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ABSTRACT

We demonstrate the possibility of using a two-dimensional array of spheroidal metallic nanoparticles embedded in a one-dimensional photonic
crystal to obtain a narrow-bandpass, polarization-sensitive dichroic filter operating in the near-UV and visible domains. The optical anisotropy
of the array of identically oriented nanoparticles results in two spectrally distinct plasmon resonances independently excited for two mutually
orthogonal linear polarization states of light, which ensures polarization and spectral selectivity of the composite structure. The narrow transmis-
sion bands of the filter are defect modes due to a layer located at the center of the structure and hosting the nanoparticle array. In order to sup-
press these transmission windows, it is essential that the defect modes closely coincide with the plasmon resonances excited in the array. We
show that the use of deterministic aperiodic distributed reflectors surrounding the defect layer makes it possible to adjust the spectral positions of
two defect modes in two separate bandgaps in order to achieve such a coincidence. Among the various parameters governing the precise position
of transmittivity windows of the filter, we establish the strong influence of the thickness of the defect layer. We also show that a strong localiza-
tion of the optical field in the plane of the nanoparticle array is essential to enhance the efficiency of plasmonic excitation and obtain the desired
control of the defect modes. Our study opens up possibilities for the further development of polarization-controlled nanophotonic devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0008652

I. INTRODUCTION

Dichroic filters possess the ability to selectively transmit or
reject two separate spectral bands of an incident light beam. The
rejected band is usually reflected, but the concept can be
extended to cases where it is absorbed. A few common applica-
tions of dichroic filters include heat control in lighting appli-
ances, liquid-crystal-based projectors,1 fluorescence microscopy,
or photovoltaics.2 They can also be used as high-pass filters in
laser frequency multipliers, e.g., by separating the spectral com-
ponents of higher harmonic generators.3

Dichroic filtering can be obtained in various ways, including
the use of multilayered structures such as unidimensional photonic
crystals (PCs). Indeed, the transmission spectrum of such structures
made of periodically (but also quasi-periodically) alternating layers
is known to exhibit photonic bandgaps, i.e., frequency ranges in

which the propagation of electromagnetic waves is prohibited.4,5

Moreover, breaking the periodicity of a PC by introducing one or
several defect layers (made of a different material from those con-
stituting the periodically alternating layers or simply having a dif-
ferent thickness) leads to the appearance of narrow peaks of high
transmittivity (so-called defect modes) at frequencies located inside
the photonic bandgaps. These well-established properties have been
put to use in the last decades for the design of many types of
PC-based reflectors and filters,6 and the inclusion in them of,
among others, reflective coatings,7,8 all-dielectric metasurfaces9–12

or metallic composites13–15 have been shown to allow further
control of their spectral characteristics or to introduce an additional
control of those characteristics by the state of polarization of light.

It is well known that a single metallic nanoparticle (NP) can
support localized surface plasmon resonances that manifest them-
selves through characteristic peaks in its extinction spectrum.
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Similarly, the extinction spectrum of metallic NPs ordered into
one-, two-, or three-dimensional arrays exhibits collective plasmon
resonance response.16–19 By carefully choosing the constitutive
parameters of the NP array, one can control the optical properties
of the composite structure,13,15,20–23 and spectral and polarization-
sensitive control of the resonance modes of PC-based structures
hosting 3D arrays of metallic NPs can be achieved.24–29 In those
studies, polarization selectivity is realized through the use of aniso-
tropic 3D nanocomposites—in effect, matrices hosting non-spherical
metallic inclusions distributed over their entire volume. For instance,
Ref. 24 reports on the design of a dichroic filter in which an aniso-
tropic 3D metal-dielectric nanocomposite layer is sandwiched
between two Bragg mirrors, and the constitutive parameters of the
structure can be made to ensure the split of the incident light wave
into two orthogonally polarized components at the frequencies of
two defect modes. However, a significant drawback of using a 3D
nanocomposite lies with the actual complexity of practically manufac-
turing such a material in which the shape and concentration of NPs
are controlled. In addition, distributing metallic nanoparticles over
the entire volume of a microresonator leads to a significant dissipa-
tion of the optical field energy, even outside the plasmon resonance
spectral range, and thus to undesirable modifications of the transmis-
sion spectrum of the structure in the region of its photonic bandgaps.

For these reasons, we have chosen to use 2D arrays of nano-
particles, whose manufacturing technology is now fairly well
developed,30–34 and which lead to much less energy dissipation,
as an alternative to 3D nanocomposites for functional photonic
crystal structures.35,36

However, it is important to point out a crucial difference
between the use of 2D and 3D NP distributions. In a microcavity
made of a 3D nanocomposite, a localization region (antinode) of
the optical field at the frequency of a defect mode will always
cover a fraction of the NPs, which ensures the easy coupling of
the photon and plasmon subsystems. A 2D array of nanoparti-
cles, on the other hand, has a thickness much smaller than the
optical wavelength. Consequently, its influence on the transmis-
sion spectrum of the photonic structure is determined not only
by matching the frequencies of a photonic defect mode and
plasmon excitation in the NPs, but also by the spatial overlap of
the 2D array with a region of high optical field localization.

Thus, replacing a 3D composite with a 2D array of NPs is a non-
trivial task that requires to carefully design the photonic crystal
structure—essentially because matching plasmonic and photonic
modes then becomes more complicated.

In this paper, we propose the design of a polarization-controlled
dichroic filter based on the use of a single 2D array of metallic spher-
oidal NPs embedded in a defect layer surrounded by two reflectors.
As mentioned above, using a 2D array simplifies the fabrication of
such a filter and reduces energy dissipation at frequencies away from
the plasmon resonances of the NPs. The working principle of such a
filter is as follows. The prolate spheroidal shape of the NPs ensures
that they can sustain two plasmon resonances excited at different fre-
quencies for two mutually orthogonal polarizations of light, respec-
tively, parallel and perpendicular to their long axis. As a result, the
absorption of light at a frequency where a photonic defect mode coin-
cides with a plasmon resonance frequency in the NP array substan-
tially depends on its polarization. The structure of the multilayered
photonic system and the anisotropic shape of the NPs are chosen
so that two defect modes located in two separate bandgaps coin-
cide with the two plasmon resonances and that the spectral inter-
val between them is large enough to separately achieve the nearly
complete suppression of either defect modes for one of the two
mutually orthogonal states of polarization.

A crucial requirement of this scheme is the ability to adjust
the number, location, and width of the bandgaps and defect
modes of the PC in order to allow the necessary coincidence
between surface plasmonic modes in the NP array and photonic
defect modes in separate bandgaps. Various methods have been
devised to that effect, including the design of PCs with complex
defect layers,37,38 or the external control of transmission spectra
with magnetic or electric fields.29,39,40 Another route consists in
playing with the geometry of the PC. In comparison to regular,
periodic, 1D PCs, multilayered structures with a complex period-
icity (e.g., multi-periodic41–44 or quasi-periodic PCs,45–49 or even
disordered multilayered structures50) can exhibit more bandgaps
in a given frequency region of interest, as well as several defect
modes in those bandgaps, which greatly expands the possibilities
for their use. In this paper, we propose the use of a deterministic
aperiodic PC whose complex architecture follows a set of mathe-
matical rules51,52 that enable the adjustment of the location of the
photonic bandgaps and defect modes around the frequencies of
the plasmon resonances of the NPs.

The paper is organized as follows. In Sec. II, we introduce
the composite photonic structure under study and briefly
present the transfer matrix method used to obtain its transmis-
sion spectrum. Section III is devoted to an extensive discussion
of our calculations and highlights the conditions under which
this structure can act as a polarization-dependent dichroic filter.
Section IV puts forward the main conclusions of our study and
some of its potential perspectives.

II. DESCRIPTION OF THE COMPOSITE PHOTONIC
STRUCTURE

The structure is a resonant photonic cavity consisting of two
multilayered dielectric reflectors separated by a dielectric layer D
with thickness dD and refractive index nD, as shown in Fig. 1. A 2D

FIG. 1. Schematic of the composite photonic structure. Two symmetrical deter-
ministic aperiodic multilayered reflectors consisting of alternate A (in orange)
and B (in green) layers are separated by a layer D (thickness dD). A 2D array of
spheroidal metallic nanoparticles, characterized by the dimensions 2a1 and 2a2
of the particles and the interparticle distance p, is located at the center of the
structure.
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array of metallic NPs is located at the center of layer D. The reflec-
tor to the right of layer D is the mirror image of that to the left of
that layer, so that the position of the NP array coincides with the
center of the structure as a whole. The boundaries of all the layers
are perpendicular to the z-axis of a Cartesian system of coordinates,
so that z = 0 is the position of the first interface and the whole
structure is located in the region z � 0.

Each reflector is obtained by the overlap of two distributed
Bragg reflectors (DBRs) (AB)N and (AB)N

0
made of alternate non-

magnetic, isotropic, dielectric materials A and B with refractive
indices nA and nB, respectively [Figs. 2(a) and 2(b)]. The layer
thicknesses (dA and dB) of the first DBR and those (d0A and d0B)
of the second DBR are chosen to satisfy the Bragg condition for
two different vacuum wavelengths λ0 and λ00 so that dA,B ¼ λ0/(4nA,B)
and d0A,B ¼ λ00/(4nA,B).53 Specifically, the combination of the periodic
DBRs is chosen such that the spatial variation of the refractive index
in the left-hand side reflector can be written as

nleft(z) ¼ �nþ Δn max[F(z), F0(z)], 0 � z � L, (1)

with

�n ¼ nA þ nB
2

, Δn ¼ nA-nB
2

(2)

and

F(z) ¼ sgn sin
2π
λ0

�n2-Δn2

�n
z

� �
cos

2π
λ0

�n2-Δn2

�n
z þ π

2
Δn
�n

� �� �
: (3)

The expression for F0(z) can be obtained from F(z) by replac-
ing λ0 with λ00.

The variation of nleft(z) obtained on the basis of Eqs. (1)–(3)
is illustrated in Fig. 2(c). The right-hand side reflector being the
mirror image of the left-hand side one, the spatial dependence of
its refractive index can be written as nright(z) ¼ nleft(2Lþ dD-z) for
Lþ dD � z � 2Lþ dD, where L is the length of each reflector.

It is worth noticing that the combination process described by
Eqs. (1)–(3) is a logical (Boolean) OR operation between the high
index regions of the two periodic DBRs. It is not the only way to
combine two (or more) DBRs in order to design a deterministic
aperiodic reflector. Other choices could also be considered, pro-
vided, of course, the transmittivity spectra of the resulting struc-
tures exhibit photonic bandgaps and defect modes.

Calculations discussed in this section and in Sec. III are carried
out for A and B layers made of ZrO2 (nA ¼ 2:02) and SiO2

(nB ¼ 1:45), respectively.54 The Bragg vacuum wavelengths for DBRs
(AB)N and (AB)N

0
are chosen as λ0 ¼ 360 nm and λ00 ¼ 560 nm.

Thus, the thicknesses of the layers in these DBRs are dA � 44:55 nm,
dB � 62 nmand d0A � 69:3 nm d0B � 96:55 nm, respectively, so that
the thickness of the unit cell is smaller in (AB)N than in (AB)N

0
.

The number of periods N 0 in DBR (AB)N
0
was chosen so that the

total length L = 2131 nm of the reflector is the same as that of
DBR (AB)N for N = 20.

It should be noted that for the chosen value N = 20, the
resulting multilayered reflector does not exhibit translational sym-
metry, i.e., the total length of this reflector is smaller than its peri-
odic cell (it can be shown that a periodic cell of this photonic
structure is obtained for N = 28). However, as one can see from
the results discussed below, even with N = 20, this deterministic
aperiodic PC (and its counterpart on the right-hand side of layer
D) is enough to ensure the existence of photonic bandgaps in the
spectral regions encompassing the plasmon resonances in the
metallic NPs. The number of layers of the dielectric mirrors sur-
rounding the cavity was chosen on the basis of a standard crite-
rion: it should be sufficient to allow sufficiently pronounced
photonic bandgaps, i.e., bandgaps approaching ideal features (ver-
tical boundaries and zero transmittivity). In a structure with fewer
layers, the features of the photonic bandgaps are degraded—in
particular, full reflectivity is not achieved. Moreover, reducing the
number of layers in the reflectors leads to a decrease in the ampli-
tude of the defect modes due to a reduction of the quality factor
of the cavity.

The NPs located at the center of layer D are placed at the
nodes of a 2D square lattice with period p that exhibits translational
invariance along the x- and y-axes of the (xyz) Cartesian coordinate
system (see Fig. 1). All NPs are prolate spheroids and similarly
aligned, with their long axis parallel to the x-axis, and their shape
is characterized by an aspect ratio ξ ¼ a1/a2, where a1 and a2 are
the half-lengths of their polar and equatorial axes, respectively
(a1 . a2). The typical dimensions of the NPs and the period p of
the square lattice are much smaller than the typical wavelength of
the optical wave in layer D, i.e., {2a1, 2a2, p} ,, λ/nD, where λ is
the wavelength in vacuum.

In the following, we consider an incident plane wave in the
visible regime that impinges under normal incidence on the left-
hand side of the structure, at abscissa z = 0. The time dependence

FIG. 2. Schematic of the multilayered reflector located on the left-hand side of
layer D: (a) DBR (AB)N with thicknesses dA and dB for layers A and B; (b) DBR
(AB)N

0
with thicknesses d0A and d

0
B for layers A and B; (c) deterministic aperiodic

photonic crystal obtained by overlap of these DBRs as described in Eqs. (1)–(3).
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of the electromagnetic fields is taken as exp(−iωt), where ω = 2πc/λ
is the angular frequency of the incoming plane wave and c is the
velocity of light in vacuum. The dimensions of the layers along the
x- and y-axes are much larger than their thicknesses along the
z-axis and are, thus, taken to be infinite in the calculations.

The optical response of such a composite multilayered pho-
tonic structure can be obtained with the transfer matrix method
based on the resolution of Maxwell’s equations, taking into account
the constitutive equations of all materials. The overall transfer
matrix of the system is obtained through the multiplication of
interface matrices (derived from the boundary conditions at each
interface of the system) and propagation (or dephasing) matrices in
the layers.53 The influence of the 2D NP array is described by a
specific interface-like matrix whose elements are derived using a
coupled-dipole approximation.55,56 This approach allows the deri-
vation of the reflection and refraction coefficients of the NP array
surrounded on either side by an identical semi-infinite dielectric
medium. Due to the prolate shape of the spheroidal NPs, these
coefficients depend on the polarization state of light and on the
structural parameters of the NP array itself (the shape and size of
the NPs and the interparticle distance p). From the transfer matrix
of the entire system, we derive transmittivities Tx,y = |Et/Ei|

2 which,
for x- or y-polarized incident light at normal incidence, relate the
complex amplitudes Ei and Et of the incident and transmitted
optical electric fields. A detailed analytical derivation of the trans-
mittivities of a similar photonic system (in particular, the treatment
of the 2D NP array) can be found in Ref. 35.

III. RESULTS AND DISCUSSION

In the following, the calculated transmittivity spectra of the
structure for x- and y-polarized incident light are discussed in rela-
tion to the respective spectral positions of two of its defect modes
and the surface plasmon resonances in the NP array. The crucial
roles played by the position of the latter within layer D and the
thickness of that layer are highlighted, and the mechanism of a
polarization-dependent suppression of the defect modes is detailed.

Figure 3 represents the transmittivity spectra of the structure
under consideration in a near-UV and visible spectral range
encompassing two neighboring photonic bandgaps (henceforth
referred to as the lower-λ and higher-λ bandgaps). As in regular
PCs, these bandgaps result from the geometry of the reflectors.
Note that the lower-λ bandgap is narrower (with a width of
approximately 56 nm) than its higher-λ counterpart (width approx-
imately equal to 86 nm). Defect modes appear in the bandgaps due
to the presence of layer D, and their number and position in the
spectrum are determined by the thickness and optical characteris-
tics and the internal structure of this composite layer.

Specifically, Fig. 3(a) shows the transmittivity spectrum of the
structure without NPs in layer D, which, in this paper, we assume
to be made of SiO2 (as are B layers). Unless otherwise indicated
(see Fig. 6 below), the thickness of that layer will be taken as
dD � 485:4 nm. This value (as well as those of the thicknesses and
refractive indices of all the layers of the structure) is chosen so that
two defect modes (hereinafter called L1 and L2, located at approxi-
mately 375 nm and 412 nm, respectively) appear in the lower-λ
bandgap and one (denoted H, at 609 nm) in the higher-λ one, in

both cases away from the bandgap edges. It should be noted that in
this case, the spectrum of the photonic structure does not depend
on the state of polarization of the incoming electromagnetic wave,
as the structure does not include any anisotropic element.

Figure 3(a) also shows (see green lines) the transmittivity spec-
trum of the sole 2D NP array embedded in SiO2. The array consists
of silver (Ag) particles, and the interparticle distance and aspect
ratio of the NPs are taken as p = 15 nm and ξ = 2.5, respectively.
For a1 ¼ 5 nm, each NP is a prolate nanospheroid whose principal
axes are 10 × 4 × 4 nm3 in length. The periodicity of the array and
the dimensions of the NPs have been chosen so that this spectrum
exhibits a broad dip inside the lower-λ (for y-polarized light) and
the higher-λ (for x-polarized light) bandgaps, respectively. Those
dips correspond to the polarization-sensitive excitation of a local-
ized surface plasmon resonance in the 2D array of metallic NPs.
Note that the transmission dip for x-polarized light is noticeably
broader (FWHM≈ 22 nm) than the dip observed for y-polarized
light (FWHM≈ 7 nm).

The width of the transmission dip due to the excitation of a
plasmon resonance in the 2D array of nanoparticles depends on the
strength of the interaction between particles and the optical wave,
which, in turn, depends on a number of parameters, including the

FIG. 3. Transmittivity spectra of the photonic structure: (a) without 2D array of
NPs (magenta line) and for any polarization state of the incoming light wave; (b)
after inclusion of a 2D array of NPs and for x-polarized (blue solid line) and
y-polarized (red dashed line) incoming light wave; and (c) zoom on the lower-λ
bandgap. The two defect modes in the lower-λ bandgap and the defect mode in
the higher-λ bandgap are denoted as L1, L2, and H, respectively. The green
curves superimposed to the spectrum in (a) show the transmittivity dips due to
surface plasmon resonances in the sole 2D NP array embedded in a SiO2 layer
for x-polarized (green solid line) and y-polarized (green dashed line) incoming
light, respectively.
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distance between neighboring particles, their shape, and their orienta-
tion relative to the optical field. For the parameters used in this
article, the strength of the interaction between the NPs and the
optical wave at plasmonic resonance frequency is indeed expected to
be significantly higher for x-polarized light, as that direction coincides
with the axis of revolution of the NPs, for which their electric dipole
moments are larger and dipole–dipole interactions are stronger.

Figure 3(b) shows the transmittivity spectra of the structure
when the 2D NP array is placed at its center (as described in Sec. II
and shown in Fig. 1) for the x- and y-polarization states of the
incoming wave. For either of these polarization states, the plasmon
resonance excited in the NPs is broad enough to encompass one of
the defect modes of the structure, which leads to a significant decay
and a slight blue shift of that mode, provided the polarization state
of the incoming wave is well chosen. Specifically, the defect mode
affected by the presence of the NPs is the one in the higher-λ
bandgap for x-polarized light, whereas it is the defect mode L1 in the
lower-λ bandgap for y-polarized light [Fig. 3(c)]. We will discuss
below, in relation to Figs. 4 and 5, the reason for which the defect
mode L2 remains unchanged in the presence of the NP array.

The attenuation of defect modes L1 and H results from the
absorption of light following from the excitation of a plasmon
resonance in the NPs. The spectral shift they exhibit is caused by
the influence of the NP array on the phase of the electromagnetic
field in layer D.36

In Fig. 4, panel (a) represents the transmittivity spectra of
x- and y-polarized light in the vicinity of defect mode H in the

higher-λ bandgap, whereas panels (b) and (c) show the spatial distri-
bution of the square of the normalized optical field magnitude
jE(z)/E(0)j2 in the same spectral domain. Finally, panels (d) and (e)
represent the square of the optical field magnitude normalized to its
maximum value (jE(z)/max[E(z)]j2) at the wavelength λ = 609 nm
of defect mode H. For y-polarized light [panels (b) and (d)], a strong
field localization is observed in layer D at this wavelength, with three
almost equal optical field amplitude maxima. The thickness of that
layer was chosen so that one of these maxima coincides with the
position of the NP array at the center of the layer. In comparison,
for x-polarized light [panels (c) and (e)], field localization appears at
the lower wavelength of approximately 597 nm corresponding to the
reduced and frequency-shifted defect mode (as discussed above), and
the field maxima are significantly smaller than for y-polarized light
[compare the transmission spectra in panel (a)].

Similar distributions of the optical field take place around the
wavelength λ = 375 nm of defect mode L1 but with a reversed polar-
ization dependence of mode suppression as in the case of mode H.
Namely, L1 is almost completely absorbed as a result of plasmon
excitation for y-polarized incident light. For x-polarized light [see
inset in Fig. 3(b)], defect mode L1 experiences a weak influence of
the tail of the broad plasmon resonance centered in the higher-λ
bandgap, which is why it is only slightly attenuated.

As mentioned above, the plasmon resonance of the NP array
for y-polarized light [green dashed line in Fig. 3(a)] is located
between the two defect modes L1 and L2. However, only the former
is suppressed due to localized surface plasmon excitation. This can

FIG. 4. Spectral characteristics of the composite PC in the vicinity of defect mode H in the higher-λ bandgap: (a) Zoom on the transmittivity spectra for x- and y-polarized
light; (b) and (c) distribution of the square of the normalized optical field magnitude jE(z)/E(0)j2 (in logarithmic scale) in the structure for y- and x-polarized light, respec-
tively; (d) and (e) square of the optical field magnitude normalized to its maximum value (jE(z)/max [E(z)]j2) at wavelength λ = 609 nm (see black dashed line in the top
panels) for y- and x-polarized light, respectively. As in Figs. 1 and 2, the vertical color bars in panels (d) and (e) denote the alternate layers of the structure.
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be explained in light of Fig. 5, where the spatial distribution of the
optical field in the photonic structure without an NP array is shown
at wavelength λ = 375 nm of defect mode L1 [Fig. 5(a)] and at the
wavelength λ = 412 nm of defect mode L2 [Fig. 5(b)] for any polari-
zation state. In the first case, the optical field exhibits a maximum at
the center of the structure, which, when a 2D NP array is embedded
at that position, results in a very efficient excitation of collective
oscillation of the free conduction electrons in the NPs, hence a very
strong suppression of defect mode L1. In the second case, the field is
almost zero at that location, and the impact of the metallic NPs on
the optical field is negligible. As a consequence, defect mode L2 is
not affected by the presence of the NP array. Note that the optical
field is also maximum in the plane of the NP array at wavelength
λ = 609 nm of defect mode H for y-polarized light [as can be seen
from Fig. 4(d)], but in that case, that mode is not suppressed by
plasmon resonance, as the resonance in the NPs for y-polarized light
occurs far away from 609 nm, in the lower-λ bandgap of the struc-
ture [see dashed green line in Fig. 3(a)]. Unlike what was discussed
above about L1, defect mode H does not experience much influence
from the tail of the plasmon resonance centered in the lower-λ
bandgap, as that resonance is significantly narrower than that cen-
tered in the higher-λ bandgap.

In effect, Figs. 3 and 4, thus, show that the polarization-
dependent spectral behavior of the structure is determined both by
matching the plasmon and optical defect modes and by adjusting
the spatial position of the nanoparticles with respect to the anti-
nodes of the optical field in the photonic crystal.35

Figure 6 illustrates the polarization-sensitive dependence of
transmittivity spectra Tx and Ty in both bandgaps as functions of
the thickness of layer D. As mentioned above, that thickness has
until now assumed the nominal value dD � 485:4 nm. The spectral
variations of Tx and Ty are represented for thicknesses of layer D
ranging from approximately 0:25 dD to 2:25 dD.

The behavior of the narrow transmission passbands (defect
modes in the photonic bandgaps) is identical in all the cases pre-
sented in Fig. 6: as the thickness of the D layer increases, they form
at the short-wavelength edge of the bandgap and shift to its long-
wavelength edge, where they subsequently vanish. In each of the
bandgaps, up to two defect modes can be formed simultaneously. Of
particular interest is the fact that intervals of layer D thickness can
be found for which defect modes are simultaneously suppressed in
the lower-λ bandgap for x-polarized light and in the higher-λ
bandgap for y-polarized light. This makes it possible to achieve the
polarization-dependent transmittivity response required in a
polarization-sensitive dichroic filter. In Fig. 6, this selective suppres-
sion of the defect modes due to the hybridization of plasmonic and
photonic modes in the structure manifests itself through the absence,
for a given thickness of layer D, of every second S-shaped transmis-
sion line, either for x-polarized light [Fig. 6(a)] or for y-polarized
light [Fig. 6(d)], but not for both simultaneously. Note that with an
increase in the strength of the interaction between the plasmonic
and photonic subsystems, the photonic mode suppression occurs
first and then the splitting and shift of the defect modes take place
[see also Figs. 3(b) and 3(c)].

The dependence of the transmittivity spectra on the thickness
of layer D deserves further discussion. For a thickness of layer D
equal to dD (vertical dashed white lines), previously discussed
defect modes L1 and L2 in the lower-λ bandgap can be seen
(dashed white circles) in Fig. 6(c), and the suppression of L1 (but
not L2) for a y-polarized incident light beam is visible in Fig. 6(d).
Similarly, the existence of defect mode H in the higher-λ bandgap
(dashed white circle) and its suppression for an x-polarized light
beam are clearly visible in Figs. 6(a) and 6(b), respectively. The
cross sections of the transmittivity spectra along the vertical white
dashed lines shown in Fig. 6 correspond to the curves presented in
Figs. 3(b) and 3(c).

What Fig. 6 also shows is that a similar polarization-
sensitive behavior in the lower-λ bandgap can be observed when
the thickness of the layer D slightly increases from dD up to
approximately 1.25 dD. Obviously, in so doing, the spectral posi-
tions of the defect modes change. In addition, the defect mode
L2 disappears, and the defect mode L1 shifts toward larger wave-
lengths. As for defect mode H in the higher-λ bandgap, its suc-
cessful suppression can be achieved for a thickness of layer D
ranging from 0.9 dD to 1.1 dD approximately. In effect, the structure
can, thus, be considered as a polarization-controlled dichroic filter
when those intervals overlap, i.e., for values of the layer D thickness
within [1 dD, 1.1 dD]. As a matter of fact, such a polarization-
dependent suppression of defect modes can also occur for other
thicknesses of layer D, in which case the relative spectral posi-
tions of the relevant defect modes can be different. In particular,
this situation can be observed in the thickness range of [1.75 dD,
1.85 dD], as highlighted with solid vertical white lines and solid
white circles in Fig. 6.

FIG. 5. Square of the optical field magnitude normalized on its maximum value
(jE(z)/max[E(z)]j2) in the photonic structure without an NP array (a) at wavelength
λ = 375 nm of defect mode L1 and (b) at wavelength λ = 412 nm of defect mode
L2 for any state of polarization. The red triangles indicate the center of the pho-
tonic structure.
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Finally, it must be pointed out that the spectral characteristics
of the composite photonic structure under study, based on the use of
aperiodic dielectric mirrors, can vary over a rather wide range due to
the large number of independent constitutive parameters that define
its design (nature of the materials, layer thicknesses, rules governing
the way they alternate, etc.). Thus, it is also possible to design the
photonic structure so that it exhibits a single defect mode in each of
the two neighboring bandgaps and to obtain a spatial distribution of
the optical field such that the excitation of plasmon resonances in
the 2D array of nanoparticles allows polarization-selective suppres-
sion of these defect modes. In this paper, however, we have elected
to consider a structure exhibiting two defect modes in one of the
photonic bandgaps. This deliberate choice has made it possible, on
the one hand, to demonstrate the significance of the spatial overlap
of the nanoparticle array with a region of high optical field localiza-
tion in the structure and, on the other hand, to point out the possi-
bility of selective cancellation of one of two defect modes within the
same photonic bandgap.

IV. CONCLUSIONS

In this study, we have described the operating principle and
governing parameters of a narrow-bandpass, polarization-sensitive
dichroic filter operating in the near-UV and visible domains and
consisting of a composite multilayered photonic crystal. In contrast
to the photonic structure containing a 3D nanocomposite consid-
ered in a previous paper,24 a new design for a dichroic filter com-
bining a 2D array of metallic nanoparticles and aperiodic dielectric
reflectors has been proposed. The choice of a 2D nanoparticle array,
rather than a 3D nanoparticle dispersion, lends itself to a less
complex fabrication process and to much less energy dissipation.
The use of a deterministic aperiodic photonic crystal makes it possi-
ble to tailor the spectral position of the bandgaps and defect modes
of that structure in such a way that two of these defect modes,
located in separate bandgaps, can be adjusted and provide the
required narrow transmittivity windows of the filter. Their non-
simultaneous, polarization-sensitive suppression is achieved through

FIG. 6. Evolution of transmittivity spectra Tx [panels (a) and (c)] and Ty [panels (b) and (d)] in the higher-λ bandgap (top panels) and lower-λ bandgap (bottom panels) as
functions of the thickness of layer D expressed in terms of nominal thickness dD. The white dashed lines represent the case where that thickness is exactly equal to dD,
as in Figs. 3–5. The white solid lines represent the case where layer D thickness is equal to 1.75 dD. The white circles denote the spectral positions of the defect modes
L1, L2, and H discussed in the paper for these two thicknesses. The 2D array of NPs is located at the center of layer D.
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the inclusion of a composite resonant layer at the center of the pho-
tonic structure. Two surface plasmon resonances excited, for two
mutually orthogonal linear states of polarization of the incoming
light, in a two-dimensional array of prolate, spheroidal metallic
nanoparticles embedded in that layer, can be exploited to that effect.
For well-chosen values of the structural parameters of both the pho-
tonic crystal and the array of metallic nanoparticles, each of the two
plasmon resonances of the latter can be made to encompass one of
the two selected defect modes of the former, thus ensuring a nearly
total extinction of one or the other of these modes—depending on
the polarization state of the incoming light beam.

Among the various parameters governing the precise position
of the transmittivity windows of the structure as a dichroic filter,
we have established the strong influence of the thickness of the
composite defect layer in which the array of metallic nanoparticles
is embedded. Other structural parameters, however, constitute as
many degrees of freedom for the design of such a filter, including
the geometry of the photonic crystal, the nature of its layers, the
period of the metallic nanoparticle array, the aspect ratio of the
nanoparticles themselves, or the nature of the metal.

Further ways of controlling the spectral and polarization-
related characteristics of that filter could be envisioned, such as the
use of several metallic nanoparticle arrays or the combination of
nanoparticle array(s) with other types of anisotropic media (liquid
crystals with dichroic dyes, dichroic glasses, etc.). Moreover, the
principles described in this study remain valid in other spectral
regions, provided plasmon resonance frequencies can be made to
coincide with defect modes in a multilayered photonic structure,
for instance, for optical communication systems in the near-
infrared domain. Other potential applications of such polarization-
sensitive dichroic filters include, for instance, the development of
polarization-sensitive single-photon detectors57,58 or plasmonic
absorbers and nano-sensors.59
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