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A B S T R A C T

The results of theoretical and numerical studies of finite one-dimensional (1D) three-periodic photonic crystals
of the structure [(ab)3(cd)3]3, consisting of four different materials (dielectric oxides Al2O3, SiO2, TiO2, and
ZrO2) are presented. We study the transmittivity spectra and partial energy fluxes of the TE- and TM-modes
in the range of 1–5 μm in the vicinity of the first photonic bandgap depending on the incidence angle and
frequency of light. The obtained results can be used to create precise polarization-sensitive devices for an input–
output of the radiation into an optical fiber. The optimization of the considered multiperiodic structures has
been achieved at the telecommunication wavelength 1.55 μm both by changing incidence angle and adjusting
the topology (i.e. thicknesses of the constituent layers). We discuss a principle of a new type of polarization
splitter on the basis of three-periodic photonic crystal.
. Introduction

The control of light in photonic crystals (PC), i.e., materials with pe-
iodic modulation of the refractive index, strongly depends on the band
tructure. The propagation of light is forbidden inside the photonic
andgaps (PBGs) [1–4]. The PBGs exist due to multiple interference
f the electromagnetic waves reflected and refracted at each boundary
etween the layers of the PC. As a rule, when designing a PC, it is
referable to have its PBG with clearly defined frequencies of the center
nd the edges.

In addition to the conventional 1D PCs in the form of periodic lay-
red structures based on two materials (for example, a and b), ‘‘ternary’’
Cs consisting of three materials a, b, and c with different refractive
ndices, i.e., (abc)𝑀 structures, have been recently proposed [5–7]. The
ispersion relation for these structures was obtained in several papers
see, for example, [8,9] and references therein). The PBG modification
ith changing the layer thicknesses and the refractive indices in a

ernary PC with a left-handed medium has been studied in Ref. [10],
ncluding the cases of oblique incidence of TE- and TM-polarized light.

Multicomponent PC structures can be successfully used in telecom-
unication devices, such as tunable multichannel filters (see, for ex-

mple, [11] and references therein), narrow-channel transmission-type
ilters for wavelength division multiplexing systems [12], etc. In a
ecent work [13], the conditions and controllability of interface states
re investigated in 1D photonic structures composed of two binary
ayered PC, having the same photonic bandgaps but different unit

∗ Correspondence to: Ulyanovsk State University, 432017, 42 L.Tolstoy str., Ulyanovsk, Russian Federation.
E-mail address: sannikov-dg@yandex.ru (D.G. Sannikov).

cells, which can be used for the fabrication of the effective multichan-
nel narrowband filters. Also we note paper [14], where a reconfig-
urable optical bandpass filter with flat-top transmission line and narrow
band in nanometer scale is designed using two coupling prisms and a
sandwiched planar optical waveguide. In [15], spectral polarization-
independent filter designs with a large angle of incidence, based on
1D PCs containing a negative-index defect layer, have been proposed.
1D PCs with alternating layers of negative permittivity materials and
negative permeability metamaterials can be used for design of tunable
filters at the microwave frequency range [16].Ternary PCs containing,
for example, a polymer [17] or a superconductor [18], can serve as
temperature sensors. A study of the simultaneous determination of gas
concentration and temperature in 1D PC was performed in [19]. The
presence of the defect modes in the spectra of such PCs can be also
used in various branches of medicine. For instance, in [20], a method
for detecting cancer cells by registering the shift of the transmission
peaks in the spectra of a 1D nanocomposite material with a PC coating
has been proposed. When considering biosensors based on 1D PC, an
improvement in volumetric and surface sensitivity is observed [21].
In the recent article [22], a new quasi-periodic structure on the base
of a 1D plasma photonic crystal where an omnidirectional bandgap is
obtained along with the polarization splitting effect is proposed. We
should also note a recent paper [23], in which the heterostructure
formed by two different PCs with a metallic layer inclusion is proposed
to produce a split topological state.
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1D PCs have been successfully used with fluorescent amplifying
evices [24] and color displays [25]. In addition, 1D multicomponent
rystals [26] can be used in thermophotoelectric devices. The random
ielectric multilayers following a white-noise-like pattern can be used
s solar concentrators and random lasers [27]. It was theoretically
redicted that a PC filter deposited on the surface of a diode should
rovide strong bonding of all electromagnetic radiation modes at the
requencies above the PBG and should not provide coupling of low-
requency modes [28]. The 1D PC consisting of the stack of cholesteric
iquid crystal and the equidistant isotropic medium layers have shown
t certain conditions some potential advantages (e.g. multicolored re-
lection) over a single layer [29]. In Ref. [30], it is shown that systems
ased on 1D PCs of the type (HL)𝑀HDH(LH)𝑀 (H and L are high- and
ow-refractive layers and D is a defect) containing a four-level atomic

medium, allow nonlinear all-optical switching at ultra-low intensities
of the coupling and switching laser fields.

To ensure the rearrangement of the transmission spectra of the
ternary PC (abc)𝑀 , one can create a new type of a regular 1D struc-
ture with two periods, where the internal finite-size block (ab)𝑁 is
inside a unit cell [(ab)𝑁c] repeated M times. For the first time, these
systems were considered as photonic–magnonic crystals [31–35] and
were studied as photonic hypercrystals [36–39]. In Ref. [7], the spec-
tral peculiarities of the bi-periodic structure [(TiO2/SiO2)𝑁 Al2O3]𝑀
are demonstrated, and the differences between the PBG spectra of
the ternary (TiO2/SiO2/Al2O3)𝑁 dielectric PCs are shown. Ternary
structures based on bi-periodic planar magnetic PCs can also be im-
plemented in the lower frequency region [40].

In [41], a wide class of composite three-periodic photonic crys-
tals of the structure [(ab)𝑁 (cd)𝑀 ]𝐾 has been considered, and their
classification has been proposed based on the optical contrast of the
pairs of layers forming the construction blocks, i.e., the absolute value
and sign of the difference in the permittivities of the materials. The
intraband (defect) modes in the transmission spectra, their number and
resonant frequencies, which can be adjusted by changing the parame-
ters of the PC structure and the incidence angle of the electromagnetic
waves, have been studied. This paper contains the development of our
work [41] and discussion concerning possible practical applications
of the obtained results. Here we investigate a three-periodic four-
component 1D PC structure [(ab)𝑁 (cd)𝑀 ]𝐾 with the same number of
sub- and supercells (M = N = K = 3). We show that its transmission
spectra have wide well-pronounced PBGs with clear boundaries, which,
in particular, determines its potential practical value. We study the
partial energy fluxes of the modes in the vicinity of the first PBG
depending on the incidence angle and the frequency of light, as well as
the ‘‘transverse’’ intensity emitted from the side surface of the PC. Based
on the results of the analysis, we discuss the possibility of creation of
precise polarization-sensitive radiation input–output devices for the use
in integrated and fiber optics.

The paper is organized as follows. Section 2 presents the geom-
etry of the three-periodic PC and general analysis. In Section 3, we
show results of the numerical calculations of the transmittivity spectra,
partial energy flux in the subcells and transverse energy fluxes. In
Section 4, we discuss a principle of a polarization-splitting device based
on multiperiodic PC. Section 5 summarizes the obtained results.

2. Description of the system

Let us consider a multiperiodic 1D PC of a finite size created
on the base of four different dielectric layers a, b, c, and d with
the thicknesses 𝑙𝑎, 𝑙𝑏, 𝑙𝑐 , and 𝑙𝑑 , respectively. A PC supercell can be
formed by combining two periodic subcells which consist of different
pairs of materials (for example, blocks ab and cd) repeated N and M
times, respectively. The thicknesses of the blocks (ab) and (cd) are
𝐿1 = 𝑙𝑎 + 𝑙𝑏 and 𝐿2 = 𝑙𝑐 + 𝑙𝑑 , and the thickness of the supercell is
3 = 𝑁𝐿1 + 𝑀𝐿2. By translating the supercell K times, one obtains

𝑁 𝑀 𝐾
the structure [(ab) (cd) ] , as shown schematically in Fig. 1. Thus,

2

this system is a 1D three-periodic PC, consisting of ‘‘internal’’ subcells
(ab)𝑁 and (cd)𝑀 , forming a supercell (ab)𝑁 (cd)𝑀 . The total thickness
of the structure is 𝐾𝐿3 (Fig. 1).

The electromagnetic plane wave of the wavelength 𝜆 in vacuum (the
angular frequency 𝜔) is incident on the left-hand side of the structure
under an incidence angle 𝜃, so that the (xz) is the plane of incidence.
The optical system is isotropic, and the TE- and TM-modes are the
eigenstates of the electromagnetic wave.

To calculate the electromagnetic fields in the three-periodic PC, the
transfer matrix method is used, described in detail in Ref. [41].

The transverse non-zero Umov–Poynting vector components (with
respect to the PC growth axis, which in the chosen geometry coincides
with the z-axis) are related to the electric E and magnetic H fields as
follows:

𝑆TE
𝑥 (𝑧) = 𝑐

8𝜋
Re(𝐸𝑦𝐻

∗
𝑧 ), 𝑆TM

𝑥 (𝑧) = − 𝑐
8𝜋

Re(𝐸𝑧𝐻
∗
𝑦 ) (1)

for TE- and TM-modes, respectively, with c being the speed of light in
vacuum. Note that 𝑆𝑥(z) can be considered as a ‘‘transverse’’ intensity,
which can be output from the side surface of the PC (along the x-axis).

The longitudinal components of the fluxes (with respect to the PC
growth axis), expressed as

𝑆𝑇𝐸
𝑧 (𝑧) = − 𝑐

8𝜋
Re(𝐸𝑦𝐻

∗
𝑥 ), 𝑆𝑇𝑀

𝑧 (𝑧) = − 𝑐
8𝜋

Re(𝐸𝑥𝐻
∗
𝑦 ) (2)

are constant [7].
The partial energy fluxes of the electromagnetic wave in the struc-

ture are found as follows. We integrate the transverse components of
the energy density within the corresponding limits of each individual
layer of the type j and sum them by the number X of the type-j layers:

𝑗 =
∑

𝑋
∫

𝑧right

𝑧left

𝑆𝑥(𝑧)𝑑𝑧, (3)

here 𝑧lef t and 𝑧right are left- and right-hand boundaries of the type-j
ayer. Thus, e.g., the partial linear flux 𝑃𝑐 [erg/(𝜇m s)] is the sum of
he fluxes in all the layers of the type c.

. Numerical results and discussion

For the layers a, b, c, and d we choose the dielectric oxides TiO2,
iO2, Al2O3, and ZrO2. These materials are transparent in visible and
ear infra-red regimes. The frequency dispersion of their refractive in-
ices is described by the Sellmeier equations [42–45] in the wavelength
ange (1–5) 𝜇m and is shown in Fig. 2. The difference between the
efractive indices of the materials can be interpreted as the optical
ontrast. Here we denote the optical contrast of the pair of layers as high
‘‘h’’) if the difference between the refractive indices of the materials
s larger than 1, whereas if the difference is less than 0.5, the optical
ontrast is low ‘‘l’’. This is shown in Fig. 2 by vertical dashed lines. The
ntermediate state with the medium optical contrast between 0.5 and

is described in details in Ref. [41], and it is out of the consideration
n this paper.

In this section, we show results of the numerical calculation of
he transmittivity spectra and energy fluxes in the three-periodic four-
omponent PC, where the left-hand-side subcell is formed by materials
ith high optical contrast (TiO2 and SiO2), and the right-hand-side

ubcell is formed by materials with low optical contrast (Al2O3 and
rO2). For simplicity, we use the following notations of the oxides:
for TiO2, Z for ZrO2, A for Al2O3, and S for SiO2. According to

he classification of four-component three-periodic PCs based on the
bsolute values and signs of the permittivity contrast between the
airs of layers forming the unit cell introduced in our paper [41],
uch multiperiodic structure belongs to the hl group (subgroup h+l−,
he superscripts ‘‘+’’ and ‘‘–’’ refer to the sign of the optical contrast)
nd is characterized by well-pronounced PBGs with vertical edges and
everal narrow intraband modes. The optimal number of the sub- and
upercells ensuring well-pronounced PBG edges isM = N = K = 3. Thus,
ere and after we consider the three-periodic structure [(TS)3(AZ)3]3.
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Fig. 1. Schematic of 1D dielectric three-periodic four-component PC of the structure [(ab)𝑁 (cd)𝑀 ]𝐾 for N = M = K = 3. Here ETE and E™ denote the electric fields of TE- and
M-polarized light, and 𝜃 is the incidence angle.
Fig. 2. Refractive indices of the PC constituents (TiO2, SiO2, Al2O3, and ZrO2) versus
he angular frequency 𝜔 (or the wavelength 𝜆).

We chose the layer thicknesses 𝑙 𝑗 in order to satisfy the Bragg
esonance condition in each layer at the wavelength 𝜆𝒉 for the high-
ptical-contrast pairs of layers T and S and 𝜆𝒍 for low-optical-contrast
ayers A and Z [41]:

T,S
(

𝜆𝒉
)

𝑙T,S =
𝜆𝒉
4
, 𝑛A,Z

(

𝜆𝒍
)

𝑙A,Z =
𝜆𝒍
4
, (4)

where 𝑛𝑗 is the refractive index of the layer j. Note that 𝜆𝒉 and 𝜆𝒍 in our
case are different and correspond to the PBG centers of the PCs formed
by the high- and low-optical-contrast cells (TS) and (AZ), respectively.

3.1. Transmittivity spectra and partial fluxes in multiperiodic photonic
crystal

We start our analysis with calculation of the transmittivity spec-
tra of TE- and TM-modes for the simple PC structures (TS)𝑁𝐾 and
(AZ)𝑀𝐾 constituting the three-periodic structure [(TS)𝑁 (AZ)𝑀 ]𝐾 with
M = N = K = 3. The PBG centers are at 𝜆𝒉 = 1.5 μm and 𝜆𝒍 = 2 μm
(which corresponds to the angular frequencies 𝜔𝒉 = 1.257 rad PHz and
𝜔𝒍 = 0.942 rad PHz, respectively). The thicknesses of the layers in this
case are shown in the first line in Table 1 using Eq. (4).

Fig. 3 shows the transmission spectra of TE- and TM-polarized light
in the structures (TS)18 (left-hand-side column), (AZ)18 (central col-
umn) and [(TS)3(AZ)3]3 (right-hand-side column). As can be seen from
Figs. 3(a), 3(d) and 3(b), 3(e), the PBG of the structure (TS)18 is much
wider, sharper and has more pronounced boundaries in comparison
to the PBG of the structure (AZ)18. This is due to the higher optical
3

contrast of the constituents of the (TS) cell. The spectral properties of
single-periodic PC (TS)18 with high optical contrast dominate in the
formation of the PBG of the multiperiodic structure (Figs. 3(c) and
3(f)). Indeed, its opaque region remains near the frequency 𝜔𝒉 of the
PBG center of the structure (TS)18. Despite the fact that none of the PC
subcells have any defect layer, the resulting PBG of three-periodic PC
contains series of intraband transmission modes which can be treated as
defect modes formed by the low-optical-contrast subcells (AZ)3 acting
as complex defect layers separating the (TS)3 subcell.

Fabrication of various micro- and nanostructures of new generation
via the radiation of the predefined distribution from a side surface of
the PC (so-called ‘‘light patterning’’, for instance, for photolithographic
purposes [46]), requires detailed analysis of the intensity flux. We
provide the analysis of the partial fluxes on the side surface of the
multiperiodic structures.

Fig. 4 shows the ratios of partial energy fluxes 𝑃𝑇𝑆/ 𝑃𝐴𝑍 be-
tween the subcells (TS)3 and (AZ)3 constituting the structure, where
𝑃𝑇𝑆 = 𝑃𝑇 + 𝑃𝑆 and 𝑃𝐴𝑍 = 𝑃𝐴 + 𝑃𝑍 , with 𝑃𝑗 (j = T, S, A, Z) being the
linear flux in the 𝑗th layer (in erg/(𝜇m⋅ s), see Eq. (3)). For the structure
[(TS)3(AZ)3]3 with 𝜆𝒉 = 1.5 μm, 𝜆𝒍 = 2 μm (the upper panel), the
flux in the spectral regions corresponding to the transmission intraband
modes is higher in the subcell (AZ)3 with low optical contrast (the blue
bands 𝑃𝑇𝑆 / 𝑃𝐴𝑍 < 1), whereas in the PBG regions, the high optical
contrast subcell (TS)3 gives a larger contribution to the flux (i.e., the
red and the yellow bands, where the ratio 𝑃𝑇𝑆 / 𝑃𝐴𝑍 > 1). With an
increase of the incidence angle, the value 𝑃𝑇𝑆 / 𝑃𝐴𝑍 in the PBG strongly
increases (𝑃𝑇𝑆 / 𝑃𝐴𝑍 >> 1) for the case of TE-polarization state, as
one see from Fig. 4(a). The opposite dependence is observed for TM-
polarization [see Fig. 4(b)], which is associated with a simultaneous
broadening of the PBG for TE-polarized state and a narrowing of the
PBG for TM-polarized electromagnetic waves. With the rearrangement
of the wavelengths of the centers of the PBGs (𝜆𝒉 ↔ 𝜆𝒍) of the high-
and low-optical-contrast subcells [𝜆𝒉 = 2 μm, 𝜆𝒍 = 1.5 μm], the energy
contribution of the (TS) subcells in the PBG regions is retained and
even more pronounced for TE- and TM-modes [Figs. 4(c) and 4(d)],
however, in the regions of the transmission bands the predominance of
the energy flux in the (AZ) subcells becomes noticeably smaller. This
happens due to the change in the optical contrast of the layers forming
the subcells, and, consequently, due to the change of the thicknesses of
the corresponding layers. Indeed, changing 𝜆𝒉 and 𝜆𝒍 lead to change of
the dielectric permittivities of the materials due to dispersion, which,
in turn, leads to different thicknesses of the layers satisfying the Bragg
condition Eq. (4) – see numerical values in the first and the second lines

in Table 1.
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Table 1
Wavelengths 𝜆ℎ and 𝜆𝑙 and angular frequencies 𝜔ℎ and 𝜔𝑙 of the PBG centers of the high- and low-optical-contrast subcells (TS)𝑁 and (AZ)𝑀 of the three-periodic structure and
he corresponding thicknesses of the layers 𝑙𝑇 , 𝑙𝑆 , 𝑙𝐴, and 𝑙𝑍 .
𝜆ℎ
(μm)

𝜆𝑙
(μm)

𝜔ℎ
(rad PHz)

𝜔𝑙
(rad PHz)

𝑙𝑇
(μm)

𝑙𝑆
(μm)

𝑙𝐴
(μm)

𝑙𝑍
(μm)

𝐾𝐿3 [(TS)3(AZ)3]3

(μm)
𝐾𝐿3 (TS)18

(μm)
𝐾𝐿3 (AZ)18

(μm)

1.5 2.0 1.257 0.942 0.153 0.260 0.288 0.238 8.451 7.434 9.468
2.0 1.5 0.942 1.257 0.205 0.348 0.215 0.178 8.514 9.954 7.074
1.8 1.72 1.047 1.096 0.184 0.312 0.247 0.204 8.523 8.928 8.118
Fig. 3. Transmittivity of TE- (the upper panel) and TM-modes (the bottom panel) depending on the angular frequency 𝜔 and the incidence angle 𝜃 of light for the different
tructures: (a, d) (TS)18, 𝜆𝒉 = 1.5 μm (𝜔𝒉 = 1.257 rad PHz); (b, e) (AZ)18, 𝜆𝒍 = 2 μm (𝜔0𝒍 = 0.942 rad PHz); (c, f) [(TS)3(AZ)3]3, for 𝜆𝒉 = 1.5 μm, 𝜆𝒍 = 2 μm. The frequencies of
he PBG centers are marked with vertical green dotted lines.
f
Note that the choice of the position and width of the PBG of the
ubcell by the variation of 𝜆𝒉 and 𝜆𝒍 and the numbers of the periods

and M (i.e., modification of the transmission spectra of the subcells
TS)𝑁 and (AZ)𝑀 constituting the three-periodic PC) allows to design
he preferable form of the ‘‘resulting’’ PBG of the whole multiperiodic
tructure [41].

The position of the centers of the PBGs of the high-optical-contrast
nd low-optical-contrast subcells and (𝜆𝒉 and 𝜆𝒍) makes it possible to
hange the resulting transmission spectrum, the energy fluxes in the
omposite PC structure, as well as the light intensity 𝑆x inside the
tructure, as can be seen from the discussion below.

.2. Transverse energy fluxes in multiperiodic photonic crystal

In this section, we analyze the transverse energy flux in the three-
eriodic PC whose high- and low-optical-contrast subsystems have PBG
enters at the wavelengths 𝜆𝒉 = 1.8 μm (angular frequency 𝜔𝒉 = 1.047
ad PHz) and 𝜆𝒍 = 1.72 μm (𝜔𝒍 = 1.096 rad PHz), and the thicknesses
f the layers are shown in the bottom line of Table 1. These values are
hosen in order to obtain closely located but distinguishable intraband
E- and TM-modes in the resulting transmission spectrum for the
pecific operating wavelength 𝜆0 = 1.55 μm.

The distribution of the transverse component of the energy flux
ensity 𝑆𝑥(𝜃, z) is illustrated in Fig. 5(a) as function of the incidence
ngle 𝜃 and the coordinate z inside the PC for the input radiation of
he wavelength 𝜆0 = 1.55 μm (corresponding to the angular frequency
= 1.215 rad PHz), the red and the blue color corresponds to TE- and

M-modes, respectively. In Figs. 5 and 6 the values of the intensity
𝑥 are in erg/(𝜇m2⋅ s). Here we consider the incidence angles cor-
esponding to the transmission peaks for TE- and TM-polarized light.
he vertical cyan (up-pointing triangles) and violet (down-pointing
riangles) lines correspond to the cross-section profiles 𝑆 (𝜃) at the
𝑥

4

ixed coordinates z = 1.4 μm and z = 4.0 μm, respectively, for TE- and
TM-polarizations, shown in Fig. 5(b). The horizontal green (circles) and
blue (squares) lines correspond to the cross-section profiles 𝑆𝑥(z) for
the fixed incidence angle 𝜃 = 28.7◦ and 𝜃 = 27.6◦ for TE- and TM-
modes, respectively, illustrated in Fig. 5(c). The gray vertical lines in
Figs. 5(a) and 5(c) indicate the boundaries of the layers of the structure:
solid, dash-dotted, dashed, and dotted lines indicate the coordinates of
the left-hand-side interfaces of the layers T, S, A, and Z, respectively.

Fig. 5(d) shows the transmission spectra of the structure
[(TS)3(AZ)3]3 as functions of the incidence angle 𝜃 at the fixed wave-
length of the incoming light 𝜆0 = 1.55 μm (𝜔 = 1.215 rad PHz) for TE-
(cyan line) and TM- polarized light (violet line). These spectra contain
two pronounced transmittance peaks for both TE- and TM-polarized
light. The spectrum of the TE-modes is characterized by narrower
transmission peaks at 𝜃 = 28.7◦ and 𝜃 = 38◦, whereas the PBG of the
TM-modes is characterized by wider intraband transmission peaks at
𝜃 = 27.6◦ and 𝜃 = 40◦. With an increase of the incidence angle, one
can observe an increase of the transmittivity of the TM-polarized light
and the transmittivity decrease of the TE-polarized electromagnetic
wave due to the narrowing of the defect modes of TE-modes and the
broadening of those of TM-modes.

The peaks of the energy flux density in the structure depending
on the incidence angle 𝑆𝑥(𝜃) [Fig. 5(b)] at the fixed value of the z-
coordinate are observed at the same incidence angles as the peaks of
the transmission spectrum [Fig. 5(d)]. Mathematically, this is explained
by the fact that both quantities (T and 𝑆𝑥) are quadratic functions of
the amplitude of the electric (for TE-modes) and magnetic (for TM-
modes) fields. Indeed, the transmission coefficient can be written in
general form as the ratio of the squared moduli of the amplitudes of
the transmitted and incident waves:

𝑇 TE =
|

|

|

𝐸𝑡 |
|

|

2
, 𝑇 TM =

|

|

|

𝐻𝑡 |
|

|

2
(5)
|
𝐸𝑖 | |

𝐻𝑖 |
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Fig. 4. Partial energy fluxes between the subcells TS and AZ of the structure [(TS)3(AZ)3]3 with 𝜆𝒉 = 1.5 μm (𝜔𝒉 = 1.257 rad PHz), 𝜆𝒍 = 2 μm (𝜔𝒍 = 0.942 rad PHz) (the upper
panel) and 𝜆𝒉 = 2 μm, 𝜆𝒍 = 1.5 μm (the bottom panel). The frequencies of the PBG centers are marked with vertical dotted black lines. The left-hand-side and right-hand-side
columns show TE- and TM-modes, respectively.
Fig. 5. (a) The transverse component of the energy flux density 𝑆𝑥(𝜃, z) for TE- (red palette) and TM- (blue palette) modes. The inset zooms the region 26.5◦< 𝜃 < 29.5◦ and
4 μm < z < 4.7 μm. (b) Angular dependencies 𝑆𝑥(𝜃) at z = 1.4 μm for TE-mode (cyan vertical line in (a), up-pointing triangles) and z = 4.025 μm for TM-mode (violet vertical line
in (a), down-pointing triangles). (c) Distribution profiles 𝑆𝑥(z) at 𝜃 = 28.7◦ for TE-mode (green horizontal line in (a), circles) and 𝜃 = 27.6◦ for TM-mode (blue horizontal line in
(a), squares). (d) Transmission spectra T (𝜃). The PC structure is [(TS)3(AZ)3]3 with the PBG centers of the subcells (TS)3 and (AZ)3 at the wavelengths 𝜆𝒉 = 1.8 μm (𝜔𝒉 = 1.047
rad PHz) and 𝜆𝒍 = 1.72 μm (𝜔𝒍 = 1.096 rad PHz). The operating wavelength is 𝜆0 = 1.55 μm (𝜔 = 1.215 rad PHz).
On the other hand, in Eq. (1) for the energy flux 𝑆𝑥, the amplitudes of
the electric and magnetic fields can be expressed through each other
using the Maxwell’s equations.

The TE-polarized modes are in average several times higher in
intensity and possess more pronounced dip between the 𝑆𝑥(𝜃) peaks
than in the case of the TM-polarized light. A characteristic feature of
the distribution of 𝑆𝑥(z), as can be seen from Figs. 5(a) and 5(c), is an
alternation of the peaks and dips of the TE- and TM-polarized modes,
or the so-called ‘‘checkerboard’’ arrangement: the maxima of 𝑆𝑥 of the
TE-modes correspond to the minima of 𝑆𝑥 for the TM-modes for the
adjacent defect modes. For this reason, the profiles 𝑆 (𝜃) for the TE-
𝑥

5

and TM-polarized light are given in Fig. 5(c) for different values of the
longitudinal coordinate z = 1.4 μm and z = 4.0 μm, respectively.

Now we will analyze the spectral dependence of the transverse flux.
The distribution of the transverse component of the energy flux density
𝑆𝑥(𝜔, z) is shown in Fig. 6(a) as function of the angular frequency 𝜔 and
the coordinate z inside the PC for the fixed value of the incidence angle
𝜃 = 28◦. As can be seen from Fig. 6(a) and its inset, outside the PBG
(for 𝜔 < 0.9 rad PHz and 𝜔 > 1.4 rad PHz), the alternation of the peaks
and dips of 𝑆𝑥 of the TE- and TM-polarized light (the ‘‘checkerboard’’
arrangement) is well preserved for the neighboring transmission bands.
The inset in Fig. 6(a) shows the distribution of the intensities of the TE-
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Fig. 6. (a) The transverse component of the energy flux density 𝑆𝑥(𝜔, z) for TE- (red palette) and TM- (blue palette) modes. The inset zooms the region 4 < z < 4.6 μm and
1.21 < 𝜔 < 1.225 rad PHz. (b) Frequency dependencies 𝑆𝑥(𝜔) at z = 4.0 μm for TE-mode (cyan vertical line in (a), up-pointing triangles) and z = 4.3 μm for TM-mode (violet
ertical line in (a), down-pointing triangles). (c) Distribution profiles 𝑆𝑥(z) at 𝜔 = 1.215 rad PHz for TE-mode (green horizontal line in (a), circles) and 𝜔 = 1.217 rad PHz for
M-mode (blue horizontal line in (a), squares). (d) Transmission spectra T (𝜔). The structure is [(TS)3(AZ)3]3 with the PBG centers at the wavelengths 𝜆𝒉 = 1.8 μm (𝜔𝒉 = 1.047
ad PHz) and 𝜆𝒍 = 1.72 μm (𝜔𝒍 = 1.096 rad PHz). The angle of incidence is 𝜃 = 28◦.
i
a

nd TM-intraband modes within the PC region 4 < z < 4.6 μm around
he frequency 𝜔 = 1.215 rad PHz (𝜆 = 1.55 μm). The distribution profiles
𝑥(𝜔) at the fixed coordinate z = 4.0 μm (Fig. 6(b)) for TE-mode (cyan

ine, up-pointing triangles) and z = 4.3 μm for TM-mode (violet line,
own-pointing triangles) are similar to the corresponding transmission
pectra T (𝜔) in the PBG region: two pairs of 𝑆𝑥 peaks are at the same
requencies as the corresponding transmittivity peaks. Moreover, for
he TE-mode, the amplitudes of 𝑆𝑥 are higher than those for the TM-
olarized light. However, outside the PBG, the values of 𝑆𝑥(𝜔) for both
E- and TM-polarizations are, in average, one order of magnitude lower
han the peak values of the intraband modes, despite the fact that the
alue of T in these regions reaches 1. This can take place due to the
andwidth effect, i.e., the narrower the band is, the higher the energy
lux density 𝑆𝑥 becomes.

The transmission spectra T (𝜔) for the fixed incidence angle 𝜃 = 28◦

or the TE- and TM-polarization states are shown in Fig. 6(d). Each
f the spectra contains two pairs of narrow close defect modes within
he PBG at the frequencies around 𝜔 ∼ 1.06 rad PHz (𝜆 ∼ 1.74 μm)
nd 𝜔 ∼ 1.215 rad PHz (𝜆 ∼ 1.55 μm). The PBG itself has very sharp
oundaries (note the logarithmic scale of the ordinate axis) at the
requencies 0.9 rad PHz and 1.4 rad PHz.

Thus, the narrow transmission peaks inside the PBG (defect modes)
ake the largest contribution to the distributions of the transverse com-
onent of the energy flux density 𝑆𝑥(𝜔, z) and 𝑆𝑥(𝜃, z), which should
e taken into account when designing multiperiodic PC structures for
ntegrated optics devices.

. Practical use

Optimization of multiperiodic PC allows us to obtain a predefined
ntensity distribution at the side surface of the structure. This light
atterning, which can be interpreted as an analogue of a mask in the
ypical exposure optical system in lithography [46], is flexible due to
he discussed above polarization sensitivity of the multiperiodic PC. For
xample, one can interchange or overlap the maxima and minima of
he light intensity of the different polarizations on the lateral surface
y rotating the polarization plane of the input light. The positions of
he maxima and minima themselves are specified by the boundaries
f the layers. This tunable polarization sensitivity (the switching of

he field intensity distribution) can be an advantage of such a mask

6

Fig. 7. Schematic of multiperiodic PC structure operating as a polarization splitter.
The spatial splitting of the energy fluxes of TE- and TM-modes on the side surface of
the PC (along z-axis) is shown by the red and the blue color distributions.

in comparison with a conventional one used in lithography. Note
that composite photonic structures can be realized easily by standard
electron beam evaporation technology, opening more possible applica-
tions in multichannel narrowband filters and other optical modulation
devices [13].

Specific spatial distribution of the flux of TE- and TM-modes in
multiperiodic PC shown in Fig. 5 can be used in a principle of a
polarization-splitting device. Indeed, a laser beam bounded in the
transverse direction at an incidence angle with a certain spread (for
example, at 𝜃 = 28◦ with 𝛥𝜃 ≈ 1.5◦) will produce peaks in the energy
flux density of the electromagnetic wave on the side surface of the
structure at different positions for the TE- and TM-polarizations (in the
case illustrated in Fig. 5, at z = 1.4 μm (TE-mode) and z = 4.0 μm (TM-
mode)), i.e., the peaks will be spatially separated. This can be applied
n polarization sensors and splitters on the basis of such PC structures
t the wavelength 1.55 μm. In Fig. 7 we show the schematic of a such

a polarization splitter.

5. Conclusions

We have analyzed the incidence angle dependence, spectral, and
energy characteristics of the TE- and TM-modes transmitted through
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multiperiodic photonic crystal structure [(ab)N(cd)M]K with the same
umber of sub- and superperiods M = N = K = 3. The spectra of such
hotonic crystal in the near-IR regime (in the range of 1-5 μm) have
ronounced and wide photonic bandgaps with vertical boundaries. The
ositions of the edges and of the center of the bandgap are defined
y the spectral properties of the high-optical-contrast subcell, whereas
he presence of the intraband (defect) modes is determined by the
roperties of the low-optical-contrast subcell.

We have shown that the peaks and dips of the transverse component
f the energy flux density of the TE- and TM-modes alternate at the
ntraband modes, i.e. have the ‘‘checkerboard’’ arrangement. For TM-
olarized light, the transverse energy flux dependences strongly ‘‘blur’’
ith the increase of the incidence angle, which is associated with a
roadening of the transmission mode. For the TE-mode, the opposite
ffect is observed: transmission modes are broader at smaller angles,
nd the fluxes are more diffuse with a decrease of the incidence angle.
n addition, we have demonstrated that by changing the incidence
ngle, it is possible to create highly efficient optical filters with a
unable pair of wavelengths. The behavior of such a distribution of
ower fluxes is similar to the transmission spectrum of the structure.

It is shown that the transmission spectra of three-periodic photonic
rystals can be designed by adjustment of the corresponding wave-
engths of the centers of the bandgaps of the multiperiodic PC subcells
and, as a consequence, the thicknesses of the layers). The considered
tructures can be easy to implement, since they do not require the use of
pecial defect impurities (semiconductors, superconductors, polymers,
tc.). For example, one can configure the transmission spectrum of the
tructure in such a way that there is a group of intraband transmission
odes for each polarization state of light at the fixed wavelength or

n its vicinity. On the basis of this structure, it is possible to fabricate
polarization-sensitive angle sensor with a given accuracy. Apart from

hat, the polarization sensitivity allows to apply this structure as a light
attern mask in modern lithography.

Also, due to specificity of the transverse energy flux distribution on
he side surface of the photonic crystal, polarization-sensitive devices
or the precision input–output of the radiation into an optical fiber can
e proposed. The adjustable accuracy of the shift of the transmission
ode in the angle or frequency is important when working with

roadband laser sources (for example, semiconductor ones).
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