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Unidirectional SPP excitation at asymmetrical two-layered
metal gratings
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Institute of Fundamental Technological ResearclisPécademy of Science
Adolfa Pawifiskiego 5b, 02-106 Warsaw, Poland

*E-mail: arosz@ippt.gov.pl

Abstract. A new configuration of a reflective one-dimensibsiarface-relief metallic-
grating structure for unidirectional excitation safrface plasmon polaritons (SPPs) is
proposed and numerically explored for plane wavwenabincidence. The structure is
embedded between two different dielectric media@mdposed of two layers, each of
them consisted of periodically placed rectangulatainstripes. It is shown that even a
small horizontal shift between these two layersa @hange of dielectric contrast of
the grating fillings, may redirect energy flow peg@ation in a vicinity of the grating
structure. From these two cases of counter propaganergy flows only one shows
the field behaviour typical for SPP excitation. Jk&vident directivity phenomenon
exists together with high concentration of the wt#oagnetic field at the periodic
structure. The configurations analysed may be bgefiesigning optical devices like
photodetectors or, in general, in any case whefeiaft control of energy
propagation directivity is of primary importance.

PACS: 73.20.Mf, 42.79.Dj

1. Introduction

Plasmonics is one of the most rapidly developiranbhes in modern science, with tremendous
progress in all its theoretical and experimentgleats [1]. A great effort has been recently made in
developing efficient methods for controlling sudgalasmon polaritons (SPPs) [2] and designing new
plasmonic devices with growing number of potenéipplications in several aspects of science and
technology [3]. Those include, among others, spsctipic chemical and biological sensors used in
industrial process control, monitoring environmérgallution and planet surfaces, remote sensing
with optical fibre sensors, as well as productiéreficient solar cells and light-emitting diodesthwv
high efficiency. Due to the strong wavelength dieimation effect, SPPs allow also producing
wavelength-tunable filters. The ability of SPP teeome the Rayleigh criterion together with great
enhancement of electromagnetic field in near vigimif a metal surface allows visualization of
nanoobjects of dimensions much lower than an imtigeavelength. In optical communication and
data storage SPPs are considered as a new typ#iaal anformation carrier.

For further research and development of plasmodiegising photonic elements similar to those
used in conventional optics, but working with thephof SPPs, are necessary. For this goal, special
photonic elements have been developed, like, famgie, bent waveguides with high transmission
efficiency, microgratings working as Bragg wavegddvith orthogonal bends, beam splitters, Bragg
mirrors, interferometers and SPP semiconductordade this paper we present another photonic
structure which strongly interrelates its geomaetriparameters with directivity of the SPP
propagation.



2. Grating geometry and numerical modelling

Surface plasmon polaritons, being electromagnetiwes coupled to density waves of free
electrons in metals, are surface waves that prapageng the interface between two media with their
dielectric constants of opposite signs [4]. They ba excited only with a TM polarized wave and, as
having larger wave vector components in the hotaodirection than those of incident light, it
happens only when this wave vector is increasdlddardirection of SPP propagation. Commonly used
configurations for this purpose are glass prismdiffraction gratings. In order to achieve SPP
propagation in one desirable direction, an oblimeidence regime should be applied. However, in
several configurations, due to complexity of thdigg system, it is necessary to excite SPPs by
normally incident beams. This also can be accoimptidy using of diffraction gratings.

When light of frequencw impinges on a one-dimensional (1D) diffractiontipg at an anglé®;,
the horizontal (parallel to the grating vector) gaments of diffracted orders arg: &k wnsin@;)/c +
mK, where n is the refractive index of the medilmotigh which the grating is illuminated, m is an
integer denoting the diffraction order and c is $peed of light in vacuum, respectively. K "2 is
reciprocal 1D lattice vector, wher® denotes the grating period. However, a signifioaaste of
energy occurs when a symmetric grating is usedaegual coupling strengths of SPP propagating in
the two opposite directions. This can be prevemgdising a non-symmetric grating [5,6,7]. The
authors of [5] analyzed two aluminium gratings. Qves slanted rectangular grating and the second
had smooth sinusoidal slanted shape. Although ¢ittings were shown to be able to efficiently lead
SPPs in one direction, they are relatively diffidol manufacture, especially in the visible regidue
to the requirement of maintaining high accuraay, i preserving slant angle.

Asymmetry of the SPP coupling is used also in désigdirectional beaming effects [8,9]. Off-
axis directional beaming originates from differenupling efficiences of different gratings placed o
both sides of a subwavelength slit in an optictligk metal film. By tuning gratings' parameteieli
a grating period in the case of a full-metallictgrg or a refractive index in the case of a metalli
grating covered by a dielectric layer, it is polsiio adjust precisely an angle of the beam praj@ya
direction. Similar breaking the configuration synirgewas utilized in designing slanted grating
directional couplers [10]. Devices of such a typapie the light coming from a vertical fibre dirgct
into a specially designed core and further, witteout additional optics, into a horizontal waveguide

We propose a different asymmetrical reflection gpmftion of the diffraction grating for
unidirectional excitation of SPPs. By manipulatinigh asymmetry of the structure it is possible to
change the direction of a local energy flow thanenifested by the sign change of the local Pogntin
vector near the surface. We will show that it isgible to achieve distinct and measurable effects
resulted from the asymmetry of the periodic strietThe structure proposed in this paper could be
manufactured with standard photolithography or $mtl ion beam milling processes. In this
configuration the precise control of depth variatwithin the grating period is not so crucial astfee
slanted gratings mentioned in [5]. In that casepexaion of subsequent layers must be repeated
several times with different masks in order to agpnate a desired smooth shape of the grating.

The problem under consideration is depicted inrégd. Normally incident plane wave of
wavelengthA and TM polarization impinges on one-dimensiond®)(Asymmetrical planar periodic
structure. The structure is composed of two methggatings, one on the top of another and shified i
relation to each other. By, ave denote a shift between centres of metallipetrin both gratings. A
single grating layer is composed of periodic metad dielectric areas. A complex valued refractive
index of metal is described by Drude model:

f o
ny(w)= 1_a)2+F;ya) (1)

with parameters for goldw, = 1.38-18°s* andy = 1.07-1¢* s*. Dielectrics placed between metal
stripes in the upper and lower grating layers henee refractive indices jnand 1, respectively.
Dielectric substrate has the refractive indgxThe filling factors (areas occupied by metal acle
layer) are denoted agdnd $, respectively and the period of the gratingisThe upper medium is air
with n; = 1, although may be replaced, in general, by @nstant value ;n when the ratio 4in; is
preserved. Therefore, this configuration shoulddesidered as the metal grating embedded between
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two dielectric media. The height of the whole grgtstructure is h, the heights of individual grgtin
layers are hand B, respectively.
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Figure 1 (colour online). Geometry of a two-layered gratiiffraction problem. Two one-
dimensional surface-relief metallic diffraction gngs with different dielectric media in the
gaps between the metal stripes are stacked aniddshifrelation to each other.

In numerical calculations the Rigorous Coupled-Wawlysis [11,12] (also called the Fourier
Modal Method) with factorization ruletescribed in [13] are applied. This frequency-dommaethod
is widely used in grating diffraction analysis.ist based on the Fourier expansion of the relative
permittivity function in the grating region. Maxwelquations in periodic region are solved for elect
and magnetic fields decomposed into Floquet-Blodues. Eigenvalues and eigenmodes associated
with grating modes are computed for each gratiggrlanvariant in the z-direction.

Those solutions are matched with each other artdseiutions in the superstrate and the substrate
by boundary conditions imposed on tangential fisddnponents. Eventually, the set of equations is
solved for transmitted, reflected and grating mandgplitudes.

The energy flow (denoted by arrows on each fouuttpkot of figures 2-5) is expressed by the
time-averaged Poynting vectorSx< = Reg x H*)/2, whereE andH are electric and magnetic field
vectors and * denotes complex conjugation. The Bogrvector in each figure must be considered as
a resultant energy flow of the incident wave anel tbflected wave, where the reflected wave may
acquire one from the two (positive or negative)pagation directions along the x-axis. The two
waves propagating in the two opposite directionsspss, in general, different complex amplitudes. A
dispersive material (gold in our case) has the zeyo-frequency-dependent absorption coefficiertt tha
increases significantly in abnormal dispersion @agi The relation between real and imaginary parts
of susceptibility and the refractive index and éxéinction coefficient are given by:

iy -
n 2% I+ x+ix, o

where n and; are the refractive index and the extinction caoedfit, respectively, and ks a free-
space wave-number. Kramers-Kronig relations reladmdy for real ;) and imaginary)>) parts of
susceptibility for a sufficiently wide range of freéencies.

In numerical simulations we assutkhe 632.8nm, n=1, = 1.5,A = 600nm, h=h, = 60nm, {
= f,. The height of the grating should be preciseliotad in order to obtain the directionality effect,
as will be described below. Values of refractiveler of dielectric media are not considered as
absolute values but rather as contrast values veiipect to the upper dielectric medium. For
simplicity we assume that,r= 1 in the incident medium. Different configuraigof the two-layer
structure, with different directions of the fieldexgy flow, will be presented in the next section.



3. Asymmetry of the grating configuration and field distribution

The grating period is chosen smaller than the veagthA in order to make all diffraction orders,
except the zero-order one, evanescent with almmsipketely suppressed energy losses. When the
reflectivity and transmittivity reach their minimupossible value, the electromagnetic field obté#ins
maximum value near the surface. In order to achtbeepropagation of SPP in only one direction,
amplitudes of specularly reflected waves have teitpaificantly decreased and the energy flow has to
be transferred into the first diffraction order,edio the coupling of the one from many evanescent
waves to SPP. Such a wave field should match th@iog conditions: the equality of frequency of
the incident wave and SPP, as well as the equafitile incident wave vector horizontal component
and the wave number of the SPP. We preliminarynopéid the filling factors.f f, of both layers
following the procedure similar to that describad5]. The resultant filling factors are £ f, = 0.4.
The fourth subplots of figures 2-5 shown below préghe main result of numerical simulations, that
is the magnitude and direction of the Poynting ectThe three remaining subplots displaying the
electromagnetic field componentg H, and E, indicate the asymmetry of the field distributions

3.1. Influence of horizontal shiftsin the grating geometry

We first consider two structures characterizedhwy refractive indices,n= 1 and g = 1.5, with
the horizontal shift change between the upper anei layers within the range between 0 and\0.5
We plotted two configurations with different shifty = 0.2\ (figure 2) and d= 0.373\ (figure 3). In
both figures the plane boundary between two digtedillings is placed in between two grating
sublayers.

In both cases the asymmetrical distribution ofRlognting vector magnitude in the vicinity of the
structure is clearly seen. There is a small leakafgeadiation into the substrate and a distinct
directionality of energy flow near the surface. T$teft difference between both configurations is
relatively small but, nonetheless, it changes ceitap) the direction of energy propagation. Such a
small shift difference causes a measurable changjeei propagation conditions and therefore in the
direction of energy propagation in the vicinitytbe surface. It can be easily seen that the conmpone
of electromagnetic field that changes its sign egr@ain value of d reversing therefore the sign of the
Poynting vector, is |4 Resonance conditions at the upper and lower @yrate not equal due to the
presence of media with different refractive indieesl, therefore, the SPPs are excited only at one
boundary.

Grating period has to be properly chosen with retsfmethe wavelength. Although it is not shown
for brevity, we verified that too short or too largrating period with respect to the wavelengthsdoe
not allow guiding the electromagnetic field alohg structure in the form of SPP, since the coupling
conditions between incident evanescent order an&BP are not fulfilled. This means that for a give
structure, even asymmetric, the choice of waveterstge is limited by the structure ability to chan
the direction of SPP propagation. Additionallygrating is too thin or too thick, the directivitjfect
is also suppressed. This is the reason for chodkmgeight of the whole grating equal to 120 nm. |
particular, the values of half or twice the chokeight (60 nm or 240 nm) are too small or too ldme
enable relevant change in direction of energy pyapan in the described configuration. Only the
narrow range of grating heights allows achieving tipposite energy flow directions for the shifts
between < d, < 0.5A\.

There are also some general restrictions regattmdjlling factor. It cannot be too small in order
to prevent direct transmission of light between rtital stripes into the substrate. On the otheg, sid
we have also numerically verified that too wide ahatripes cause creation of additional curls above
the grating, due to reflection of significant ambwf electromagnetic field from metal areas. The
reflected field interferes with the incident lighhd form an interference pattern. This phenomenon
smears out the directionality and smoothness oétigzgy flow.
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Figure 2 (colour online) Grating configuration with4+ 1, = 1.5 and gd= 0.2\ and all nonzero
components of electromagnetic field, normalizedh® incident wave, in the vicinity of diffraction
grating: (a) Kk (b) H, and (c) E and (d) the Poynting vector magnitu& With the direction of the
energy flow denoted by arrows.
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Figure 3 (colour online) Grating configuration with n= 1, i = 1.5 and d= 0.37%\ and all
nonzero components of electromagnetic field, nomedl to the incident wave, in the vicinity of
diffraction grating: (a) E (b) H and (c) E and (d) the Poynting vector magnitud ith the
direction of the energy flow denoted by arrows.



3.2. Influence of the dielectric medium inside the grating regions

Subsequently, we analyze the field behaviour altbgestructure specified by a vertical shift of
the dielectric boundary inside the grating regibwo cases are presented. In the first case, thmgra
filled with dielectric of the refractive index high than incident medium,= ns > ny is considered
(figure 4). In the second case, the grating witdatitric medium of the refractive index equal te th
index of incident medium4= ns = n, is presented (figure 5). In both cases it is fiedio find a
particular value of horizontal shift,(dat which the strong directional effect is obtairaad significant
asymmetry in the field distributions occurs. Mobtle field energy density, flows along the surface
Disturbances above the structure are small anfidiveover the grating is not very much disturbed. |
this case the change of field energy directivitymposed by the vertical shift of dielectric mediat
by the horizontal mutual shift {dof metallic stripes, as it was shown in the poegi subsection.

An interesting comparison can be made when onetateuis filled with different dielectric media
in both periodic layers and the second structuréhef same fillings in both periodic layers. The
presence of the dielectric of the higher refractivéiex changes radically the direction of the eperg
flow in comparison with the structure filled witlormpletely the same dielectric medium, certainly in
spite of the substrate. In the metallic structurposed to dielectric with,= ns = m, = 1 the energy
propagation direction is the same as in case ofesfametallic grating placed on a metal substi@ite [
However, by adding a higher refractive index malehbietween the metal stripes the sign of the
Poynting vector changes and the energy flow becawpessitely directed. The difference in those
cases is, as in the previous cases, connecteahatige of sign of the ftomponent.
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Figure 4 (colour online) Grating configuration with n= 1.5, 3 = 1.5 and d= 0.4\ and all
nonzero components of electromagnetic field, nozedl to the incident wave, in the vicinity of
diffraction grating: (a) E (b) H, and (c) E and (d) the Poynting vector magnitud ith the
direction of the energy flow denoted by arrows.
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Figure 5 (colour online) Grating configuration withj= 1, i = 1 and d= 0.25\ and all nonzero
components of electromagnetic field, normalizedh® incident wave, in the vicinity of diffraction
grating: (a) &k (b) H, and (c) E and (d) the Poynting vector magnitu& With the direction of the
energy flow denoted by arrows.

It seems that the difference between the refradtigzes in the grating layerg and 1 is crucial
for obtaining the one from the two opposite direti of the energy flow in the two, nearly the same,
configurations. They differ only slightly in,dThe analysis of the,Eand H components shows that
the field is tightly confined in the vicinity of éhmetal stripes, and therefore is stronger in catesn
the stripes are embedded in dielectrics withre> 1, in opposition to the case of A = n; = 1.
Propagation constants of the SPPs moving in thespdirections (+/- first diffraction orders) are
equal in the case of normal incidence, despith@®flsymmetry of the grating. It appears that dezisi
in the unidirectional propagation of the SPPs heedifferent coupling strengths of both SPPs amd, i
consequence, different amplitudes of the both mapag modes [5].

3.3. Action of the structures with horizontal symmetry

Finally, we present two grating configurations thed symmetrical with respect to the y-z plane
(figure 6), that is the structures specified Qyd.5\. The refractive indices in the first configuration
are:n =1, n=1.5, in opposition to the second ong=ms = 1.5. In both configurations the curls, in
centres of which the energy flow is zero, emergéndistribution of the Poynting vector. Thoselgur
are originating from the interference of incomimgflected and diffracted fields, together with the
propagating SPPs. This interference is destruetidedecreases the magnitude of the Poynting vector.
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Figure 6 (colour online) Two symmetrical grating configurations, @ 0.5\) withn, =1, = 1.5
(upper subplots (a) and (b)) ang=nns = 1.5 (lower subplots (c) and (d)) and the compord the
magnetic field K (left column (a) and (c)) and the Poynting vect@gnitude$| with the direction of
the energy flow denoted by arrows (right columngijl (d)).

As the structure is symmetrical with respect toytteeplane, no direction along x-axis is preferred
and no horizontal energy flow near the gratingcitme is observed. Moreover, the replacement,of n
in the first configuration bynn the second one, changes the sign of the magineti component Ij
but still maintains the shape of the interferenatgon over the whole structure.

3.4. Additional remarks

The results presented above have been discussieel aontext of the energy flow direction of the
total field. However, apparently similar or almastimmetric results shown for the Poynting vector
evaluated over the really asymmetric grating stmectmay suggest different physical phenomena,
which are the origins of the field propagation I ttwo opposite directions. In order to investigate
physical reasons of such behaviour of asymmetrizlyered structure, we plot in addition the local
reflection coefficient for one of the mentioned ed@eometries of the structure. Similar charts a@oul
be plotted for other configurations, although, étarity, we present here only one set of the plots
one configuration.

The plots in figure 7 are calculated for the casthe material and geometrical parameters related
to these of figures 2 and 3 (i.e.=1, iy = 1.5). They present the local reflection coeéfits of the +1
diffraction order, the -1 diffraction order and diffraction orders together for,Eand H components
of electromagnetic field. For this purpose the loedlection coefficient is defined at some point
above the structure as the total field reducechbyiricident field and normalized to the incideetdi
We plotted the local reflection coefficients jubibae the structure, at the points 2nm over the kaidd
of upper metal stripes, where the energy flow hassmoothest profile. These plots refer to numerica
simulations illustrating the change of the Poyntiwegtor sign in the presence of small structure
modifications.

Figure 7 indicates that the geometry of the stmactaally favours the SPP excitation only in one
direction. However, this probably does not excltlte change of Poynting vector sign and therefore
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energy propagation in the opposite direction withitne excitation of SPP. Our results indicate the
presence of two different kinds of phenomena wlgohe analogous results in the context of the
directivity of the energy flow. Strong discontineg of the local reflection coefficient in the casfe
horizontal shift slightly below ,d= 0.4\ relate the resonance conditions for unidirectio8&IP
excitation. The change of directivity of energywifloear the value of,d= 0.2\ is connected with other

physical phenomena, probably the diffraction efidatther from the SPP resonance. This assumption
should be verified in further research.
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Figure 7 (colour online). Local reflection coefficient plett versus the horizontal shift tbr the
grating configuration as in figures 2 and 3 fnl, s = 1.5); an imaginary part (a) and a magnitude (c)
of E,, together with a real part (b) and a magnitudeofd,, of the local reflection coefficient of +1

diffraction order (blue dotted line), -1 diffractiorder (green dashed line) and of all diffractoders
(red solid line).

It appears that in cases of too thin or too thigkahstripes the energy flow redirection cannot be
achieved. Suppression of the directivity effectia case of too thin gratings may be explainechby t
weak influence of thin metal stripes on the incidesave and the quite high transmittivity of the
structure. In this case the metal stripes are uafficently optically thick and opaque. On the athe

hand, in the case of too thick gratings, the inflieeof the lower subgrating on the incident fieldym
be too weak to enable the efficient redirectiothefenergy flow.

The explanation of the numerical results is giverelon the grounds of the examples of the plane
wave incidence upon the infinite reflecting struets Even this idealized geometry allows us to
achieve a few interesting observations. They indithat the change of the energy flow direction is
possible by introduction of small differences eitle the structure geometry or in values of the
refractive index of the dielectric filling. The atation efficiency of this energy flow redirectiaran
be estimated in this idealized view of this phenoameas well, as it is shown in figure 8. In thiguiie
the normalized (to the incident field amplitude) @itades of the reflected from and transmitted
through the structure optical field are drawn. @ifeerences between the left and the right fieldkse



are consistent with the direction of the energyvflareferred in the two cases described in figures 2
and 3 and subsequently in figure 7.

4

35 )

3

25

Arnplitude
Armplitude

0.5 Jf’\ 4
D 1

-10 5 0 5 10

Diffraction order Diffraction order

Figure 8 (colour online). Normalized amplitudes of the eefkd (blue solid line) and transmitted
(green dashed line) optical field measured abowe lmlow the two-layered structure for the shift
d,=0.2A and the energy flow in the +x direction (a) anddg=0.375\ and the energy flow in the -x
direction (b).

Further analysis and more complete interpretatioth@se phenomena will be possible by taking
into account a more realistic case of finite geoyet the problem. This means the cases of beams
with finite cross-sections incident on spatiallyite periodic SPPs guiding structures. In suchcase
will be able to take into account the finite exttda area of SPPs, precisely calculate their etioiia
efficiency, propagation length and other quantratparameters specifying more realistically the
problem under consideration.

4. Conclusion

We have demonstrated that a simple two-layeredctsiie, composed of two gratings with
rectangular metal stripes embedded in dielectridimecan be used to control electromagnetic field
behaviour in the vicinity of this structure. By pesific choice of the geometric configuration oé th
structure one may determine a desired directiothef energy flow. It appears that, by tailoring
properly the horizontal asymmetry of the structioyeshifting the gratings with respect to each qgther
it is possible to redirect the energy flow into aidhe two opposite directions. Moreover, the igigat
shifts applied for this purpose may be small. Thedtivity change of the energy flow direction is
accompanied by a sign change of the magnetic éetdponent K at a certain value of the shiff.d
The same directivity change can be also obtainedspecified vertical position of a contrast bougda
between two dielectric filling media. The advantajehis configuration is that it is easy to produc
with the photolithography or focused ion beam tégies, which are not time or cost consuming.
Moreover, in the case of metal stripes embeddederiwo different dielectrics, the field components
are tightly confined to the metal structure.

The geometry analyzed may find several applicationphotonics. It can serve as an optical
device for controlling direction of electromagneticergy flow. Maintaining the advantages of normal
incidence, it opens, at the same time, the potygilif manipulation with the direction of energy
propagation. Similar simple asymmetric grating aguniations with further optimization can serve as
optical concentrators. By breaking the symmetryhefgrating and thus forming a subwavelength slit
between two grating systems with the reversed,shiftl properly adjusting the phase differences of
SPPs incoming from both sides, a strong conceatraif light in the middle of the structure can be
obtained. Such configurations can serve as elentdrghotodetectors, where the radiation has to be
concentrated within a small active area below te¢athization region.
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