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The ability to control the properties of photonic crystals by changing the parameters of the layers al-
lows to create unique optoelectronic devices. Properties of such environments are due to the formation of
permitted and forbidden areas for electromagnetic radiation. The behavior of forbidden and permitted
zones (high reflection and high-transmission areas) is well described by the theory of multilayer coatings.
Photonic crystals may be considered using multilayer interference structures. Interference systems con-
sisting of alternating films of the required optical thickness with high and low refractive indexes allow re-
ducing the reflection of light in a narrow or wide spectral region, to increase reflection of incident light at
different sections of spectral width, to separate narrow spectral region of monochromatic light. Theoretical
studies can be carried out using both matrix methods and analytical formulas developed for multilayer.
The simulation of a heterogeneous layer is carried out by replacing the smooth distribution of the refrac-
tive index with a stepped profile. Each layer is described using matrices of interference. The developed cal-
culation programs using the matrix method make it possible to obtain the given optical characteristics (re-
flection, transmission, etc.) for any multilayer coatings. We simulated an interference mirror with quarter-
wave optical thicknesses of alternating layers and normal incidence of light. The graphs presented show a
remarkable coincidence of the results of optical characteristics of multilayer coatings obtained using the
matrix method with experimental and numerical FDTD (Finite-Difference Time-Domain) method. A multi-
layer system with a defective layer has a bandwidth in the band gap; it is a conventional interference filter.
Thus, this confirms that photonic crystals can be modeled using multilayer interference structures and cal-

culations using matrix methods.
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1. INTRODUCTION

Photonic crystals are known to be artificially created
multilayer structures in which geometric sizes and
dielectric constant vary with a period that can be com-
pared with the wavelength of electromagnetic radiation.

Changes in the layer parameters allow us to control
the properties of photonic crystals. Properties of such
environments are due to the formation of permitted
and forbidden areas for electromagnetic radiation.

Disturbance of periodicity of photonic crystals leads
to the appearance of "defective modes". This mode rep-
resents a wave, whose electromagnetic field is localized
near the defective layer.

The results of theoretical studies of defective modes
known today in photonic crystals do not give a complete
description of this effect.

However, the behavior of forbidden and permitted
zones (high reflection and high-transmission areas) is
well described by the theory of multilayer coatings.
Interference systems consisting of alternating films of
the required optical thickness with high and low refrac-
tive indexes allow to reduce the reflection of light in a
narrow or wide spectral region (illuminating coatings),
to increase reflection of incident light at different sec-
tions of spectral width (a mirror), to separate narrow
spectral region of monochromatic light (interference
light filters).

Modern calculations of multilayer interference sys-
tems are based on matrix methods [1]. The simulation
of a heterogeneous layer is carried out by replacing the
smooth distribution of the refractive index with a
stepped profile. Each layer is described using matrices
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of interference. The reflection and transmission coeffi-
cients for direct and reverse transmissions give the
possibility to view the plane boundary between the two
media as a "black box", the input of which acts incident
and reflected waves, and at the exit — the broken wave.

A flat monochromatic wave in a layered structure is
characterized by a unitary 2x2 matrix m (the so-called
characteristic or matrix of interference).

For a single layer of thickness t; with refractive in-
dex nj, the matrix has the form:

| sl sin(s) "

iu, sin(ﬂj) cos(ﬁj)

where fi=0.5mvgic; is the phase layer thickness,
gj = 4njtjllo 1s the optical layer thickness expressed in
units of quarter wavelength Ao, ¢j = cos(6).

The refraction angles § are interconnected with
each other and with the angle of incidence by Snellius
law njsin(6) = const in all media.

The effective refractive indices u; are equal to njc;
for S- and nj/c; for P-component of the incident light
polarization. Frequency v= Ao/A, where A is the current
wavelength.

The characteristic matrix in the case of a multilayer
coating consisting of K thin homogeneous layers will
have a form:

A, :ﬁmj . (2)

J=1
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We can calculate the reflection and transmission
coefficients using the following matrices:

. (A, — Agu) +i(uud,, — A,)) @
(Apu, + Ague) +i(ugud,, + A,

‘= 2u, ()

(A, + Apu) +i(ugud,, + Ay))

and the corresponding energy coefficients:

R=|[, (5)

=21 ®6)
uO

The optical characteristics of multilayer coatings
were calculated in [2] with the help of the developed
programs using matrix methods.

The authors of work [3] conducted experimental
studies in the microwave range 22-40 GHz. The exper-
imental installation had the form of two horn anten-
nas, which act as the emitter and receiver of electro-
magnetic waves with a wave front, close to the plane.
The research structure — anisotropic wire metamaterial
(AWM) — was located between these antennas. The
structure was made of 8 rows of wires and 7 intervals
between them with period b. That is, from a two-
dimensional (2D) periodic array.

The elementary cell of such array is a rectangle
with the dimensions of the sides a # b. The geometric
parameters of the elementary cell were calculated in
such way that the wavelength was about the period of
the structure. In this case, the frequency transmission
spectrum takes the band character inherent to the
photonic crystal (FC).

It was observed the first forbidden zone FZ-1, which
was limited by the allowed zones AZ on the frequency
spectrum of the passage of the investigated AWM with
the properties of the FC. FZ-1 was limited by the fre-
quencies 24-34 GHz.

The presence of a "defective" layer (which differs
from the properties of layers of metamaterial by chang-
ing the thickness b) led to the formation of the defective
modes. The transmission peak was formed in forbidden
zone when such defect was introduced into the AWM.
This peak shifted in the considered frequency range
within the FZ-1 and varied in amplitude depending on
the size of the defect.

The transmission peak shifted to the low-frequency
region of the spectrum with the rising of the defective
layer thickness.

The authors of [3] constructed a set of transmission
spectra for the investigated wire metamaterial in order
to conduct a comparative analysis with the help of
numerical simulation. The theoretical calculation is
performed using the numerical FDTD method (Finite-
Difference Time-Domain, a method of finite difference
in the time domain) implemented in the CST STUDIO
SUITE — Student Edition.

Typical graphs of the frequency dependence of the
transmission coefficients for the AWM case without
spatial defects and for the case of AWM with a defec-
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tive layer are characterized by the presence of a trans-
mission peak in the forbidden band. The experimental
results and those obtained using the theoretical models
are superimposed on each other, demonstrating a good
qualitative coincidence.

2. THE RESULTS OF MODELING

The purpose of this work was to simulate transmis-
sion and reflection spectra for photonic crystals in the
microwave range with the help of multilayer interfer-
ence structures and to conduct the theoretical studies
using matrix methods.

The grid of the wires was modeled as a uniform lay-
er having an optical thickness 4/4 and a refractive index
na. There were 8 layers of wire, 7 layers of air between
them with refractive index nz, 15 layers together.

It is known that the width of the high reflection re-
gion depends on the magnitude of the refractive indices
ng and n, and is determined by the ratio:

4 . -
Av = Z aresin| T , @)
T ny+n,

where Av= Ao/A2 — Ao/ A1.

The refractive index ng was selected in a such a
way to obtain a band gap width of 24 to 34 GHz as in
[3]. It was approximately ny = 1.64.

The magnitude of the coefficient of reflection of a
multilayered structure at the maximum is determined
by the number of layers at given values of the refrac-
tive indices nz and nr: the reflection coefficient in-
creases with an increase of the number of the layers.
The coefficient of reflection of a multilayer structure in
the spectral region A(v) is practically constant and is
equal to the reflection coefficient for v=Ao/A=1. The
coefficient of reflection of a multilayered structure with
an odd number of layers for v=1 can be calculated as
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Consider the results of our calculations. Fig. 1 shows
the frequency dependences of the transmission and
reflection spectra of an interference system consisting of
15layers, ng=1.64, nr=1 for media No=1, Ns=1
without a defective layer. This is a mirror within the 24-
34 GHz frequency range. Absorption taken leads to a
slight decrease in the transmission coefficient outside
this frequency range (Fig. 2).

The mirror is transformed into a light filter at a
frequency of about 28 GHz when the interference sys-
tem (photonic crystal) has a defective layer whose opti-
cal thickness is equal to A/2. The transmission and
reflection spectra of a multilayered interference system
nu=1.64, n, =1 for media No=1, Ns=1 with a defec-
tive layer of optical thickness /2 are shown in Fig. 3. It
can be seen that the transmission coefficient on the
resonant frequency is equal to 1.

2

®

05035-2



MODELING OF PHOTON CRYSTALS OF MICROWAVE RANGE ...

1

0.85

20 50

Fig. 1 — The transmission (red) and reflection (blue) spectra of
the multilayered interference system ng=1.64, nz =1 for the
media No = 1, Ns = 1 without a defective layer
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Fig. 2 — Transmission (red) and reflection (blue) spectra of a
multilayer interference system np=1.64, np=1 for media
No=1, Ny=1 without a defective layer, taking into account
absorption K; = 0.0018 layers H

The mirror is transformed into a light filter at a
frequency of about 28 GHz when the interference sys-
tem (photonic crystal) has a defective layer whose opti-
cal thickness is equal to A/2. The transmission and
reflection spectra of a multilayered interference system
ng=1.64, n, =1 for media No=1, Ns=1 with a defec-
tive layer of optical thickness 4/2 are shown in Fig. 3. It
can be seen that the transmission coefficient on the
resonant frequency is equal to 1.

The transmission spectrum also has a maximum in
the band gap at the same frequency of 28 GHz if com-
pared with the studies and calculations of the 2D peri-
odic array with a defective layer carried out in [3]. The
theoretical maximum transmittance of less than 1
indicates the presence of losses of a multilayer system.

We have adopted the absorption Ki = 0.0018 for the
H layers to take into account the energy losses of elec-
tromagnetic radiation during calculations using matrix
methods. The results are shown on the graph (Fig. 4,
red) for an interference system with a defective layer of
optical thickness 4/2. Taking into account the absorp-
tion allows to obtain a transmission coefficient 0.85,
almost as in the work [3].
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Fig. 3 — Transmission and reflection spectra of a multilayered
interference system ng=1.64, nr. =1 for media No=1, Ns=1
with a defective layer of optical thickness 4/2
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Fig. 3 — Transmission and reflection spectra of a multilayered
interference system ng=1.64, nr =1 for media No=1, Ns=1
with a defective layer of optical thickness A/2 taking into
account absorption K1 = 0.0018 layers H

The presence of weak absorption has the greatest in-
fluence in the region of the resonance frequency.

The graphs presented show a remarkable coinci-
dence of the results of optical characteristics of multi-
layer coatings obtained using the matrix method with
experimental and numerical FDTD (Finite-Difference
Time-Domain) method realized in the paper [3]. A mul-
tilayer system with a defective layer has a bandwidth
in the band gap, that is, a conventional interference
filter. Thus, this confirms that photonic crystals can be
modeled using multilayer interference structures and
calculated using matrix methods.

3. CONCLUSIONS

The obtained results are in good agreement with
the experimental and theoretical ones presented in [3].
A defective layer system is a common interference fil-
ter. Photonic crystals can be modeled using multilayer
interference structures. We can conduct theoretical
studies using both matrix methods and analytical for-
mulas developed for multilayers. The results of model-
ing of photon crystals of microwave range using inter-
ference matrixes are useful for the development of
various telecommunication devices.
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MopgesmoBanua POTOHHUX KPHUCTAJIIB MiKPOXBHUJILOBOTO ialla3oHy 3 BUKOPHUCTAHHIM
MaTpunb inTepdepeHmii

B.I. Binosepuesal, H.JI. Ieaxouenro?!, O.I1 OBuapenxo?

1 Hauionanvruili mexuiuHuil ynisepcumem «XapkiecbKuil nosimexnivnuil incmumym», eya. Kupnuuosa, 2,
61002 Xapxis, Ykpaina
2 Xapriscvruil hayionanvrull yuisepcumem im. B.H. Kapasina, matioan Ceoboou 4, 61000 Xapkis, Yrkpaina

MosxmuBicTh yIpaBiiHHSA BJIACTUBOCTSAME (DOTOHHMX KPHUCTAJIB NMUIAXOM 3MIHM TapamMeTpiB IIapiB J0-
3BOJIsSIE CTBOPIOBATH YHIKAJIBHI OMTOEJIEKTPOHHI TPHUCTpol. BiracTBOCTI TakWX cepeoBUIN, 3yMOBJIEH]1 YTBO-
PEHHSAM J03BOJIEHMX Ta 3a00POHEHUX IJISHOK IJIS eJIEKTPOMATHITHOrO BUOpoMiHIOBaHH:A. IloBemiaka 3abo-
POHEHUX Ta J03BOJIEHUX 30H (30HH 3 BUCOKUM BIJIOHUTTSIM TA BHCOKOIO IIPOXIIHICTIO) JOOpEe OIMMCAaHAa TEOPIEr
baraTomapoBux HOKpUTTIB. DOTOHHI KPHCTAJIM MOMKHA MOJIEJIOBATH 34 JIOIOMOI0K 0AaraToIiapoBUX 1HTepde-
PEHITIMHUX CTPYKTYP. [HTepdepeHIiitai crcTeMu, M0 CKIATAIOTHCI 13 3MIHHUX ILTIBOK HEOOX1THOI OIITHYHOT
TOBIIMHY 3 BUCOKUMU TA HU3BKUMU IIOKA3HUKAMU 3aJIOMJIEHHS, JO3BOJISIOTH 3MEHIIUTH BIAOUTTS CBITJIA Y
BY3BKIfl UM IMMPOKIN CIEKTPaJIbHINA 00/1acTi, 30LIBIIATH BIIOWTTS ITAJAI0YOr0 CBITJIA HA PI3HUX MIIAHKAX
CHEKTPAJIHHOI IIMPUHY, BIIOKPEMHUTH BY3bKY CIIEKTPAJIBHY 00JIACTH MOHOXPOMATHYHOrO cBitia. Teopermyri
JIOCJTIIPKeHHS MOYKHA IIPOBOIUTH, BUKOPHUCTOBYIOUN K MATPHUYHI METOIH, TAK 1 aHAJITHIHI popMyIH, AK1 po-
3pobJieHi it 6araTomapoBux CTPYyKTYp. MoIesoBaHHs reTepOreHHOro Mapy 31MCHIOETHCS IIIJISIXOM 3aMIiHU
IJIABHOTO PO3IMOJILILY HOKA3HIKA 3aJIOMJIEHHS Ha CTymiHdactuii mpodins. Koen map ommcyerbes 3a 101moMo-
ro10 MaTpuIlh iHTepdepeHiii. PospobieHi po3paxyHKoBl IporpamMu 3 BUKOPUCTAHHAM MATPUYHOTO METOIY 0-
3BOJISIIOTH OTPHMATH 3a/IaHl ONITUYHI XapaKTEePUCTUKH (BLIOUTTS, IIPOILYyCKAHHS) JJIsI OyAb-IKHX Oararomapo-
BUX HOKpUTTIB. Mu monesmoBasu iHTepdepeHIiifiHe 13epKaI0 3 YeTBePTh XBUJIBOBUMHE OIITMYHUME TOBIIIH-
HAMU IIapiB, 0 YePryiThCsA, Ta HOPMAJIHHUM HamiHHIM cBityia. HaBemeHi rpadiku JeMOHCTPYIOTH Heabu-
KUY 30IT pe3yJIbTAaTIB ONTUIHUX XapaKTePUCTHK 6araToIlapoBUX IIOKPHUTTIB, OTPHMAHUX 34 JOIIOMOIOI0 Mat-
puuHOro Meroay 3 excrepuMentasbauM Ta anciaoBuM FDTD (Finite-Difference Time-Domain) meromom. Ba-
rarouraposa cucrema 3 JAed)eKTHHM IIapoM Mae INK IIPOIyCKAaHHsS y 3a00pOHEHIH 30H1, TOOTO Iie 3BHYANHUMA
iaTepdepertiiiamit GigbTp. Takum YuHOM (POTOHHI KPHCTAIM MOKHA MOJEJIIOBATU 3a JOIOMOTr0I0 baraToIra-
POBHUX 1HTeP(EPEHIINHUX CTPYKTYP Ta 00YMCIIIOBATH 32 JIOIIOMOI0I0 MATPUYHIX METOIIB.
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