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Abstract. Optical characteristics of a finite two-dimensional silver stripe photonic crystal of a square lattice
are numerically analysed with use of multilayer Rigorous Coupled Wave Analysis. Qualitative changes in
optical response of the crystal originated from modifications of the thickness and filling factors of each
layer and the polarization direction of the incident wave are shown. The crystal manifests its various
characteristics in wideband or narrowband reflection and transmission, while absorption remains low. The
behaviour of the crystal is determined by its structure geometry yielding excitation of localized plasmons
and collective modes together with interactions between them. The optical response of the square lattice
structure is also compared with the response of a triangular lattice crystal.

1 Introduction

Subwavelength metal periodic gratings can strongly inter-
act with electromagnetic (EM) field waves [1]. This inter-
action can be enhanced in the case of polaritonic crystals
build out of many stacked grating layers [2]. The two-
dimensional (2D) crystal is composed of horizontally 1D
periodic sets of dielectric stripes forming a second 1D pe-
riodic sequence of layers in the orthogonal to the hori-
zontal plane vertical direction. The stripes in all layers
are arranged in parallel and the metal gratings are buried
in a dielectric host material. In general, metal photonic
crystals offer additional possibilities in comparison with
dielectric crystals in modelling their overall hybrid be-
haviour by using plasmonic properties of metals [2]. Plas-
monic resonances may introduce new phenomena that can
further modify the optical response of the structure. Such
metal photonic crystals can sustain several phenomena of
high importance in applied optics like polarization opti-
cal filtering [3], thermal emission [4], enhanced absorp-
tion [5], negative refraction [6] or omnidirectional reflec-
tion [7]. The main advantage of the stripe crystal structure
is that it can be produced sequentially layer by layer with
standard photolithography or electron beam lithography
techniques [1,2].

Here we analyse numerically the two-dimensional sil-
ver photonic stripe structure of a rectangular symmetry
with use of multilayer Rigorous Coupled Wave Analysis.
In the analysed configuration the stripes in each layer are
placed exactly at the same horizontal position without
any horizontal spatial shift. This kind of the structure can
exhibit several optical properties dependent on its geomet-
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rical parameters. Significant changes in transmission and
reflection field spectra can be obtained by changing the
filling fraction, the thickness of the structure elements or
the polarization direction of the incident wave. By prop-
erly choosing these parameters it is possible to design a
broadband reflector, a broadband transmitter or a narrow-
band transmitter. We also compare the optical response of
this type of the crystal with a similar one, where the addi-
tional horizontal spatial shift by half of the grating period
is introduced in every second layer (see Fig. 1). It appears
that, despite significant changes of the structure geometry,
the optical response of the crystal with this horizontally
symmetric shift between the layers does not differ quali-
tatively from this without a shift, for most configurations
of the structure parameters.

2 Geometry of the structure and its modelling

The configuration analysed first is depicted in Figure 1a.
Each layer of the crystal consists of a 1D rectangular silver
grating of the same thickness d and the filling factor f . In
the crystal the metal stripes in the subsequent layers do
not cover the whole area of the structure, what results in
presence of vertical air areas in planes perpendicular to
the propagation direction.

In an infinite photonic crystal only propagation modes
can exist [8]. However, the semi-infinite in the vertical di-
rection spatial structure of the crystal may support also
evanescent and surface modes [1,9]. Here we analyse the
semi-infinite structure of the 2D crystal, which consists
of four layers resulting of four periods in the stacking di-
rection. Note that increasing further the number of lay-
ers of the modelled crystal might lead to slight changes

http://www.epj.org
https://doi.org/10.1140/epjd/e2017-70706-9
http://www.springerlink.com


Page 2 of 12 Eur. Phys. J. D (2017) 71: 182

Fig. 1. Configuration of the problem. (a) Metal photonic crystal consists of 4 identical grating layers, each of thickness d,
separated vertically by d. Width of the metal stripe in each layer is Λ f . Period in x direction is equal to Λ. (b) Metal photonic
crystal with a horizontal spatial shift by half of the grating period introduced in every second layer. The other geometrical
parameters remain the same.

Fig. 2. Convergence of reflection (R – blue dotted-dashed line), transmission (T – green dashed line) and absorption (A –
red solid line) for configuration with (a) rectangular lattice, f = 0.65, d = 200 nm and λ = 700 nm and incidence of TM
polarization, (b) triangular lattice, f = 0.2, d = 200 nm and λ = 630 nm and incidence of TE polarization.

of the optical response of the structure, but still preserv-
ing qualitative characteristics of the structure behaviour.
This issue will be addressed in Section 7.

A plane wave of linear polarization is incident normally
onto a surface of the crystal from air (ε1 = 1). Polariza-
tion of the incident plane wave is defined with respect to
the arrangement of the metal stripes. For transverse mag-
netic (TM) polarization the magnetic field vector is ori-
ented parallel the metal stripes meanwhile for transverse
electric (TE) polarization the electric field takes this di-
rection. The optical response of the structure can be con-
trolled by its material and geometry parameters. The most
pronounced changes in the crystal’s reflection, transmis-
sion and absorption efficiency are caused by changes of the
filling factor f (i.e. proportional to the width of the metal
stripes) as well as of the thickness d of each layer. Here
we keep the horizontal period Λ of the gratings constant
and equal to 400 nm. However, further optimization of the
structure might require varying the following parameters:
the separation between the subsequent layers (here equal
to d) and the period Λ of the structure in the horizontal
direction x.

Numerical analysis of the optical response of the crys-
tal was performed using the Rigorous Coupled Wave Anal-
ysis [10], with implementation of the scattering matrix al-
gorithm [11] and the factorization rules [12]. There were

145 space Fourier components taken into account in the
horizontal direction x. The wavelength dependence of di-
electric function of silver was numerically fitted to the ex-
perimental data [13]. The wavelength range in the analysis
is chosen to be within the range of low loss of silver and
thereby the field-structure interactions could be analysed
with use of Drude model as well [14]. Reflection or trans-
mission coefficients are calculated as the ratio of the field
components – of the real power carried by the reflected or
transmitted wave normal to the boundary – to the corre-
sponding component of the real power associated with the
incident wave [15].

To show the correctness of our numerical algorithm, we
present in Figure 2 the convergence of the analysis regard-
ing the number of Fourier components taken into consid-
eration for two cases: with rectangular lattice and TM in-
cident polarization, f = 0.65, d = 200 nm and λ = 700 nm
(corresponding to the case presented in Fig. 4b) and tri-
angular lattice, filling factor f = 0.2, d = 200 nm and
λ = 630 nm and incidence of TE polarization (correspond-
ing to the case presented in Fig. 8b). Although good con-
vergence is obtained even for 100 diffraction orders, we
use 145 diffraction orders in order to perform calculations
with minimal inaccuracy.

Here we assume that the metal crystal is embed-
ded in the medium with dielectric constant equal to one
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Fig. 3. Wavelength dependence of reflection (R – blue dotted-dashed line), transmission (T – green dashed line) and absorption
(A – red solid line) for the configurations with filling factor f = 0.2. (a) The thickness d = 60 nm for incidence of TM (left) and
TE (right) polarization; (b) the thickness d = 200 nm for incidence for TM (left) and TE (right) polarization. The resonances
of the structure: 1st order resonance at λ = 873 nm, 2nd order resonance at λ = 812 nm and 3rd order resonance at λ = 725 nm
are also indicated.

(air is considered as the host medium). However, the
RCWA method allows for scaling of the parameters with
respect to dielectric constant value of the host medium.
This means that the presented results are also valid for
media with dielectric constant higher than one, together
with dielectric permittivity of the metal changed accord-
ingly. The objective of this work is to show that it is pos-
sible to obtain different optical responses of the crystal
by introducing changes in certain structure’s parameters,
regardless of values of dielectric permittivities of metal or
dielectric medium. This approach is justified because there
are also other parameters that may influence the optical
response of the structure, like the ratio between the field
wavelength and the horizontal period of the grating, in
addition to the filling factor or the layer thickness.

3 Numerical evaluation of the far field

In this section we analyse different optical responses of
the crystal within the range of the far field above and be-
low the structure. Reflection (R), transmission (T ) and
absorption (A = 1 − R − T ) curves versus the field wave-
length are presented for two different layer thicknesses d
and filling factors f . Figures 3 and 4 show the optical
responses of the structures with f = 0.2 and 0.65, respec-
tively, for two thicknesses d = 60 nm and d = 200 nm and
for the incident field of TM and TE polarization. For each
set of geometrical parameters there are visible differences

in reflection and absorption curves between the cases of
TE and TM polarizations.

As we already pointed out, both thickness and filling
factors qualitatively change the character of the struc-
ture response and are responsible for its various optical
properties. As expected, for low f and TM polarization the
crystal is transmissive in a very wide wavelength range. On
the other hand, for high f and TE polarization it acts as
the almost perfect reflector. However, for other configura-
tions it can act either as a good broadband or narrowband
transmitter, in dependence on the type of polarization
incidence.

For the small layer thickness (d = 60 nm), the low
f -factor the crystal works as the transmissive structure
in a wide range of wavelengths and for both, TM and
TE polarizations. The increase of reflection from about
670 nm wavelength limits the high-transmission band at
the long-wavelength side for incidence of TE polarization.
This is in agreement with a cut-off wavelength for TE po-
larized wave propagating in a metal/dielectric/metal slit:
λco = 2Λ(1 − f) = 640 nm [16]. In the case of TM po-
larization, the structure hardly interacts with the incident
wave and their reflection and absorption levels approaches
nearly zero in the presented wavelength range.

With increasing thickness (to d = 200 nm), the broad
and low peak of increased reflection in a long-wavelength
range can be observed for incidence of TM polarization.
On the other hand, for TE polarization, the optical re-
sponse of the crystal changes remarkably. In the range
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Fig. 4. Wavelength dependence of reflection (R – blue dotted-dashed line), transmission (T – green dashed line) and absorption
(A – red solid line) for the configurations with f = 0.65. (a) The thickness d = 60 nm for incidence of TM (left) and TE (right)
polarization; (b) the thickness d = 200 nm for incidence of TM (left) and TE (right) polarization.

∼550–700 nm in which high transmission can be observed
in the thin crystal, the structure becomes now a very good
reflector. Moreover, three narrow bands, corresponding to
high transmission and increasing absorption, appear at
longer wavelengths of the incident field.

Optical responses of the high f -factor crystals strongly
depend on the polarization of the incident field too (see
Fig. 4). They are, in general, still characterized by rel-
atively low absorption. As expected, the crystal shows
strong and broadband reflection for TE polarization.
Moreover, it exhibits slightly different behaviour with in-
creasing thickness for TM polarization due to the increase
of the metal thickness and the increased separation of the
layers. A double peak of narrowband transmission accom-
panied with absorption shifts spectrally to longer wave-
lengths as the thickness increases and transforms into
a broad transmission band. Thus, manipulation of the
layer thickness influences on the width and magnitude
of transmission and the high f -factor crystal acts like a
polarization-dependent filter.

Therefore, it is possible to obtain either a broadband
transmitter or a broadband reflector for both TM and
TE polarization of the incident wave at the same time.
The broadband transmitter can be designed with use of
low filling fraction and low thicknesses of the layers. The
broadband reflector, on the other hand, is obtained for
high filling factors and low thicknesses.

4 Numerical evaluation of the near field

In addition to the far field response, the near field distribu-
tions of particular resonances facilitate the interpretation

of the nature of modes excited in the structure and other
phenomena occurring in the far field, as presented in the
previous section. In the structure, the stripes in all lay-
ers are placed without any horizontal spatial shift. This
fact has two consequences. First, it creates the stacked
metal/insulator/metal (MIM) cavities of the thickness d
between the layers. Second, it creates air areas through the
total crystal thickness in vertical direction. Those features
lead to a rich spectrum of different crystal responses.

Metal nanostripes can be treated as elementary dipole
oscillators [17]. Under the incidence of TM polarization
the single metal nanostripe shows a localized plasmon
resonance in its optical response. This is a consequence
of the collective oscillation of conduction band electrons
in metal [17]. Since the metal stripes are separated by
a distance shorter than the wavelength of the incident
field, near field coupling dominates over the far field cou-
pling. Interactions between the neighbouring stripes intro-
duce spectral shifts of the localized resonance wavelengths.
Since the skin depth of silver is between 22 and 27 nm in
this wavelength range, the EM field coupling through the
60 nm (or more) thick metal stripes is weak. Thus, the
localized plasmon modes are attributed mainly to the cav-
ities between metal stripes, not to the stripes themselves.
However, for d = 60 nm the coupling through the metal
does exist as well.

4.1 Crystals of low f-factor

In the low-f crystals two important phenomena appear
visible – localized modes are excited and the transmis-
sion occurs in the free spaces between the metal ridges.
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Fig. 5. Magnetic and electric field distributions for the configuration with f = 0.2 and d = 200 nm: (a) λ = 580 nm (incidence
of TM polarization), (b) λ = 680 nm (TM), (c) λ = 850 nm (TM), (d) λ = 725 nm (TE, 3rd order resonance), (e) λ = 812 nm
(TE, 2nd order resonance), (f) λ = 873 nm (TE, 1st order resonance).

Moreover, for closely spaced metal stripes (d < λ), inter-
actions between the local EM field near the metal surface
dominates [18].

For TM polarization the structure behaves as a pe-
riodic set of vertical metallic nanostripe chains [9]. The
magnetic near field corresponding to the high transmis-
sion region is presented in Figures 5a and 5b. The local-
ized plasmon modes excited at the individual metal stripes
are coupled through neighbouring stripes. At shorter
wavelengths both transverse and longitudinal modes are
present. Vertical and horizontal coupling between neigh-
bouring stripes is visible, especially in Figure 5a. The en-
ergy is transported along the chain by field coupling be-
tween the localized modes of neighbouring stripes [19].
Those modes are the gap surface plasmons in MIM cavi-
ties between every second metal stripe [20]. The gap plas-
mons are excited at the surfaces of the upper and lower
metal stripes and can be coupled through the dielectric
space between stripes.

In the area of reduced transmission (λ ≈ 750−950 nm)
(Fig. 5c) there is no vertical coupling between modes. At
longer wavelengths the transverse mode perpendicular to
the chain dominates. In [9] the authors indicate that for
short nanostripe chains the dominating collective mode is
a longitudinal one, however the analysed structure config-
urations differ significantly in this respect, as they anal-
ysed the single chain of wires of circular cross section sep-
arated by 5 nm. All those differences may cause changes in
the optical response. In the case considered here there is
no single resonant transmission. Instead, the broad trans-
mission band persists.

Figures 5d–5f present electric field corresponding to
three peaks in Figure 3 for d = 200 nm and the incidence of
TE polarization. The field distribution corresponds to first
(Fig. 5f), second (Fig. 5e) and third (Fig. 5d) resonance.
The order of the resonances is determined by the phase π

changes of the field in the direction perpendicular to the
layers.

For TE polarization three transmission resonances are
the collective Fabry-Perot resonances of different orders.
These resonances are excited between the gratings in the
structure [21] and are shifted spectrally to longer wave-
lengths with increasing thickness of d (the transmission
maximum for configuration with d = 60 nm indicates in
fact the first Fabry-Perot resonance). The cavity modes
accumulate energy in the near field, leading to enhanced
absorption (10–15%), apparent as a high field intensity
inside crystal structure [14].

4.2 Crystals of high f-factor

Structures with f = 0.65 show strong dependence on po-
larization of the incident field. For TE polarization they
are characterized by a high, broadband reflection. For
such the high f -factor the cross-section of the vertical
waveguide is too small to transmit TE polarized wave. For
TM polarization there are transmission peaks, which are
shifted spectrally to longer wavelengths with the increas-
ing thickness. In Figure 6 we present the magnetic field
distributions for TM polarization corresponding to differ-
ent incidence wavelengths. For thin structures (d = 60 nm)
there is a field coupling through the metal stripes and a
collective mode is excited in the structure. The first and
second Fabry-Perot vertical resonances correspond to two
transmission peaks. Additionally, the horizontal coupling
between neighbouring vertical waveguides is also clearly
visible.

Here the strong influence of the number of layers on the
structure’s modes and optical response is obvious. With
increasing number of layers the wavelength of the collec-
tive modes in the structure would shift spectrally to longer
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Fig. 6. Magnetic field distributions for the configuration with f = 0.65 and incidence of TM polarization: (a) d = 60 nm,
λ = 471 nm, (b) d = 60 nm, λ = 530 nm, (c) d = 200 nm, λ = 675 nm, (d) d = 200 nm, λ = 738 nm.

Fig. 7. Dispersion relation (dependence of transmission on the incident wavelength and wave vector) for the configurations
with (a) f = 0.2, d = 200 nm and TE polarization, (b) f = 0.65, d = 60 nm and TM polarization, (c) f = 0.65, d = 200 nm
and TM polarization.

wavelengths. This is not the case for thicker structures,
where coupling through the metal becomes negligible.
Here the main coupling occurs horizontally between neigh-
bouring vertical chain waveguides (Figs. 6c and 6d). Note
that the TM wave does not possesses a waveguide cut-off
and can pass directly through the structure.

5 Band structure analysis

To conclude our analysis of square lattice crystals, in
Figure 7 we present the dispersion relations for low-f
and high-f structures along the incidence kx component
for different thicknesses and polarizations. The disper-
sive modes exist in each type of crystal. However, three
resonance Fabry-Perot modes corresponding to f = 0.2,
d = 200 nm and TE polarization (Fig. 7a) shift to shorter

wavelengths at higher incidence angles, in opposite to res-
onance modes corresponding to f = 0.65, d = 60 nm and
TM polarization, which redshift. This is a consequence of
different mechanisms of mode excitation at different wave
polarization incidence. On the other hand, localized plas-
mons coupled through gaps between neighbouring vertical
wire chains (Fig. 7c) show no dispersion, which is in agree-
ment with conclusions in [22,23].

6 Crystals with spatially shifted layers

To compare the optical properties of the configuration
without a horizontal shift between the layers with a more
complicated, spatially shifted structure, we analyse in this
section the 4-layer crystal with a spatial shift by half of
the horizontal spacing introduced in every second grating
layer (Fig. 1b). Thus, this structure consists of the two
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Fig. 8. Wavelength dependence of reflection (R – blue dotted-dashed line), transmission (T – green dashed line) and absorption
(A – red solid line) for 4-layer crystal with spatial shift for the configurations with f = 0.2. (a) The thickness d = 60 nm for
incidence of TM (left) and TE (right) polarization; (b) the thickness d = 200 nm for incidence of TM (left) and TE (right)
polarization. The resonances of the structure: 1st order resonance at λ = 865 nm, 2nd order resonance at λ = 803 nm and 3rd
order resonance at λ = 722 nm are also indicated.

2-layer structure periodic in the (vertical) propagation di-
rection. In Figures 8 and 9 we present the reflection, trans-
mission and absorption curves in dependence on the inci-
dent wavelength for the low and high filling factors and
for the same other geometrical parameters as in Figures 3
and 4. It should be noted, that the horizontal spatial shift
between two layers presented in [24] was introduced in or-
der to modify the horizontal propagation direction of sur-
face plasmon polaritons in the near field of the structure.
However, in the case considered here, this shift is symmet-
ric with respect to the horizontal x-direction. Therefore,
the horizontal spatial shift does not change significantly
the optical response of the crystal in the range of far field,
in most configurations discussed here.

Optical responses for TE incidence remain qualita-
tively the same as in the case of the structure without the
horizontally symmetric shift between the layers, except
the narrowed transmission band for thin metal structure
(d = 60 nm) and low filling factor (f = 0.2). In this case
the structure can no longer be considered as a MIM slit
cavity. The cut-off frequency is then shifted spectrally to
shorter wavelengths due to additional disturbance intro-
duced by the spatially shifted layers. On the other hand,
for low filling factors and large height d of the layers, the
horizontal shift of them does not influence much on the
optical response of the crystal.

In contrast, the broadening of the transmission band
for d = 200 nm and significant spectral shift to longer
wavelengths of transmission peaks for d = 60 nm are the

important changes in the spectra for the structure with
f = 0.65 under incidence of TM polarized wave. Exci-
tation conditions of the collective modes in the spatially
shifted structure are changed. Now the cavities between
layers are vertically extended due to the spatial shift of the
every second layer. This is the cause of significant spectral
shift to longer wavelengths of the Fabry-Perot modes for
d = 60 nm and TM polarization.

Figure 10 presents the field distributions for the par-
ticular resonances presented in Figures 8 and 9. Fig-
ures 10a–10c display third-, second- and first-order res-
onance, respectively. The position change of subsequent
field maxima is clearly visible. Horizontally continuous
mode field distribution of the spatially shifted structure
(Figs. 10a–10c) corresponds to the almost horizontally dis-
continuous field distribution presented in Figures 5d–5f.
Figures 10d and 10e show two transmission maxima orig-
inating from the collective modes in the structure. Ex-
tended gaps between metal stripes in vertical direction
cause the spectral shift to longer wavelengths of the res-
onances and changes in the field distribution. Figure 10f
presents the magnetic field distribution corresponding to
high transmission without a direct line of sight through
the crystal. Fields are similar to those obtained for the
structure without a horizontal shift between the layers
despite the fact, that upper metal stripes screen the air
gaps in lower grating layers. This feature is in agreement
with results presented in [25], where a bilayer structure
with introduced spatial shift of a half of grating period
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Fig. 9. Wavelength dependence of reflection (R – blue dotted-dashed line), transmission (T – green dashed line) and absorption
(A – red solid line) for 4-layer crystal with spatial shift for the configurations with f = 0.65. (a) Thickness d = 60 nm for incidence
of TM (left) and TE (right) polarization; (b) thickness d = 200 nm for incidence of TM (left) and TE (right) polarization.

Fig. 10. Electric and magnetic field distributions: (a) d = 200 nm, λ = 722 nm (TE, 3rd order resonance), (b) d = 200 nm,
λ = 803 nm (TE, 2nd order resonance), (c) d = 200 nm, λ = 865 nm (TE, 1st order resonance), (d) d = 60 nm, λ = 521
nm (TM), (e) d = 60 nm, λ = 678 nm (TM), (f) d = 60 nm, λ = 686 nm (TM). Figures a–c are analogous to Figures 5d–5f.
Figures d and e are analogous to Figures 6a and 6b. Figure f is analogous to Figures 6c and 6d.

showed high resonant transmission despite the lack of di-
rect line of sight. However, the analysed structure shows
significantly broader transmission band.

Finally, the question arises whether the transmission
and absorption characteristics of the structure discussed
in this paper can be further optimized. It seems that it
may be accomplished, for example, by changes of the di-
electric separation between the periodic stripe layers or by
changes of the period value of the horizontal gratings. It
might be also reasonable to expect new effects, for exam-

ple, in the 3D crossed structure (both with or without the
horizontal spatial shift), where every second grating layer
is in addition rotated horizontally by π/2.

Note that our numerical simulations are performed
for the relatively simple field-structure configuration. The
structure is horizontally periodic in the direction par-
allel to the incidence plane and incidence of the plane
wave of the linear – TM or TE – polarization is normal
with respect to the horizontal surface of the structure. In
this case the standard TM and TE Fresnel coefficients
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Fig. 11. Eight-layer crystal with rectangular lattice. Wavelength dependence of reflection (R – blue dotted-dashed line),
transmission (T – green dashed line) and absorption (A – red solid line) for the configurations with filling factor f = 0.2. (a)
The thickness d = 60 nm for incidence of TM (left) and TE (right) polarization; (b) the thickness d = 200 nm for incidence for
TM (left) and TE (right) polarization.

of transmission and reflection are suitable for the field
evaluation in its separate polarization components.

Note also that in more general three-dimensional (3D)
field-structure configurations, where, for example, the
structure is horizontally periodic in two mutually orthog-
onal directions or incidence of the plane wave of arbitrary
polarization is oblique, the cross-polarization coupling
(XPC) between the TM and TE field components come
into play and modify the field transmission and reflection
coefficients. However, considerations on such complex 3D
field-structure configurations are beyond the scope of this
work. Examples of them were already analysed by us in
the context of interactions of paraxial beams with planar
isotropic interfaces [26], open nano-meta-rezonators [27]
and periodic arrays of Fresnel zone plates [28].

7 Crystals with more layers

In this section we compare action of the photonic crystals
of square and triangular lattices consisting of four lay-
ers presented in previous sections with analogical crystals
consisting of eight layers. Figures 11–14 present reflec-
tion, transmission and absorption spectra, analogous to
Figures 3, 4, 8 and 9, respectively. The spectra are quali-
tatively very similar to the spectra of four-layer crystals.
The main difference is the number of resonance peaks vis-
ible in particular spectra. With increased number of layers
the number of transmission maxima (reflection minima) in
certain cases increases. These changes are understandable
when we analyse closer the character of the resonances.

For rectangular lattice crystal with f = 0.2 and TE po-
larization the transmission resonances origin from the col-
lective Fabry-Perot modes excited between the gratings.
Additional crystal layers form larger number of cavities in
which those resonances are excited, producing additional
resonance peaks.

Similarly, for rectangular lattice crystal with f = 0.65,
d = 60 nm and TM polarization the field coupling through
the metal stripes and a collective mode in the structure
are responsible for transmission peaks. Additionally, for
d = 200 nm the horizontal coupling between neighbour-
ing vertical waveguides also results in larger number of
resonance peaks when we double the number of layers.

Similarly, in the case of triangular lattice crystals, in-
creasing number of layers also results in larger number
of resonance peaks. However, other features of the eight-
layer crystal action remain much the same as in the case
of the four-layer crystals. Therefore, the proper choice
of geometrical and field parameters makes the action of
the four-layer structure similar to the action of a semi-
infinite crystal of both rectangular or triangular lattice
cases. Near-total transmission can be obtained for TM
field polarization and f = 0.2 as shown in Figures 11
and 13. Similarly, the case of almost total reflection is
reached for TE field polarization and f = 0.65, as pre-
sented in Figures 12 and 14.

For a specified TM or TE field polarization and a cer-
tain range of values of the filling factor the results obtained
for a few crystal layers can be regarded as the proper
approximation for the case of a semi-infinite crystal
structure.
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Fig. 12. Eight-layer crystal with rectangular lattice. Wavelength dependence of reflection (R – blue dotted-dashed line),
transmission (T – green dashed line) and absorption (A – red solid line) for the configurations with f = 0.65. (a) The thickness
d = 60 nm for incidence of TM (left) and TE (right) polarization; (b) the thickness d = 200 nm for incidence of TM (left) and
TE (right) polarization.

Fig. 13. Eight-layer crystal with triangular lattice. Wavelength dependence of reflection (R – blue dotted-dashed line), trans-
mission (T – green dashed line) and absorption (A – red solid line) for the configurations with filling factor f = 0.2. (a) The
thickness d = 60 nm for incidence of TM (left) and TE (right) polarization; (b) the thickness d = 200 nm for incidence for TM
(left) and TE (right) polarization.

http://www.epj.org
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Fig. 14. Eight-layer crystal with triangular lattice. Wavelength dependence of reflection (R – blue dotted-dashed line), trans-
mission (T – green dashed line) and absorption (A – red solid line) for the configurations with f = 0.65. (a) The thickness
d = 60 nm for incidence of TM (left) and TE (right) polarization; (b) the thickness d = 200 nm for incidence of TM (left) and
TE (right) polarization.

8 Conclusions

In summary, we have numerically shown that the silver
stripe crystals can exhibit various optical properties with
respect to specified changes of its geometrical parameters.
Qualitative differences in the properties of the structure
depend mainly on the thickness and filling factor of each
layer. In both cases (with and without the horizontal spa-
tial shift), the optical response of the crystal is character-
ized by small absorption. For structures with thin stripes
(d = 60 nm), the collective modes are responsible for high
transmission. For thicker structures (d = 200 nm) the
main role in modifying of the spectral response plays the
near field coupling between localized resonances at partic-
ular stripes. Various optical properties of the metal stripe
2D crystal is demonstrated.

In dependence on its geometrical parameters and po-
larization of incidence waves it can work as:

– a broadband reflector (for f = 0.65 and TE polariza-
tion with or without a spatial shift and for f = 0.65,
d = 60 nm and TM polarization without a spatial
shift),

– a broadband transmitter (for f = 0.2 and TM polar-
ization, for f = 0.2, d = 60 nm and TE polarization
and for f = 0.65, d = 200 nm and TM polarization; in
all these cases with or without a spatial shift),

– a narrowband transmitter (for f = 0.2, d = 200 nm
and TE polarization or for f = 0.65, d = 60 nm and
TM polarization in both these cases with or without a
spatial shift).

We also showed that the horizontally symmetric spatial
shift of every second grating layer by a half of the pe-
riod of the horizontal lattice does not change qualitatively

the optical response in the most structure configurations
considered in this paper.
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