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Chapter 10

Exact Modal Methods

Boris Gralak

CNRS, Aix-Marseille Université, Ecole Centrale Marseille, Institut Fresnel,
13397 Marseille Cedex 20, France
boris.gralak@fresnel.fr

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, x» 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)=ux,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
0 H _ [ E _
G—w[g 0], FJ_{FI,}’ 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 — i F3], (10.11)
F=0"'[01Fh—dF],

where d; 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=vaAvl, (10.14)

where the matrix V contains the eigenvectors V4 , of L, and A is the diagonal matrix made of
the associated eigenvalues A+ ,:
LVip=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) = VexpliAx3]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 1 (35F)(0). (10.23)

Replacing (d3F)(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|—ikx3] F (x3) doxs (10.25)

The function F is then deduced from its Fourier transform .% [F] by

Flxs) = /R expliksvs) 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|—iksxs 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
(k3 — 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 (@ +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[—iA_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
FPRFV(la) =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 12— 2 (L (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 V/A2 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 — )]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):

F =iLF, L=M(x3), x3€][0,h]. (10.44)

Let €1, u1 and o7 be the functions which coincide with respectively €, ut 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 oy is xp-independent, the equality 6100, =9, = o, 19,061 holds, and the
expression above becomes
;2 | ot +95+ai0; 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+0do'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, = 0*&1 1y + 07 + oy "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), Fj (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| = —di0; ' F| + [01 + d10] ' 0| 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 4010, o, (o 1] commutes with d3, d» and di 0, I hence

1 1

Kk +
1+ 910, 010, . 1+0,0; 910,

— ! K F 4+ oo ! ! F, 10.54
I+o0 oo 2N T 06 a0 1 (1054
1 1
2
=0 K F|+ oo Fi.
' 62+ 0,0, 1910 SO 1612+3161_13161 :

o lh = 18161_](92}71

After the Fourier decomposition with respect to the variable x;, the operator d, becomes iky.
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 o01¢, and o, 181 01 ¢,,. The final expression of F, in terms of F; and d3F] is then

1
B=U-———V 1F +ikxW—
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 (k) =R B | (10.57)

First, equation (10.43) is used to provide an expression of the solution of (10.49):

o Lo 1
F1(0) =V explivVA2h)V~1F (h ):—ZV\/?V LosF1 (0 )—f-lV\/A_eXp[\/ 2pV=105F (h),
1 1
Fi(h) =V exp[iVA2RV ' F (0) = —iV exp[iVAZhV 1 3F(0) 4+ iV —= V95 Fi (h).
V2 VA2
(10.58)
This set of equations is written using 2 X 2 matrices:
F(0) d3F1(0) }
A =B , 10.59
[ Fi () ] [ o5F (h) (1059
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
_ 2 4 2171 —1 2, 121771
2
Defining the two matrices
1
—ikV A2+ IBUT W v 0
) A2+ k2
C= 2 . 1 (10.63)
. 71 —
0 —ikV [A7+i5|U W/12+k%V
and
VA2 +k|U™! 0
D— , (10.64)

0 VIA2+ KUt
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the relationship (10.59) becomes

F1(0) F1(0) F(0)
A =BC +BD . 10.65
A | =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 R = | 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
0'| 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 =2r/(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

=
=)

10

S Y
[ v |\ —
o =
— =
© 0.84 © 0.84
o o
S =
N N
) 0.6 l ) 0.6 [
o exac o exac
N -
R= 0.4 . R= 0.4 .
- ---- Fourier - ---- Fourier
2 2
QO o2 O 02
®) Q
E= E=
D 0.0 T T T T T T o 0.0 T T T T T T
5 10 15 20 25 30 35 5 10 15 20 25 30 35
number of modes (2n+ 1) number of modes (2n+ 1)

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] Ky €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 = [k + 270g(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 ):
(02,1, +0yvi 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
Vin ] . (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

———
Viig 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 gj(A) T g—1(A) - Ti1(A), (10.77)
Tj(A) = Prj(Aw ) (10.78)
B Lsi .
P j(Aw) = [ Cos(fl"’w), VP sy, ) , (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;:

Fp,(d) = explikid]F,, (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[—ik;d] 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 explikid]) 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 (.XLJ',I) 5 (1084)
where 4
J

x10=0, xij=Y wig J=12--J. (10.85)

q=1
Finally the eigenvalues of the operator Ky, are
P = Dot + 23 (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 = o 181 o1V used in section 10.4
[see equation (10.56)], they are equal to the functions

o) )0 (), (vt aviol)) (n) 92 (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) o (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 iy,
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 dTy j dTi
it St A T T, ’ I e e Ty Ty g e 10.92
A A - 11+Ty A it +Tig 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

apj = 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 31 ; (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 ;)|wi ;]  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(v )], (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 = &, 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)
dAp, (1) = _tr(&]l/&A) [i\nf (t).1] | (10.100)
dt (971 /90 [A) (1),1]

where 0T} /A is given by substituting the numbers v; ; for V| ;(¢) in equations (10.94,10.93)

and T, /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 7; ; 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:

i g
1T 1 (A T (AY) T (A), (10.101)
T In
i
B B R T R
D1 T

:Fnl(xl,j) j:0717"'7J- (10103)




B. Gralak: Exact Modal Methods 10.19

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
Ti,;(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

n2 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 \F " —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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