homogeneous layer that introduces no coupling between the diffraction
orders. The solution of the diffraction problem contains waves propagating up- and
downwards (in z-direction). These are plane waves, propagating or evanescent inside the
layer. In lossless medium, their constant of propagation in z can be real, or imaginary,
depending on the number of diffraction order under consideration:

Y =%y (kon)* —atj, (7.111)

o, =0,+mK. (7.112)

The real values of y are bounded by kyn, but the imaginary parts are not bounded, as their

with

asymptotic values for large |m| are given by:

Im(y,)=%|m|K. (7.113)
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From the point of view of the theory of ordinary differential equations this means that
the eigenvalues of the system differ significantly in magnitude, i.e., the differential system is
stiff. The greater the difference, the more unstable the solution. On the other hand, the solution
of the diffraction problem requires sufficient number of Fourier components of the profile
function and electromagnetic field to be correctly represented by the truncated Fourier series,
thus the necessity to work with large number of Fourier components, and thus the
increasingly greater the stiffness of the differential system, i.e., more instable the solution
with respect to the length and number of integration steps. The theory concludes that the so
called explicit integration schemes are most instable for such problem, whatever their order,
and implicit methods have to be used. The problem with the implicit methods is that they need
one matrix inversion and several more matrix operations on each integration step, when
compared with the explicit methods, so that the choice is not evident to ensure the most
efficient integration scheme.

Let us recall the basic principle of the first-order explicit and implicit schemes. In a
first-order approximation, the solution of the differential system:

iF(z) =M(2)F(z). (7.114)
dz

between two consecutive points z=z; and z=z;,; can be searched in developing in series:

F(zy,,) =F(z;) +(z;,, —2;)M(2)F(2) . (7.115)
If M(z) and F(z)are evaluated in z=1z j» this leads to the first-order explicit integration
(Euler’s) scheme:
F(z;.)=[I+hM(z;) |F(z)). (7.116)
where I is the unit matrix, and h=(z;,, -z;).
If M(z) and F(z)are evaluated in z=z j+1> We obtain the first-order implicit (inverted

or backward Euler’s) scheme:

-1
F(zy)=[I-hM(z;,) | F(z)). (7.117)
The theory says that this scheme is more stable, but it needs one matrix inversion on

each step. A combination of the two must provide even better results, because it uses a half of
the previous step:

-1
F(Zj+1):|:]l_%hM(Zj+1):| []H%hM(zj)}F(zj)- (7.118)

However, we need one additional matrix multiplication. In what follows we use these
two single-point first-order methods under the names Expl 1 (single point explicit Euler
integration) and Impl 1, eq.(7.118) and compare the convergence with respect to the total
number of integration points with several other more sophisticated integration schemes for
two different metallic gratings in TM polarization, the most difficult combination when using
the differential method.

The advantage of these formulations is that they all are single-step ones, and do not
need a storage of the intermediate results on several integration steps. They can be easily
programmed and don’t need additional memory storage at each step. However, if we refer to
one of the most relevant sources [7.25], we see that “this is the generic disease of stiff
equations: We are required to follow the variation in the solution on the shortest length scale
to maintain the stability of the integration, even though accuracy requirements allow a much
larger stepsize.” This means that a priori choice of the integration step without adaptive
control and change in the step length cannot produce stable and relevant results.
Unfortunately, it is quite difficult to use adaptive-step methods, because they require much
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longer computation times, as it is necessary to repeat the integration process several times
when changing the integration step length. This is why we concentrate our attention to fixed-
step algorithms.

Fixed-step multistep explicit methods have been used from decades in the differential
method programming. The best results have been obtained when combined with an implicit
correction by using a predictor-corrector scheme, as described further on. However, referring
again to [7.25], “high order does not always mean high accuracy.” It will be more useful, if
larger integration step is obtained with high order or multistep methods, which is not obvious,
as we observe on several numerical examples.

We have used three simple integration schemes, the single-point implicit or explicit
scheme, as well as a 4-point predictor-corrector method (PCM 4). It contains two steps, the
first one representing an Adams-Bashforth explicit 4-point scheme [7.26], described by the
equation

F(Zj+5) = F(Zj+4)

1901 _, 1387 108 637 251 (7.119)
+h|:%F(Zj+4) 360 F( J+3)+ F( J+2) 0 ( j+1) F( ):|
with
F'(z;) = M(z;)F(z;). (7.120)

The corrector step is a 4-point Adams-Moulton integration:
F(zi,4) =F(z,3)

251, 646 _, 264 _, 106 _, 19 (7.121)
+h{%F (j14) +%F (Zj+3)_EF (Zj+2)+%F (Zj+1)_%F (Z‘)}
which is an implicit scheme [7.27]. However, contrary to the other explicit schemes (BDF), it
does not require inverting a matrix, it just makes one step back as a corrector.
An extension of eq.(7.117) to a multistep algorithm results in multistep implicit method,
called also backward differentiation formulae (BDF) [7.28]. Typical 3-point and 5-point
formulae take the form:

BDF3: F(Zj+3)ZI:]I—hM(Zj+3):|_1|:%F(Zj+2) F(zj+1)+ F(z, )} (7.122)
BDF5:  F(zj,s)

- 7.123
(1M, 0] | 2900200y )+ 2o b)) e |

It is evident that BDF3 (called further on Impl 3) requires a startmg method for the first two
points, and BDF5 (Impl 5), for the first 4 points. The same is valid for PCM in eqs.(7.119) —
(7.121).

The second-order Runge-Kutta method is given in the form:

k, =hM(z))F(z;)

k, = hM(zjﬂ/z)[F(zj)Jr%kl} (7.124)
F(z.)) =F(zj)+k,

which has an error proportional to h?. It is also called a midpoint point, because it requires
the evaluation of the functions at the middle of the step, i.e., twice the number of the steps of
the other tree methods discussed above.

The classical fourth-order Runge-Kutta method also uses midpoint values:
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k; =hM(z;)F(z;)
ky = hM(Zj+1/2)|:F(Zj) +%k1}

ks = hM(ZjH/z)[F(zj) +%k2} (7.125)

ky =hM(z},,)[ F(z;) +k; |

1 1 1 1

with an error of the order of h’. These two methods are higher-order explicit methods that do
not need matrix inversions during the integration. However, as already stressed, higher order
does not mean larger steps.

The highest possible order in h can be obtained theoretically, by using the
eigentechnique:

F(z;,,) = V(eyh)V “'F(z)) (7.126)

where V is a matrix containing the eigenvectors of M and the exponential term in the round
brackets represents a diagonal matrix constructed using the eigenvalues y of M. In practice,
this method does not increase the stability, because it remains a single-point explicit method.
Moreover, it requires much longer computation time because of the requirement to solve an
eigenvalue/eigenvector problem at each integration step.

The first example concerns a typical commercial sinusoidal aluminum grating that has
very high efficiency in TM polarization. It supports a single diffracted order in -1% order
Littrow mount and has a modulation depth-to-period ratio of 40%. Fig.7.20 presents a
numeric test of the efficiency calculated for a different number of integration points using
several integrations schemes. Due to the polarization and the grating material, it is necessary
to separate the integration into several slices (5 in this case) in order to avoid numerical loss
of precision, the results of the integration in two consecutive slices connected to each other by
the use of the S-matrix algorithm. In Fig.7.20b we have presented a part of the results,
obtained with 20 slices, instead of 5. The comparison between the two cases show that 5
slices are sufficient, the weaker oscillation for 20 slices are due mainly to the fact that the
horizontal scale is less dense, because the step in the total number of integration points is an
integer times the number of slices. The truncation parameter N = 20, i.e., totally 41 Fourier
harmonics of the field are used in the calculations.

As can be concluded, an absolute precision within 1% is rapidly obtained whatever the
method used, with the total number of points of the order of 200. However, the predictor
corrector method is less stable when the number of points is smaller than 300. Implicit
methods are more stable, as expected, and result in an error smaller than 0.1% even for the
number of points less than 200. It is interesting to observe than the first-order implicit method
is more stable than the higher implicit methods, probably because it contains a middle-point
evaluation of the field derivative, as seen in eq.(7.118). It requires a little bit longer
computation time than the other two implicit methods, because of the additional matrix
multiplication. The explicit method, which is the fastest one, shows slower convergence, as
expected, whereas the performance of the higher-order RK methods competes with the
implicit methods.
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h/d = 40%, N = 20, 5 slices
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Fig.7.18. Aluminum grating with period 0.5 um and depth 0.2 um used in -1* order Littrow mount
at 0.6328 um wavelength in TM polarization. Convergence with respect to the total number of
integration points, truncation to 41 Fourier harmonics and using 5 (a) and 20 (b) slices in the S-
matrix algorithm. The acronyms for the methods are defined in the text.

Table 7.1 compares the computation times of the different methods for the two

investigated cases (Fig.7.18 and the following Fig.7.19). For comparison, (null) indicates the
time without any operation due to the integration, and that is necessary for the construction of
the M-matrix and the use of the S-matrix propagation algorithm, as described in Appendix
7.A. The fastest method is the single-point explicit method, but as expected it is less precise
given the same number of integration points, Fig.7.18. The implicit single-step middle-point
method shows stability similar to the 4-th order Runge-Kutta method, but is slightly more
rapid. The predictor-corrector method is less stable and requires longer computation times.
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Table 7.1. Computation times of the different methods described in the text for the two cases with
groove depth to groove period equal to 40% and 200%

Method N =20, slices 5 N = 50, slices 35

int. points 400, int.points 1500,

modulation 40% modulation 200%
Expl. 1 1.41s 72.3s
Impl.1 3.55s 187.6 s
Impl.3 2.67 s 157.8 s
Impl.5 2.81s 168.9 s
PCM 4 2.14 s 120.0 s
RK 2 2.70 s 1449 s
RK 4 4.70 s 252.5s
eigentechnique 7.54s 360.0 s
(null) 0.68 s 38.5s

It is necessary to stress out that in reality, the computation times are shorter than listed
in the Table, because when the truncation N is smaller (usually 20 is sufficient), the number
of slices for the S-matrix algorithm is smaller (due to the smaller number of evanescent orders
taken into account); in addition, the total number of integration points used for constructing
the Table are chosen to obtain 0.1% relative error, whereas in most of the cases just 1% is
sufficient. The computation time grows linearly with the total number of integration points, as
well as with the number of slices used in the S-matrix algorithm. The time dependence

concerning the truncation N in the Fourier series grows as N3 — N, because this parameter
determines the size of the matrices.

When the total integration length is multiplied by 5, the number of integration points
required is also multiplied by the same factor, as observed in Fig.7.19. A grating twice as
deep as the period, acts almost like a flat mirror in TM polarization, with the efficiency in
order -1 hardly exceeding 1%. Due to the large depth, the absorption is increased, so that the
reflectivity in order 0 is equal to 56.78%. We compare the convergence in the weak -1* order,
so that even a small absolute error appears as a large relative error that can be easily observed
in the figures. The number of Fourier harmonics (truncation parameter 2N+1) also has to be
increased by a factor of 2.5 to 101 (N = 50). The number of slices in the S-matrix algorithm is
increased seventh-fold to 35.

The first Fig.7.19 compares several explicit integration schemes with the single-point
implicit method. The main conclusion to be drawn is that the best scheme remains the implicit
method, only the explicit Runge-Kutta fourth-order scheme seems to compete in convergence
rate with respect to the total number of integration points, but somehow slower.

The comparison of several implicit methods confirms the general idea that multistep
choice does not necessarily improve the stability (Fig.7.20). When compared with Fig.7.19,
the implicit methods are characterized by smaller oscillations when the number of steps is
increased, but the most rapid convergence is obtained with the simplest procedure, single-step
method (let us remark again that we use the middle-point calculations, as in eq.(7.118)). Like
all the other implicit methods, it requires a single matrix inversion on each integration step,
but needs less memory storage, and avoids several matrix sums and multiplication by
different constants, necessary for the multipoint methods.
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Fig.7.19. Aluminum grating with period 0.5 um and depth 1 um used in -1*' order Littrow mount at
0.6328 um wavelength in TM polarization. Convergence with respect to the total number of
integration points, truncation to 101 Fourier harmonics and using 35 slices in the S-matrix
algorithm.A.M.4 — forth-order Adams-Moulton scheme, Implicit 1 — single-point implicit scheme,

Explicit 1 — single-point explicit scheme, Expl2.R K.2 and 4 — explicit Runge-Kutta method of
order 2 and4, respectively.

efficiency (order -1)

0.0097

0.0096

0.0095

0.0094 +

0.0093

Implicit methods:
—a— Impl. RK. 4
—a— Implicit 1
—e—BDS 3

. .\)i:/\\'ﬁ"'-h =~k
\/i/H \H- mﬁvm‘*ﬁr’u#ﬁlﬁ

T T T T T T T T T T T T 1
500 1000 1500 2000 2500 3000 3500
integration points

Fig.7.20. Same as in Fig.7.19 but for three implicit methods of different order.

7.8. Staircase approximation

As already discussed, if the surface interface is z-invariant (entirely or piecewisely), the
integration of the system of ordinary differential equations along z can be done via
eigenvalue/eigenvector technique, eq.(7.126), because the M-matrix containing the
coefficients of the differential equations does not depend on z. The enormous interest in this
approach can be explained by the simple technique of integration, much easier to understand
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and apply than the theory of numerical methods of integration of ordinary differential
equations.

The idea is sketched in Fig.7.21, where a sinusoidal surface-relief grating is
approximated by a 5-stairs profile. While this approximation (with sufficient number of steps
M, depending on the groove depth) works quite well in TE polarization, the TM case presents
a convergence rate with respect the truncation number of Fourier components of the field
much slower than the ordinary differential method (no staircase approximation), see Fig.7.22.
Moreover, the greater the number of vertical slices M, the greater the truncation number
required.

air

Al

0 d: x

»

Fig.7.21. Schematical approximation of a sinusoidal grating profile, approximated by a 5-step
staircase profile.(after [7.29] ).

-1st order efficiency

0 T T T T
0 20 40 60 80 100

Truncation parameter N

Fig.7.22. Convergence of the minus-first-order efficiency in TM polarization of the FMM (RCW)
and the exact modal method (indicated on the figure) for a sinusoidal grating in a staircase

presentation with M = 20, as compared to the convergence of the differential method for a
smooth sinusoidal profile (curve “diff.”). Period d = 0.5 um, groove depth a = 0.2 um, aluminum
refractive index ny = 1.3 + i7.6, illuminated at 40° incidence with wavelength A = 0.6328 um,

(after [7.29)].

A detailed analysis of this problem can be found in [7.14, 7.29], but the basic idea is
quite simple. The staircase approximation substitutes the otherwise smooth sinusoidal profile
by a profile that has sharp edges. The greater the number of stairs, the greater is the number of
edges. It is well-known from general electromagnetism that edges introduce electric field
singularities. While in TE polarization the only electric field components are tangential to the
profile (in y-direction), thus have no discontinuities and singularities, this is not the case in
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TM polarization. This can be observed in Fig.7.23. At the edges of each step, a sharp
maximum of the electric field is observed. These maxima are not a numerical artifact, they
represent the physical effect of introducing edges to replace a smooth profile. These sharp
variations of the field require larger number of Fourier components to be correctly
represented. Moreover, the greater the number of slices (stairs), the greater the number of the
maxima, thus the greater the truncation number required. Numerical experiment has shown
that this phenomenon has nothing to do with the integration (eigenvalue/vector) technique,
because the results of the convergence rate and field maps are the same for the staircase
approximation when using the RCW technique or the differential method.
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Fig.7.23. Spatial field distribution of |E.|’ in the vicinity of several steps inside a groove of a 10-
step staircase profile, used to approximate the sinusoidal grating under study in TM polarization.
The grating parameters are the same as in Fig.7.22, after [7.29].

On the contrary, if the true smooth profile is treated by the differential method by using
a numerical integration of the ordinary differential system with the elements of the M-matrix
depending on z, there is no such singularities of the electric field (Fig.7.24), so that the
convergence with respect to the number of Fourier harmonics is much faster, provide the
correct factorization rules are used (Fig.7.22).

Recently, some authors [7.30] have proposed to maintain the eigenvalue/vector
technique, but to use the correctly determined Fourier presentation of the profile, i.e., the
correct factorization rules, as presented in eqs. (7.39) — (7.44), instead of lamellar-profile
factorization, eqs.(7.56) — (7.65), at each step. This is equivalent to using the formulation
proposed by the differential method for a smooth profile, i.e. avoiding the field singularities at
the edges, but to use the eigenvalue/vector technique of integration by assuming that the
modified M-matrix, as given by eqs. (7.39) — (7.44), is z-invariant across each step height.
We have already tried this in [7.29] and the conclusion was that using this approach, the
number of steps (stairs) has to be relatively larger that by using some better adapted
integration technique. And indeed, the eigenvalue/approach to a z-dependent system is
equivalent to the rectangular rule with equidistant points of integration, one of the worst
choices, as known from the theory of ordinary differential equations. In addition, due to
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eigenvalue/vector evaluation on each integration step, its computation times are several times
longer than for the other methods (see Table 7.1 in the previous section), known from the
theory of ordinary differential equations. This is why the authors of [7.30] need more than
2000 equidistant points of integration for a trapezoidal profile, for which the better adapted
numerical integration scheme can suffice with 300 points. Unfortunately, the authors of [7.30]
do not consider the differential method as a “reference method” in their work.
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Fig.7.24. The same as in Fig.7.23 but calculated using the differential method, after [7.29].
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Appendix 7.A: S-matrix propagation algorithm

Almost all electromagnetic theories work by providing the link between the electromagnetic
field amplitude values established on two different interfaces. These values could be
calculated in the real or the inverted space, or the projections of the field on some functional
basis, etc. Whatever the theory, if the media are linear, the link can be expressed in a matrix
form:

A, =T,A (7.127)

Here, A stands for a column vector containing the field amplitudes in the given basis, the first
interface has a number p-1, and the second on, p. T, is called transmission matrix between

the interface (p—1) and p.

Numerical problem arises due to the fact, that the “propagation” between different
interfaces contains, in general, both growing and decreasing terms, due to both absorption
losses or/and evanescent character of some field components. If a real field term propagates
from p—1 to p (the green arrow in Fig.7.A.1), it never grows (unless media with optical gains).
Same is valid for the true propagation from interface p to p—1. However, eq. (7.127) is
asymmetrical, i.e., it contains propagation only from interface p—1 to p, thus a naturally
decreasing field that propagates in the opposite direction (from p to p—1), will be expressed in
the T-matrix in the form of growing terms (the red arrow in Fig. 7.A.1). If the propagation
length is sufficiently large, these artificial growing terms can overweight the other terms,
mainly due to the finite numerical length of the computer word.

p—1

Fig.7.A.1. Schematical representation of the action of the T-matrix between interfaces p-1 and p

One approach that overcomes this problem and that has become quite popular during
the last 15 years is the so-called S-matrix propagation algorithm, S staying for ‘scattering’.
The basic idea is quite simple: As far as the problem of growing terms has been identified, let
us try to do as Nature, by determining another link between the field amplitudes, by
separating them into terms propagating (or decreasing) in direction (p—1 = p) or in direction
(p = p-1). Let us denote the first set with superscript +, and the second set by a superscript —.
The S-matrix between the two interfaces provides the following link:

A Al
Pol=s, | (7.128)
Ay A,
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Sp

Fig.7.A.2. Action of the S-matrix between interface p-1 and interface p.

+
p-1-
defined on p—1 and is not growing in-between p-1 and p. In the same manner, the amplitude

The physical meaning is that amplitude A which propagates from p—1 to p is

A, that represents propagation from p to p—1 is defined on the interface p and is not growing
in direction of interface p—1. To say in other words, the amplitude Ag_l is incident on the

interface p—1 from the previous interface p—2, the second amplitude A; is incident on p from

ptl, while the amplitudes on the left-hand side of eq.(7.128) are the amplitudes that are
scattered in direction to the outside interfaces (p—2 and p+1), thus the name of the scattering

matrix S. As observed in Fig.7.A.2., the blocks SI_) ~ and SIJ;+ describe the physically correct
transmission between p and p—1 or between p—1 and p, respectively, while the other two
blocks, S;“ and S;“ describe the reflection on the interface p or p—1, respectively. This

interpretation explains why there are no numerical problems due to the growing non-physical
interactions when using the S-matrix.

The advantage of this formalism is the absence of artificially growing terms in S. The
inconvenience is that electromagnetic theories cannot give a direct expression of the matrix S.
However, it is possible to express it by using the T-matrix elements, if it is possible to
calculate them correctly. If the ‘distance’ between interface p—1 and p is quite large (with
respect to the growing speed of the growing terms), there is loss of precision in determining
the T-matrix. The problem can be solved by introducing additional artificial interfaces
between p—1 and p in a such manner that to be able to correctly calculate the T-matrix in each
subslice. Once the T-matrix calculated, the S-matrix can be obtained in a closed form.
However, the total electromagnetic problem of diffraction (or scattering) requires the
knowledge of the entire S-matrix of the system, because the physical problem to be solved
needs to express the scattered fields as a function of the fields incident on the system (or
generated inside, as is the case for electromagnetic antennas). There exists an iterative
algorithm that enables us to establish the total S-matrix without calculating the elementary S-
matrix between each consecutive pairs of interfaces, as stated in eq. (7.128). For that sake, we
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define another intermediate S-matrix that corresponds to the scattering between some initial
interface (numbered as 0) and the interface with number p, Sp = Sp’O

Al AY
Pl=s,| Y. (7.129)
p— A_
Ag p

The initializing values of S, for p = 0 are just the elements of the unity matrix.

As already said, it is necessary to be able to calculate the T-matrices for each
intermediate medium between the interfaces. When advancing from the interface p to p+1, we
obtain the T-matrix with subscript p+1:

Al Al
p+l p
=T | (7.130)
Ap+l Ap
That will be expanded in the form:
A | [ Tost T |[ Ap
N A (7.131)
Ap+1 Tp+1 Tp+1 Ap
It is obvious from the previous considerations that the growing terms are potentially present in
the block Tp +1 (‘antipropagation’ from p to p+1), while the blocks T;:l and T +] can contain

decreasing terms (‘propagation from p to p+1), i.e., it could be numerically instable to invert
them.

On the other hand, the ‘next’ S-matrix will link the amplitudes with index O to the
amplitudes (p+1):

A+

+1 0
=S| | (7.132)
AO Ap+1

Egs. (7.129)-(7.132) enable us to express the matrix Sp .1 as a function of Sp and TIO +1
At first, we express AI; 41 from eq.(7.131) and substitute A+ from eq.(7.129):

Ao =TyiAL +T3Ay =Toisyad +(Toisy +1 ) Ay, (7.133)
+— _1 . . . —_
Let us denote as Zp, ( P +1S +T, +1) in order to eliminate A,:

Ay =2y Ap =Ly TSy AG (7.134)

The next step is to expand the first line of eq.(7.148):
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Af = THHAS +TIGAS = THSETAY +(T§+‘1 +T}j++lsg‘)Al;
STHSTTAG + (Tl;;1 FTHSE )(ZPHA;+1 T, Ty ST A ) . (7.135)
- [T;:lsy (T +Tysy )zpﬂmsﬂAa T+ TS ) ZpuApa

The comparison with eq.(7.132) gives the first two block-elements of Spy:

Sk (T " +ngls;‘)zp+1. (7.136)
Sprt =TSy (T + T3S} ) Zpu ToiiSy
. (7.137)
( p+1 S+ p+l )S++
From eq.(7.129)
A§ =Sy AS +S; AL =S, AL +S;5” (ZPHABH - ZPHTI;HS;,*A(*,) 1)
= (s;+ ~SSTZy Ty AS )AO +S57Z0 ALy
so that
S =S5, (7.139)
+ ++
p+1 - S S Zp+1T +1S (7.140)

=S, =SSy
These relations exist in several possible forms, but this one is quite well adapted to the case
without incident waves on interface 0, because in the iterative algorithm we need to calculate
only the half of the blocks, namely the two given by egs. (7.136) and (7.139).
The only matrix inversion in the iterative algorithm concerns the procedure to obtain the

matrix Z . The initial matrix Z~' contains the potentially large terms from T __ ., so that its

p+1 >
inversion creates neither numerical problems to be inverted, nor growing terms to create
numerical instabilities.
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Appendix 7.B: Inverted S-matrix propagation algorithm

In Appendix A we have seen how to avoid numerical instabilities due to the artificially
growing terms that appear when the propagation of the field amplitudes from one interface to
another is made in the wrong direction, a typical property of a half of the field amplitudes
used in the transmission matrix approach.

In some cases (for example, the Integral method applied to multilayer grating, but also
coordinate transformation method used for a stack containing different profiles), the
numerical solution that has been obtained provides a link, having a form inverse to eq.(7.130)

Al Al
Tal "= (7.141)
Apii Ap

Of course, it is easy to obtain the form of eq. (7.130) by simply inverting Tp+15 but

better to avoid this, because some blocks of the matrix contain large terms compared to the

others. In particular, the block T +1 is responsible for a physical ‘antipropagation’ from p+1

to p, so that potentially it contains growing terms (as it was that case with T L1) in Appendix

A.
We can avoid the direct inversion of Tp +1 by applying a similar procedure as in

Appendix 7.A in order to obtain the S-matrix of the stack. Equation (7.141) is expanded in the
form:

A =T +1Ap+1 +T +1Ap+1 (7.142)
A, =T HAL +Tp+1Ap+1 (7.143)
On the other hand, from eq.(7.129) we have:
+ _Qqttat +—A—
Ap =S,"Ag+S, Ay (7.144)
so that
SpFAG+Sy A, =T AL+ To AL - (7.145)
STFAG+SE ( ThAL + T Ap+l) THAL +TIAS . (7.146)
and
S;;JFAE)L ( p+1 Sp p_+1)A;+1 +( p+1 S;or_ p_+_1)AB+1- (7.147)
Now we can identify half of the blocks of Sp 4 from eq.(7.132):
Spi1 =ZpSp" (7.148)
St =~Zou ( -SET p‘;l) (7.149)

~ ~ -1
with Z, (Tp q- S;;_Tp_:l) that contains the numerically dangerous growing terms in

Tp 41, 1n the same manner that the matrix Zp +1 1In Appendix 7.A ‘envelopes’ the growing

terms in Tp +

The other two block can be obtained by staring with the identity:
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Ag=S,"A5 +S, AL, (7.150)
and using eq.(7.143) :
Ay =S, A +S,” (T;]A;; T A ). (7.151)

When taking into account that two blocks of Spy1 are already known and given in egs.

(7.148) and (7.149) , we can eliminate Ap+1 =S Af+ S

p+1 pr1Apl
Ay = (85" Sy Toise i) Ad + 85 (Tom + ToliShar J A (7.152)
Thus
Spi1 =S +Sp TpiiSpa- (7.153)
Sy =S5 (T + TS5 ). (7.154)

The expression are quite similar in form to those obtained in Appendix A. Moreover, they
allow avoiding the inversion of Tp +

Finally, there exist a combination of expressions including partial T-matrices, treated
separately in Appendix 7.A and 7.B. In some cases the link between the amplitudes on two
consecutive interfaces or across a single interface that separates two different media can be
expressed in the form:

Al Al

~ p+l p

TPH _ :{Ip+l e (7155)
Ap+l Ap

Such is the case of the Fourier-modal (RCW) method across each interface, with the partial

transmission matrices Tp 41 containing the eigenvectors of the proper modes inside each

media. The same expression is obtained in the coordinate transformation method when using
eigenvalue technique of integration. Usually, in both approaches, one obtains the full

transmission matrix by inverting i’p 1 and multiplying the result by <. If this creates

numerical problems (for thick layers), such direct approach is not applicable. In that case it is
better advised to apply twice the S-matrix algorithm, at first in each direct form (Appendix
7.A), and then in the currently discussed inverted form. It is quite easy to understand the
logic, by introducing a virtual set of amplitudes in eq.(7.155):

At A

p+l p
=% ] (7.156)

Ap+l Ap

A+ A+

= p+l P
L E (7.157)

Ap+i Ap
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8.1 Introduction

The C-method was born in the eighties in Clermont-Ferrand , France, from the need to solve
rigorously diffraction problems at corrugated periodic surfaces in the resonance regime [1], [2],
[3]. The main difficulty of such problems is the matching of boundaries conditions. It is ob-
vious that any method aimed at solving Maxwell’s equation is all the more efficient since it is
able to fit the geometry of the problem. For that purpose, Chandezon et al introduced the so
called translation coordinate system deduced from the Cartesian coordinate syst@ry

the relationsc = xt, y = x%, z= x3 + a(x!) wherea(x!) is a continuously differentiable function
describing the surface profile. Hence since the boundary of the physical problem coincides with
coordinate surfaces, writing boundary conditions is as simple as it is for classical problems in
Cartesian, cylindrical, or spherical coordinates . This is the first ingredient of C-method. The
second one is to write Maxwell's equation under the covariant form. This formulation comes
from relativity where the use of curvilinear non orthogonal coordinate system is essential and
natural. The main feature of this formalism is that Maxwell’'s equations remain invariant in any
coordinate system, the geometry being shifted into the constitutive relations. Chandezon et al
derived their 3D formulation from the general 4D relativistic Post’s formalism [4] and evidently
used tensorial calculus. Although it is with no doubt the most elegant and efficient way to deal
with electromagnetic in general curvilinear coordinates it is also probably the reason why the
theory appeared difficult to understand to many scientists. The third ingredient of C—method is
that it is a modal method. This nice property is linked with the translation coordinate system in
which a diffraction problem may be expressed as an eigenvalue eigenvector problem with pe-
riodic boundary conditions. The last feature of C-method is the numerical method of solution.
The matrix operator is obtained by expanding field components into Floquet-Fourier harmonics
and by projecting Maxwell's equations onto periodic exponential functions. The above four
features may be resumed by saying that C-method is a curvilinear coordinate modal method by
Fourier expansion [5]. Since the original papers, The C-method has gone through many stages
of extension and improvement. The original theory was formulated for uncoated perfectly con-
ducting gratings in classical mount. Various authors extended the method to conical diffraction
mountings([6]/[7]. Granet et al[11], Li et al[12] and Preist ef al [13] allowed the various profiles
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of a stack of gratings to be different from each other, although keeping the periodicity. Solving
the vertical faces case in a simple manner, Plumey ét al [14] have shown that the method can
be applied to overhanging gratings Preist et al obtained the same results by applying the usual
coordinate transformation to oblique coordinafes [15]. In the numerical context, |Li [16] and
Cotter et al[[17] improved the numerical stability of the C-method by using the S-matrix prop-
agation algorithm for multilayer gratings. It is seen that C-method has been applied to a large
class of surface relief gratings and multilayer coated gratings. The key point of C-method is the
joint use of curvilinear coordinates and covariant formulation of Maxwell’s equations. All the
new developments in the modelling of gratings like Adaptive Spatial Resolution [18],119],[20],
and Matched coordinate [21]derive from this fundamental observation.
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G. Granet: Coordinate Transformation Methods 8.3

8.2 C-Method

In Euclidean space with origin O and basis veetgrey, , e, , let us consider an infinite cylin-

drical surface%) whose elements are parallel to thexis. This surface separates two linear
homogeneous and isotropic media dendtBdand(2). In Cartesian coordinates such a surface

can be described by equatiar- a(x). Any electromagnetic field interacting with this partic-

ular geometry satisfies some boundary conditions. For instance, the tangential components of
the electric field vector and the normal component of the displacement field vector are con-
tinuous at the surface. The point is that boundary conditions involve quantities that obviously
depend on the position at which they are considered on the surface. We are thus led to look
for a coordinate system which fits the problem and makes it more readily solvable than it is
in a Cartesian framework. The so-called translation coordinate systent,x?) introduced

by Chandezon and defined from the Cartesian coordinate system by the direct transformation
(curvilinear coordinates to Cartesian coordinates) :

x=xt,  y=x, z=x+a(x}) (8.1)
or the inverse transformation (Cartesian coordinates to curvilinear coordinates):
xt = x, X2 =y, X =z— a(x) (8.2)

is one such system. It makes the surféEg coincide with the coordinate surfagg = 0. A
pointM(x,y,z= a(x) at the surfacgX) is now referenced by the tripl¢k',x?,0). The coor-
dinate surfacec = x3 is obtained by translating each point at surfég¢ with vectorxge; ,
hence the name given by Chandezon to this particular coordinate system: translation coordinate
system. The change of coordinates may also be considered as a change of variable. This view

>
X

Figure 8.1: Geometry of the problem: Two media are separated tyliadrical periodic surface, with periodd
described by the equation z=a(x)

point allows a better understanding of the numerical behaviour of C-method and its connection
with Rayleigh expansions. There is actually no difference in the way of deriving the elementary
solutions of the scalar Helmholtz equation in Cartesian coordinates or in translation coordinate
systems. Both are eigenvectors of an eigenvalue problem with pseudo-periodic boundary con-
ditions. In both cases, the operator eigenvalue problem is transformed into a matrix eigenvalue
problem thanks to the Galerkin method with pseudo periodic functions as expansion and test
functions. Hence solving the scalar Helmholtz equation in any coordinate system is the very
first step when implementing C-method. In the next paragraphs we shall focus on this issue
before solving a grating problem.
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8.4 Gratings: Theory and Numeric Applications, 2012

8.2.1 Modal equation in the Cartesian coordinate system

Consider an homogeneous region with relative, possibly complex, permitsvity, the har-

monic regime with a time dependence of éxpuwt), it is possible to construct general solutions

to the field equations once we have general solutions to the scalar Helmholtz equation. So as
a first task, we are going to investigate elementary solutions to the Helmholtz equation written
in the translation coordinate system. Let us start from Cartesian coordinates in which 2D scalar
Helmholtz equation is

(02+02+Kk*) F =0 (8.3)

wherek = w, /o€ is the wave-number. The coefficients of the Helmholtz equation are inde-
pendent oz so we seek solutions of the form (x, z) = exp(iyz)F (x) The Helmholtz equation
becomes:

(02 +K2F (x) = y°F(X) (8.4)

FunctionF (x) is thus an eigenmode of equatidbn{8.4). The requirement that the eigenmodes
satisfy the pseudo-periodicity conditii{x + d*) = exp(iapgd?)F (x) is automatically fulfilled
by their expansion into Floquet-Fourier series:

F(x) = Jg Fmexp(iamX) (8.5)

2 . . : .
Om= ap+mKg, Ky = d—llT me N andag is some real parameter. By introducirig (B.5) ifol(8.3)
and by projecting onto pseudo-periodic functions(&spgx), one obtains the matrix equation:

VF = [KI —a] F (8.6)

where F' is a column vector whose elements are Hyeand o is a diagonal matrix w hose
elements are they, and[ is the identity matrix. The solution to the above matrix eigenvalue
equation is of course trivial since the matrix is diagonal. Let us introduce subg¢apiumber
the eigenvalues and the eigenfunctions. The eigenvatuase deduced from their squared
number:

VG =K —ai (8.7)

and the eigenvectors are determinedray = dmq Where dnq is the Kronecker symbol. The
square root ovg is defined as follows:

N 1

V=14 /¥ if GERT (8.8)
(y&) 1/2 with positive imaginary part if yg eC

Finally , .% (x,z) can be represented by superposition of eigenmodes
F(x,2)=F (X2 +F (x,2) (8.9)

with
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G. Granet: Coordinate Transformation Methods 8.5

FT(x,2) = q:ZHOAé exp(iyy2) m_Zer Amgexp(i amX) (8.10)
g=—o0 m=—o0
q:+oo m=+o0

F(%,2) = Z Aq eXpl—iyg2) Z OmgeXP(i amX) (8.11)
g=—o0 m=—o0

There are two sets of modes, the number of which are equal: those propagating or decay-
ing in the positive direction ot and those propagating or decaying in the opposite direction.
We denote these modes by superscipand —respectively. The dependence of an eigen-
mode is determined by function efp,z) By increasingzto z+ Az, exp(iyyz) is multiplied by
exp(iygAz) = exp(il(yg)Az) x exp(—0(yq)Az) The real eigenvalues ha&y,) = 0 and corre-

spond therefore to forward modedif(yg) > 0 or backward modes ifl(y5) < 0. The complex
eigenvalues modes have a non-zero imaginary part and possibly also a non-zero real part. The
associated eigenmodes decay forward(if;) > 0 or backward ifJ(yy) > 0. These expansions

are known as Rayleigh expansions; they are linear combination of eigenvectors that we call
hereafter Rayleigh eigenvectdrs:

Mm=-+-co

Ry(X) = Z Omgexp(i amx) (8.12)

In Cartesian coordinates, the solutions to the Helmholtz equations may be regarded as the
eigenvectors of a matrix equation. The eigenvalygsre determined by the periodic lateral
boundary conditions of the problem and are obtained analytically since the matrix is diagonal.
The translation coordinate system preservegzth@nslation symmetry and also periodic lateral
boundary conditions. We may then expect a great formal similitude between solutions obtained
in each coordinate system.

8.2.2 Modal equation in terms of the new variables

In this section, we derive the master equation of C-method by considering the change of coor-
dinates as a change of variables. For the change of varigblex, x> =y, x* = z— a(x) the
chain rule for derivatives has the form:

Ox = 01— @&03
oy = 0> (8.13)
z— 03
Substituting the derivatives (8113) infa (B.3) gives:
((1+84)0% — 40105 — 01803 + 07 + K*) Z (x',x%) =0 (8.14)

the solution of which are the same as the solutions of [8.13) expressed in terms of the new
variables.

Fi(xE ) =72 (x=x, ¢ =z—a(x))

g=-+-o0 ] M=-+-00 ) . (815)
= 5 Ajexpi) Y dmaexplivga(x')) expliomx’)
g=—o0 m=—oo
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8.6 Gratings: Theory and Numeric Applications, 2012

Fa () =7 (x=x, 3 =z—a(x))

e g Mt : : (8.16)
= 5 Agexp—ig®) S dmgexp(—iygalxt)) expliamx)
g=—o0 m=—oo

The subscripa indicates the profile dependence of functign

We call function exgf+iyga(x})) exp(iagx!) the generalized Rayleigh eigenvector of or-
derg. It is nothing more than plane wave éxfi yqz)exr(iaqxl) expressed in terms of the new
variables< andx® and is closely linked with functioa(x!). Let us denote iR3

M=-+00

Rét,q = eXp(iiyqa(Xl)) exqiaqxl) = Z RamleF(iamxl) (8.17)

It is assumed so far thatx!) is periodic with periodi* hence:

pteo o
exp(+iygaixt)) = p_Z Ly exp(lzzgx ) (8.18)
with: )
1 . —i2mpx
L5 = @/o exp(iyga(xh)) exp< dlp ) dxt (8.19)

In physical space, the generalized Rayleigh eigenvectors result from the product of a periodic
function with a pseudo-periodic one. Thus, in Fourier space, the spectrumgthitheneralized
Rayleigh eigenvector is obtained by translating the spectrum of functiqaeygz) with vector
2mmg/d?, that is:

Rg = L:atI’TFq (8.20)
Finally:
—+00 M=+o0
T (xtx3) = qz & exp(iyp) i Ldmqexp(iamx") (8.21)
g=+ M=-00
Ty (xEx3) = > Aq exp(—iyeXC) Y Lam q@piomx’) (8.22)
O=—o0 m=—oo

Functions[(8.21) and (8.22) give the general solutiorh to (8.14). Indeed each element of
this solution is a generalized Rayleigh eigenvector associated to (nslech thaly2 + a2 k2
and thus satisfids(8114). The reason for that is obvious. It is obtain froni (8 12) in which we
have introduced the same change of variable as the one that has aIIowed u$ to get (8.14) from
(8.3). From a practical view point, one can only manipulate finite size expansions and it does
not make sense to speakl@f x!). That is why one may wonder if a generalized Rayleigh
eigenvector is still a valid a solutlon df (8]14) when only a finite number of spatial Fourier
harmonics is retained to represent it. Let us assume for a while the answer is yes and examine the
involvements of such a claim. Introducing an intelyerhereafter denoted truncation number,
and lettingm run from—M to M the truncated generalized Rayleigh eigenvector writes:

m=+M

Rag ()= 3 Rimqexpliamx!) (8.23)

m=—M
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G. Granet: Coordinate Transformation Methods 8.7

Substitutingds with iyg, we have:
~(1+aa)yRa™ —i(ad+ aa)yRa ™ + (92 + kAR M =0 (8.24)

where %(M) denotesyqﬁ’('v'). Replacinga by the coefficients of its Fourier serieg and
denotinga the toeplitz matrix whose elemerdg are theay_p, it is easy to see that the matrix
form of relation8-2¢ is:

KT —a? 0} {Raiq} {—da—ad I+dd} {Raiq}
29 =y 2 (8.25)
{ 0 I]| Ry I 0 Raq
whereR?;q and Raiq are column vectors formed by thé/i2+ 1 Fourier coefficients oRiEq(M)
+

. _ R . .

%(glvl) respectlvely.@@ shows thg and { Riq } are an eigenvalue and an eigenvector of
ag

the generalized matrix eigenequatidn) = p B. SinceRgfq IS an exact eigenvector %14)

its truncated part can only approximatm solution of (8.14) and consequently, mathematically
speakingy, cannot be an qig;efpvalue of (8.25). It follows that our claim was false. Nevertheless,
elementary pseudo-period@lutions to (8.14) do exist and we will derive them in the next
paragraph.

8.2.3 Fourier expansion of elementary waves in the translation coordinate system

In thi ragraph, we derive the generalized eigenvalue eigenvector matrix equation starting
from (8.14) the only assumption being the pseudo periodicity of the field and we discuss the
obtained solutions. First, the propagation equation is rewritten as a pair of first-order equations:

+of O1[ Z |_ ,[adh+da 1+aa][ 7
0 1||adz | 3 ~1 0 03.F

(8.26)

The coefficients of this equation do not dependxdrwhich allows to write thex® depen-
dence as expdx®). The parametep depends on the boundary conditions tRgx", x%) has
to satisfy along<* direction. For gratings, periodic with periatt alongx?, .7 (x! + d*,x3) =
expiapd?).Z (xt,x3) whereqg is some real parameteds.# verifies of course the same prop-
erty. The above requirements on the solution are all fulfilled by expanding fungtiandds.#
under the form:

Z (XL, x3) = exp(ipx®)Fa(xt) = exp(ipx®) miM Famexp(iamxt) (8.27)
m=—M
2.7 (xL,x3) = exp(ipx®)Fa(x}) = exp(ipx®) miM Famexp(iamxt) (8.28)
m=—M

mxt

: o — i2
Introducing the above expansions inta(8.26) and projecting the latter on Ol—e)éﬁf

bags, we get the sought algebraic matrix eigenvalue equation from which eigenyn|aesi
eigenvectordy q are readily obtained thanks to standard computer libraries:

KI—a® 0] Faq —aa—aa I+aa ]| Faqg
[ 0 I] { Foq |~ Peo I 0 Faq (8.29)
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8.8 Gratings: Theory and Numeric Applications, 2012

As in the Cartesian coordinate system, it is observed numerically that there are two sets of
modes, the number of which are equal: those propagating or decaying in the pddiineztion

and those propagating or decaying in the opposite direction. Furthermore, it has been shown
numerically and analytically_[8], that, as the truncation number increases, the computed real
eigenvalues converge to the real Rayleigh eigenvaltygs

; M
lim 4pgq = ESvA (8.30)

In the above relation, we have added an extra subddriptindicate the truncation dependence.
Indeed, the truncation ord&t has to be chosen large enough so that the computed real eigen-
vectors coincide with a great accuracy with their Rayleigh counterpart. In that case, provided
that the eigenvalues are not degenerated, up to a multiplicative constant coefficient, the asso-
ciated computed eigenvectors tend to the corresponding plane waves expressed in terms of the
new variablegx!, x?, x3).

lim Fag™ = R, (8.31)

Thus in the translation coordinate system defines'oy x, x> =y, x> = z—a(x) as in the
Cartesian coordinate systédxyz linear combinations of elementary solutions to the Helmholtz
equation allow us to express electromagnetic field while giving it a physical meaning in terms
of forward and backward waves.We write numerically the solution to the Helmholtz equation
as:

FH ) = Y Aexplipdpd)RLG ) + Y Afexplipd(O)FG(4)  (8.32)

geu gev+

F(xL3) = ZAqexp(lpaq CIRag () + Y A explig0¢)Fag(d)  (8.33)

geu+ gev+

with:
m=-+M

F;q(xl): Z Fa%mqexmiamxl) (8.34)
m=—M

U*, VT denote the sets of indices for the propagating and decaying orders in the positive and
negative direction respectively.

= {q/0(pagq) > 0 andd(paq) = 0} U~ = {qg/0(pagq) < 0andd(paq) =0} (8.35)

=1{0q/0(pag) >0} V™ ={a/0(paq) <0} (8.36)

8.3 Application to a grating problem

Let's come back to the one-dimensional grating problem. Consider the electromagnetic problem
in which two homogeneous non magnetic media are separated by a cylindrical periodic surface
with periodd! which is invariant along thg axis in the Cartesian coordinate syst®xyz Such

a surface, described by equatips a(x) is illuminated from above by a unit amplitude linear
polarized monochromatic plane wave with vacuum waveledgtrangular frequency and
vacuum wave numbdg = 271/Ag. The wave vector is inclined &to theOzaxis. Medium(1)
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Figure 8.2: Geometry of the diffraction problem. Sketch of thefiicients for scattering matrix

and medium(2) have relative permittivitg; ande, respectively. Time dependence is expressed

by the factor exp—iwt) Such a problem is reduced to the study of the two fundamental cases of
polarisation and the unknown functich(x, z) is they component of the electric or the magnetic

field for TE and TM polarization respectively. We solved half the problem since we already
determined the general solution to the scalar Helmholtz equation as a linear combination of
elementary waves the coefficients of which remain to calculate. The situation is very common
in electromagnetic theory: the fields on both side of the grating are expanded in terms of the
modes in the respective regions with unknown coefficients. A method of solution known as
mode-matching method was developed in the context of guided waves in the micro-wave range.
The grating may be considered as a generalized multi-port whose inputs are excited by waves
that propagate or decay towards it giving rise to a response at the outputs that consists of the
waves that propagate or decay away froni_it [25],[24]. The mode coupling is caused by the
modulation of the interface and by the different constitutive parameters in either side of it. The
so-called scattering matri®, defined as

A+ A

provides a linear relation between the output and input coefficients. In a grating problem, the
vector formed by the amplitudes of the incoming waves has only one non null component:
that corresponding to the incident wave which was assumed enforced to one. The sabscript
indicates that th& matrix depends on the profile functiaix). We call.S; matrix an interface
scattering matrix. TheS, matrix is derived from boundary conditions at the surfate- xg
The change of variable makes it easy to write them. We have solved the scalar Helmholtz
equation, the scalar field being a field component tangent to the surface;hdeettides with
Hy andEy in TM polarisation and TE polarisation respectively. For simplicity, let us consider
TE polarisation where the non null components of the electromagnetic fielHyakdy, H,.
Boundary conditions require matching the tangential components of the magnetic and electric
field. We have already derived one of thel), we have to derive the tangential componient
of the electric field given by :

Hi=H.t (8.38)

wheret is the unit vector at poinP which is tangential to the grating profile function. It is
defined in terms of they ande, Cartesian unit vectors by:

1
V1+a2

The square root in the denominator represents a normalization factor that can be omitted since
at a given point, it is identical on both sides of the boundary surface. let us intr@lsaeh

t—=

(ex+aey) (8.39)
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8.10 Gratings: Theory and Numeric Applications, 2012
that:
Y =IZH t (8.40)
WhereZ = /ip/ € is the wave impedance. From Maxwells equation we haygHyx = —J;Ey
andiwpoH; = d«Ey thus :
1 .
9(x,z) = —E(azﬁ(x, z) —adk7 (X, 2)) (8.41)

substitutingds for 0; andd, — ads for dyx we get:

G 3) = L (1+aa)ds — ady) F () (8.42)

Kk

Similarly to.%, ¥ depends on® as expipx®) and we may write:
7 (xL,x3) = exp(ipx®)G(xh) (8.43)

We are now familiar with the operational rules that allow to associate in Fourier space a matrix
with an operator. We have:

1+aa— I+aa, ad; — iaa (8.44)

From which we deduce:
iKGE = (I + aa) Fy pa— aaFy (8.45)

wherep is a diagonal matrix Whose elements are the eigenvadygs Writing the continuity
of ZW and #@ and¥ /2D and¥(?) /2 atx® = X3 is straightforward and leads to the
following expression of thé&; matrix:

L+  2@- 17 - gm0+
s.=| I3 Fa ] [Fa Fa ] (8.46)

Ggl)+ —ng)_ gl)— Gg2)+

The knowledge ofS; matrix allows to calculate the constant coefficients of outgoing waves.
Since the spectrum of the solutions of the transformed Helmholtz equation include the gener-
alized Rayleigh eigenvectors associated to real Rayleigh eigenvalues the efficiencies may be
calculated in the very same way as in the Cartesian coordinate system.

A ]
Ra= (A2 T, = AR 8.47)
Yo VO

with:

1 5 ind 21\ 2 2) 5 ind 21\ ? (848)
Vo' = /Kot~ (kovELsinG +ap | Vo' = /Kge2— ( kov/E1Sin +p 7 :

The values of integerg andq are such thayél) and yé,z) are real.

312



G. Granet: Coordinate Transformation Methods 8.1

8.3.1 Implementation of C-Method

The main interest to consider C-Method through a simple change of variable is to make us
understand its numerical link with Rayleigh expansions and to calculate efficiencies as in the
Cartesian Coordinate system. Within the framework of translation coordinate systems, starting
from Maxwell’s equations written under the covariant form, we have shown that all tangential
components of the field at surfacould be generated from the longitudinal covariant com-
ponents along the axis of invariance. Moreover,these components are solutions of the scalar
Helmholtz equation. Therefore, one clearly understands that finding the elementary solutions
of the scalar Helmholtz equation is the kernel of C-method. To summarize we may enunciate
the different steps for solving a grating problem with C-method:

» Define a translation coordinate system.

 Find the elementary waves of the Helmholtz equation. For that purpose use the Galerkin
method with expianx!) as expansion and test functions. Substitute the generalized
Rayleigh eigenvectors for the computed eigenvectors associated to real eigenvalues. Sort
the elementary waves into forward and backward waves.

» Write boundary conditions at surfacé and calculate efficiencies as in the Cartesian
coordinate system.

8.4 Variousformulations of C-method

So far, the Helmholtz equation in the translation coordinate system was derived by using the
chain rule for derivatives in the Helmholtz equation written in the translation coordinate sys-
tem. In this section,we start from the covariant Maxwell’s equations and we show that they lead
to several operators one of them being the propagation equation. In a homogeneous isotropic
medium with permittivitye and permeabilitys, with a time dependence efkpiwt),the sym-
metrized Maxwell equations write:

Eaﬁvaﬁyy = k\/ggaﬁ% (8.49)
E9PYas%, =k /Go"P F4 '

wherek = w,/i€, the 7, and the¥ are the complex amplitudes of the electric field and of

a renormalized magnetic field respectively. We restrict our analysis to 1D problems in which
both the geometry and the solution are independegt &ractically this means thap is null

as well agy!?, g?1, g®2 and @21t follows that (8.49) decouple into two fully identical systems
where the non null components at®, %, 43, and%,, .71, %3 respectively.The first set of
three components correspondsTt& polarisation, the second one TdM polarisation. Both
polarisations obey the same first order differential equations system written hereaffdf for
polarisation:

—03.F> =K (,/99"% + /99"%s) (8.50a)
01.72 = k (/A8 + /99>%s) (8.50b)
0391 — 0193 = K\/GF°F> (8.50c)
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8.12 Gratings: Theory and Numeric Applications, 2012

For TM polarisation, it is enough to permuté and¥. Among the three components of each
system, two play a particular role. Let us assume tfat )% separates two isotropic homo-

geneous media. Then, iRE polarisation.7, and%1/ /% have to be continuous at surface

X3 = xg The same conclusions holds g3/ % and.7, for TM polarisation. So, we have

to solve [8.5D) for the components labelled by two and by one. C-method is a Fourier based
method which means that constitutive relations have to be written in Fourier space. In other
words a matrix is to be associated to each elem@g"ﬁ of the constitutive tensors. The way

for doing so should follow the so-called "Fourier factorization" rules derived by Li [22],[23].
let us denote by\/gg"ﬁ) the matrix associated to coefficiep’gg"ﬁ. According to Li’s rules,

the (,/gg°P) write:
- 1t
(Vo = |

:@ ~1r 13
- [
(/G = g_i] {@]‘1 (8.51)

9 - o]+ (][] [36

(vag™) = [vog*]

The notation| f] designates the toeplitz matrix whose elemefiats are thefmn_, elements of
the Fourier series of function(x!). For the translation coordinat&!, x*, x?) such thaix = x*,
y=x%,z=x3+a(x}), we have:

(vag') —
E\/gg?*lg : —Z (8.52)

In Fourier space, the derivative operafltis associated to the diagonal matiix the elements
of which are thea,, such that:

Om= 0o+ mi—? (8.53)
Setting

T (xt,x3) = msz Fom(x%) expliamx?) (8.54a)

m=—M
7 (x5 = mziM Gim(x®) expliamx?) (8.54b)

m=—M

m=+M
D) = 5 Gam(X) expliomx’) (8.54c)

m=—M
(8.54d)
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We are now able to write (8150) in Fourier space:

—05F> =k ((v9g") G1+ (199" G3) (8.55a)
iaF, =k((v3g®") G1+ (v/a9™) Ga) (8.55b)
03G1 —iaG3 =k (,/gg?) F» (8.55c)

where F», G1 G3 are column vectors of sizeM2+ 1 whose components are tIP?Qmu?’),
Gim(x®), Gam(X®) respectively:

F () =R -m(), P M+1(X3) F2003), -+, Fam_10¢), Bam(®)]T  (8.56a)
G1(x%) =[G, -m(x°), G -m11(C), - GlO(XS), -, Gim_108), GLm ()T (8.56b)
G3() = [Ga_m(), Gg_m11(X°), -+ Ggo(x°), -++, Ggm-1(x°), Gam(x*)]T  (8.56¢)

where the exponerit is for the transposition.

8.4.1 Propagation equation in curvilinear coordinates
From Egs[(8.50a) and (8.50¥,; andG3 may be expressed in terms B
kG1=—(v/99%) 03F2 + (9g") iacFs (8.57)

kG3(x®) = (/3G™) 3 F>(x°) + (vAgH) iaFa(x) (8.58)

(B8.50¢), in which we substitui®'s andG3 with expressiong (8.57) and (8]58), gives the propa-
gation equation:

(—a (vOgH) o+ 35 (1/O9%°%) O3 +iex (v/GG™) 93+ 03 (1/AG) i + K (\/GG?) ) Fo(x°) =0

(8.59)
which is rewritten as a pair of first-order differential equation as:
: B3 | F>(x3)
1054 {—M:FZ(XSJ =B {—id:Fz(XS)} (8.60)
with: 13 13 5
Ao {a (vag )JIF(\/QQ ) o (\/50913 )} (8.61)
_ [ (VEgt) a+K(ag?) O
p- [ lvafark(ved) o 862)

Since the coefficients of matrices and B are independent of variabi€, we may seek
vectorsF>(x3), G1(x®),G3(x3) under the form:

Py (%) = Fyexp(ipx®) (8.63a)
—i03F5() = Foexp(ipx®) (8.63b)
G1(%) = G exp(ipX®) (8.63c)
G3(%) = Gsexp(ipX®) (8.63d)
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This last step transformis (8]60) into a generalized eigenvalue eigenvector matrix equation:

Ap Eﬂ =B Eﬂ (8.64)

Itis then easy to check that (8]164) is the samé& as)(8.29). Ajtés determined, it remains
to deducei; from (8.57).

8.4.2 "Classical" C-method operator

We call "classical" operator the operator derived by Chandezon in his early work. [Erom (8.50b)
and taking into account (8.63) we find an expressior@gras follows:

Gs= ¢ (vag®) ‘il (vag®) " (vag) & 865)

SubstitutingGs in (8.50&) and(8.50c¢) with the above expression yields:

- (vad?) (vag®) T ik((vag) - (vag®) (vae®) " (vae)) A
i (Vo) — e (vag®) o) o8 (e G

(8.66)

8.5 Multilayer grating

The extension of C-method to multilayer gratings is straightforward provided the interfaces
which separate the layers share the same periodicity. It is just a generalization of the the-
ory of planar stratified media. As a canonical case, let us consider a layer made of isotropic
homogeneous media limited on the top by surface a; (x!) and on the bottom by surface
z=aj;1(x}) = a;(x}) —t;(x}). Whent;(x!) is constant the two surfaces are parallel to each
other. In homogeneous media the field is a superposition of forward and backward waves. The
only places where coupling occurs are the interfaces. Thus, we have to describe two different
phenomena: on the one hand scattering at the interfaces and on the other hand propagation or
attenuation in the layer. To summarize we assimilate an interface o @o# local network

(N =4M+ 1, M being the truncation number) and a layer to a multi-channel pipe connecting
the 2N-ports of its input network and output netwofk [24]. We have already defined interface
scattering matrices which are local matrices in the sense they depend on the profile. In other
words,in the context of C-method they depend on the coordinate system. Thus, for a layer
bounded by two non parallel surfaces, we have to solve two eigenvalue problems for each sur-
face which allows to calculate interface matri&§ andSaHl. It remains to define and to cal-
culate layer scattering matrices. Although two cases have to be considered according to whether
the layer separates two identical surfaces or not, the line of reasoning is the same. As already
mentioned, we have two coordinate systems suchzthat? +aj(xt) andz= x]?’+1 +aj11().

They are linked by the following relation:

X =1 +aja(x) —aj(xt) =54 —tj(x") (8.67)
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Figure 8.3: Schematic representation of diffraction at twofaoes separated by a layer

In medium j, located in between surfaces= aj(x!) andz = aj;1(x'), we may express the
linear combination of forward and backard waves with coordim%lte 0 as local origin (that is

z= aj(x!) and write:

Ja, ZA ( +exp(lpaJ q Fa, bH+ ZA ‘& exp(lpall q ))F(j)({(xl) (8.68)

q
In the same mediumwe may also choosﬁ“ =0 as local origin (thatig= aj+1(x1)) which
gives:
Fal(0€,10) =3 AL explind) o, Fa) Lo + S AL qexplind) 08 1)l (<)
q q
_ _ (8.69)

The layer is considered as Al4- portswhich connects input Wave%}(lj‘)* andﬂa(lj‘lf to output
waves%gjwr andﬁ’éjjzl_, hence the definition of the lay&matrix:

A+ Al)-
.4 1,4
g | TS (8.70)
Ajt1g Ajt1q

At the input of the layer, that is aq" = 0, the outgoing waves correspond to the incoming
wave of the output plane:

Za 06 =0)= 73] ¢, =1,() (8.71)
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Similarly, at the output of the layer, that ’§+1 = 0, the outgoing waves correspond to the
incoming waves of the input plane:

T4 06,0=0) = 7406 = 60 8.72)
At this stage, we infer that layer S matrix looks like:
0 P+
Sij+1= { pi- 0 } (8.73)

The sought sub-matricd8()+, P()~ depend on whether the layer faces are parallel or not.

8.5.1 Layer with non parallel faces
Consider equation (8.¥5) and write it in terms of the eigenvectors of both coordinate systems:
D+ () + - )+ - )+ -
;%Agf% Féj{)mqexp(lamxl) = ;%Agﬁlq exp(lp;rj+17qtj(xl))FélL)l,q expliomxt)  (8.74)

The left hand side purely consists of a linear combination of eigenvectors expanded onto the
exp(iamx!) basis whereas the right hand side consists of a linear combination of eigenvectors
each of which being multiplied by a periodic functions of tevariable. In order to get a

matrix relation between tha!’ ()q and theAg +)1 o We project[(8.74) onto exXponxt). We get:

Z ZA ]&+Faj,mq: > ZAjH,q'Eam.q exp(iamxt) (8.75)
m
with:
ajamq= 41 o Z ajs 1|lep('aX) exp(ip, 11 ti (X)) expl—iamx”) (8.76)
Then, theP)* matrix is readily obtained as

. . 1 _,.
POt — (FY7) TR (8.77)

] j+1

WhereFall (respectlverFa +l) is the matrix formed by juxtaposition of vectolFé (re-
spectlverFaj 1q- Similarly we have:

ZZAEQLqFéjjﬂimlep(iamxl) = ZZA 24 eXp(Ip aiq tj(X 1))F§j"73j expliamxt)  (8.78)
mq m q

and _ _ o
Z ZA;ijl),qFéjj+)17mq = Z ZA% aj{g (8.79)
mq m q

F = / (Z a|qexp|a|x))exp(—ipghqtj(xl))exp(—iormxl)dxl (8.80)

from which we derive:

aj41 j

. . -1 _,.
pli)- — (FU)*) - (8.81)
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8.5.2 Layer with parallel faces

In that case, the two coordinate systems are identicat;@rt) is a constant. Equations (8]72)
and [8.75) reduce to:

Z ZAJ q+Fa, maeXp(iamxt) Z ZA +1qexp(|pa] qt )F,,,EJ mqexp(la x1) (8.82)
> %AjLLqu{J -3 %Agf% exp(—ipi)y t)Fa ngexpliamxt) (8.83)
from which we easily deduce:
Agfc)ﬁ = A%Biiqexp(ipéf?cftj) or P+ = diag(exp(ipéf?cftj)) (8.84)
Agziq exp( ipi)qt;) or P~ = diag(exp(—ipéf?&tﬂ) (8.85)

It should be noted that Wh%hq (respectivelypéf?g) is complex valued, its imaginary part

is negative (respectively positive) . Singeis positive, exponential functions expi péf?éttj)
associated to complex eigenvalues always decay when the layer thickness increases.

8.5.3 Combination of S matrices

The final step for analysing reflection and transmission by a layer is to combine the two in-
terfaces S matrix and the layer S matrix. The tool for doing this is the Redheffer star product
which gives the composition rules of two cascaded S matrices [26]. Consider two S matrices
and partition them into four blocks:

The star product is defined by:
S=281%8, (8.87)
SM = 51y S12(1 - 531sP) ' sHx SP (8.88)
§12 = 512, (1 — 831522t x 512 (8.89)
S?— S31x (I - 87253Y) H x 83 (8.90)
S22 = §324 §31x (I— S22831) ' x §22 x SJ2 (8.91)

wherel is the identity matrix. The combinefl matrix of the top and bottom interfaces and of
the layer is given by:

S = SaJ *Sj7j+1*Saj+l == (Sa] * SJ]+1) * Saj+l == Sa] * (S]y]+1* Saj+l) (892)

and finally, it turns out that

511:S§j1+512P(j)+U pi-sit, (8.93)
S?=572PVU,S | (8.94)
S2 =521 U PO~ 521 (8.95)
§%? =832 +Si.P <> UL P >+522 (8.96)
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where
-1

aj+1 aj+1

. . -1 . .
Uy = (I—S;?P(JHSl.l P<J>—> U, = (1—51.1 P<l>—s§fp<l>+)
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8.6 Extensionsof C Method

The key idea of C-method as applied to diffraction by surface-relief gratings is to map the
surface of the grating to a plane. Until now, we have only described profiles under the form
z=a(x). However, in Cartesian coordinatesy, z), a cylindrical surface whose generating line

is parallel to theDy axis may be described by the parametric equations:

x=f(xt) z=g(x}) (8.97)
wheref andg are two continuous functions. Now consider the following relations:
x=f0) +epd y=x% z=g(xt) +x° (8.98)

wherec; is a real constant. They define an additive change of coordinates whose metric tensor
is given by:
012f +afg 0 ci01f+019
gij = 0 1 0 (8.99)
c101f+01g O 1+ 6129
Actually, the above matrix corresponds to a change of coordinates provided the Jacobian deter-
minantJ of the transformation does not go to zero.

611‘ C1
dlg 1

61x 53X

J= 012 032

=0,f —c1010 (8.100)

More over, the metric tensor is independent of coordin@t@hich means there exists a trans-
lation symmetry along® axis. Hence Equatioris(8198) define in a general way translation coor-
dinate systems which allow to solve new classes of problems.

8.6.1 Oblique transformations

In Cartesian coordinates, usual coordinates lines of a plane are two straight lines orthogonal
to each other. One can also imagine having straight lines which make an angle different from
rr/2. Consider the straight lint given byz = tan(¢@)x and let us callp the obliquity angle. The
following sets of relations define a coordinate systefmx®) in which lines parallel ta\ are
coordinate lines! = constantand lines = constant remain parallel ©x

X=xL+ ix3
tang (8.101)
z=x3

Such oblique transformation allow to model an extended class of surface shapes which would
otherwise be numerically inefficient (very blazed gratings) or even impossible like overhanging
gratings. As an illustrative example, consider in the coordinate systext) the symmetric
triangular function.

2xt O<xl< 5
tx) =¢21-x) 5<x<1 (8.102)
0 elsewhere
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A x'=constant

3__
/ / , X =constant

>
X

Figure 8.4: Coordinate system in which coordinate lines aregflafto A and to Ox axis

Using an oblique transformation one gets:

X= x1+i(x3+t(x1))

tang (8.103)
z=x3+t(x})
@=90
1
0.5
0 ‘ ‘
0 0.5 1 15 2
¢=63.4349
1
0.5
0 ‘ ‘
0 0.5 1 1.5 2
=40
1 T
0.5
0
0 0.5 1 15 2

Figure 8.5: Echelette grating in three different oblique caoate systems

Figure[8.5) shows three typical grating surfaces obtained Wwith (8.103) andpwitB0,
63.4349 and 40 respectively, the latter demonstrating the extreme overhanging forms possible
for small @ without the double value problem implicit with Cartesian coordinates.

8.6.2 Stretched coordinates

The essence of C-method is to choose a coordinate system that facilitate the solution of a given
problem. Oblique transformations are a typical example of the usefulness of this technique.
Indeed they provide an easy and elegant way to handle gratings with one vertical facet and also
overhanging gratings. Similarly, we have believed for a long time that sharp edges were an
intrinsic limitation of the C method. Actually, it turns out that transformations which stretch co-
ordinates around the edges overcome the problem. With C-Method, the solution of Maxwell's
equations is reduced to the solution of an algebraic eigenvalue problem in discrete Fourier
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space. The derivation of the matrix operator involves two steps: (1) The electromagnetic field
is expanded into Flogquet—Fourier series, and (2) the derivative of the grating profile function is
expanded into Fourier series. When the latter function is discontinuous, the Fourier method is
known to converge slowly.This weakness remains even when the correct Fourier factorization
of products of discontinuous periodic functions, as given by Li, is applied. The reason for slow
convergence is that the spatial resolution of the Fourier expansion remains uniform within a
grating period whatever the grating profile function may be. On the contrary, stretched coor-
dinates allow a mapping of space that increases spatial resolution around the discontinuities of
the derivative of the profile function. For this reason the technique is known as adaptive spatial
resolution.

8.6.3 Parametric C-method

Whether for mandatory reasons as is the case for overhanging gratings or simply to improve
convergence speed, the most general representation of a one dimensional profile happens to be
a parametric one. Adding an additional degree of freedom with an obliquity angle, a class of
translation coordinate systems has the form giveri by {8.98). Due to the translational symmetry
along vectores = c1ex + ez, a numerical solution in terms of eigenvectors and eigenvalues is
possible. Equation§(8.98) describe a coordinate system where coordinates nesnstant
coincide with functions which are periodic with peridd along directiorOx. Compared to the
non-oblique coordinate system, the periddand the direction of periodicity remain unaffected

by the introduction of parameteg. Thus, assuming an incident plane wave vegtsuch that

) . . 2
k.ex = ap thex! dependence is of the form efipmxt) with am = ag + m—71T. Sowe have all

the ingredients to determine the matrix from which eigenvectors and eigenvalues will be sought.
In Fourier space, the matrices associated to the elements of the metric tensor are:

(8.104)

(vag™)

(vag™) |

(og®) = [le +Q] [f;—Clg}
(,/O9*®) = f—Clg] +(c2+1) [le-i-g] [f—Clg]_l [le-l-g}
(vog*)

wheref andg designates the toeplitz matrices formed by the elements of the Fourier series of
o1 f anddig respectively.

8.6.4 Plane waves and parametric C-method

More over since the physics remains the same compared to non-oblique translation coordinate
systems, eigenvectors separate into forward and backward waves as was already the case:

F(x'C) = 5 AgFy (X explipg x°) (8.105)

q

As in the classical translation coordinate system, we substitute the computed propagative for-
ward and backward eigenvectors with the corresponding transformed plane waves . Consider
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plane waves
exp(ianX) exp(iyhz)
such that-y, € R. Taking into accounf(8.98),their expression in oblique coordinates is:

exp(i(ancy £ yn)x%) exp(i(anf () £ yhg(x)) (8.106)

hence the following correspondences between propagative waves in Cartesian coordinates and
their computed counterparts in oblique coordinates:
pé}{w) > (£Yh+ ancy); F(jg)’n(xl) —— exp(ionf (xh)Liya(g(xh)) (8.107)
We have added an extra subsc(ip} and a superscrig) to indicate that we only care about
the above correspondence for propagative waves ang tti@pends on the truncation number.

8.6.5 lllustrative example

Consider a right angled triangular profile whose base is aligne@orOther parameters are
periodd! and heighth. It is illuminated by a plane wave inclined fitto the Oz axis. In

the context of C-method we ask ourselves which coordinate system choosing for modelling
diffraction by such a grating. Here the main difficulty comes from the vertical facet located at
x = d1. The operator associated with C-method involves the derivative of the profile function.
With a description of the profile by a function of the kiad- a(x), the derivative is constant

and everything happens as if the vertical did not exist. Should the vertical be replaced by a very
sloping facet, then a highly located and large discontinuity in the derivative would appear. None
of the situation is satisfactory. An easy way to overcome the problem consists in introducing
an oblique coordinate system in which the vertical is transformed into a straight line with a
"reasonable” slope. Actually, doing so amounts to parametrizing the profile in the Cartesian
coordinate system.

8.6.5.1 Obliquity angle and parametrization of the profile

Since one of the facets of the grating is vertical, an inclinedimate system is needed. On the
one hand, the parameter is linked to the obliquity angle by c; = 1/tang and on the other
hand, according td_(8.100) it should satisfy the constraintidia > 0 . Hence, in principlep
may be any angle such that tarc h/d Lett; be tar{g). On the first facet we have:

1 h
X=x'+-y, y=-xX (8.108)

1K} d

and on the second one 1
x=d, d :xl-i—t—y (8.109)

1

Thus the parametrization of the profile is:

f(x}) = ——xt g(x}) = xbif xk <
d—th ‘i_tlh (8.110)
f(x')=d g(xb) = t—(x1 —d) if xt >x§
1
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with ;

x5 =d (1-%2) (8.111)

Now that we have parametrized the profile, it remains to define a translation direction. The
direction which served to parametrize the profile is a natural choice although not mandatory.
Once more, the only constraint is that the tangent of the chosen obliquity angle is smaller than
h/d.

8.6.5.2 Stretched coordinates and parametrization of the profile

At xt =0 andx! = x3, the parametric function$(x!) andg(x!) have jumps which can be
reduced if one introduces an additional change of coordinates aimed at increasing spatial reso-
lution around these points. Lgt be a function of a new variable x' = s(u). The chain rule

for derivative gives :

dx =01 f(x(s(u)dys,  duy = g(x}(s(u))dys (8.112)

Compared to the initial parametrization, spatial resolution is modulated by the multiplicative
factord,s. The smaller the latter, the higher the spatial resolution. A possible stretching function
is as follows :

Xo . (2mu :
" u_—nZHSIn(—Xo) if0 <u< o119
s(u) = :
nd %) . (2mu—xo)\ . A
(U—Xg) — o sm( i~ ) if x;<u<d

The parameten between zero and one controls the density of coordinate lines around the transi-
tion points. It allows to stretch space thinner where discontinuities of coefficients in Maxwell’s
equations occur. The larger, the smallerd,s and thus the higher the spatial resolution. In
principle the parametey does not have to reach one because, in that case, the Jacobian would
be zero. Figurd (816) shows four possible parametrization of the considered right angle triangle.
Case (a) corresponds to the usual representation(x).
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Figure 8.6: Various parametric representations of a right angle triangular profile

Finally, figure [8.7) shows the speed of convergence of the specular reflected order for a

perfectly conducting right angle triangular profile for two different parametrizations. It has to
be emphasized that modelling this kind of profile is out of reach for the "classical" C-method
since it has a vertical facet.
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Figure 8.7: Comparison of speed of convergence for two parametric representation of a right angle triangular
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Appendix 8.A: Curvilinear Coordinates

In Cartesian coordinates we deal with three mutually perpendicular families of planes: x=constant,
y=constant, z=constant. Imagine that we superimpose on this system three other families
of surfaces. We may reference any variable pdihby the intersection of three planes in
Cartesian coordinates , ie by the triplety,z) or as the intersection of the three surfaces

that form our new, curvilinear coordinates. Describing the curvilinear coordinates surfaces
by x! = constanpx? = constantx® = constantwe may identify our point by the triplet y, z as

well as byx!, x?,x3. This means that in principle we may define a curvilinear coordinate system
from the Cartesian syste(w,y, z) by:

x=x" =x¥'(x5,32, ),y =32 =x% (X, %%, x%),z= % =& (x}, %, ) (8.114)
or by the inverse relations
xt = xl(xll,xz/,xs/),x2 = x2(x1/,x2/,x3/),x3 = x3(x1/,x2/,x3/) (8.115)

x¥' x2 x3 respectivelyx!,x2,x3 are regarded as independent and continuously differentiable
functions ofx!, x2 andx3 respectively! xZ x3". letM denote a variable point referenced by the
rectangular coordinatesfy, z).At M the so-called natural referentidd( ey, e2, e3)is defined by
the the following basis vectors:
P=3oxF

eqg = 1 ENe ep (8.116)
with ey = e, &y = 6, 63 = €, &, 6, ande, being the unit vectors of an orthogonal Cartesian
referential. In a similar way we may write

P=3 oxB
€y — Z W@B (8117)
=1
. L IxP’ . o, . .
Moreover introducing\g = ENe and Einsteins’ summation convention Eq(8.116) and Eq(8.117)
write: )
€q = /\g eB/ €q = /\geﬁ/ (8118)

vectorse, are tangent vectors along coordinate cu¥eThe matrix formed by the coefficiehg/
is the Jacobian matrid of the change of coordinates. Since functishsx? x° are indepen-

dentJ is inverible and its inverse is formed by the coefficie/hﬁs

/\{ /\i /\f A /\i,
J=| N N A J 1= A, N Ny (8.119)
7 / / 1 2
N NSNS Ny Ny Ny

One can also define basis vectefsthat are normal to coordinate surfac€s= constant by

a
a_ %ea . withe® — ey (8.120)

The vectorse, andef form a set of reciprocal basis wity.ef = 65, wherec‘iﬁ is the Kro-
necker delta. The representation of any veetan one of these bases is:

A:Aaea :Aaea (8121)
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. . 2 T
1
coordinate line x Ae

Figure 8.8: Curvilinear Coordinates:covariant and contraiemt components of a vector in a plane

The AY and theA, are the contravariant components and the covariant components of vector
A respectively. The nullity of a component of vectdrmay be geometrically interpreted as
follows:

Aq = 0: A is orthogonal to the tangent at polvtto the coordinate ling?

A% = 0: A belongs to the tangential plane at pdihto coordinate surface”

In normalized orthogonal Cartesian coordinates differentiate contravariant and covariant com-
ponents of a vector is generally not necessary. The Jacobian matrix allows to express the
Cartesian components® = A, of vector A in terms of its local contravariant components

AY = A.eY% or covariants componentg, = A.eq:

AT = Ay =AIA"  or  AT=A%A" (8.122)
A =NLA;,  or  Ag=A%Ay (8.123)
The quantities
Jup = €a-ep =G Nj Gorpy (8.124)
define the metric of the coordinate system. In matrix form we have:
[Qap] =J'T (8.125)
and ,
g=det([gqp]) = det(J)? = det(/\g ) (8.126)

Theg,p establish a connexion between #éand theAg

Ay = eq. (Aﬁ.eﬁ) —gopA®  or AP —gPop, (8.127)

Appendix 8.B: Transformation of Maxwell’s equations

We have seen that the natural referentiel gives the tools to easily maipulate tangential and normal
components of a vector field.Therefore, writting boundary conditions at a surface should be
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straightforward. We need now to express Maxwell’s equation in the new coordinate system.
For that purpose, we may follow a tensorial approach or stay at an elementary level and make
a simple change of coordinates and components in the usual Maxwell’'s equations. We present
briefly both points of view. A time dependence of the form exjaot) is assumed.

Vectorial approch

Let us start from one of the Maxwell’s curl equation written in the Cartesian coordinate system
and in an homogeneous medium with permittiatgnd permeabilityu

EVPY 9pHy = —iweEy (8.128)
where& @'Y stands for the Levi-Civita indicator :

o 1fora’pB'y’ =123231,312
EABY — —1fora’B'y’ =321,213132 (8.129)
0 otherwise

Then let us change the coordinat@g: = /\g,dor and the components, = /\/;,HB
£75Y NG, 3, (/\ﬁ,H@ — _iweEy (8.130)
The left hand side of the above equation is equal to:
RN, ! B 1N,/ B
Y NG, (/\V,ﬁaHB) +ETPYAG, (aa/\y,) Hg (8.131)

on the one hand we have
NG OalN, = 0pL, (8.132)

and the other hand this term is symmetrical with respe@’tandy’. Thus by applying the
operatoré @A"Y’ which is antisymmetric with respect # andy’ we obtain 0. Thus, the
Maxwell curl equation reduces to:

fa’ﬁ’V’/\g,/\fj,aa Hp = —iweEq (8.133)
let us multiply both sides by\g, and make summation on dummy indeX We obtain:
EVO’Bdet(Ag,) daHp = —iweN EY = —iweEY = —iwegPE, (8.134)
Finally we get:
EVP9aHp = —iwe\/Go"PEg (8.135)
and
EVP 9, Ep = iwp /99" Hg (8.136)
setting

we then obtain a set of equations relating the complex amplitudes of the field components where
the %4 and the?, play a fully symmetric role:

EBYp. T, = K /IS PGy

£P 0%y = k9P Fa (8:138)

wherek = w,/H€
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Appendix 8.C: Summary of tensorial approach

In curvilinear coodinates systems, the Maxwell’s equations are based on the tensorial formalism
deduced from relativity. If we consider only materials which are stationary with respect to the
coordinate system, then the four-dimensional formalism developed by Post can be simplified.
Maxwell equations are written :

EIPYGRE, = —BY
E9PYgsH, = DY +J°
aaDa :p

aaBa :O

(8.139)

Post’s formalism preserves the affine nature of Maxwell’ equations: their expression is indepen-
dent of the coordinate system. The geometry only appears in the constitutive equations along
with the material’s properties

DY=¢%PE;  BY=pH, (8.140)
In a perfectly linear, isotropic media with permittivityand i, these relation ships become:
eP =g ge"P %P =¢ ggP (8.141)

whereg?P are the contravariant components of the metric tensor.

(0%F) = (9ap) " 9= (de)(Gap) (8.142)

In an arbitrary curvilinear coordinates systerfe if the surface separating two materials, de-
noted (1) and (2), coincides with a surface of coordinates constant for example, then the
conditions of continuity are expressed quite simply

: oo aa(1) =aa(2)
tangential component continuity: 8.143
g p >{ ) ue (8.143)
normal component continuitg®(1) = a3(2) (8.144)

Assuming a time dependence of the form exjft), in a source free region if we substitute
the constitutive equations for the material8.141 into Maxwell equations in the covariant form
8.139, setting

we then obtain a set of equations relating the complex amplitudes of the field components where
the.%#4 and the?, play a fully symmetric role:

EBYp. T, = K /IS PGy

£9BY 30, — k) T (8.146)

wherek = w, /€
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The Finite Difference Time Domain method (FDTD), based on the Yee’s scheme, is one of the
most commonly used time methods for the modeling of electromagnetic waves propagation and
diffraction. It was first introduced by Yee in 1966 [1] in the context of differential equations
resolution and the first articles recommending its futur applications are published from 1975
[2,13,/4]. Due to the simplicity of its implementation and the rapid growth of computing capacity,
the FDTD is gaining users in all areas of electromagnetism applications. It allows a real-time
monitoring of the electromagnetic wave evolution in any kind of environment (dielectric, metal,
plasma...). Its theoretical formulation is very easy since it requires no matrix inversion and
could take into account the more complex geometric shapes of objects in the studied system. In
addition, using this time domain method, a wide spectral range characterization can be obtained
from one temporal calculation via a simple Fourrier transform.

In this chapter, we present a brief review on the fundamentals of the FDTD method. We
show how to adapt it to the calculation of the photonic band gap structures in the case of 2D
periodic (invariant in the third direction) structures. The both in-plane, for the TE and TM
polarizations, and off-plane propagations are considered. The last part of this chapter is devoted
to FDTD general formulation, based on the Split Field Method technique, for the modeling of
bi-periodic gratings that are finished according to the third direction.

9.1 Fundamentalsof the FDTD method
9.1.1 TheYee'salgorithm

The FDTD method is based on the numerical resolution of the Maxwell's equations using a
centered finite difference schema to approximate the partial derivatives both in time and space.

335


mailto:fbaida@univ-fcomte.fr

9.2 Gratings: Theory and Numeric Applications, 2012

Let us start from these equations expressed in their differential formulation:

o8B
oD

The electromagnetic properties of the medium are described through the so-called constitutive
relationships:

D — ¢E (9.3)
B - uH (9.4)
€ andyu are respectively the dielectric permittivity and magnetic permeability of the medium.

In a Cartesian coordinate systém, X, y, z), the Maxwell’'s equations in the time domain
are written as:

aaHtX _ %z%_‘;_'iz: (9.5.0)
% _ %z%_ﬁaEzX: (9.5.b)
0(9!:2 _ % :00?_%2 (9.5.c)
00? _ %z%_%z (9.5.d)
% _ %:aﬁHZX_d;)I(Z: (9.5.e)
% _ %_%_0;;_ (9.5.f)

The numerical treatment of the partial differential equatlonk 9.5 requires a space and time dis-
cretization. The calculation volume, shown in figlrg 9.1 is a rectangular parallelepiped divided
into (Nx x Ny x N;) cells, each one with elementary volurfiex x Ay x Az) whereAx, Ay and

Az are the spatial discretization steps according tdkeOy andOzdirections respectively.

Each well defined node of the grid is associated with a triplet of inte@ejsk) so that
the coordinate$x;, y;, ) of the node satisfy:

Xi = i-0AX
yj = i-by
zc = k-Az

The computational time is also discretized witAtatime step. Each computing tintés asso-
ciated with the integen defining the number of temporal sampling:

t=n-At
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Tz’ k

Unit Cell

Az

Ay

X, I

Figure 9.1: An exemple of the FDTD calculation volume.

Temporal and spatial derivatives of the field componeBis Ey, E;, Hx, Hy, H;) are approxi-
mated from their Taylor development to the first order. Thu¥), i§ one of these components,
we will adopt the following notation:

U (X|7y]72k7t) :Ui?Lk (96)

The temporal derivative of tHé component attime and(xi, Y, zk) node is approximated with
finite centred difference as follows:
N+ n—1
U U 2-u'?
[‘9—} — SRl L o (o) 9.7)
ot Jijik

The spatial derivatives of tHé component are approximated in the same manner:

2 Ul s Y ik
J n
U.n. 1 _U-n- 1
|:dd_l;:| k _ |:J+§7kAy |71777k+0([Ay]2> (98b)
i,k,n
U.n. 1_U-n- 1
I, ],Nn

As explicitly mentioned in equations 9.8, the use of centered difference scheme allows a
precision of the second order even if a first order Taylor development is considered. This greatly
enhances the numerical convergence of the FDTD algorithm.
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Figure 9.3: Temporal discretization into the Yee’s scheme.

Yee's algorithm

The algorithm proposed by Kane Yee in 1966 [1] uses in a clevgrtiva discretization for
solving the system of equatioris (9.5). In the Yee's scheme, the electromagnetic field compo-
nents are located at different points in a unit cell (Figure9.2). The electric field components are
calculated along the edges of the cell while the perpendicular magnetic field components are
calculated at the centers of the cell faces. Thus, each electric field component is surrounded by
four magnetic field components and similarly for each magnetic field component.

The temporal increment into the Yee’s scheme is done through a "leapfrog" discretization
schema. The field componer%(or E) are calculated at times odd multiples of the half time
step%, while the field componentE (respectivelyH ) are updated at the times even multiples
of % as shown in figurd_ 9)3. Such a discretization allows evaluating the time derivatives by
keeping a centered difference schema as for spatial derivatives.
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Consequently, replacing the partial derivatives in equatibn$ (9.5) by central difference
(9.219.8), according to the Yee’s scheme leads to the updated equations of electromagnetic
components in the FDTD algorithm:

1 -1 At
H 2 — "2 /v n =
Xiivdwed) — X(ivded) Lol { { Z(i.j+1k+ 3) Z(i.j.k+%>:| *

lE;(i-i%k) B E{/](LH%.kH)} } (9.9.9)

n+; EETLES _ﬂ n =
Hy(i+%.j.k+%>_Hy(i+%,j,k+%) Lo/ EX(i+%,j,k+l> EX(H%.j.k) +

n+3 :Hn_% _ﬁ n _En
2030030 kb0 Hod | Vi) Yk | T

Bt B ©99

Ext  =Ep — < |Hy —H;
X(+3.1.k) X(i+3.1.%) + e { [ 2(i+3.0+3.%) Z(i+%.j%,k):| T

At
En+1 —_EN - Hn . Hn
Y(i.i+3.K) Ey(i,jJr%.k) e { [ (i3 d) X(i.j+%,k%):| +

At
n+1 n n n
E + — H —H
Z(i,j,k+%) Z(i,j,k+%) eN { |: y(i+%~,jﬁk+%) y(i%ﬁjﬁk+%)}

H —HI 9.9.f
{ X(i-33) X(i.j+%,k+%):|} ( )

Let us note that this last equation system can be simplified significantly in case of 2D structures
(see section 2 of this chapter).

For the modeling of structures with a symmetry of revolution, a basis change from Carte-
sian to cylindrical coordinates is strongly recommended to accurately describe the fine details
of the samples and to make more flexible the FDTD calculation codes. In these so-called BOR-
FDTD (Body of Revolution FDTD) codes, the symmetry of revolution is exploited to express
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the azimuthal dependence)(of the electromagnetic fields as Fourrier series. BOR-FDTD al-
gorithm can, in this case, compute solutions for all Fourier modes through one simulation per
mode. This code is commonly called 2.5D since the azimuthal field variation is analytically
accounted for. Thus, there is no griding in tpalirection. This implies that the BOR-FDTD
algorithm is two-dimensional in terms of computer ressource usage even 3D structures are mod-
eled.

9.1.2 Spatiotemporal criteria of convergence

As all explicit schemes, Yee’s algorithm is subjected to a stability condition setting the time
step from the space discretization. Arbitrary values of spatiotemporal discretization can lead to
infinite solutions of the electromagnetic field. Stability problems in explicit numerical methods
have been analyzed in detail by Courant, Friedrichs and Levy [5] and Von Neumann, from
a mathematically rigorous approach. This analysis shows that the explicit schemes are stable
under a condition called CFL (for Current, Friedrich and Levy) and applied to the FDTD method

in the case of a regular mesh [6]:

-1

(9.10)

1 1 1
At < |Vmax: m-l‘A—yz-l-E

wherevmax IS the maximum velocity of light propagation in the studied system, generally the
velocity of light in vacuum.

In case of uniforme mesfiA\x = Ay = Az= A), the CFL criterion becomes:

1 A .

ANt < —— — in3D (9.11)
Vmax /3
1 A .

ANt < — — in2D (9.12)
Vimax /2

However, it is possible to overcome the restrictive assumption of regular mesh that achieves
the above result with the following generalized criterion:

-1
1 1 1
At < | Vimax: + + (9.13)
[ \/szmin Ayrznin AZr2nin

whereAXmin, AYmin €t Azmin are the smallest step in the three directisngandz respectively.

In addition to the numerical instability problem, the transition from continuous forms of
Maxwell’'s equations to the discrete numerical approximations can cause a parasitic effect called
"numerical dispersion”. This is due to the fact that numerical signals are propagated over time
in the FDTD grid, with a phase velocity less than the actual velocity. This dispersion varies
with frequency, propagation direction in the grid and the spatial discretization [6]. Numerical
dispersion errors increase with the signal frequency and size of the computational domain, thus
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making the simulation results less reliable. They may appear in various forms: phase error,
signal distortion, loss of amplitude, pulse broadening ...

The solution to this problem requires a very fine mesh in the FDTD grid, so that the
maximum discretization is of the ord@in/20 [6], Aminbeing the minimum wavelength of
propagating waves in the FDTD grid.

9.1.3 Absorbing boundary conditions - Perfectly Matched Layers

Such conditions allow us to describe open systems where emitted or reflected waves propa-
gate to infinity. Indeed, the limited memory space of computers requires users to truncate their
FDTD computational domain. At the limits of this truncated domain, components of the elec-
tromagnetic field can not be calculated by the discretized equafions (9.9). Therefore special
treatment at the borders is needed to avoid the incident electromagnetic wave on these "edges”
does reflect back and contaminate the actual physical signal. One of the most widely used tech-
nique is that proposed by Berenger [7] called Perfectly Matched Layer (PML). This technique
consists of adding around the studied domain not necessarily physical layer causing no reflec-
tion and almost totally absorbing all the propagating electromagnetic field. Its use is based on
the condition of impedance matching of two waves at the interface between two media with the
same index but which one is absorbing (with nonzero electrical conductivéitgd magnetic
equivalent conductivity™ as shown in figure 914).

Incident medium

—>

€ Ho
(c°=0,0"=0 )

Figure 9.4: Impedance matching principle.

This condition is expressed as:

o o

- = (9.14)

€ Ho
Thus, a magnetic conductivity is needed to fulfill this impedance matching condition. In addi-
tion, absorption is needed only for components of the fields that propagates perpendicularly to
the interface (the FDTD window border) and not in the parallel direction. Bérenger solved this
problem by proposing an artificially biaxial absorbing medium. The absorption is not zero in
the direction normal to the interface between the two media and is zero along the axis parallel
to the interface. In the PML medium, the incident plane wave is split into two fictitious waves

(see figuré 9J5):

1) A wave propagating at normal incidence and satisfying the equatioh 9.14. This wave
is attenuated and absorbed by the PML medium and undergoes only very low reflectivity to the
incident medium.
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Grazing wave

€ Ho
Normally
propagating
incident medium | wave
y (main grid)
(05=0,0;=0)
x (o7=0,07=0)

Figure 9.5: Schematic of the PML principle.

2) A second grazing incidence wave that shows no absorption in the PML medium. This
wave, propagating parallel to the interface between two media undergoes no reflection and sees
a medium identical to that of the main grid window.

Abrupt changes in conductivities at this interface degrade the performances of absorption.
This effect is, however, reduced by imposing a progressive variation of the absorption according
to a polynomial law given by |7]:

o= Umax(xpem'> " (9.15)

where Omax is the maximum value of the conductivityyy, represents the depth in the PML
region measured from the interfacedenotes the thickness of the PML layer amds the
polynomial order generally fixed to 2.

Let us note that in the case of gratings such conditions are not necessary according to the
periodicity directions. The absorbing boundaries conditions are hereby replaced by Floguet-
Bloch periodic conditions in order to describe periodic structures (see section 2 of this chapter).
Nevertheless, for a 2D periodic structure, PML are needed in the third direction where the
structure is usually finite.

9.1.4 Dispersive media

The dispersive media, such as metals in the optical range, are characterized by a complex per-
mittivity frequency dependerg(w) = €'(w) +i€”(w). As the FDTD method is temporal, in

such environments the direct implementation of the above equations, in which appear explicitly
permittivity and hence the frequency, is impossible. The solution for this problem is to calculate
the displacement vectdd components in the classical Yee’s scheme and then back to electri-
cal field components using the constitutive equation of the medium established in the frequency
domainB(w) = ¢(w) E (w). The temporal nature of the FDTD needs a temporal constitutive
equation written as a convolution prodLBt(t) =egt)® E(t). It is a non local relationship
whose resolution requires the knowledge of the electric field at all previous times. Numerically,
this leads to a storage of a very large amount of data and therefore requires to have a very large
memory space. This issue can be bypassed using analytical models describing the dielectric
function e(w) of these metals. The choice of adapted analytical model depends on the type of
metal as well as the spectral range of study.
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9.1.4.1 Drude Modd

The Drude model of free electroris [&, 9] for the dielectric timT which, although based on

a purely classical approach, can well account for intraband transitions. In this model, firstly
proposed in 1908 by P. Drude, a gas of free electrons moving in a immobile metal ions lattice.
Thus, the electron-electron interactions and electron-ions are not taken into account and the
movement of all the electron cloud is thus the average of the movements of individual electrons.
The relative permittivity given by this model is:

2
E&p = & “%

S SR 9.16
W? +iwyp (9.16)

where wp is the "plasma frequency" of the metal aad its relative permittivity at infinite
frequenciesyp represents a damping term that is inversely proportional to the relaxation time.

FDTD implementation of the Drude model

The principle consists in replacing the electric field vecﬁ)lbyﬁ/e in Maxwell's equations
in order to eliminatee term. In dispersive media, equatiofs (9.9.d, 9.9[e efl9.9.f) are replaced
by:

At
pntl  _—pn — < |HT —Hy
ik ) (i 3) + A { [ Y(i+3.ik+d) y(i%.j.k+%):| +

M M)} @19

Once the components of the displacement veﬁt@re updated from the previous equations, we
proceed to the determination of t@ components using the relatidd = £(w) E . Replacing
£(w) by its expression given by the Drude model, we get to:

(ou2+iwyD)B> = soem(w2+iwyo)ﬁ—soaﬁﬁ (9.20)
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Assuming time dependance of electromagnetic fieke 1", a simple Fourier transforna—
t) of this last equation leads to:

@_1_ @—8(8 E_’_g E_i_ 2?)

a2 | Par T WlEeTgz T e b

The partial derivatives of this equations are then replaced by their expressions through the cen-
tered finite difference schema. The electric field updated equation in the dispersive media is

then obtained:
FE™I— _yE™lyde,e0E"+ B”“[yﬂt +2]— 48"+ [— bt + 2]5”“1 (9.21)

With & = &o[WBAL? + £ Yot 4 2€0] and) = g9[WBAL? — yb £t + 2€]. Due to the dispersion,

an additional step of calculation is necessary. It consists of determining the displacement field
components for all nodes representing the dispersive media. In addition and as can be seen in
equation[(9.21), we need to store tReand B components on two time steps, which has the
effect of increasing the memory space to be allocated and the computation time.

9.1.4.2 Drude-Lorentz Modédl

In addition to the conduction electrons, the Drude-Lorentdehtakes into account the bound
electrons. The interband transition of electrons from filled bands to the conduction band can
significantly influence the optical response. In alkali metals, these transitions occur at high
frequencies and provide only small corrections to the dielectric function in the optical domain.
These metals are well described by the Drude model. On the other side, in noble metals a
correction must be made to the dielectric function. It is due to transitions between the bands d
and the conduction band s-p. The contribution of bound electrons to the dielectric function can
be described by the Lorentz model. To the above Drude dielectric function, a Lorentzian term
Is added:

épL(w) = ep(w) + &L (w)

Estimatinge (w), the bound electrons are described by forced and damped harmonic oscilla-
tors. Vialetal. [10] suggested a single oscillator leading to a single Lorentzian additional term

to well describe the permittivity of gold in the optical range compared with the classical Drude

model. In this case, the relative dielectric function is:

W} Ag-Q?F

epL (W) = Ew —  — .
oL () W +iwy (W?-QF)+ilw

(9.22)

wherell et Q, stand for the spectral width and the strength of the Lorentz oscillator respec-
tively. A¢ is a weighting factor.

The FDTD implementation of this model can be done with the Auxilliary Differential
Equations (ADE) method previously described above in the case of the Drude model or the
so-called Recursive Convolution (RC) method [10]. Because of the additional Lorentzian term,
its use requires the introduction of additional intermediate electromagnetic components in the
algorithm. Thus, a larger memory space is required compared to the case of the Drude model.
In general, many involving multiple oscillators Lorentz terms are needed to accurately model
the permittivity of noble metals in the optical range.
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9.1.4.3 Drudecritical points model

The optical properties of some metals, particularly gold,racee difficult to be analytically
described in the visible/near-UV region. This comes from much more important role, in the
case of gold, played by interband transitions in this region. Some attempts to add Lorentz
oscillators to the classical Drude term to account for these transitions rapidly face limitations
[11]. In fact, besides the huge simulation time, increasing the number of parameters (mainly
non-physical and not well defined) would not provide more insight than quality fit (itself non-
physical) with a polynomial high degree or a simple numerical interpolation of the experimental
data.

In order to achieve a reasonable representation of the dielectric function, Etclkégbin
[12] took inspiration from the parametric critical points model developed for semiconductors
[13]. This model is very suitable for the description of optical properties of metals (such as gold)
for which the band structure is quite complex. In this approach, the frequency dependence of
the optical properties of gold in the visible/near-UV may be well described by an analytical
formula with three main contributions that can be expressed as follows:

W
Ep2cp (W) = Ew — oo2+|ooyD Z Gp( (9.23)

with
(9.24)

G AsQ % e'®

W) = . .
p(®) PP Qp—w—lrp+Qp+w+|Fp
The two first terms of equation (9.23) represents the standard contribution of the classical Drude

Model. The sum in equation (9.23) is the contribution of the inter-band transitions with the
amplitudeAp, gap energ¥2,, phasep, and broadening p.

In a comparative study of this Drude critical points (CP) model with the so-called L4
model which consists of four Lorentzian termis|[14], Velal. [15] show the possibility to
increase the accuracy of gold and silver permittivity description by using the CP model with
fewer parameters to determine and less memory use within the FDTD method.

I mplementation of the CP model in FDTD using ADE technique

As in the previous case of the Drude model, the technique id¢alede the displacement vector
components by the FDTD equatiofs (9.17,9.18[and 9.19) and determine electrical components
using the following relationship:

D = epcpE (9.25)

— . -
In the case of the CP model) can be written as the sum of the electric displacement
vectors corresponding to each of the contributions in the dielectric function expression:

2
— —
=Dp+ Y Doy (9.26)
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with
3[) = &[€xn— %]E (9.27.a)
Bep eo[Apr(Qp_éf_irp + pr;liirp)]ﬁ (9.27.b)

As before the temporal evolution of the fieldsan'®® is considered. By inverse Fourier trans-

form, we obtain:
92 0
(WﬂLVE)
92 ]
2
(@5+ o+ 5+ 2 ogp)

S

Ul

where: 8, = arctar(?—s)

Cp —

£0Ew (9.28.a)

92 0 wgﬁ
=)

a2 + VE +
2e0ApQp(1/ T3+ Q3 sin(6p — @) — singop%)ﬁ (9.28.b)

By centered difference discretization of the equation sydtem|(9.28) and taking into account
the split equation of the displacement vector (9.26), we reach the updated equations system for
the electric field vector at each poifit j, k) of the calculation window:

Bl _ Bn+1 BD Bn 1+i5>n _@En—l_‘lgoeoogn
ap ap
_|_
Z1
p=2
Z Dl 4ﬁ>gp)+ (%) En-1 (9.29.a)
=1 ap p=1 ap
Dt — —[—BD “1_4D0 4 xpE™ 4 HE™ 1+4soew€] (9.29.b)
1
Dt = a—[—ﬁpﬁg;1+4ﬁgp+xpﬁn+l+5pE”—1] (9.29.¢)
p
with:
op = —2—yAt (9.30a)
Bo = —2+yht (9.30b)
XD = E0&x|—2— YAt — (wpht)?/ew) (9.30c)
O = €0Ew[—2+4 yAt — (Wpht)?/ex] (9.30d)
ap = [Q5+T3JAP+ 27 pAt+2 (9.30e)
Bo = [Q5+T3|At2—2r pAt+2 (9.30f)
Xp = 2ApQpeolAt?,/Q2+2sin(6p— @p) — Atsingp] (9.309)
O = 2ApQpeolAt?,/Q2+TZsin(6,— @)+ Atsingy) (9.30h)

Let us mention that the displacement vector split into three contributions avoids doing appear
derivatives of order higher than 2 in the equations sysiem](9.28). As seen on the equations
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system[(9.209), taking into consideration the two critical points in the FDTD algorithm does not
need to stor&e and D components over more than two time steps. However, against the Drude
model implementation, additional calculation stages appear in order to determine the two parts
of the displacement vector corresponding to the two critical contributions.

9.2 Band gap calculation for 2D periodic structures

In this section, we describe how to adapt the FDTD calculation for photonic bandgap structures
(PBG) of periodic arrays. The biperiodic structures case is there considered. These 2D struc-
tures are photonic crystals (PhC) whose permittivity is periodic in two dimenskaarsdy for
example) and remains invariant according to the third @pelfhey mainly include three main
families that are square, triangular and hexagonal lattices. For this type of structures, we can
distinguish two kinds of propagation, in the plane (in-pldges 0) and out of plane (off-plane,
nonzerok;). The system of equations (9.5) becomes easier depending on the type of propaga-
tion. To illustrate this, let us assume in what follows that the PhC is periodic alongahey
directions and infinite alongdirection.

9.2.1 In-planepropagation: TE and T M polarizations

In that case the propagation is done in the plane and the field variation vanishes along the
third direction. The system of equations (9.5) is simplified and divided into two independent
subsystems giving rise to two polarizations: transverse eledii) And transverse magnetic
(TM):
TE Polarization
OH; 1 0Ex OEy

ot H(d—y_ﬁ) (9.31a)

% = %da—';z (9.31b)

% _ _%‘90'12 (9.31c)
T M Polarization

0(;* = —%‘2—% (9.32a)

% = %% (9.32b)

% = %(%—0;)';) (9.32c)

In case ofT E polarization, the electrical components are transverse. They are in the plane
of periodicity of the PhC. On the other hand, for th& polarization, the electric field is
perpendicular to the directions of periodicity and the magnetic components are transverse.

Let us note that the two polarizations can be studied by the same system of equations
(9.5) without separating it into two sub-systems. But to simplify the calculation codes and gain
memory space, it is recommended to study these two polarizations separately.
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9.2.2 Off-plane propagation

Off-plane propagation is characterized by a nonzero propagation cokgtaotording toz
direction. Diagram dispersion is generally determined for a fixed valde.offhus, the z-
derivatives in Maxwell equations become analytical while the electric and magnetic field vectors
can be written as follows:

Exyzt) = Eolxyt)explik2) (9.33a)
ﬁ(x,y,z,t) = H_>o(x,y,t)exp(ikzz) (9.33b)

The Maxwell’'s system of equatiors (9.5) becomes:

JoH 1. OE

0tx - E(IkZEy - 0—yz) (9348.)
oH 1 0E;, .

a = plax B (9:340)
ot u( dy  0x ) (9:34c)
JE 1 0H; .

mx = 0yz—|szy) (9.34d)
JE, 1. J0H;

0E, 1 0H, JH

ot E( ox c?y> (9341

In this case, it is no longer possible to separate the system into two subsystems as before. The
TE andT M cases are therefore mixed together and can not be treated separately. However, we
can note that the calculation code is simplified sincezttierivatives are analytically evaluated

so there is no discretization along thdirection. A 2D algorithm is still needed.

9.2.3 Periodic boundary conditions

As the CPU time and space memory is limited, the FDTD calculation window must also be
finite. Because of symmetry, only one unit cell is considered. To reproduce the crystal at the
truncated domain boundaries, the Floquet-Bloch periodicity conditions [9] are applied to the
electric and magnetic components. Despite the fact that these periodicity conditions are general
and can be applied to any periodic structure, their expressions depend on the Bravais lattice.
Consequently, we will consider the two most used Bravais lattices i.e. the rectangular and the
triangular ones.

Rectangular cell

Let us consider a PhC made of cylinders (refractive intgxmmersed in a medium of refrac-
tive indexn,. a andb are the lattice constants in tlke@ndy directions respectively (see figure
[9.6). The FDTD window calculation is shown in figurel9.6-b.
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a) 2D photonic crystal : rectangular lattice b) FDTD calculation window

Figure 9.6: Rectangular structure and FDTD window calculatio

The Floguet-Bloch conditions are applied to the electric and magnetic components as
follows:

E(x=0yt) = E(x=a,y,t)exp—iky-a) (9.35a)
E(xy=01t) = E(xy=bt)exp—iky-b) (9.35h)
Hx=ayt) = H(x=0,y,1t)expiky-a) (9.35¢)
Hxy=bt) = H(xy=0,1t)exgikyb) (9.35d)

Triangular cell

Similarly to the rectangular cell, the calculation FDTD wimdis limited to a single unit cell. To

model the triangular photonic structure (see figuré 9.7-a), three choices of the FDTD window
are possible. The first one is to take a non-orthogonal unit cell (cell 1 in figure 9.7-a) and
implement the periodic boundary conditions in a Non orthogonal-FDTD algorithim [16, 17]
for which the classical FDTD developed in an orthogonal coordinate system is not suitable. To
bypass this constraint and remaining in the conventional FDTD with orthogonal coordinates, the
second rectangular cell (celle 2 in figurel9.7-a) can be used to derive the periodic conditions.
Nevertheless, this cell contains two patterns. This means that the rectangular periodic conditions
lead to a less-description of all the possible solutions. Consequently, an aliasing effect will
appear in the dispersion diagram.

In order to get gain in computational time and space and prevent this band folding while
remaining with the orthogonal FDTD algorithm, a rectangular cell can be defined with only
one pattern (cell 3 in figure_9.7-a). Within this FDTD calculation celll(9.7-b), the periodic
conditions above are therefore replaced by:

-along thex direction :

E(x:o,y,z,t) = E(x:a,y,z,t)exp(—ikx-a) (9.36a)
Hx=ayzt) = H(x=0,y,zt)exgiky a) (9.36b)

349



9.16 Gratings: Theory and Numeric Applications, 2012

Cell 1 Cell 2 Cell 3
@\@e @
a2 al2

@

@

®@ ® @
® ® ©® ©® ® @O ar  ar X

a) traingular lattice b) FDTD calculation window

Figure 9.7: Triangular structure and FDTD calculation window
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Figure 9.8: Brillouin zone

- dlong they direction withx > 0 andx < a/2
2 y=bzyem(i(-k-b-k-a/2)  (9.37a)

2y =0.20)exp(i(ky-b—ks-3/2)) (9-37D)

- along they direction withx > a/2 andx < a

E(x,yzo,z,t) = E(x+
ﬁ(x,y:b,z,t) = ﬁ(x+

E(x,y: 0,zt) = E(x— g,y: b,z t)exp(i(—ky-b+ke-a/2)) (9.38a)

Hxy=bzt) = ﬁ(><—g,yz0,z,t)e><|o(i(ky-b+kx-a/2)) (9.38b)

By the way, the dispersion diagram of a triangular or honeycomb Bravais lattices can be calcu-
lated without modifying the orthogonal Cartesian Yee schema.

9.24 Some examples of band gap calculation

To o_b)tain a photonic band diagram, several FDTD calculations are necessary done by varying
the kK wavevector that must scan the irreducible Brillouin zone (fiqure 9.8). XM andMT
highest symmetry directions are then discretized.

For this band gap calculation, the N-Order FDTD algorithm is used [18, 19]. This basis
of this algorithm is quite simple: a signal is injected to excite all possible frequencies of the

structure. This signal is introduced in accordance to the Maxwell-Gaussila(/a) =0) and
given as follows:

E- g(V/\ (K+C)expi(K+C)-T) (9.39)
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Figure 9.9: Normalized electromagnetic energy densitly @bint for triangular structure of air holes (of radius
r =0.259 into lithium niobate. T M Polarization.

: — . :
V is a random vectork anda denote the wavevector and the reciprocal lattice vector respec-
tively.

After injecting this last initial signal, and for a givek, the FDTD simulation is run and
electromagnetic energy density time-evolution is calculated as a function of the frequency. This
later is calculated through:

1
W = 2 (&0 |E[* + p[H?) (9.40)

Only eigenmodes of the structure persist and evanescent ones gradually disappear. After a large
number of time iterations (typically 2Da permanent regime is then reached and the electro-
magnetic energy density spectrum exhibits several peaks corresponding to the eigenfrequencies
of the studied structure. An example of eigenfrequencies calculation for a triangular structure
in thel™ pointis shown in figure 919. The structure is made of air hatgs1) into a dielectric
medium which is lithium niobatel {NbOs3) with refractive indexn, = 2.1421. The radius of

the holes ig = 0.25a which corresponds to a filling factor oPQ@67%. The FDTD grid, one

PhC period, contains 6952 spatial grids. To satisfy the stability criterion and avoid numerical
dispersion, the time step is takenas = a/(120-c).

To get the complete photonic band structure, it is necessary to scanvidaes over
all the contour of the irreducible Brillouin zon€XM). Figure[9.10 shows the photonic band
diagram calculated for bothE andT M polarizations for a structure parameters similar to those
used above in the case of figlrel9.9.

We can note the emergence of a photonic bandga@&2rrc between (B2 and 035 in
the case of the TE polarization (figure 9.10-a). This band does not exist in the case of the TM
polarization (figuré 9.10-b) so it is called "partial".

Note here that, for a dispersive material, the calculation of the electromagnetic energy
density is no more given by equatién 9.40 that is only valid for dielectrics (no dispersion).
In the case of metallic dispersive material, the electromagnetic energy density is given by (no
magnetic dispersion):

1 J(wepe)

W4( ow

E|2+uH %) (9.41)

351



9.18 Gratings: Theory and Numeric Applications, 2012

a) TE polarization

0.9

00.7

B
NQ.5
@®

0.3

0.1 Ny —
r X M r r X M r

Figure 9.10: Photonic band diagram for triangular structurkair holes (of radius = 0.25 g into lithium niobate.
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AAA structure I M X I

Figure 9.11: In-plane photonic band diagram for annular apeetarrays engraved into silver (T E polarization).

The calculation of the energy density depends then on the dispersion model introduced
in the FDTD. Accordingly, an analytic expression\df is obtained through the calculation
of the frequency derivative in equatign 9.41. Its numerical value is then performed by the
determination of the spectral responses of both the two electric and magnetic fields that are
determined by the FDTD code.

Another example of band diagram, corresponding to a metallic structure made of annular
aperture arrays (AAA) engraved into silver layer and arranged in a square lattice, is shown in
figure[9.11. The AAA structure has been proposed by F. Baida and D. Van Labeke [20] for
Enhanced Optical Transmission (EOT) applications. It was showed that transmission through
AAA sub-wavelength structure could reach 90% in the visible rande [21]. This EOT is due to the
excitation and the propagation of a guided mode inside each aperture. The main transmission
peak corresponds to the excitation of the;TEhode at its cutoff wavelength [19]. This later
only depends on the value of the inner and the outer radiirjiFers0nm and .= 75nm and a
lattice constant o& = 160nm one gets the band diagram of figure ©.11.

In case of the figure 9.11, corresponding to The polarization, we note the presence
of two photonic bandgaps. the first is ranging from zero frequency (infinite wavelength) to
the frequency value of @835c/a) (A = 872nm). The second gap is in the visible range be-
tween 492nm and 630nm. Note that these bandgaps are "total" since the corresponding eigen
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Figure 9.12: Off-plane photonic band diagram for annular aperture arrays made in silver.
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Figure 9.13: Dispersion curves &t point for the coaxial structure made in silver (lattice constante 460 nm
inner radius f = 50nmand outer radius ¢ = 75nm silver dispersion is modeled by a Drude model).

frequencies ol M polarization are located abovedd x c/a.

The figurd 9.1R illustrates photonic band diagrams for the same considered AAA structure
but in the case of off-plane propagation with two different valudg.of here is occurrence of an
additional photonic band relative to the in-plane case. This is due to the transverse electromag-
netic (T EM) mode excited now at a nonzero frequency (far from the cutoff).kier 11/ (3a),
the bandgaps are located in the ran&¥3nmeo[, |723nm 1668 nnj and|458 nm 575 nnj.

These bandgaps becoj&3nmo|, |512nm 574nnj and|378nm 431nn whenk; = 1/a.
According to the theory, this band gap shift is due to the fact that the eigenfrequencies of guided
modes increase witky.

Figure[9.18, showing the dispersion curvesl{gioint) of the guided modes depending
on ky, clearly confirms thel EM nature of the additional mode excited in the off-plan case.
This mode band starts from zero frequency, and therefore has no cutoff frequency. An EOT
based on the excitation of this peculiar mode can be obtained under two conditions: an oblique
incidence with TM polarizatiori [22]. The last section of this chapter is devoted to the study of
EOT obtained through the excitation of this peculiar mode.

An example of time evolution of the electromagnetic energy density is given on figure
[@.14. The considered structure is an array of coaxial waveguides made in perfectly electric
conductor (PEC). All the geometrical parameters are given in the caption in addition to the
FDTD simulation ones. One notes that the main peak corresponds to thegliided mode
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W (arb. units)

Figure 9.14: Time evolution of the electromagnetic energy density spectrum. The modeled structure is an array
of coaxial waveguides made in perfectly electric conductor (PEC) and arranged in square lattice. The inner and
outer radii is ; = 100nm and g = 140nm respectively. The period of the grating is=8800nm but the obtained

results are independent on this value because there is non coupling between tow adjacent waveguides. The FDTD

simulations are done with a uniform spatial meshaf= Ay = ;35 and the temporal step was fixed £ = %
where c is the light velocity in vacuum.

T(ri+re)

that has a cutoff wavelength afg = ———=.

9.3 Scattering calculation for 3D biperiodic nanostructures

In this section, we will focus on the FDTD modeling of dielectric and metallic bi-periodic
structures. For normal incidence, the FDTD method, based on the classical Yee's scheme, is a
powerful tool that can simply model such periodic structures([24], 25, 26]. In fact, in this sim-
ple case, the Floquet-Bloch periodic boundary conditions (PBC) can be easily applied without
any change because these conditions are independent of the frequency. However, at oblique
incidence, applying PBC implicitly involves a frequency term that must be integrated into the
FDTD algorithm that operates in the temporel domain. Thus, in order to adapt FDTD to oblique
incidence case, Veysoglu [27] introduced the field transformation method appliedctal

toward newl_D> and Q fields. By the way, the PBC conditions become similar to the ones of nor-
mal incidence case nevertheless the immediate consequence of this transformation is the need
to modify the Yee’s scheme. Several techniques of implementation are then proposed including
that of Split-Field Method (SFM) [28].

In the following, we present the reformulation of the FDTD method, based on this SFM
technigue to adapt it to the case of any incidence. Maxwell’s equations are modified and ex-
pressed withP anda variables. They are then discretized using SFM technique. To avoid
reflections at the edges of the computational window, the equations in the Berenger's PML
medium are also modified and expressed in the new domain within the SFM technique. In ad-
dition, the dispersion models mentioned above (Drude, Drude-Lorentz and Drude Critical point
models) are also described by modifying and adapting them to the SFM technique.
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Figure 9.15: Sketch of the biperiodic structure illuminatgddtane wave propagating along tH_e> vector defined
by its Euler angle® and ¢.

9.3.1 Position of the problem: New I_:’> — 6 variables

Let us consider a bi-periodic structure, finished along the third direction and illuminated by a
plane wave propagating at oblique incidence (see figuré 9.15).

According to the notations of figufe 9]15, the electric and magnetic fields of the incident
plane wave can be written as:

E, = Egélxtyyteziol] (9.42.a)
Hi = Hoelsxryyrezror] (9.42.b)
where:
w .
ky = vsmecosqb (9.43)
= TsinBsing (9.44)
Ky — %)cose (9.45)

For the periodic object, a single pattern (one period) is then considered for the FDTD calculation
(see figuré 9]6). The periodic conditions are then written so that the fields on one side of the
calculation window are expressed versus the fields on the opposite side through the Floquet-
Bloch conditions. Fok (lattice constan&) andy (lattice constanb) periodic structures, these
conditions are expressed as follows:

E(x, y,z,t) = E(x+a Y,z t) e kxa (9.46.a)
E(xy.zt) = E(xy+b zt) eikb (9.46.b)
H(x+ayzt) = Hxyzt) dka (9.46.c)
Hxy+bzt) = H(xyzt) dkb (9.46.0)
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As the FDTD method operates in the temporal domainkaradhdky, components explic-
itly depend ofw, the direct application of these periodic conditions is prohibited. Consequently,
a change of variables is performed so tRaand H components are replaced by two new com-

ponents? and6 respectively in order to eliminate ttkg andk, dependence in the PBC. These
new fields are defined as follows:

B = FE.ekx. g iky (9.47.a)
Q = H-elox. giky (9.47.b)

Therefore, the new periodic conditions can be applied similarly to the case of normal
incidence through the relations:

B(X,y,z,t> = Tﬁ(x+a,y,z,t) (9.48.a)
Sx+ayzt) = Qxyzt) (9.48.b)
Pxyzt) = P(xy+bzt) (9.48.¢)
G(xy+bzt) = 6(x,y,z,t) (9.48.0)

Replacingﬁ andH by their expressions in terms & anda through equatioris 9.47 in
Maxwell's equations system 9.5 leads to:

a(;fx _ %:%_%—F;Z_ikypz] (9.49.2)
e (9.49.5)
ad?z _ %:%_I;xﬂkypx %_ikxpy] (9.49.0)
% _ %:aa?/ZJriksz_i%y] (9.49.d)
% = %:a(gX_ad?(z—ikXQz] (9.49.€)
% - %:%%ymkqu %—ikyqx] (9.49.1)

We can notice that for a wave propagating at normal incidence, the syste (9.49) above
is equivalent to the conventional Maxwell’ equations expresseﬁ inH. Nonetheless, in the
oblique case, additional terms appear in the second right members of equatiohs (9.49) and they
explicitly depend orky andky i.e. on the frequencw. Even if these terms are equivalent to
time derivatives, the direct implementation of the FDTD in this case is impossible. Many im-
plementation techniques have been proposed [29, 30, 31,128,/32, 33] to overcome this problem.
One of them is the Split Field Method [32,]28] which will be described below.
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9.3.2 Split Field Method

SFM technique is based on the splitﬁfanda field components. To illustrate the method, let
us take for example the split of tl@ component occurring in equatidn (9.49.a). By reducing
the frequency additional term on the left hand, this equation can be written as:

& .k 1[P, aP

ot +Iwuw : = 09z oy (9.50a)
According to [9.42])a) and (9.47.a), equatibn (9150a) becomes:

0 k .1 1[oP, oP,

7 o R = |5 5 6518

;—Z)PZ which satisfies Maxwell's equation as for

normal incidence. Similarly, the split of all the others components ilﬁhea domain gives:

This leads to a new compone@k, = Qx +

k

Qxa = Qx+u—z:)Pz (9.52.a)
kx

= ——P, .52.

Qe = Q- 1P 0.52.)
ky Ky

Qza = Qz—u—wpx-i—“—wpy (9.52.¢)
k

P = PR ——2L 9.52.d

Xa X" oo 2 ( )
k

Pa = Py+§)Qz (9.52.e)
k k

Pa = Pz—ﬁ)Qy—l-ﬁ)Qx (9.52.f)
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The six components thereby obtained satisfy the following equations that can be discretized
according to the classical Yee’s scheme:

6§txa _ %:%_%_Fﬂ (9.53.a)
5§tya _ % :%_%} (9.53.h)
a;?tza _ % :0;_ %} (9.53.0)
d;’txa _ %:00?/2_‘9%: (9.53.d)
% _ % :‘igx_ﬁﬁ%: (9.53.¢)
0;’tza _ %:%_00?/X: (9.53.f)

Once the updated componentsﬁg andaa completed, the second step of the algorithmis to
calculateP and components through the system of equatiéns {9.52) that gives after simple
algebra the system below:

1 k k
@ = g (Ot P P (6549
T Etpw?
1 k k
PZ = W [Pza+ ﬁ)an_ i’Qxa:| (954b)
A
k
Qx = Qxa—u—z:)Pz (9.54.0)
k
Q = an—Fu—z)Pz (9.54.d)
k
B = an‘f‘ﬁ)Qz (9.54.e)
k
R = Pya—ﬁ)Qz (9.54.1)

This system[(9.54) needs to calculﬁeand@ components at the same time iteration%
and Q4 components. This is in contradiction with the traditional Yee’s scheme. Consequently,

the new @, 6) and (Ba, aa) fields will be calculated at timeAt and time(n+ %)At in order

to reach a stable numerical schema. To this end, each component is calculated twice in one
time iteration by introducing other intermediate components in the calculation program (see
referencel[34]).
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Stability criterion

As the transition to the nev — 6 domain, the stability criterion is also modified. Based on
the calculation of Kao [29, 30] and in the case of 3D uniform meshing, this later is expressed
as:

S
At ~ Ve —sir? ()

{Isin(B)-cos(¢)|+|sin(B) -sin(¢)|+

/32 —2.sir? (8) (1 [sin(¢) -cos(¢)|)} (9.55)

wherey; is the phase velocity of the incident wave andnd i are chosen to be the character-
istics of the less dense medium in the computational domain.

Let us note here that the time step decreases with the incidence ¢agié hence the
computational time becomes very long for large incidence angles. Nonetheless, the computa-
tional time is relatively acceptable up to an incidence angle &f 80

9.3.3 Absorbing boundary conditions: PML

The implementation of absorbing boundary conditions in the oblique case requires to make a
change of variables on the fields components in the PML medium similarly to the changes made
in the main computational grid [34]. Farandy periodic structure, only PML is needed in the
third direction ©2). In this case, the new fields components are defined as follows:

P = BEuu Ll gmikyy (9.56.a)
Quu = Hyy-e . gy (9.56.b)
P, = E,- e_ikXX . e_ikyy (956C)

wherev representx or y and 1 denotesx, y or z. E,;, andQ,, are the field components in

the classical PML shell corresponding to the components of the two fictitious waves resulting
from the split of the plane wave inside the PML (see section 1 of this chapter). For details of
implementing these PML at oblique incidence, the reader can referlto [34].

9.34 SFM-FDTD in dispersive media

For oblique incidence, and according to the two systems of equations (9.53) and (9.54), the
components that require particular treatment in the dispersive mediuBarg;a, Pra, Qz, Py,

P. andPR,. Direct calculation of these components by equatibns [9.53)[and (9.54) involves the
permittivity term which is frequency-dependent. In this section, we only show how to take into
account the media dispersion in FDTD obligque incidence in the case of the Drude critical points
model [3%]. The implementation details of the other of dispersion models by SFM-FDTD are
given in [36] for Debye model, and in [37] for both Drude and Drude-Lorentz models.
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Let us quote that equations (9153) for the calculatiorR@f Ra and P, are similar to
traditional Maxwell's equations. Accordingly, the calculation of these components in the dis-
persive medium will not require any further treatment compared to the normal incidence case.
Contrarily, equationg (9.54) for th@,, P,, P, andR, need a different way to be processed.

Pra, Praand Paimplementation: These three components are calculated in a similar way.
So let us take as an example only g calculation. By analogy with the normal incidence
case (equation 9.25), we introduced a new compobgntequivalent to théd, component in
the classical case) defined as:
Lxa= &0- €pcp- Pa (9.57)

Equation[(9.53.d) is therefore wrote as:

O0lya 0Q; JQy
— — 9.58
ot { dy 0z ( )
The discretization of this last equation allows us to calculaté_fh@ariable as follows:
At {
Ln+l — " = n el =t n N
Xa(.+% i.K) Xa(i+%.j.k) +Ay l Z(i+%.j+%,k) Qz<i+%.j%,k>:| +AZ [Qy(i+%,j,k%) Qy(i+%.j.k+%)
(9.59)
Analogically to equation$ (9.26), (9.2V.a) ahd (9.271k),can be expressed as follows:
p=2
Lxa = Lxap + Z Lxac, (9.60)
p=1
with:
wp
anD = 80[800 — W]an (961&)
L ApQ i e'® _p 9.61.b
xac, = EolAp p<Qp—w—irp+Qp+w+irp)] xa (9.61.b)

As before, after the inverse Fourier transforms and finite centred differences discretization of
different partial derivatives, we reach the updated equations for the comg&pent

1 Bo 4 o 1 AE0Ew
P)?Jl - p=2 LQ+1 LQGD + LQaD a_PQal_ ab P>?a
X_D_|_ Z (ﬁ)
ap = a
Bp |Ln=- 1 4 n s 5p —1
+ —Lya,) T Y (55)Px (9.62.a)
Z ap Xan ap Xacp le ap xa
l
L = a—D[—BDLQ — ALY, + XoPRa ' + OpPs t + 4€0€e P (9.62.b)
1
LQEJirclp = CI_[ Bpl—n 1+4anc "’XPPQal"i‘apPQa 1] (9.62.0)

Qz P, Pcand R, implementation: The calculation of the remaining compone@s P,
P andR, needs the introduction of other variables involving other equations. We consider as an
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example thé>, component for which implementation equations are detailed. Equétion (9.54.b)
involves the following one:

212
_|_
£-M;= > Qua— > Qxa ngy P, (9.63)
with:
Mz =P;—Psa (9.64)
By setting:
Ky k2 + k3
© Qya— — Qxa 7[»1002 P, (9.65)
equation|(9.63) becomes:
As considered above, tlig component can be expressed as:
p=2
p=1
with:
wp
Ty = w——5———|M 9.68.a
Vip) 80[8 w2+|yw] z ( )
T AsQ e Y 9.68.b
o = EolAp p(Qp—w—irp+Qp+w+irp)] ‘ (9.:68.)

Based on the inverse Fourier transforms of the equations (9.68) above, centered difference
approximations for the derivatives and taking into account the equafions (9.65), (9.67) and

(9.66), we get:

2 12
MFH-]. _ 1 k +k}’ I’H-l kXQn+1 QFH-]. BDTH 1+ 4 -I-n
z p=2 2,12 IJOJZ ap D
X_D+ Z (&) kx+ky
ap p=1 ap #
_@Mn—l_ 4€O£ooM + ZZ(Ban 1 + Z Mn 1 (9 69 a)
ap z ap z & ap Zcp .0Y.
1
T = a_D [—BoTh t — 4T, + XDMQ+1+5DMQ—1+45050°MQ] (9.69.b)
Tzrf]:tl = [ BoTz, LAty +XpMQ+1+5pM271] (9.69.c)
Pl — M';+1+P;;1 (9.69.d)

The equations to update tk, P, andR, components are obtained by the same process.
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Figure 9.16: Up: Transmission spectra at normal incidencerfaA structure made in silver film with different
thicknesses values (H). The geometrical parameters of the annular apertures-aré5rnm,; = 50 nm and

the period is fixed to & 300nm. Down: Electric field intensity distributions around the apertures showing the
interference patterns that take place inside them along the metal thickness direction. jpe&le the Tk

guided mode is excited at its cutoff wavelength so that the phase velocity tends to infinity and the effective index
falls to zero. In this case, EOT occurs whatever is the value of the thickness because the phase matching condition
is automatically fulfilled.

9.35 3D-SFM-FDTD application: EOT at oblique incidence through AAA structures

Let us recall the origin of the EOT through the AAA structure: as mentioned before, at normal
incidence it is only due to the excitation of the thEjuided mode inside each annular aperture.

In this case, the obtained EOT is angle and polarization-independent and its spectral position
corresponds to the cutoff wavelength of this guided mode. Consequently, it does not depends
either on the metal thickness even if some additional peaks appear in the transmission spectrum
when the thickness increases (see figurel9.16).

These peaks (named fiPm € O on figure[9.16) are Fabry-Perot harmonics of thgTE
mode that occur at fixed values of the wavelength fulfilling a phase matching condition:

ATE,(MIT— @) = ZHnLEf“H (9.70)

wherenlefll is the real part of the effective index of the guided mogeis the phase

362



F. Baida and A. Belkhir: Finite Difference Time Domain Methamt Erating Structures 9.29

r Y

Illumination !

Figure 9.17: Schematic of a classical annular aperture arrQp). . is the outer radius,iris the inner one, a is
the period and is the angle of incidence.

change induced by the reflection on the two ends of the annular apertukt igriie metallic

film thickness. At the cutoff, the effective index of the guided mode becomes very small leading

to a phase matching that does not depend on the metal thickness. Nevertheless, a small spectral
shift can appear between the cutoff value and the position of the transmission peak due to
@ # 0. This shift is clearly shown on all the spectra of figlre 9.16 but it seems to be more
important in the case of thicker plates (héte= 300 nm). In fact, the phasg can be seen

as the result of the conversion between the incident plane wave and the guide mode through
diffraction phenomenon that must depends on the metal thickness.

Let us now consider the case of oblique incidence (see figure 9.17): as mentioned before,
EOT can appear through the excitation of both theT&hd the TEM modes. In fact only
few papers have discussed on this made [38, 39] while its excitation conditions were recently
analytically derived reference [22].

Indeed, this later is only excited with the TM polarization component of the incident
beam. FDTD simulations in the case of both PEC (see figureé 9.18) and real dispersive metal
(figure 9 of reference [37, 40]) are done and demonstrate the occurrence of additional transmis-
sion peaks due to the excitation of the TEM guided mode. Nevertheless, others configurations
such as the Slanted AAA (SAAA), that was proposed first by S. Nosal and J.J. Greffet [41], also
demonstrate a possible excitation of the TEM mode for any incidence angle including normal

incidence.

Moreover, as for the TR mode, the spectral position of the TEM-transmission peaks
is driven by a similar phase matching condition given by equation 9.70. Nonetheless, the zero
harmonic (FB for m= 0) is now expelled to infinity and only higher orders correspond to a finite
value of the wavelength. In this case, the metal thickness becomes a very important parameter
that permits to adapt the transmission peak at a desired value of wavelength. Unluckily, only
relatively thick metal plates allow the excitation and the propagation of the TEM mode.

Nevertheless, even if the TEM mode is excited in oblique incidence with conventional
AAA (see figurd 9.20a) or at normal incidence through SAAA (figurel9.20b), the transmission
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Figure 9.18: Transmission spectra through AAA structure nmiageerfectly electric conductor and illuminated by

a TE (left) and TM (right) linearly polarized plane wave. As depicted on figuré ®.85d ¢ denote the incidence

and azimuthal angle respectively. The geometrical parameter of the AAA structure.area/B,r; = a/4 and

H = 2a (please see figufe 9J17 for notations). Two families of TEM peak are pointed out using two white vertical
rectangles. The right one corresponds here to the first Fabry-Perot harmonic and the left one frames the second
harmonic. Note that other higher harmonics also occur at smaller wavelength values.
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Figure 9.19: Real part f; and log,g of the imaginary part fe¢¢ of the effective index associated with the TEM-

like mode of an infinite coaxial waveguide as a function of the outer radiughe inner radius is set tq & 65nm
and the working wavelength is= 1550nm.

efficiency remains very weak with regard to the;TEnode. This is essentially due to metal
losses. In fact, and as it can be shown in figurel9.19, the imaginary part of the effective index of
the TEM-like guided mode is fairly consistent and can not be negligible.

Fortunately, another solution that is currently used in the radio-frequency domain to in-
crease the impedance adaptation between a coaxial antenna and the vacuum can be envisaged to
enhance the transmission coefficient: it consists in stretching out the central metallic part of the
coaxial waveguide with respect to the outside electrode. This configuration was implicitly pro-
posed in referencé [42] to achieve 90% light transmission thanks to the excitation of the TEM
mode. This kind of structure design and fabrication is readily achievable at radio frequencies.
Unfortunately, this becomes more difficult in the visible range but remains possible through
manufacturing process having nanometric resolution such as new generation of Focused lon
Beam.
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Figure 9.20: Zero-order transmission spectra for three défe AAA configurations where outer and inner radii

are fixed to g = 130nm and r = 65nm respectively. (a) Conventional structure illuminated st (metal thickness

of h=495nm). (b) SAAA with tilt angle &5° with respect to the vertical direction. The thickness of the metallic

film (h=430nm) is chosen in order to get a TEM peak transmissioA at 1550nm. (c) SAAA structure with

inner metallic parts that stretch out from the metallic film over a distaneeB® nm. This allows increasing of the
impedance matching between the in- and out-coming plane waves with the TEM guided mode inside the apertures.
The metal thickness is also adjusted to in order to get a TEM peak=afil550nm with a transmission efficiency

of 48%
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9.4 Conclusion

The FDTD is a powerful tool to model periodic and aperiodic structures. The time evolution
of the electromagnetic field is directly evaluated and allows to follow the light propagation
inside and around the studied structure. The SFM technique extends the FDTD capabilities
to treat the diffraction problem for any incidence angle or any polarization. The integration of
dispersion models such as Drude critical point allows accurate simulations that take into account
the effective dispersion of noble metals in the considered spectral range especially in the visible
domain. Nevertheless, the number of electromagnetic field components grows rapidly and can
be larger than 100 in some particular cases (in the PML region with Drude-Lorentz dispersion
model for instance). In spite of all these criticisms, the FDTD is actually one of the most used
method to model experiments in Nano-Optics as attested by the number of publications in this
area.
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10.1 Introduction

Exact modal method (EMM) has been proposed to take advantage of geometry of lamellar grat-
ings. These gratings are made of rectangular rods periodically spaced which can be considered
locally as periodic multilayered stacks (see figure 10.1). This simple geometry makes it possible
to expand the electromagnetic field on the basis of “exact modes”, and to obtain an exact rep-
resentation of the permittivity. In this particular case, EMM can be more efficient than similar
methods based on Fourier expansion (coupled-wave method [1] or Fourier modal method [2, 3])
which may lead to poor convergence due to the discontinuous nature of both electromagnetic
field and permittivity. This advantage of EMM becomes more important when the permittivity
contrast is high, e.g. for metallic lamellar gratings.

vacuum (air) I
LT E—

substrate

Figure 10.1: A lamellar grating made of a single lamellar layer on a substrate. The region cor-
responding to the lamellar layer, between the planes x3 = 0 and x3 = h, can be considered as the
multilayered stack on the left.

Exact modal method has been introduced in 1981 in order to solve Maxwell’s equations in
presence of lamellar gratings made of dielectrics [4] and metals [5, 6, 7]. Since these pioneering
works, a major contribution to this method is certainly its rigorous extension to conical mount-
ings [8], on which is based an EMM for three-dimensional woodpile structures [9]. Another
major development is the introduction of perfectly matched layers in order to model aperiodic
systems met in integrated optics [10] (information can be found on the website of CAMFR).

In this chapter, a rigorous formulation of the exact modal method for lamellar structures is
presented. In section 10.3, a special attention is paid to the continuation of the electromagnetic
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field inside a lamellar layer. In combination with the boundary conditions, this continuation
provides a large class of solutions of Maxwell’s equations in presence of lamellar gratings. In
section 10.4, it is shown that, in each lamellar layer, there is a decoupling of the vector field
equations into two independent scalar equations, which correspond to the ones of a multilayered
stack (see figure 10.1). Numerical stacking algorithms are presented in section 10.5 and a
numerical illustration of the EMM efficiency is proposed in section 10.6. Finally, the techniques
used for the calculation of the exact modes and the associated exact eigenvalues are reported in
the appendix (section 10.7).

Note that the important extensions to woodpile structures [9] and to lamellar gratings
including infinitely conducting metal [11] are not considered in this book chapter. These cases
will be however included in the next version.

10.2 Notations

Throughout this chapter an orthonormal basis (e}, ez, e3) is used: every vector x in R3 is de-
scribed by its three components x1, xo» and x3. It is shown how to obtain in the presence of a
stack of lamellar layers, a large class of solutions E of the Helmholtz equation

(0> —e 'Vxu 'Vx]E=0, (10.1)

where € is the permittivity,  is the permeability, o is the frequency and V X is the curl operator.
All the media considered in this chapter are isotropic, and thus the permittivity and permeability
reduce to scalar functions. The considered structure is independent of the variable x;, and x;-
periodic with spatial period d = de:

e(x+d)=¢(x)=€e(x,x3), px+d) =px)=ulx,x), xR (10.2)

The unit cell associated with this grating is [0, d] and the one-dimensional lattice is { nd ] ne Z}.
Then, a lamellar grating is a stack in the direction x3 of lamellar layers where € and | are both
functions of the single variable x| (figure 10.2). In practice, each lamellar layer is made of
infinite parallel rods with rectangular cross section (figure 10.2): the functions € and u are
piecewise constant of the solely variable x;.

A X3

X1

Figure 10.2: A lamellar grating made of a single lamellar layer on a substrate.

In order to obtain a set of first order differential equations from (10.1) a second field is
defined:
H=(op) 'VXE. (10.3)

Note that this quantity differs from the usual “harmonic H field” by the complex number i.
Solutions E, H are investigated in the space of fields whose restrictions in every horizontal
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plane (normal to e3) are square integrable:
/2 |F(x1,20,03)"dxidxy <o,  x3€R, (10.4)
R

where F = E H.

The first consequence of (10.4) is the possibility to perform a decomposition of the prob-
lem to take advantage of the spatial invariances of the system: a Fourier decomposition with
respect to the variable x;,

-~ 1
F— F(xl,kz,X3) = g/ eXp[—ikzxz]F(xl,XQ,X3)dX2, (10.5)
R
and a Floquet-Bloch decomposition with respect to the variable xi,
~ - 1 N
F— F(kl,xl,kz,x3)ﬁ Y exp[—ikind|F (x; + pd,k,x3), (10.6)
nel

where k; is the Bloch wave vector in the first Brillouin zone [—7/d, 7 /d]. Thus solutions E, H
satisfy

/ !F(kl,xl,kz,%)}zdxl <oo,  xp,k,x3 €R, (10.7)
[—ﬂ'/dﬂl,'/d]
with the partial Bloch boundary condition

F(kl,xl +d,k2,X3) = exp[ikld]ﬁ(kl,xl,kz,xg), (10.8)

where k; is fixed in [-7/d, 7 /d].

The second consequence of (10.4) [or (10.7)] is that the restrictions to every horizontal
plane of V x E and V x H are also locally square integrable [from (10.1,10.3)]. Then, for all
i,j=1,2,3 and i # j, E; and H; are continuous functions of the variable x;. In particular, the
tangential components E|, E>, H; and H, of E and H are continuous functions of the variable
x3. It follows that it is possible to solve Maxwell’s equations in a stack of layers by the following
two steps: the first step consists in solving Maxwell’s equations in each layer independently and
then the second step consists in connecting each independent solution using the continuity of
E], Ez, H1 and Hz.

With the definition (10.3), equation (10.1) is equivalent to the set of first order equations

E=(we) 'VxH, H=(ou) 'VXE. (10.9)
Let the 2 x 2 matrix ¢ and the two-components vector F;; defined by
| 0H _ [ E _
G—w[g 0], FJ—{ﬁj}, j=1,2,3. (10.10)

Then, the first order equations (10.9) can be developed as
Fi=0"'[hF;— k],
F,=0"1[0;F — o\ F3], (10.11)
F=0"'[01Fh—dF],

where 0; is the partial derivative with respect to the variable x; (j = 1,2,3). This last set of
equations is exactly the same as (10.9) and, with some abuse of notations, it can written in the
compact way F = 67!V x F, with F = (F|, >, F).
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10.3 Continuation of the electromagnetic field

In this section two different formulations are presented to solve the equation F = 6~ 'V x F
in a lamellar layer located between the planes x3 = 0 and x3 = h. In practice, this solution is
expressed as a relationship between F(0) and F (k). Note that the formulations presented in this
section remain valid in the general case of cross gratings with two-dimensional periodicity [2].

10.3.1 Direct formulation: the transfer matrix

The starting point is the set of equations (10.11). Eliminating the components F3, one obtains

(10.12)

93F=1MF F = |: Fl :| M:—l|: _816_182 6—1—916_181

F —6—8267182 (92(77181

For a lamellar layer located between the planes x3 = 0 and x3 = & (see figure 10.1), the functions
€ and pu are x3-independent for x3 in [0,4]: then the matrix ¢ and the operator-valued matrix
M are also x3-independant for x3 in [0,4]. Let L be the x3-independant operator valued matrix
which coincides with M in this single layer:

L=M(x3), x3€l0,h]. (10.13)

In a first step, it is assumed that (see the end of section 10.4 for a justification) the matrix L has
a diagonal form and can be written as

L=vaAvVl, (10.14)

where the matrix V contains the eigenvectors V4 , of L, and A is the diagonal matrix made of
the associated eigenvalues A+
LVyp=At ) Vinp. (10.15)

The sets of eigenvectors and eigenvalues are split into two parts according to the sign of the
imaginary part of Ay ,: ImA, , > 0 and ImA_ , < 0. Let A, (respectively A_) be the diagonal
matrices containing the eigenvalues A, , > 0 of L (respectively A_ , > 0): then

A:{é” 101, ImA, >0, ImA_ <0. (10.16)

This last condition on the imaginary part of eigenvalues is always realized if there is some
absorption, i.e. Imo > 0, or if a small positive imaginary part is added to the frequency @ (in
the later case the limit @ = lim;, |o(@+-in) is considered [12, 13]). The combination of (10.12)
and (10.13) leads to the equation

83F(X3) = iLF<X3), X3 € [O,//l] , (10.17)

where the dependence on other variables has been omitted. Since L is x3-independent, the
“formal” solution of this equation is just

F(x3) = expliLx3]F(0), x3 € [0,h]. (10.18)
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This solution is denominated by “formal” since, at this stage, it is still necessary to check if it
exists. Using the diagonal form (10.14) of the operator L, the expression (10.18) becomes

F(x3) = Vexplilx3]VIF(0). (10.19)

Actually, the diagonal matrix exp[iAx3] is made of the two parts exp[iA+x3] which have different
behaviour. From (10.16), the part exp[iA,x3] is bounded by exp|—ImA. x3] < 1. On the contrary,
the part exp[iA_x3] is not bounded and, in general, the corresponding coefficients are growing
towards infinity like exponential functions. Consequently, the transfer matrix 7' (x3) defined by

F(x3) =T(x3)F(0),  T(x3)=Vexplidxs]V !, (10.20)

has “infinite” coefficients and thus expressions like (10.18), (10.19) and (10.20) have to be
considered as purely “formal” and have to be handled cautiously. Numerically, the transfer
matrix is truncated and, because its coefficients tend to infinity like exponential functions, it
presents numerical instabilities which makes it difficult to use it. A numerical solution has been
found to solve this problem with the definition of the S- and R-algorithms [14] (see section 10.5
for the numerical solution in the present case).

Finally, notice that the transfer matrix is occasionally derived from the matrix L? instead
of L. Indeed, the assumption (10.14) on the diagonal form of L might be too strong and not
rigorously true. According to notations (10.14), we denote by V and A2 the matrices containing
the eigenvectors and eigenvalues of L*:

L>=viv-l. (10.21)
In that case, it used that equations (10.12) and (10.13) imply
0IF = —L*F,  x3€l0,h]. (10.22)
The combination of the two last equations leads to
F(x3) = Vcos[Ax3]V'F(0) + VA~ sin[Axs ]V~ (35F)(0). (10.23)

Replacing (d:3F)(0) by iLF(0), one obtains for the transfer matrix the following “formal” ex-
pression
T(x3) =V cos[Ax3]V 1 +iVA~ Lsin[Ax3]V L. (10.24)

This equation is not “formally” equivalent to the first expression (10.20) derived from L. This
equivalence requires the assumption (10.14) to become true, so that L can be replaced by VAV ~!
above (and next the formal identity cos[Ax3] +isin[Ax3] = exp[idx3] has to be used).

10.3.2 Rigorous derivation of the continuation procedure

A rigorous formulation is based on the use of the Fourier transform with respect to the variable
x3 defined by

1
FIFI(ks) = 5= /R exp|—ikyx3] F (x3) doxs (10.25)

The function F is then deduced from its Fourier transform .% [F] by

Flxs) = /R expliksxs) Z[F] (k3) dks . (10.26)
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It is not suitable to perform directly the Fourier transform of the equation (10.12) since the
matrix ¢ (and then M) is not independent of x3 in R. However, if equation (10.12) is multiplied
by the characteristic function ¥ of the lamellar layer [so W(x3) = 1 for x3 in [0, 4] and vanishes
otherwise], then

W(x3)hF (x3) = W (x3)iM F(x3) =W (x3)iLF (x3) = iLW(x3)F (x3). (10.27)

After this multiplication, a partial differential equation with the x3-independent matrix L is
obtained. The Fourier transform (10.25) of W5 F is

1
FPHF|(ks) =5 /}R exp|—iksx3] W (x3)95F (x3) ducs
h
_ % /0 exp[—iksxs] 95 F (x3) doxs (10.28)

- % { exp[—iksh|F (h) — F(0) } +iks.Z [¥F](ks),

where the last line comes from an integration by parts. After this Fourier transform, equation
(10.27) becomes

% {expl—iksh]F(h) — F(0)} + iks F [¥F)(ks) = iLF [WF) (k) (10.29)

or
(ks — L].Z [¥F](k3) = ﬁ {F(0) — exp[—iksh]F(h)} . (10.30)

The operator [k3 — L} is always invertible if there is some absorption, i.e. Imo > 0, or if the
limit @ = limy |o(@ +in) is considered (see [12, 13], this is equivalent to the property (10.16)
on the eigenvalues A since k3 is purely real). Hence it is possible to write

1 1

F|WF](k3) = 2t ks L

{F(0) —exp[—iksh]F (h)}, (10.31)

The final step is to apply the inverse Fourier transform (10.26): for x3 in [0, 4],

¥ (x3)F (x3) = ﬁ { /R expik3oxs] ks Ld’%} F(0) (1032)
_ ﬁ {/Rexp[ilq()@ —h)] k31—Ldk3} F(h).

Again, it is assumed that the operator L can be written L = VAV~! (10.14). Replacing the
matrix L by its diagonal form, the last expression becomes

1 1
WP () = oV | [ expliton] L aia| v F(0) .

— ﬁv {/Rexp[ilg(m —h)] P l_l dks} VF(h).

The integrations above are performed by adding to the real axis of k3 a semi-circle with infinite
radius (in the complex plane of k3) on which the integrals vanish. For the first term with F(0),
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the complex number k3 must have positive imaginary part (x3 is positive), so that the real axis is
closed by a semi-circle in the upper half plane (see the red path on figure 10.3). In this case, the
solely eigenvalues contained in A, generate contributions in the integral. For the second term
with F(h), the complex number k3 must have negative imaginary part (x3 — & is negative), so
that the real axis is closed by a semi-circle in the lower half plane (see the blue path on figure
10.3). Here, the integral is given by the eigenvalues contained in A_. Let Py be the projectors

\ Im(k';)

expliksxs] — 0

Re(k3)

CXp[ikg ()C3 — h)} —0

Figure 10.3: Integration in the complex plane of k.

upon the spaces corresponding respectively to eigenvalues A :

(A0 “Jo o
P+?L—[O 0}, P_l_{ol}. (10.34)

Then, after the integration over k3, expression (10.33) yields
P (x3)F (x3) = V Py explidixs] V7 F(0) +V P_ explid—(x3 —h)| V' F(h). (10.35)

This expression is always well defined since the integration in the complex plane of k3 imposes
that all the complex exponential functions decrease:

| explidexs]|| <1, | explil-(x3—h)]|| < 1. (10.36)

Considering the rigorous expression (10.35) at x3 = 0 and x3 = & and using that P_ + Py is the
identity, one obtains

VP_V-IF(0) =V P_exp[—il_h|V~'F(h),

(10.37)
VP, V-F(h) =V P, expliA h|V~'F(0).

These two relationships provides a rigorous way to deduce F(0) from F (k) and conversely.

As in the previous section, the continuation procedure is also derived from the diagonal
form (10.21) of L. Equation (10.22) is multiplied by W(x3) to provide an expression similar to
(10.27)

W(x3)05F (x3) = —L>W(x3)F (x3). (10.38)
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Then, the Fourier transform (10.25) is applied to this equation. Using that
1
FIPRFV(ka) =5 [ expl—ikans ] (xs) 9FF (x3) d
R
1
= —I3.F|YF](k3) + ik { exp[—iksh]F (h) —F(0)} (10.39)

+% { exp[—ik3h) (3sF ) (h) — (35F)(0)},

and replacing (d3F)(x3) by iLF (x3), equation (10.38) implies

F|YF|(ks) = ﬁ 2 iLZ ks {F(O) —eXp[—ik3h]F(h)}
Lo (10.40)
= 3w 123 LF(0) —expl—kshlLE (1)}

Next, the inverse Fourier transform (10.26) is performed for x3 in [0, 4] and the diagonal form
(10.21) is used:

W(x3) F (x3) %v /R kgliﬁ {expliksxs]V 1 F(0) — expliks(x3 — MV F(h) }dxs

1 1
+ oV /R e {expliksxs]V ™' LF (0) — expliks (x3 — 1)V~ LF () }dxs.

(10.41)
Again, the integrations above are calculated by adding to the real axis of k3 a semi-circle with
infinite radius (in the complex plane of k3) on which the integrals vanish. Without loss of
generality, it is considered that the square root of the eigenvalues in A2 have non-zero imaginary
part: let VA2 be the square root of A2 with positive imaginary part. For the terms with F (0),
the real axis is closed by a semi-circle in the upper half plane, and the eigenvalues with positive
imaginary part VA2 lead to contributions in the integrals. For the terms with F (%), the real axis
is closed by a semi-circle in the lower half plane, and the integrals are given by the eigenvalues
with negative imaginary part, i.e. —+/22. Calculations of integrals over k3 lead to

W (x3)F (x3) = vl exp[im)@]v*F(o) +v% exp[—iVA2(x3 — h)]V~'F(h)

exp[iVA2x3]VILF(0) -V exp[—iVA2(x3 —h)]V'LF(h).

(10.42)

+V

1
2x//l_ 2V/A2

This equation is evaluated at x3 = 0 and x3 = h:

F(0) = vexp[i\/ﬁh]v—lF(h)+VLV—1LF(0)—v exp[iVAZhV ILF (h),

\//l_
exp[iVA2R)V ~LF(0) — VLV—lLF(h).
\//l_ . (10.43)

Thanks to the technique based on the Fourier transform, all the exponential functions in these
expressions must be well-defined. Indeed, the imaginary part of VAZ is positive and all the
exponential functions decrease. Equations (10.43) will be used to construct a stable numerical
algorithm to stack several lamellar layers.

VA2
F(h) = V exp[ivVAZRV'F(0) +V
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10.4 Exact eigenmodes and eigenvalues method

The different solutions (10.20), (10.24, (10.37) and (10.43), established in the previous section,
are provided from the knowledge of the sets of eigenmodes and eigenvalues of the operator L
(or L?). In this section, it is shown how these eigenmodes V- , and eigenvalues A , of L can be
exactly determined in a lamellar layer located between the planes x = 0 and x3 = h. The starting
point is equation (10.17):

xF =iLF, L=M(x3), x3€][0,h]. (10.44)

Let €1, u1 and o7 be the functions which coincide with respectively €, it and ¢ in the considered
lamellar layer for x3 in [0,%]. In the considered lamellar layer, they are functions of the solely
variable x| (see figure 10.2):

&1 (xl) = 8()61,)63), /.L](X1> = [.L(xl,X3), (o] (X]) = G(Xl,X3), X3 € [O,h]. (10.45)

According to expression (10.12), the operator L is now

} —816_182 (o] —}-816_181
L= — 1 1 10.46
: —0] —achfl&z 820f181 ’ ( )
and its square is
2 —612 —816f18161 — 61826f182 Glaszlal —816f18261
L = — -1 1 2 1 1 . (1047)
618161 82 — 8261 8161 —O; — 8261 82(71 — 618161 81
Since the matrix o7 is xp-independent, the equality 6100, =9, = o, 19,061 holds, and the
expression above becomes
;2 | ot +95+aio; 9o 0 (10.48)
- 826f1&161—61816f1&2 612—|—822+(71816;1&1 ' ’

This expression shows that the components F; can be decoupled from the components F, in the
lamellar layer. Indeed, it implies

0iF = —KF, K=o0{+0di+do'do0. (10.49)
Moreover, each component of F, i.e. E; and Hy, can be also decoupled since the operator K is
diagonal:
| Kg 0
K= { 0 Ky, 1 , (10.50)
where

K, =w2811~L1+922+9181_13181, (10.51)
Ky, = @&y + 07 + o1y "o .
Here, it is important to notice that the two operators K¢, and K;;, correspond to the ones of a one-
dimensional multilayered stack for respectively p- and s-polarization. This makes it possible
to calculate the exact eigenmodes and eigenvalues of K¢ and K, (see appendix) and thus
the ones of K. Thus the continuation procedure presented in section 10.3.2 can be applied to
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equation (10.49). It provides relationships between the fields F;(0), F (k) and their derivative
with respect to x3, i.e. [03F1](0) and [d3F1](h) (it is recalled that d3F = iLF in section 10.3.2).

To complete the derivation of the method, it is necessary to express the component F, of
the field from F| and o3 F;. A starting relationship is obtained from (10.44) and (10.47):

03F) = =010, ' F| + [0+ d10] ' 9| F>. (10.52)
This equation is equivalent to

[1 +810'1_18161_]] o b =k +8161_182F1 . (10.53)

Here, it is remarked that the operator [1+d; 0, 9,0, '] is invertible since it equals [K — 93] o, >

where o] is invertible as well as [K — 822] (eigenvalues of K have non-zero imaginary part).
Moreover, the operator [1 400, o, (o 1] commutes with d3, d» and di 0, I hence

1 1

Kk +
1+ 910, 010, . 1+00; 910,

— ! K F + o 0! ! F, 10.54
I+or0 oo T2 T 06 a0 (1054
1 1
2
=0 K F|+ oo Fi.
' 62400, 910 R 1612+3161_13161 :

o lh = 18161_](92}71

After the Fourier decomposition with respect to the variable x;, the operator d, becomes ik.
Then, the inverse operator above is expressed using the diagonal form K = VA2V ™!, and the
component F> becomes

v IR, (10.55)

1
h=0oV 2V 83F1—|—lk261 alle

1
A2+ k3 A2+ k3

Finally, it is stressed that the coefficients of the operators 61V and o, 181 o,V above can be
calculated exactly from the knowledge of the exact eigenmodes. Indeed, the technique pre-

sented in appendix shows that the determination of the eigenmodes @, lies on the calculations
of functions 01¢, and o, 181 01¢,,. The final expression of F, in terms of F; and d3F) is then

1
B=U-———V 1F +ikhW—
2 l+k2 35+ iko

——V'R, U=oV, W=o'doV.
(10.56)

To conclude this section, it has been shown that the field components Fy, d;F; and F> can
be expressed exactly in a lamellar layer: F} and osF; are provided by equations (10.42) and
(10.43) (where F — F|, LF — —iosF}, and K = VA2V~ B is given by equation (10.56).
These expressions are based on the knowledge of the eigenvectors V of K, the eigenvalues A2
of K and the operators U = 61V and W = o 181 o1V. All these quantities can be calculated
exactly, as shown in appendix.

Finally, it is stressed that the propagation constants inside the lamellar layer are the square
roots of the eigenvalues of the operator K, i.e. +v/A2. If there is some absorption, i.e. Imo > 0,
or if a small positive imaginary part is added to the frequency @ (the limit @ = lim; jo(@ + i)
is considered [12, 13]), the eigenvalues A2 of K cannot be purely real. It follows that the
propagation constants +1/A2 have non zero imaginary parts and, moreover, the half of them
(+v/A2) have strictly positive imaginary part and the second half of them (—V/A2) have strictly
negative imaginary part. In this case, the assumption (10.16) on the eigenvalues of L is well
justified.

1
7L+k
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10.5 Numerical algorithm

A general solution for numerical algorithm has been proposed by L. Li in the case of modal
methods of gratings [3]. This solution is based on the definition of S or R matrices which are
well-conditioned.

10.5.1 R matrix for a single lamellar layer

In this section, the expression of a R matrix associated with a lamellar layer is established: it is

defined by the relationship
F1(0) ] _ [Fz(o) }
{ Fi(h) =R B | (10.57)

First, equation (10.43) is used to provide an expression of the solution of (10.49):

o Lo 1
Fi(0) =V exp[ivVA2hV~F (h) = —lVﬁV L3 F (0) +iV — V¥ exp[iVA2hV 1 93F (h),
1 1
—1 _ . 2 —1 . —1
F( ) Vexp[v h] Fl( ) 1Vmexp[zv), /’l]V 83F1(0)—|-ZV—\/)7V 83F1(h).
(10.58)
This set of equations is written using 2 X 2 matrices:
F(0) d3F1(0) }
A =B , 10.59
A | =2 Bain (1939
where
1 —V explivVA2h|V!
A= 10.60
—V explivVA2hV ! 1 ( )
and { 1
—iV—V! iV exp[ivVA2hV !
V2 V2
B= 1/1 A | . (10.61)
—iV exp[iVA2h]V ! iV—=v"!
vz SR N
Next, from (10.56), the field 05 F is related to F; and F> from
O3F = —ikoV [Az+k§]U’1W/12—Jrl€2V’1F1 +VIA 4+ BU R, (10.62)
2
Defining the two matrices
1
—ikyV A2+ IBUT W v 0
) A2+ k2
C= 2 . 1 (10.63)
. 71 —
0 —ik)V [A7+5|U W/12+k%V
and
VA2 +i3|U™! 0
D— , (10.64)
0 VIA2+KBUu!
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the relationship (10.59) becomes

F1(0) F1(0) F(0)
A =BC +BD . 10.65
i | 5| R 20 (10:69
Finally, according to the definition (10.57), the R matrix is given by

1
R =
A—BC

BD. (10.66)

It is stressed that the R matrix is numerically stable. Indeed, exponential functions always
have arguments such that they decrease and, when inverted, they are always added to well-
conditioned functions. For example, in the matrix [A — BC|, one can check that the diagonal
blocs are well-conditioned since they do not contain any exponential function, while the off-
diagonal blocs decrease exponentially. When inverted, this matrix will have the same behaviour
with well-conditioned diagonal blocs and exponentially decreasing off-diagonal blocs.

10.5.2 R matrix for a stack of lamellar layers

Here, a system made of two lamellar layers is considered. The first layer is located between the

planes x3 = —h; and x3 = 0, and the second layer between the planes x3 = 0 and x3 = h;. Let
R and R, be the R matrices associated with these layers:
Fi(—hp) F(—hy) F1(0) F>(0)
=R , =R ) 10.67
{ F(0) | R0) Fi(hy) 2| B(h) ( )

Then, the R matrix associated with the stack of the two layers is determined by eliminating the
components Fi(0) and F>(0) in the equations above. Denoting by Ry ;; and R ;; (i, j = 1,2) the
blocs of Ry and R,,

Ryt Rz Ry11 Ro 2
R = | 120 Ry = | 2 12 10.68
: [ Ri21 Ri 2 Ry21 Ry ( )

the expression of R is given by

R= R ’ Rz =R . (10.69)

—R> 1 Ri 21 Ry —Ro 1 Ry 12

Ri20—Ro 11 Ri2—Ro 11

Again, one can check that the algorithm is stable since the only inverted blocs are the diagonal

ones, which are well-conditioned.

10.6 Numerical application

A simple numerical example is considered to put the exact modal method to the test. The
structure is made of a set of rectangular rods with dielectric constant &; ; /€ = 12.96 (cor-
responding to the index 3.6 of Si at optical wavelengths), width wy; = 0.284 and height
h=d/(2v/2), where d is the spatial period of the grating (see figure 10.4). This lamellar grating
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A x3
6'| o
A [T
| d |
P | >
0, Ho R T SN (I

Figure 10.4: The considered structure for the numerical example: a single layer made of rectangular
rods.

is illuminated by a plane wave with an incident angle 8’ = 45°. The oscillating frequency is
o =2m/(d\/€Mo), which corresponds to a wavelength equal to the spatial period d. The effi-
ciency diffracted in the order zero, i.e. at the reflected angle 8” = 0 = 45° is calculated for both
s and p-polarizations which correspond respectively to the electric and magnetic fields reduced
to a single component along the invariance axis x;. Each component of the electromagnetic field
is described by a finite number (2n+ 1) of exact modes. Reflected efficiency in the order zero
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Figure 10.5: Efficiency in the zero order for s-polarization (left panel) and p-polarization (right
panel).

for different values of the number of exact modes (2n+ 1) is represented on figure 10.5. These
curves show that these efficiencies differ from their converged value with less than one percent
from (2n+ 1) = 7 in s-polarization and (2n+ 1) =5 in p-polarization (the converged values are
respectively 0.7323 and 0.9487 in s and p polarizations). This convergence is found to be faster
than in the case of the modal method with Fourier basis [2] where an error smaller than one
percent is obtained from (2n+ 1) = 17 and (2n+ 1) =27 in s and p polarizations respectively
(the method [2] contains all the techniques to improve the convergence of the truncated Fourier
series [15]). This improvement of the convergence resulting from the use of the exact modes
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becomes a significant advantage when three dimensional woodpile structures are considered [9]
(the total number of modes (2 + 1)? can be reduced by a factor of 10).

10.7 Appendix. Calculation of the exact modes and eigenvalues

It is shown here how to determine exactly the eigenvalues and the eigenfunctions of the operator
K associated with a lamellar layer in a very general case. An analogous reasoning provides the
ones of the operator associated with the others lamellar layers.

From the expression (10.50), every eigenvalue A, of the operator K is either an eigenvalue
of K¢, or Ky, So, it is sufficient to determine the set of eigenvalues {Ay, ,|n € N} associated
with the set of eigenfunctions { ¢y, , |n € N} of the scalar operator Ky,, with v = € or v| = ;.

10.7.1 The equation satisfied by the exact eigenvalues

From the expression (10.50), the operator Ky, is the sum of ®’¢, i, + 9, v, '9,v, and 93: the
first part is an operator of the single variable x; and the second part is an operator of the single
variable x,. Thus, we can perform a variable separation: every eigenfunction of Ly, can be
written

Oy, n(x1,x2) = ¢r$11)(x1) (prEgZ) (x2) ny,ny €N, (10.70)

where (]),511 ) and (;),522 ) are respectively eigenfunctions of the first and second operators which
constitute Ly, .

In the case of a lamellar grating which is invariant in the direction x», this direction of
invariance is considered using the Fourier decomposition (10.5). Thus the eigenfunction of 822
is just

01 (x2) = explikoxs] k2 €R, (10.71)

and the integer n; plays no role (integer n will be simply 7n1). In the case of woodpile crystals,
it is easy to verify that the plane-wave

¢;522 ) (x2) =exp{ilka +27mp(n2)/dalx2/dr}  p(ma) €Z (10.72)

is an eigenfunction of the operator 822 and satisfies the partial Bloch boundary condition (10.8)

adapted for the variable x,. Let A,(é) be the associated eigenvalue. Then, from (10.71,10.72),

AP = (ks + 2710g(n2) /)2 (10.73)

Note that, for lamellar gratings and eigenfunctions (10.71), the integer g(n,) is set to zero.
The x;-dependency of the eigenfunction (10.70) is determined using the usual transfer

matrix [16, 17, 18]. Let /I,E} ) be the eigenvalue associated with ¢,§f ):
(021, + 0y v oy v o) = Al g (10.74)

In order to obtain a set of first order differential equations, the following column vector is

introduced 1
Vi9n ] . (10.75)

F”l = _ 1
Vi 181v1¢>,$1)
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Note that, from equation (10.74), the two components of this vector are continuous functions.
Now, suppose that the unit cell of the considered lamellar layer is made of J rods of width wy ;,
permittivity £ ; and permeability u, ;, j =1,2,---,J (figure 10.6): we denote by v ; the value

A3

d |

Wil W12 W13,

+—> | —> | —>|

X1

Y

———
Vii Vig Vi3 Vi =&, l

Figure 10.6: A layer made of three rods per unit cell (J = 3): the three rods have width w1 j,
permittivity € j and permeability |y j, j=1,2,3.

of the function v; in the rod j, j = 1,2,---,J. Then, from equation (10.74), the vector (10.75)
satisfies [18]

Foy(d) = Ty (A F, (0, (10.76)
where
T\(A) =T g(A) T g-1(A) - Ti1(A), (10.77)
Tj(A) = Py j(Aw ) (10.78)
B Lsi .
P j(Aw) = [ Cos(fl"’w), VP sin(By, ) , (10.79)
—vLjﬁLj sm(ﬁLjW) cos([)’lvjw)

Brj= w281,jﬂ1,j —A =12, ,J. (10.80)

Note that the four elements of each matrix 77 ; only depend on [312 .- the expression (10.79)
is independent of the definition of the square root (10.80). In addition to (10.76), the vector
(10.75) has to satisty the partial Bloch boundary condition (10.8) for the variable x;:

Fy, (d) = explikid]Fy, (0). (10.81)

The combination of (10.76) and (10.81) implies that exp[ik;d] is an eigenvalue of the matrix
Ti (A,SP ): the equation

det {T} (AY) —explikid]} = 0 (10.82)

determines the eigenvalues AS,II). This last equation can be simplified using the fact that det7; =

1 (since, from (10.78), detT| ; =1, j=1,2,--- ,J): if explikid] is an eigenvalue of T}, then
exp[—ikid] is also. Thus, the equation (10.82) is equivalent to

Ty (AY) = 2coskid] =0, (10.83)
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where tr7] is the trace of matrix 77. Once the eigenvalues A,g]l) are determined from (10.83),
the associated eigenvectors (]),511 ) are also obtained using the transfer matrix [17]: firstly, the
eigenvector Fy, (0) in C? (associated with the eigenvalue explik;d]) of the matrix T (Aﬁ,ll)) is

determined; secondly, the expression of ¢,£ll ) in the rod Jj can be deduced from

1
Fnl (xl) = Pl,j (AI(’ll)u-xl _xl,j)Fnl (-xl,jfl)a (1084)
where 4
J
x10=0, xij=Y wg Jj=12,--J. (10.85)
q=1

Finally the eigenvalues of the operator Ky, are
Y S S (10.86)

whose the two parts are respectively given by (10.83) and (10.73), and the expression of associ-
ated eigenvectors is (10.70) whose the two parts are respectively given by (10.84) and (10.72).
Concerning the functions of the operators U = o1V and W = & 181 o1V used in section 10.4
[see equation (10.56)], they are equal to the functions

o) )0 (), (vt aviol)) () 942 (x2) (10.87)

where ny and n, are in N, the expression of v, ¢,§1” and v 181v1 ¢,§}) in the rod j can be deduced
from (10.75,10.84) and the expression of ¢\° is given by (10.72).

10.7.2 Real eigenvalues
Here, we suppose that the permittivity and permeability are real positive functions:
Sl(xl)ER, 8+>81(X1)>0; ,ul(xl)E]R, /,L+>,u1(x1)>0. (10.88)

Under these conditions, the operator Ky, is selfadjoint and its eigenvalues are real when the
following inner product is used:

1 d
(¢,w)—>3/0 Vi(x1) @ (x1)w(xg)dxy . (10.89)

The only difficulty in the numerical determination of the eigenvalues (10.86) is to find the real
(1)

numbers A,,’ which satisfy the transcendental equation (10.83).
Since the numbers ASIP are eigenvalues of the operator w?g, i, + 9, v; 19, v, < w’e .y,
these numbers are on the semi-axis (—oo, ®*&, 11 ]. This property makes their numerical deter-

mination easier and provides a way to number them:
2
Oy 2> Ay 1 2 Ay 2 2 Ay 2 (10.90)

However, two difficulties can occur in this numerical determination. We give herein the solu-
tions we have adopted.
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The first difficulty comes from the possibility for two consecutive numbers A,(Qll) to be
very close to each other. Our solution is to use an algorithm which determines the zeros of
the function tr7} (A) — 2 cos[kid] on the left side of equation (10.83) by taking into account this
function together with its derivative with respect to A. If two numbers A,(ZP are very close one
to each other, then the derivative is close to zero. Thus such algorithm needs to determine the

function

d dT
T AUTi(A) ~2coslkid]} = trd—Al(/l). (10.91)
The expression of the derivative of the matrix 77 can be deduced from (10.77,10.78):
dly dhy dT j dTy
it St A T T, ’ I e e Ty Ty g e 10.92
A A - 11+Ty A it +Ti g Ty A (10.92)
where, for j =1,2,---,J, the derivative of matrices
dTy; 1| a1 b
it (10.93)
dA 2 c1j di
is given by

ap;j = Wl,jﬁ[} sin[B; w1 ],

bi; = Vl,jﬁfj sin[B; w1 ;] — Vl,jwl,jﬁﬂfcos[ﬁl,jwl,j] ;
clj = vf]l ﬁijl sin[ﬁijLj] +v1f}w1,jcos[ﬁ17jw17j],
dij zwl,jﬁijl sin[Bl’jwlvj].

The second difficulty comes from the possibility of numerical instabilities in the expres-
sions (10.79,10.93) since the numbers B ; (10.80) can have non-vanishing imaginary part. A
solution is to multiply the four coefficients of matrices 77 ; and their derivative (10.93) by the
number

(10.94)

Nj=exp[—[Im(By ;)|wy ;] j=12,,J, (10.95)
and the term 2 cos|k;d| wich appears in (10.83) by the product

N=NyNj_1---Np. (10.96)

10.7.3 Complex eigenvalues

Here, the permittivity and permeability can take any complex value: vy ; is in C, where v; =
€,y and j=1,2,---,J. The operator Ky, is not selfadjoint and then, its eigenvalues are, in

general, in the complex plane. The determination of these complex eigenvalues /1,8) which
satisfy the equation (10.83) has been intensively studied using different methods [6, 7, 19].

We present here a method similar to the one presented in [7]: the complex eigenvalues
are deduced from the real eigenvalues by an analytic continuation. However, our method differs
from the one presented in [7] since we make varying the phase of the numbers v, ; instead of
their imaginary part. We think that it is better to make varying the phase since, from that we
have observed, it leaves invariant the generalization to the complex case

Re(Ay, 1) > Re(Ay, 2) - > Re(Ay, p) - (10.97)
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of the numbering used when the eigenvalues are real (10.90).
We define for all 7 in [0, 1] the functions

vy j(t) = |1 jlexplitarg(vy )], (10.98)

where arg(v; ;) is the phase of the complex number v; ;, vi = &,y and j =1,2,---,J. Sub-
stituting the numbers vy ; (where vi = &1, i) for 9/17 j(t) in equations (10.77,10.78), we obtain

the matrix 7 (A,t). For each value of 7, we define the numbers Kﬁli) (¢) which satisfy
Ty [AN)(1),1] = 2cos[kid] = 0. (10.99)

Then, the numbers K,(lll) (1) are the desired complex eigenvalues AE,II) and the numbers Kﬁl?(O)
are real eigenvalues which can be determined using the method presented in the previous section

10.7.2. Assuming that /~\,(1]1)(t) are continuous and differentiable functions of 7, the complex

( (

numbers /Knll) (1) can be estimated from the numbers /Knll) (0) by a numerical integration [7] of

(1) = (1)
dAy, (1) = _tr(&]l/&A) [i\nf (t).1] | (10.100)
dt (971 /a0 [A (1),1]

where 0T} /A is given by substituting the numbers v; ; for V| ;(¢) in equations (10.94,10.93)

and 9T /0t is determined similarly. Finally the obtained estimates of numbers 7\211) (1) are used
to initiate any of the classical methods for the numerical solution of equations [7]. Then, one
obtains the desired complex eigenvalues.

In order to eliminate the numerical instabilities, one has to multiply each matrix 77 ; and
their derivatives by the numbers N; (10.95) as in the previous section 10.7.2.

10.7.4 Eigenfunctions

From (10.84), the expression of each eigenfunction ¢,§1l) is given by the coefficients of the
column vectors F,, (x1,j), j =0,1,---,J. On the numerical side, the only difficulty comes from
the fact that numerical instabilities in the expression of the transfer matrices (10.78,10.79).
A solution based on the R-matrix algorithm (or S-matrix) should consist in using the algorithm
presented in [20] to obtain the vector Fy, (x1 o) (and the vector Fy, (x| ;) = exp[kid]F;, (x1,)) and
then, the algorithm presented in [21, section V] to obtain the vectors F,, (x ;), j=1,2,--- ,J— 1.
However, we propose to use another solution which benefits of the fact that we deal with 2 x 2
matrices.
We define the following complex coefficients:

T T
702 =1 (AW) T (AY) - T (AY), (10.101)
T I
jo
[ ar e ] =71 (A) Tijor (AW)) -+ T (AY). (10.102)
D1
F .
[ﬁ;’ =Fy () J=0,1,000, (10.103)
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Since Fy, (x10) is an eigenvector of the matrix 7; (A,gll)) associated with the eigenvalue explkid)),
its coefficients satisfy
TN —explkid]N

Ty = —
J 1>
TiN

(10.104)

where the numbers <711N and .7, JZN are obtained by multiplying each coefficient of matrices
Tij(An Al )) by the number N;. The coefficients .#{ and ﬁzj are deduced from (10.81,10.104)

and then, one can obtain the other coefficients for j =1,2,--- ,J—1:

J+l1 J 0
T — T 7"11 Fy P

1 9j+1,r] N"—T] gj-F] gj-i—l lel ?

11 " 2122 221 ) (10.105)

T — i 7"22 FHFH

2 9]‘9‘1 j N gj-FlN 9]4‘1 j )
4N+, 7 1 55}

where, as in (10.104), the multiplication by the number N consists in multiplying each coeffi-

cient of matrices Tj ; (An Al )) by the number N;.
Finally these functions have to be normalized. From the definition (10.89) of the inner
product, one has to compute

ny2 14 2
lon |15 =3/0 1080 (1) [ vi (x1) iy (10.106)
when the functions € and u; have the property (10.88). In the general case (where € and u
are complex valued functions), one has to use the formalism presented in [8, section 2.3]. It is

possible to compute analytically the expression (10.106):

o0 = o 3 2 (1207 P +B vz 787
ni Vi 2d]: Vl,] 17] 1,] 2 (10107)

By iRe (i ' —iF] ).

This expression allows to eliminate the numerical instabilities which can occur from the expo-
nential functions. Note that all the coefficients of matrices defined in sections 10.4 and 10.5
(matrices U, V and W) can be also computed analytically in order to eliminate the numerical
instabilities.
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11.1 Introduction

In this chapter we describe a selection of mathematical techniques and results that suggest inter-
esting links between the theory of gratings and the theory of homogenization, including a brief
introduction to the latter. By no means do we purport to imply that homogenization theory is
an exclusive method for studying gratings, neither do we hope to be exhaustive in our choice
of topics within the subject of homogenization. Our preferences here are motivated most of
all by our own latest research, and by our outlook to the future interactions between these two
subjects. We have also attempted, in what follows, to contrast the “classical” homogenization
(Section II-T7), which is well suited for the description of composites as we have known them
since their advent until about a decade ago, and the “non-standard” approaches, high-frequency
homogenization (Section IT) and high-contrast homogenization (Section IT3), which have
been developing in close relation to the study of photonic crystals and metamaterials, which ex-
hibit properties unseen in conventional composite media, such as negative refraction allowing
for super-lensing through a flat heterogeneous lens, and cloaking, which considerably reduces
the scattering by finite size objects (invisibility) in certain frequency range. These novel electro-
magnetic paradigms have renewed the interest of physicists and applied mathematicians alike
in the theory of gratings [I].

11.1.1 Historical survey on homogenization theory

The development of theoretical physics and continuum mechanics in the second half of the 19th
and first half of the 20th century has motivated the question of justifying the macrosopic view
of physical phenomena (at the scales visible to the human eye) by “upscaling” the implied
microscopic rules for particle interaction at the atomic level through the phenomena at the
intermediate, “mesoscopic”, level (from tenths to hundreds of microns). This ambition has
led to an extensive worldwide programme of research, which is still far from being complete
as of now. Trying to give a very crude, but more or less universally applicable, approximation
of the aim of this extensive activity, one could say that it has to do with developing approaches
to averaging out in some way material properties at one level with the aim of getting a less
detailed, but almost equally precise, description of the material response. Almost every word
in the last sentence needs to be clarified already, and this is essentially the point where one
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could start giving an overview of the activities that took place during the years to follow the
great physics advances of a century ago. Here we focus on the research that has been generally
referred to as the theory of homogenization, starting from the early 1970s. Of course, even at
that point it was not, strictly speaking, the beginning of the subject, but we will use this period
as a kind of reference point in this survey.

The question that a mathematician may pose in relation to the perceived concept of “aver-
aging out” the detailed features of a heterogeneous structure in order to get a more homogeneous
description of its behaviour is the following: suppose that we have the simplest possible linear
elliptic partial differential equation (PDE) with periodic coefficients of period n > 0. What is
the asymptotic behaviour of the solutions to this PDE as 7 — 0? Can a boundary-value prob-
lem be written that is satisfied by the leading term in the asymptotics, no matter what the data
unrelated to material properties are? Several research groups became engaged in addressing
this question about four decades ago, most notably those led by N. S. Bakhvalov, E. De Giorgi,
J.-L. Lions, V. A. Marchenko, see [2], [3], [4], [8] for some of the key contributions of that
period. The work of these groups has immediately led to a number of different perspectives
on the apparently basic question asked above, which in part was due to the different contexts
that these research groups had had exposure to prior to dealing with the issue of averaging.
Among these are the method of multiscale asymptotic expansions (also discussed later in this
chapter), the ideas of compensated compactness (where the contribution by L. Tartar and F.
Murat [6], [[Z] has to be mentioned specifically), the variational method (also known as the “T-
convergence"). These approaches were subsequently applied to various contexts, both across
a range of mathematical setups (minimisation problems, hyperbolic equations, problems with
singular boundaries) and across a number of physical contexts (elasticity, electromagnetism,
heat conduction). Some new approaches to homogenization appeared later on, too, such as the
method of two-scale convergence by G. Nguetseng [8] and the periodic unfolding technique by
D. Cioranescu, A. Damlamian and G. Griso [9]. Established textbooks that summarise these
developments in different time periods, include, in addition to the already cited book [4], the
monographs [10], [IT], [T2], and more recently [I3]. The area that is perhaps worth a separate
mention is that of stochastic homogenization, where some pioneering contributions were made
by S. M. Kozlov [14], G. C. Papanicolaou and S. R. S. Varadhan [15], and which has in recent
years been approached with renewed interest.

A specific area of interest within the subject of homogenization that has been rapidly de-
veloping during the last decade or so is the study of the behaviour of "non-classical" periodic
structures, which we understand here as those for which compactness of bounded-energy so-
lution sequences fails to hold as 7 — 0. The related mathematical research has been strongly
linked to, and indeed influenced by, the parallel development of the area of metamaterials and
their application in physics, in particular for electromagnetic phenomena. Metamaterials can
be roughly defined as those whose properties at the macroscale are affected by higher-order be-
haviour as n — 0. For example, in classical homogenization for elliptic second-order PDE one
requires the leading (“homogenised solution) and the first-order (“corrector”) terms in the 1-
power-series expansion of the solution in order to determine the macroscopic properties, which
results in a limit of the same type as the original problem, where the solution flux (“stress”
in elasticity, “induction” in electromagnetics, “current” in electric conductivity, “heat flux” in
heat conduction) depends on the solution gradient only (‘“strain” in elasticity, "field" in elec-
tromagnetics, “voltage” in electric conductivity, “temperature gradient” in heat condiction). If,
however, one decides for some reason, or is forced by the specific problem setup, to include
higher-order terms as well, they are likely to have to deal with an asymptotic limit of a different
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type for small 17, which may, say, include second gradients of the solution in its constitutive law.
One possible reason for the need to include such unusual effects is the non-uniform (in 1) ellip-
ticity of the original problems or, using the language of materials science, the high-contrast in
the material properties of the given periodic structure. Perhaps the earliest mathematical exam-
ple of such degeneration is the so-called "double-porosity model", which was first considered
by G. Allaire [T6] and T. Arbogast, J. Douglas, U. Hornung [I7] in the early 1990s. A detailed
analysis of the properties of double-porosity models, including their striking spectral behaviour
did not appear until the work [IR] by V. V. Zhikov. We discuss the double-porosity model and
its properties in more detail in Section [13.

Before moving on to the next section, it is important to mention one line of research within
the homogenization area that has had a significant role in terms of application of mathematical
analysis to materials, namely the subject of periodic singular structures (or “multi-structures”,
see [T9]). While this subject is clearly linked to the general analysis of differential operators on
singular domains (see [201]), there has been a series of works that develop specifically homog-
enization techniques for periodic structures of this kind (also referred to as “thin structures” in
this context), e.g. [21]], [22]. It turns out that overall properties of such materials are similar
to those of materials with high contrast. In the same vein, it is not difficult to see that com-
pactness of bounded-energy sequences for problems on periodic thin structures does not hold
(unless the sequence in question is suitably rescaled), which leads to the need for non-classical,
higher-order, techniques in their analysis.

11.1.2 Multiple scale method: Homogenization of microstructured fibers

Y,=%,/M
Y 1
X, Y Xy
Y1=X1/1 = \ .
LI ne
) qe el e
UL
X4 X4
o GE

Figure 11.1: A diagram of the homogenization process: when the parameter 1 gets smaller (n < 1’), the number
of cells inside the fixed domain Qf becomes larger. When N < 1, Qy is filled with a large number of small
cells, and can thus be considered as an effective (or homogenized) medium. Such a medium is usually described
by anisotropic parameters depending upon the resolution of auxiliary (“unit cell”) problems set on the rescaled
microcopic cell Y which typically contains one inclusion D.

Let us consider a doubly periodic grating of pitch 1) and finite extent such as shown in
Fig [IT1. An interesting problem to look at is that of transverse electric (TE) modes— when the
magnetic field has the form (0,0, H)— propagating within a micro-structured fiber with infinite
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conducting walls. Such an eigenvalue problem is known to have a discrete spectrum: we look
for eigenfrequencies @ and associated eigenfields H such that:

Z 9 ., X JdH(x :
o | B (550 < s,
: ij= !
! e1(%2H®, g on 90
ij n axi ] f s

where we use the convention X = (x1,x2), dQs denotes the boundary Qy, and n = (ny,ny) is
the normal to the boundary. Here, &y = ¢~ where c is the speed of light in vacuum and we
assume that matrix coefficients of relative permittivity &;;(y), with i, j = 1,2, are real, symmetric
(with the convention y = (y1,y2)), of period 1 (in y; et y;) and satisfy:

M| & ° > j(y)&& > m| &>, VE€R? Wy e ¥ =[0,1]%, (IL.D)

where | & ]2 = (E2 + &2), for given strictly positive constants M and m. This condition is met
for all conventional dielectric media.
We can recast (%) as follows:

with

o'(H(x)) = ;' (%) ag—)fj") .

The multiscale method relies upon the following ansatz:
H = Hy(x) +nH; (x,y) + n*Hy(x,y) + ... (11.2)

where H;(x,y), i = 1,2,... is a periodic function of period Y iny.
In order to proceed with the asymptotic algorithm, one needs to rescale the differential operator

as follows
oH (8H0 8H1> (8H1 8H2>
= + + ...

o\ oz " awm 9z I

where d/dz; stands for the partial derivative with respect to the ith component of the macro-
scopic variable x.
It is useful to set

(11.3)

c'(H) = o) +noi+n’c +...
what makes (IT3) more compact.
Collecting coefficients sitting in front of the same powers of 717, we obtain:

; _ dHy JH
aien) e, (G + )

'When the periodic medium is assumed to be isotropic, &;(y) = €(y)&;;, with the Kronecker symbol §; = 1
if i = j and 0 otherwise. For instance, (IITl) has typically the bounds M = 13 and m = 1 in optics. One class of
problems where this condition () is violated (the bound below, to be more precise) is considered in Section
T3 on high-contrast homogenization.
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~ _ dH, JH
o) =, (5 + 5

and so forth, all terms being periodic in y of period 1.
Upon inspection of problem (%7, ), we gather that

_ (%%+ ;Zl) (6p+mo]+...) = (Z)—;H(x)nt...
so that at order n~!
(/)i —5-0 =0,
and at order n° )
() : _8%,-66_ aiyicf = 6;—ZHO .

(the equations corresponding to higher orders in 11 will not be used here).

Let us show that (J#) provides us with an equation (known as the homogenized equation)
associated with the macroscopic behaviour of the microstructured fiber. Its coefficients will be
obtained thanks to (/) which is an auxiliary problem related to the microscopic scale. We will
therefore be able to compute Hy and H; thus, in particular, the first terms of H and o'

In order to do so, let us introduce the mean on Y, which we denote < . >, which is an operator
acting on the function g of the variable y:

1
<g>:—//g(y1,y2)dy1dy2,
Y |J Jy

where | Y | is the area of the cell Y.
Applying the mean to both sides of (7#), we obtain:

2

0 , - 0]
<(H)>:—=—<0p>—< o) >=—F5Hy<1>,
C

0z §_yl

where we have used the fact that < . > commutes with d/dz;.
Moreover, invoking the divergence theorem, we observe that

ol >= — // y)dy = / ol y)nids ,
8yzl Y| 3yz Jdy = Y] {(¥)m

where n = (n1,n,) is the unit outside normal to dY of Y. This normal takes opposite values on
opposite sides of Y, hence the integral over dY vanishes.

Altogether, we obtain:
2

: ©
<(H)>:—5-<0y>=—FH,
C

9z
which only involves the macroscopic variable x and partial derivatives d /dz; with respect to the

macroscopic variable. We now want to find a relation between < 6y > and the gradient in x of
Hy. Indeed, we have seen that

,. . [0H, OH
o) ;' ) (G0 5
J J
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which from (.«7) leads to

v (9 () )

We can look at (<71) as an equation for the unknown H (x,y), periodic of period Y in y and
parametrized by x. Such an equation is solved up to an additive constant. In addition to that,
the parameter X is only involved via the factor dHy/dz;. Hence, by linearity, we can write the
solution H (x,y) as follows:

i(xy) = Z2y).

where the two functions w/(y), j = 1,2 are solutions to (&/1) corresponding to dHy/dz;(x),
Jj = 1,2 equal to unity with the other ones being zero, that is solutions to:

(/2): aayl (s (y )?yvj) =8i (aiyis,-}l(w) :

with wk(y), k = 1,2 periodic functions in y of period ¥ 2.
Since the functions w*(y) are known, we note that

_ oHy OJH _ dHy  dHy owX(y)

which can be written as

o) 2t

ohx) = (e )+ 75 ) 2L
J

Lets us now apply the mean to both sides of this equation. We obtain:

_1 JHp(x)

<0y > (x) = 8hom,ika—Zk 7

which can be recast as the following homogenized problem:

2 9 oH, :
% T (a0 ) = @ento) ingy.

(Py) - ik 9%
1 X, dHpy(x)
ghom,ik<ﬁ) 9, ng=0 ,0n Q¢ ,
where 8};:11 i« denote the coefficients of the homogenized matrix of permittivity given by:
L[ (et ves 28 0 ay (11.4)
horn ik = | Y | 3yj ) )

As an illustrative example for this homogenized problem, we consider a microstructured waveg-
uide consisting of a medium with relative permittivity € = 1.25 with elliptic inclusions (of minor

2We note that (.272) are two equations which merely depend upon 81-;1 (y), that is on the microscopic properties

of the periodic medium. The two functions wk (defined up to an additive constant) can be computed once for all,
independently of Q.
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Figure 11.2: Potentials Vy (left) and V, (right): The unit cell contains an elliptic inclusion of relative permittivity
(€ = 4.0+ 3i) with minor and major axis a = 0.3 and b = 0.4 in silica (€ = 1.25).

and major axes 0.3 cm and 0.4 cm respectively) with center to center spacing d = 0.1cm with
an infinite conducting boundary i.e. Neumann boundary conditions in the TE polarization.

We use the COMSOL MULTIPHYSICS finite element package to solve the annex prob-
lem and we find that [&pop| from (IZ4) writes as [26]

1.9296204 —1.053308310° 16
—44.41744410718 2.1127643 ’

with < € >y=2.2867255. The off diagonal terms can be neglected.

If we assume that the transverse propagating modes in the metallic waveguide have a small
propagation constant Y < 1, the above mathematical model describes accurately the physics.
We show in Fig. a comparison between two TE modes of the microstructured waveguide
and its associated anisotropic homogenized counterpart. Both eigenfrequencies and eigenfields
match well (note that we use the waveguide terminology wavenumber k = \/ ©2/c? — y2).

11.1.3 The case of one-dimensional gratings: Application to invisibility cloaks

There is a case of particular importance for applications in grating theory: that of a periodic
multilayered structure. Let us assume that the permittivity of this medium is € = o in white
layers and f in yellow layers, as shown in Fig. [T4.

Equation (.272) takes the form:

@3- (05 ) = (5e0)

with w(y), periodic function in y of period 1.

We deduce that J
w
—— =1+Ce(y).
dy +Ce(y)

d
Noting that d_w =w(1) —w(0) = 0, this leads to
Y ay

/Y(1+C8(y))dy:0.

Since | Y |= 1, we conclude that

C=—<eg>"".
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dele b1

(gl
A

Figure 11.3: Comparison between transverse electric fields TE»>; and TE3; of a microstructured metallic waveg-
uide for a propagation constant y = 0.1cm™" (wavenumbers k = 0.7707cm™" and k = 0.5478cm™" respectively),
see left panel, with the TE»1 and TE3| modes of the corresponding homogenized anisotropic metallic waveguide
fory=0.1cm™! (k=0.7607cm™" and k = 0.5201cm™"', where k = \/w2/02 -y = \/wzsouo — 72 were obtained
from the computation of eigenvalues ® of homogenized problem (2y)), see right panel.

The homogenized permittivity takes the form:

o =1 (0 +e 0 ) ay

Y
=<ely)>—-<ely)+C>
—<ely)>—<e ) >+<<ely)>>=<ey)>".

We note that if we now consider the full operator i.e. we include partial derivatives in y; and y»,
the anisotropic homogenized permittivity takes the form:

el _ <e(y) > 0
hom 0 < 8()’) >—1 )

as the only contribution for 81;)111’11 is1/|Y | fye ' (y)dy.

As an illustrative example of what artificial anisotropy can achieve, we propose the design of an
invisibility cloak. For this, let us assume that we have a multilayered grating with periodicity
along the radial axis. In the coordinate system (r, 6), the homogenized permittivity clearly has
the same form as above. If we want to design an invisibility cloak with an alternation of two
homogeneous isotropic layers of thicknesses d4 and dp and permittivities o, 3, we then need to

use the formula . | .
o+
_:_(_ﬂ), o= T8
& l1+n\a B 1+7n

404



S. Guenneau et al.: Homogenization Techniques for Periodic Structures 11.9

—>
=

n=1/2 n=1/4

0.5

n=1/8 n=0

0.5

0

Figure 11.4: Schematic of homogenization process for a one-dimensional grating with homogeneous dielectric
layers of permittivity o and B in white and yellow regions. When 1) tends to zero the number of layers tends to
infinity, and their thicknesses vanish, in such a way that the width of the overall stack remains constant.

where 11 = dp/dy is the ratio of thicknesses for layers A and B and d4 +dp = 1.

We now note that the coordinate transformation ' = Ry + rRZR;Z& can compress a disc
r < Ry into a shell R; < r < R, provided that the shell is described by the following anisotropic
heterogeneous permittivity [277] £°1°% (written in its diagonal basis):

2 2 2
peok _ (R PR o (R (11.5)
" Rr, — R r ’ 0 R, — Ry ’

where R; and R, are the interior and the exterior radii of the cloak. Such a metamaterial can be
approximated using the formula (IT-3), as first proposed in [28], which leads to the multilayered
cloak shown in Fig. IT35.

11.2 High-frequency homogenization

Many of the features of interest in photonic crystals [44, 45], or other periodic structures, such as
all-angle negative refraction [46, &7, A8, A9] or ultrarefraction [50, 51] occur at high frequencies
where the wavelength and microstructure dimension are of similar orders. Therefore the con-
ventional low-frequency classical homogenisation clearly fails to capture the essential physics
and a different approach to distill the physics into an effective model is required. Fortunately
a high frequency homogenisation (HFH) theory as developed in [37] is capable of capturing
features such as AANR and ultra-refraction [52] for some model structures. Somewhat tan-
gentially, there is an existing literature in the analysis community on Bloch homogenisation
[53, 54, 55, 56], that is related to what we call high frequency homogenisation. There is also
a flourishing literature on developing homogenised elastic media, with frequency dependent
effective parameters, based upon periodic media [B8]. There is therefore considerable inter-
est in creating effective continuum models of microstructured media that break free from the
conventional low frequency homogenisation limitations.
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| (a) )
_ ‘ 0
Figure 11.5:  Propagation of a plane wave of wavelength 7 10~ 'm (red in the visible spec-

trum) from the left on a multilayered cloak of inner radius Ry = 1.5 107%m and outer ra-

dius Ry, = 3 1078m, consisting of 20 homogeneous layers of equal thickness and of respective
relative permittivities 1680.70,0.25,80.75,0.25,29.39,0.25,16.37,0.25,10.99,0.25,8.18,0.25,6.50,0.25,5.40,
0.25,4.63,0.25,4.06,0.25 in vacuum. Importantly, one layer in two has the same permittivity.

(b)

11.2.1 High Frequency Homogenization for Scalar Waves

Waves propagating through photonic crystals and metamaterials have proven to show different
effects depending on their frequency. The homogenization of a periodic material is not unique.
The effective properties of a periodic medium change depending on the vibration modes within
its cells. The dispersion diagram structure can be considered to be the identity of such a mate-
rial and provides the most important information regarding group velocities, band-gaps of dis-
allowed propagation frequency bands, Dirac cones and many other interesting effects. The goal
of a homogenization theory is to provide an effective homogeneous medium that is equivalent,
in the long scale, to the initial non-homogeneous medium composed of a short-scale periodic,
or other microscale, structure. This was achieved initially using the classical theory of homog-
enization [4, B4, [[1, 35, B6] and yields an intuitively obvious result that the effective medium’s
properties consist of simple averages of the original medium’s properties. This is valid so long
as the wavelength is very large compared to the size of the cells (here we focus on periodic
media created by repeating cells). For shorter wavelengths of the order of a cell’s length a more
general theory has been developed [37] that also recovers the results of the classical homoge-
nization theory. For clarity we present high frequency homogeniaztion (HFH) by means of an
illustrative example and consider a two-dimensional lattice geometry for TE or TM polarised
electromagnetic waves. With harmonic time dependence, exp(—iQ¢) (assumed understood and
henceforth suppressed), the governing equation is the scalar Helmholtz equation,

Viu+ Q%u =0, (11.6)

where u represent Ez and Hz, for TM and TE polarised electromagnetic waves respectively, and
Q? = n?w?/c%. In our example the cells are square and each square cell of length 2/ contains
a circular hole and the filled part of the cell has constant non-dimensionalized properties. The
boundary conditions on the hole’s surface, namely the boundary dS,, depend on the polarisa-
tion and are taken to be either of Dirichlet or Neumann type. This approach assumes infinite
conducting boundaries which is a good approximation for micro-waves. We adopt a multiscale
approach where [ is the small length scale and L is a large length scale and we set n =1/L < 1
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Figure 11.6: Panel (a) An infinite square array of split ring resonators with the elementary cell shown as the
dashed line inner square. Panel (b) shows the irreducible Brillouin zone, in wavenumber space, used for square
arrays in perfectly periodic media based around the elementary cell shown of length 21 (I =1 in (b)). Figure
reproduced from Proceedings of the Royal Society [&0].

to be the ratio of these scales. The two length scales let us introduce the following two indepen-
dent spatial variables, & = x;/l and X; = x;/L. The cell’s reference coordinate system is then
—1 < & < 1. By introducing the new variables in equation (II_fl) we obtain,

u(X, &), +Q7u(X, &) +2nu(X, &), cx, +nu(X, &) xx,= 0. (11.7)
We now pose an ansatz for the field and the frequency,
M(ng) = MO(Xaé) +77M1(X7‘5) +712M2(X7§)+~~a
Q* =02 +nQT+n°Q3+... (11.8)

In this expansion we set () to be the frequency of standing waves that occur in the perfectly pe-
riodic setting. By substituting equations (I"¥) into equation (I17) and grouping equal powers
of € through to second order, we obtain a hierarchy of three ordered equations:

uo &.e, + Qg =0, (11.9)
uy e+ QG = —2ug ., — Qiuo, (11.10)
Uy g6+ Qfn = —ug xx, — 2uy £x, — Qjuy — Q3up. (11.11)

These equations are solved as in [4(, 37] and hence the description is brief.

The asymptotic expansions are taken about the standing wave frequencies that occur at
the corners of the irreducible Brillouin zone depicted in Fig. [T-6. It should be noted that not
all structured cells will have the usual symmetries of a square, as in Fig. [T@(a) where there
is no reflexion symmetry from the diagonals. As a consequence the usual triangular region
I'XM does not always represent the irreducible Brillouin zone and the square region TMXN
should be used instead. Also paths that cross the irreducible Brillouin zone have proven to yield
interesting effects namely along the path MX' for large circular holes [39].
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The subsequent asymptotic development considers small perturbations about the points

I, X and M so that the boundary conditions of u on the outer boundaries of the cell, namely
081, read,

u|§i:1 = :|:I/t|§i:_1 and u7§i|§i:1 = :I:u7§i|§i:_1, (11.12)

where the 4, — stand for periodic and anti-periodic conditions respectively: the standing waves
occur when these conditions are met. The conditions on @5, are either of Dirichlet or Neumann
type. The theory that follows is similar for both boundary condition cases, but the latter one
is illustrated herein. Neumann boudary condition on the hole’s surface or equivalently electro-
magnetic waves in TE polarization yield,

du
5o = anilas, = 0. (11.13)
which in terms of the two-scales and u;(X, &) become
Uogni =0,  (Uofox;+ug)ni =0, (urx;+upg)ni =0. (11.14)

The solution of the leading order equation is by introducing the following separation of variables
uo = fo(X)Up(&;L0). It is obvious that f;(X), which represents the behaviour of the solution
in the long scale, is not set by the leading order equation and the resulting eigenvalue problem is
solved on the short-scale for Q( and Uy representing the standing wave frequencies and the as-
sociated cell’s vibration modes respectively. To solve the first order equation (II-I0) we take the
integral over the cell of the product of equation (IT10) with Uy minus the product of equation
(C9) with u; / fj and this yields Q; = 0. It then follows to solve for u; (X, &) = fo x.(X)Uy,(&)
where the vector Uj is found as in [40]. By invoking a similar solvability condition for the
second order equation we obtain a second order PDE for fy(X),

Tijfo.xx; + Q3fo=0 where,
tij
Tij=——5—
J JsUgdS
entirely on the long scale with the coefficients 7;; containing all the information of the cell’s

dynamical response and the tensor ;; represents dynamical averages of the properties of the
medium. For Neumann boundary conditions on dS; its formulation reads,

t,-i://UgdS+//(Ull.’giUo—UliUO@)dS for i=1or2, (11.16)
S S

for i,j=1,2 (11.15)

tij://S(Ulj,éiUo_UljUO,éi)dS for 175] (11.17)

Note that there is no summation over repeated indexes for #;;. The tensor depends on the bound-
ary conditions of the holes and has a different form if Dirichlet type conditions are applied on
95,.

The PDE for fj has several uses, and can be verified by re-creating asymptotically the
dispersion curves for a perfect lattice system. One important result of equation (IT13) is its
use in the expansion of Q namely in equation (IT_X). In order to obtain ; as a function of
the Bloch wavenumbers we use the Bloch boundary conditions on the cell to solve for fi(X) =
exp(ix;X;/n), where k; = K; —d; with d; = 0,7/2,—n/2 depending on the location in the
Brillouin zone. The asymptotic dispersion relation now reads,

]’;..
QNQO+2—§;()Ki;<j. (11.18)
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Figure 11.7: The dispersion diagram for a doubly periodic array of square cells with circular inclusions, of radius
0.4, free at their inner boundaries shown for the irreducible Brillouin zone of Fig. [[IA. The dispersion curves
are shown in solid lines and the asymptotic solutions from the high frequency homogenization theory are shown in
dashed lines. Figure reproduced from Proceedings of the Royal Society [41l].

Equation (IIIR) yields the behaviour of the dispersion curves asymptotically around the stand-
ing wave frequencies that are naturally located at the edge points of the Brillouin zone. Fig.
TR illustrates the asymptotic dispersion curves for the first six dispersion bands of a square
cell geometry with circular holes.

An assumption in the development of equation (IT-T¥) is that the standing wave frequen-
cies are isolated. But one can clearly see in Fig. 17 that this is not the case for third standing
wave frequency at point I" as well as for the second standing wave frequency at point X. A small
alteration to the theory [40] enables the computation of the dispersion curves at such points by
setting,

! !
uo = fo (XU (€:Q0) (11.19)
where we sum over the repeated superscripts (/). Proceeding as before, we multiply equation

(I10) by U(gm), substract u ((Uér?)éi + Q(Z)U(gm)) then integrate over the cell to obtain,

0 R
(ﬁAjml—}—Q%Bml) =0, for m=1.2,...,p (11.20)
J

€ is not necessarily zero, and

bl

m l m l 1 m
Ajmz://S(Ué 'yl —Ugug s, Bml://U(g)Ué ds. (11.21)
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There is now a system of coupled partial differential equations for the fél) and, provided
Q # 0, the leading order behaviour of the dispersion curves near the € is now linear (these
then form Dirac cones).

For the perfect lattice, we set fél) = fél) exp(ik;X;/n) and obtain the following index
equations,

Kj A
(i#Ajm,+Q%BmZ)f(§’) =0, for m=1,2,...,p (11.22)
The system of equation (IT-22) can be written simply as,
Cly=0, (11.23)

with Cj; = Q%Bll and C,,;; = iK;A ju,; /N for [ # m. One must then solve for Q% =+,/06,KK;/N
when the determinant of C vanishes and insert the result in,

1
QNQO:ETQ.Q O KiK;j. (11.24)

If the Q; are zero one must go to the next order.

11.2.1.1 Repeated eigenvalues: quadratic asymptotics

If Q is zero, u; = fél})(k Ul(i) (we again sum over all repeated (/) superscripts) and we advance
to second order using (IT_TTl). Taking the difference between the product of equation (IT_TTl)

with Uo(m) and Mz(Uo,g,.z;i + Q(Z)Uo) and then integrating over the elementary cell gives

! ! ! I !
1 SISO UL ds 1 £l 1 5000, —uu)as
+02f 1 rulmulas =0, for m=1,2,..p (11.25)
as a system of coupled PDEs. The above equation is presented more neatly as

l 1
FooxAmi+ Foxx Dijmi + Q3 foByy =0, for m=1,2,...p. (11.26)

For the Bloch wave setting, using fél) (X) = fél) exp(ik;X;/n) we obtain the following system,

i K K, K; A~
(—'j;';Aml— 1’;2’ijml+Q%Bml)f(§”:O, for m=1,2,...p (11.27)

and this determines the asymptotic dispersion curves.

11.2.1.2 The classical long wave zero frequency limit

The current theory simplifies if one enters the classical long wave, low frequency limit where
Q? ~ 0(€?) as Uy becomes uniform, and without loss of generality is set to be unity, over the
elementary cell. The final equation is again (IT_T3) where the tensor 7;; simplifies to

lii://dS—F//Ul’.é.dS, tij://UljédS for i#£j (11.28)
S s s

(with no summation over repeated suffices in this equation) and 7;; = t;;/ [ [¢dS.
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Figure 11.8: Th,gldispe}rsion diagr)c(tms forMa doul\l/ally perlgodic arra))1< of squ'glre ce%]s withrsplit ring l>r<zclusi0|\r{|s, free at
their inner boundaries shown for the irreducible Brillouin zone of Fig. LLA. The dispersion curves are shown in
solid lines and the asymptotic solutions from the high frequency homogenization theory are shown in dashed lines.
Figure reproduced from Proceedings of the Royal Society [40].

11.2.2 Illustrations for Tranverse Electric Polarized Waves

Let us now turn to some illustrative examples. We present in Fig. T8 the TE polarization
waves for three types of SRR’s (Split Ring Resonator’s). Equation (IT-13) represents the wave
propagation in the effective medium. It is noticable that the 7;; coefficients depend on the stand-
ing wave frequency and that 77 is not necessarily equal to 7>; in order to yield an anisotropic
effective medium for each separate frequency. Near some of the standing wave frequencies the
anisotropy effects are very pronounced and well explained by the no longer elliptic equation
(II3).
In the above equations Uy, is a solution of,

Ui, e =0, (11.29)

with boundary conditions (fy x, +u; ¢)n; = 0 on the hole boundary. If the medium is homoge-
neous as it is in the illustrative examples herein, equation (IT-29) is the same as that for Uy, but
with different boundary conditions. The specific boundary conditions for Uy ; are

Uy eni=—n;j for j=1,2, (11.30)

where n; represent the normal vector components to the hole’s surface. The role of Uy is to
ensure Neumann boundary conditions hold and the tensor contains simple averages of inverse
permittivity and permeability supplemented by the correction term which takes into account the
boundary conditions at dS,. Equation (ITZR) is the classical expression for the homogenised
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Figure 11.9: Cloaking in square arrays of SRRs with four holes: A source at frequency Q = 2.8, located in
the center of a square metamaterial consisting of 64 SRRs shaped as in Fig. LI 8(b) produces a wave pattern
reminiscent of (a) concentric spherical field, (b) cloaking of a rectangular inclusion inside a slab of a metamaterial
consisting of 38 SRRs and (c) scattering of a plane wave from the same rectangular hole as the previous panel. (d)
Zoom in dispersion diagram of Fig. LI 3(b). Panels (e), (f) and (g) present isofrequency plots of the respective the
lower, middle and upper modes of the Dirac point. Figure reproduced from Proceedings of the Royal Society [#0].

coefficient in a scalar wave equation with constant material properties; (IT29) is the well-
known annex problem of electrostatic type set on a periodic cell, see [4, IT], and also holds
for the homogenised vector Maxwell’s system, where U; now has three components and i, j =
1,2,3 [41, 42, 43].

11.2.2.1 Cloaking in metamaterials

SRRs with 4 holes are now used and the dispersion diagrams are in Fig. T8 (b). The flat band
along the MTI" path is interesting for the fifth mode and we choose to illustrate cloaking effects
that occur here. In Fig. MT9(a), we set an harmonic source at the corresponding frequency
Q =2.81in an 8 x 8 array of SRRs and observe a wave pattern of concentric spherical modes.
As can be seen in Figs. IT9(b) and TTY(c) a plane wave propagating at frequency = 2.8
demonstrates perfect transmission through a slab composed of 38 SRRs but also cloaking of a
rectangular inclusion where no scattering is seen before or after the metamaterial slab. Panel (d)
of Fig. T shows the location in the band structure that is responsible for this effect. Note that
the frequency of excitation is just below the Dirac cone point located at = 2.835 where the
group velocity is negative but also constant near that location of the Brillouin zone illustrated
through an isofrequency plot of lower mode of the Dirac point in Fig. TT9(e). In constrast with
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the isotropic features of panel (e), those of panels (f) and (g) show ultra-flattened isofrequency
contours that relate to ultra-refraction, a regime more prone to omni-directivity than cloaking.
The asymptotic system of equations (I1-200) describing the effective medium at the Dirac point

can be uncoupled to yield one same equation for all féj ) ’s,
fiix 071910 £ =0 (11.31)

After some further analysis, the PDE for féz) is responsible for the effects at the frequency
chosen Q = 2.8.

11.2.2.2 Lensing via AANR and St Andrew’s cross in metamaterials

We observe all-angle-negative-refraction effect in metamaterials with SRRs with 8 holes. The
dispersion curves in Fig. [T8(c) are interesting, as the second curve displays the hallmark of
an optical band for a photonic crystal (it has a negative group velocity around the I' point).
However, this band is the upper edge of a low frequency stop band induced by the resonance
of a SRR, whereas the optical band of a PC results from multiple scattering, which thus arises
at higher frequencies. We are therefore in presence of a periodic structure behaving somewhat
as a composite intermediate between a metamaterial and a photonic crystal. One of the most
topical subjects in photonics is the so-called all-angle-negative- refraction (AANR), which was
first described in [46]. AANR allows one to focus light emitted by a point, onto an image,
even through a flat lens, provided that certain conditions for AANR are met, such as convex
isofrequency contours shrinking with frequency about a point in the Brillouin zone [4Y]. In Fig.
[[T-1d, we show such an effect for a perfectly conducting photonic crystal (PC) in Fig. TT-T0(a).
In order to achieve AANR, we choose a frequency on the first dispersion curve (acoustic band)
in Fig. [TR(c), and we take its intersection with the light line Q =| k | along the XT path. This
means that we achieve negative group velocity for waves propagating along the X1  direction
of the array, hence the rotation by an angle 7 /4 of every cell within the PC in panel (b) of Fig.
ITT0. This is a standard trick in optics that has the effect of moving the origin of the light-line
dispersion to X as, relative to the PC, the Bloch wavenumber is along XI'. This then creates
optical effects due to the interaction of the light-line with the acoustic branch, this would be
absent if I" were the light-line origin.

The anisotropy of the effective material is reflected from coefficients 771 = —5.53 and
T>o = 0.2946. The same frequency of the first band is reachable at point N of the Brillouin
zone. By symmetry of the crystal, we would have 777 = 0.2946 and 7>, = —5.53. The resultant
propagating waves would come from the superposition of the two effective media described
above. Fig. TI0(b) illustrates this anisotropy as the source wave only propagates at the pre-
scribed directions.

11.2.3 Kirchoff Love Plates

HFH is by no means limited to the Helmholtz operator. HFH is here applied to flexural waves
in two dimensions [59] for which the governing equation is a fourth order equation

Viu—Q%u=0:; (11.32)

assuming constant material parameters. Such a thin plate can be subject to point, or line, con-
straints and these are common place in structural engineering.
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Figure 11.10: Lensing v%lt AANR and St Ani’ew’s cross in square arrZz(ys of SRRs with ezl\élht holes: (a) A line
source at frequency Q = 1.1375 located above a rectangular metamaterial consisting of of 90 SRRs as in Fig.
[[T3(c) displays an image underneath (lensing); (b) A line source at frequency Q = 1.25 located inside a square
metamaterial consisting of 49 SRRs as in Fig. LI 8(c) displays the dynamically induced anisotropy of the effective
medium; (c) Zoom in dispersion diagram of Fig. [LL8(c). Note that each cell in the arrays in (a) and (b) has been
rotated through an angle 1t /4. Figure reproduced from Proceedings of the Royal Society [40].

(a) Geometry (b) Brillouin zone

% 4 =2 o0 2 4 6 -1 0 1

X 1 K
Figure 11.11: For the two dimensional example we show the geometry of the doub%y periodic simply supported
plate (the dots represent the simple supports) in panel (a) with the elementary cell shown by the dotted lines and
in (b) the irreducible Brillouin zone with the lettering for wavenumber positions shown. Figure reproduced from
Proceedings of the Royal Society [BY].
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Figure 11.12: The dispersion diagram for a doubly periodic array of point simple supports shown for the irre-
ducible Brillouin zone of Fig. I T1. The figure shows the dispersion curves as solid lines. As dashed lines, the
asymptotic solutions from the high frequency homogenization theory are shown. Figure reproduced from Proceed-
ings of the Royal Society [59]

In two dimensions, only a few examples of constrained plates are available in the liter-
ature: a grillage of line constraints as in [60] that is effectively two coupled one dimensional
problems, a periodic line array of point supports [61] raises the possibility of Rayleigh-Bloch
modes and for doubly periodic point supports there are exact solutions by [62] (simply sup-
ported points) and by [63] (clamped points); the simply supported case is accessible via Fourier
series and we choose this as an illustrative example that is of interest in its own right; it is shown
in figure [T_TTi(a). In particular the simply supported plate has a zero-frequency stop-band and
a non-trivial dispersion diagram. It is worth noting that classical homogenization is of no use
in this setting with a zero frequency stop band. Naturally waves passing through periodically
constrained plates have many similarities with those of photonics in optics.

We consider a double periodic array of points at x; = 2ny, x; = 2n, where u = 0 (with the
first and second derivatives continuous) and so the elementary cell is one in |x;| < 1,|x| < 1
with u = 0 at the origin (see Figure TT-TTl); Floquet-Bloch conditions are applied at the edges
of the cell.

Applying Bloch’s theorem and Fourier series the displacement is readily found [62] as

exp(—inN-x)
(k1 — 7)) + (K — np)?]> — Q%'

u(x) = exp(ik-x) Y

nl 7n2

(11.33)

where N = (n1,n,), and enforcing the condition at the origin gives the dispersion relation

1

Dl k@)= ), (g —K1)2 + (s — k)22 — Q2

nl 7n2

0, (11.34)
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In this two dimensional example a Bloch wavenumber vector k¥ = (kj, k») is used and
the dispersion relation can be characterised completely by considering the irreducible Brillouin
zone I'XM shown in figure ITTTTI.

The dispersion diagram is shown in figure [T-12; The singularities of the summand in
equation (IT34)) correspond to solutions within the cell satisfying the Bloch conditions at the
edges, in some cases these singular solutions also satisfy the conditions at the support and are
therefore true solutions to the problem, a similar situation occurs in the clamped case considered
using multipoles in [63]. Solid lines in figure label curves that are branches of the disper-
sion relation, notable features are the zero-frequency stop-band and also crossings of branches
at the edges of the Brillouin zone. Branches of the dispersion relation that touch the edges of
the Brillouin zone singly fall into two categories, those with multiple modes emerging at a same
standing wave frequency (such as the lowest branch touching the left handside of the figure at
M) and those that are completely alone (such as the second lowest branch on the left at M).

The HFH theory can again be employed to find an effective PDE entirely upon the long-
scale that describes the behaviour local to the standing wave frequencies and the details are in
[59], the asymptotics from the effective PDE are shown in Fig. [117 as the dashed lines.

11.3 High-contrast homogenization

Periodic media offer a convenient tool in achieving control of electromagnetic waves, due to
their relative simplicity from the point of view of the manufacturing process, and due to the
possibility of using the Floquet-Bloch decomposition for the analysis of the spectrum of the
wave equation in such media. The latter issue has received a considerable amount of inter-
est in the mathematical community, in particular from the perspective of the inverse problem:
how to achieve a given spectrum and/or density of states for the wave operator with periodic
coefficients by designing an appropriate periodic structure? While the Floquet-Bloch decom-
position provides a transparent procedure for answering the direct question, it does not yield a
straightforward way of addressing the inverse question posed above.

One possibility for circumventing the difficulties associated with the inverse problem is
by viewing the given periodic structure as a high-contrast one, if this is possible under the val-
ues of the material parameters used. The idea of considering high-contrast composites within
the context of homogenization appeared first in the work by Allaire [T6], which discussed the
application of the two-scale convergence technique (Nguetseng [R]) to classical homogeniza-
tion. A more detailed analysis of high-contrast composites, along with the derivation of an
explicit formula for the related spectrum, was carried out in a major study by Zhikov [I]. One
of the obvious advantages in using high-contrast composites, or viewing a given composite as
a high-contrast one, is in the mere existence of such formula for the spectrum. In the present
section we focus on the results of the analysis of Zhikov, and on some more recent results for
one-dimensional, layered, high-contrast periodic structures.

In order to get an as short as possible approach to the high-contrast theory, we consider
the equation of electromagnetic wave propagation in the transverse electric (TE) polarisation,
when the magnetic field has the form (0,0,H), in the presence of sources with spatial density
f(x):

—div(e") "1 (x/n) VH(x) = *H(x) + f(x), x€QCR? (11.35)

where we normalise the speed of light ¢ to 1 for simplicity, which amounts to taking &ty = 1 in
section 13, and where the magnetic permeability is assumed to be equal to unity throughout
the medium (i.e. U = py), and the function f(x) is assumed to vanish outside some set that
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has positive distance to the boundary of Q. The inverse dielectric permittivity tensor (¢7)~!(y)
is assumed in this section, for simplicity, to be a scalar, taking values 11?1 and I, respectively,
on [0, 1]2-periodic open sets Fy and Fj, such that Fy UF; = R?. Here ¥ is a positive exponent
representing a “contrast” between material properties of the two components of the structure
that occupy the regions Fy and F;. In what follows we also assume that Fy N[0, 1]? has a finite
distance to the boundary of the unit cell [0, 1]2, so that the “soft” component Fy consists of
disjoint “inclusions”, spaced [0, 1]2—periodically from each other, while the “stiff”” component F;
is a connected subset of R?. The matrix €" represents the dielectric permittivity of the medium
at a given point, however the analysis and conclusions of this section are equally applicable to
acoustic wave propagation, which is the context we borrow the terms “soft” and “stiff” from.
The assumed relation between the values of dielectric permittivity € (in acoustics, between the
“stiffnesses” ) on the two components of the structure is close to the setting of what has been
described as “arrow fibres” in the physics literature on electromagnetics, see e.g [b4].

A simple dimensional analysis shows that if @ ~ 1 then the soft inclusions are in reso-
nance with the overall field if and only if y = 2, which is the case we focus on henceforth.

The above equation (IT33) describes the wave profile for a TE-wave in the cylindrical
domain Q x R domain, and it is therefore supplied with the Neumann condition dH /dn = 0 8
on the boundary of the domain and with the Sommerfeld radiation condition dH /d|x| —iwH =
o(|x|~1) as |x| — oo.

In line with the previous sections, we apply the method of two-scale asymptotic expan-
sions to the above problem, seeking the solution H = H(x,x;) = H(X) in the form (see also
(T2 in Section [T-T7)

H(x) = Ho(x,x/n) +nH; (x,x/1) + n*Hy(x,x/1) + ..., (11.36)

where the functions involved are [0, 1]?-periodic with respect to the “fast” variable y = x/7.
Substituting the expansion (IT3€) into the equation (IT33) and rearranging the terms in the
resulting expression in such a way that terms with equal powers of 1 are grouped together, we
obtain a sequence of recurrence relations for the functions Hy, k =0, 1, ..., from which they are
obtained sequentially. The first three of these equations can be transformed to the following
system of equations for the leading-order term H¥) (x,y) = u(x) +v(x,y),x € Q,y € [0,1]?:

—dive | Vu(x) = 0 (u(x) + v(x,y)dy) +f(x), xeQ, (11.37)

F()m[o?ﬂz

—Apw(x,y) = 0% (u(x) +v(x,y)) + f(x), y€FRN[0,1]* v(x,y)=0, yeFn0,1
(11.38)
These equations are supplemented by the boundary conditions for the function u, of the same
kind as in the problems with finite 1. For the sake of simplifying the analysis, we assume
that those inclusions that overlap with the boundary of Q are substituted by the “main”, “stiff”
material, where (€7)~! = 1.
In the equation (I1=37), the matrix &, 1s the classical homogenization matrix for the
perforated medium €F7, see Section above. However, the properties of the system (IT37)-
(I3R) are rather different to those for the perforated-medium homogenised limit, described by

3Neumann boundary conditions i.e. infinite conducting walls is a good model for metals in microwaves, but
much less so in the visible range of frequencies wherein absorption by metals need be taken into account. Note
also that in the TM polarization case, when the electric field takes the form (0,0, E), our analysis applies mutatis
mutandis by interchanging the roles of € and u, H and E, and Neumann boundary conditions by Dirichlet ones.
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the equation —dive ! Vu(x) = ®%u(x) + f(x). As we shall see next, the two-scale structure of
(IT37)—(IT38) means that the description of the spectra of the problems (I1-33) in the limit as
n — 0 diverges dramatically from the usual moderate-contrast scenario.

The true value of the above limiting procedure is revealed by the statement of the conver-
gence, as 1 — 0, of the spectra of the original problems to the spectrum of the limit problem
described above, see [I8] and by observing that the spectrum of the system ([37)—(I137) is
evaluated easily as follows. We write an eigenfunction expansion for v(x,y) as a function of
y € FN[0,1]?:

vxy) = Y ) vdy). (11.39)
k=0

where y;, are the (real-valued) eigenfunctions of the Dirichlet problem —Ay; = Ay, vy € Fi N
[0,1]2, arranged in the order of increasing eigenvalues Ay, k = 0, 1,... and orthonormalised ac-

cording to the conditions [z 12 lwi(y)[?dy =1,k=0,1,..., and Jrnio12 YY) wi(y)dy =0,
k#1, k,1=0,1,... Substituting (IT39) into (IT38), we find the values for the coefficients ¢y,
which yield an explicit expression for v(x,y) in terms of the function u(x) :

(o]

) = (0= F00) X ([, w)ay) e 7))

Finally, using the last expression in the first equation in (IT37) yields an equation for the
function u only:

—dive ! Vu(x) = B(0?) (u(x) + 0 2f(x)), x€Q, (11.40)

where the function 8, which first appeared in the work [[I8], is given by

[}

)y (/Fomm2 wk(Y)dY>2(/lk - wz)l). (11.41)

k=0

Figure 11.13: The plot of the function B describing the spectrum of the problem (LI34)—(I[I33) subject to the
boundary conditions. The stop bands for the problem in the whole space R? are indicated by the red intervals of
the horizontal axis. The spectra of the problems (ILI33) considered in the whole space converge, as 1 — 0, to the
closure of the complement of the union of the red intervals in the positive semiaxis.

B(w?) = a)2<1 + 0?
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The equation (IT-40) is supplemented by appropriate boundary conditions and/or condi-
tions at infinity, which are inherited from the 1-dependent family, i.e. the Neumann condition
at the boundary points x € dQ and the radiation condition when |x| — oo. Clearly, the spec-
trum of this limit problem consists of those values of ®? for which B(®?) is in the spectrum of
the operator generated by the differential expression —divelginV subject to the same boundary
conditions. For example, for the problem in the whole space R? (describing the behaviour of
TE-waves in a 3D periodic structure that is invariant in one specified direction) this procedure
results in a band-gap spectrum shown in Fig. ITT3. The end points of each pass band are
found by a simple analysis of the formula (IC4T): the right ends of each pass band are given by
those eigenvalues A; of the Dirichlet Laplacian on the inclusion Fy N[0, 1]? that possess at least
one eigenfunction with non-zero integral over Fy N [0, 1]> (otherwise the corresponding term in
(141)) vanishes), while the left ends of the pass bands are given by solutions to the polynomial
equation of infinite order 8(®?) = 0. These points have a physical interpretation as eigenvalues
of the so-called electrostatic problem on the inclusion, see [73].

As in the case of classical, moderate-contrast, periodic media, the fact of spectral conver-
gence offers significant computational advantages over tackling the equations (IT39) directly:
as N — 0 the latter becomes increasingly demanding, while the former requires a single numer-
ical procedure that serves all 1 once the homogenised matrix &,y and several eigenvalues Ay
are calculated. A significant new feature, however, as compared to the classical case, is the fact
of an infinite set of stop bands opening in the limit as 1 —, which are easily controlled by the
explicit description of the band endpoints. This immediately yields a host of applications of
the above results for the design of band-gap devices with prescribed behaviour in the frequency
interval of interest.

The theorem on spectral convergence for problems described by the equation (II33) is
proved in [I8] under the assumption of connectedness of the domain F; occupied by the “stiff”
component, via a variant of the extension procedure from Fj to the whole of R? for function
sequences whose energy scales as 1172 (or, equivalently, finite-energy sequences for the oper-
ator prior to the rescaling x/n =y). In the more recent works [24], [25], this assumption is
dropped in a theorem about spectral convergence for a general class of high-contrast operators,
via a version of the two-scale asymptotic analysis akin to (IT36), for the Floquet-Bloch com-
ponents of the resolvent of the original family of operators following the re-scaling x/n =y. In
particular, in [?4] a one-dimensional high-contrast model is analysed, which in 3D corresponds
to a stack of dielectric layers aligned perpendicular to the direction of the magnetic field. Here
the procedure described above for the 2D grating fails to yield a satisfactory limit description as
n — 0, i.e. a description where the spectra of problems for finite 17 converge to the spectrum of
the limit problem described by the system (IT37)—(IT38) as 1 — 0. A more refined analysis
of the structure of the related 1-dependent family results in a statement of convergence to the
set described by the inequalities

—1<

1
§<a—ﬁ+1>\/1sm(ﬁ<a—ﬁ))+cos(\/I(a—ﬁ)) <1. (11.42)
where « and 8 denote the end-points of the inclusion in the unit cell, i.e. FyN[0,1]2 = (, ) x
[0, 1].

Similarly to the spectrum of the 2D high-contrast problem, described by the function S,
the limit spectrum of the 1D problem has a band-gap structure, shown in Fig. [1-14, however
the description of the location of the bands is different in that it is no longer obtained from
the inequality B > 0, where 3 is the 1D analogue of (IT-41l). Importantly, the asymptotic
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behaviour of the density of states function as n — 0 is also very different in the two cases.
One can show that the family of resolvents for the problems (IT33) converges, up to a suitable
unitary transformation, to the resolvent of a certain operator whose spectrum is given exactly
by (II"472), see [?5]. The rate of convergence is rigorously shown to be O(n), as is anticipated
by the expansion (I1T36).

Figure 11.14: The square root of the limit spectrum for a 1D high-contrast periodic stack, in TE polarisation.
The oscillating solid line is the graph of the function f(®) = cos(®/2) — wsin(w/2)/4 in (IZ2) with oo = 1/4,
B = 3/4. The square root of the spectrum is the union of the intervals indicated by bold lines.

The above 1D result is generalised to the case of an oblique incidence of an electromag-
netic wave on the same 3D layered structure. Suppose that x, is the coordinate across the stack.
Then, assuming for simplicity that the wave vector (¢,0,0) is parallel to the direction x1, it can
be shown that all three components of the magnetic field are non-vanishing, with the magnetic
component H = H3 satisfying the equation

(e w/mp' ) = (@2 = (@) /)2 ) H (),

subject to the same boundary conditions as before. The modified limit spectrum for this family
is given by those ? for which (cf. (IT-22))

2

_1< %(a—ﬁ —|—1)<a)— %) sin(\/I(a—ﬁ)) +cos(\/I(a—ﬁ)) <1, >0, (11.43)

where, as before, o and 8 describe the “soft" inclusion layer in the unit cell, see [24]. The
set of @ described by the inequalities (I1-43) is similar to that shown in Figure [1-T4, the only
significant difference between the two cases being a low-frequency gap opening near @ = 0 for
(TTZ3).
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Figure 11.15: Superlens application of grating: (a) A time harmonic source at frequency 0.473 displays an image
through a square array of square inclusions, (b) Effective magnetism versus frequency using (ILI44) for square
inclusions of relative permittivity 100 with sidelength a = 0.5d in matrix of relative permittivity 1 (grating pitch
d = 0.1); Negative values of the effective magnetism are in the frequency region [0.432,0.534].

11.4 Conclusion and further applications of grating theory

To conclude this chapter, we would like to stress that advances in homogenization theory over
the past forty years have been fuelled by research in composites [36]. The philosophy of the ne-
cessity for rigour expressed by Lord Rayleigh in 1892 concerning the Lorentz-Lorenz equations
(also known as Maxwell-Garnett formulae) can be viewed as the foundation act of homogeniza-
tion: ‘In the application of our results to the electric theory of light we contemplate a medium
interrupted by spherical, or cylindrical, obstacles, whose inductive capacity is different from
that of the undisturbed medium. On the other hand, the magnetic constant is supposed to re-
tain its value unbroken. This being so, the kinetic energy of the electric currents for the same
total flux is the same as if there were no obstacles, at least if we regard the wavelength as in-
finitely great.” In this paper, John William Strutt, the third Lord Rayleigh [29], was able to
solve Laplace’s equation in two dimensions for rectangular arrays of cylinders, and in three-
dimensions for cubic lattices of spheres. The original proof of Lord Rayleigh suffered from
a conditionally convergent sum in order to compute the dipolar field in the array. Many au-
thors in the theoretical physics and applied mathematics communities proposed extensions of
Rayleigh’s method to avoid this drawback. Another limit of Rayleigh’s algorithm is that it does
not hold when the volume fraction of inclusions increases. So-called multipole methods have
been developed in conjunction with lattice sums in order to overcome such obstacles, see e.g.
[30] for a comprehensive review of these methods. In parallel to these developments, the quasi-
static limit for gratings has been the subject of intensive research, one might cite [B1] and [37]
for important contributions in the 1980s, and [33] for a comprehensive review of the modern
theory of gratings, including a close inspection of homogenization limit.

Interestingly, in the pure mathematics community, Zhikov’s work on high-contrast ho-
mogenization [I8] has had important applications in metamaterials, with the interpretation of
his homogenized equations in terms of effective magnetism first put forward by O’Brien and
Pendry [b5], and then by Bouchitté and Felbacq [b6], although these authors did not seem to
be aware at that time of Zhikov’s seminal paper [IX]. In order to grasp the physical importance

421



11.26 Gratings: Theory and Numeric Applications, 2012

of (II40)-(IT4T), we consider the case of square inclusions of sidelength a = d/2, where d
is the pitch of a bi-periodic grating. The eigenfunctions are W, (y) = 2sin(nmy)sin(nmy;) in
(T4T) and the corresponding eigenvalues are k,zlm = %(n® + m?). The right-hand side in the
homogenized equation (I1-40) can then be interpreted in terms of effective magnetism:

64a> 12
Whom (k) =1+ |
0 m (n,mz)‘édd n?m?(k2,,/a* — k?)

(11.44)

This function can be computed numerically for instance with Matlab and demonstrates that
negative values can be achieved for U, near resonances, see Fig. [T 13(b). This allows for
superlensing via negative refraction, as shown in Fig. [T-T5(a).

Finally, we would like to point out that high-order homogenization techniques [67] sug-
gest that most gratings display some artificial magnetism and chirality when the wavelength is
no longer much larger than the periodicity [68]. We hope we have convinced the reader that
there is a whole new range of physical effects in gratings which classical, high-frequency and
high-contrast homogenization theories can capture.
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