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Abstract

Objectives. The purpose of the article is to carry out a theoretical and experimental study of the angular reflection
spectrum of linearly polarized electromagnetic waves from a multilayer periodic mirror on a transparent substrate
to exact analytical expressions for reflection and transmission coefficients generalizing the cases of incidence
of plane transverse electric (TE) and transverse magnetic (TM) modes on limited periodically structured media
with a stepped refractive index profile.

Methods. The theoretical analysis of the reflection problem is based on the search for exact analytical
solutions in the form of Floquet-Bloch waves presented in the form of inhomogeneous waves in the domain
of periodically structured media. On the basis of the possible existence of a single Floquet-Bloch wave
in a limited one-dimensional photonic crystal, it is proposed to search for exact solutions of the wave equation
in the form of a linear combination of inhomogeneous waves propagating in different directions. By using the
canonical forms of the considered periodic structures, it is possible to carry out the simple transition from the
case of TE polarization to TM type in dispersion relations and expressions for the angular reflection spectrum.
Results. Cases of reflection of linearly polarized radiation are considered for the following cases: a flat
boundary of two dielectrics, a thin plane-parallel plate, and a multilayer dielectric mirror. Exact analytical
expressions for the reflection and transmission coefficients generalizing the cases of incidence of TE and
TM polarizations waves on a limited one-dimensional photonic crystal are obtained. The transmission
coefficients of a plane TE wave from a multilayer dielectric mirror sputtered on thin glass were experimentally
measured.

Conclusions. A quantitative and qualitative agreement of experimental measurements of the transmission coefficient
of a plane wave incident from a half-space on a confined photonic crystal with theoretical calculations is obtained.
The obtained expressions for the transmission coefficient of a confined one-dimensional photonic crystal, which are
shown to be determined by the interference of Floquet—Bloch waves presented in the form of inhomogeneous waves,
can be reduced to a form analogous to the expression for the value of the transmission coefficient of a traditional
Fabry—Pérot interferometer. In the case of TM polarization, when the Brewster condition is fulfilled at the interlayer
boundaries, the Floquet-Bloch wave has the form of homogeneous plane waves in the layers of a photonic crystal.

Keywords: electromagnetic waves, periodic medium, multilayer mirror, one-dimensional photonic crystal,
Floquet-Bloch waves
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Pe3iome

Llenu. Llenb paboTbl — TEOPETUYECKOE U 3KCNEPUMEHTANILHOE UCCIIEA0BaHME Yr/IOBOrO CrekTpa OTPaXeHus nuv-
HEMHO NOJIAPU30BAHHbLIX 3JIEKTPOMArHUTHBLIX BOJIH OT MHOIOCJ/IONHOIO NepuoaMyeckoro 3epkana Ha npo3pavyHon
NnoaJiIoXKe, BbIBOJ, TOYHbIX aHANIMTUYECKMX BbIPAXEHWUI )15 KO3(DPULMEHTOB OTPAXEHMS 1 MPOXOXAEHUS, 0606LLa-
lowyx cnydyan nageHns ninockmx TE-(transverse electric) n TM-mog, (transverse magnetic) Ha orpaHyYeHHble Nepu-
ounyeckue CTPYKTYpbl CO CTyrneH4YaTbiM Npoduiem nokasarend npesoMieHus.

MeTopbl. TeopeTnyeckmin aHanma 3a4a4m OTPAKEHVST OCHOBAH Ha MOUCKE TOYHbIX aHAJIMTUYECKMX PELLEHNI B BUOE
BoJsiH @noke — Bnoxa, npeacTasneHHbIX B GOpMe HEOAHOPOAHbIX BOJIH, B 06/1aCTV NEPUOANYECKM CTPYKTYPUPOBAH-
HbIX cpen. Ha ocHoBe Toro ¢akra, 410 B OrpaHM4eHHOM OJHOMEPHOM (POTOHHOM KpUCTasljie BO3MOXHO CYLLEeCTBO-
BaHWe OAMHO4YHON BonHbl Pnoke — Bnoxa, npepnaraeTcs nckaTtb TOYHbIE PELUEHMSI BOJIHOBOIO YPaBHEHWS B BUOE
JINHENHOM KoMOuHauuuy BosiH Pnoke — Bnoxa, 6eryuiyx B pa3Hble CTOPOHbI. KaHoHMYeckne popMbl paccmaTpuBae-
MbIX NEPUNOANYECKNX CTPYKTYP MO3BOJIAIOT LOCTATOYHO NPOCTO OCYLLECTBNATL Nepexon o1 cny4das TE-nonapusaunmn
K TM-Tuny B AUCNEPCUOHHbBIX COOTHOLLEHUSAX U BbIPaXEHUSX 4S5 YITIOBOIrO CNeKkTpa OTPaXeHus.

Pe3ynbTaTbl. PAaCCMOTPEHLI Cliydan OTpaXxeHus IMHENHO NOJSISPU30BAHHOIO N3JTy4EHNS A1 CNeayoLLmMX Clly4aes:
MAOCKOW rpaHnLbl ABYX ANINEKTPUKOB, TOHKOW MocKonapanieibHOW niacTuHbl 1 MHOIOC/IOMHOIO AN3NeKTpuye-
CKOro 3epkana. lonyyeHsl TO4YHbIE aHANIMTUYECKNE BbIPAXEHUSA A1 KOIPODULNEHTOB OTPAXEHUSA U NMPOXOXOEHUS,
o6o6watoLme cnyyam nageHust BosiH TE- u TM-nonsipysaunii Ha orpaHMyeHHbI OAHOMEPHBI POTOHHBIM KpUcTan.
OKCNePUMEHTasNbHO N3MepeH KO3 ULIMEHT NPOMNYyCKaHUA MAOCKOM TE-BOMHBLI A1 MHOTOCIOMHOIO AN3NeKTpuye-
CKOro 3epkasia, HarblJIEHHOr0 Ha TOHKYIO CTEKJISIHHYIO M1acTUHY.

BbiBoabl. [10N1y4EHO KOIMYECTBEHHOE N KAYECTBEHHOE COrlacoBaHMe 3KCNEPUMEHTAsIbHbIX U3MEPEHNn Koabhu-
LMeHTa NpornyckaHus niaoCKOW BOJIHbI, NajatoLen N3 nosynpoCTPaHCTBa Ha OrPaHNYEHHbIN GOTOHHbLIN KpUCTassl
C TeOpeTU4eCKUMU BblHMCNeHsaMU. Toka3aHO, YTO MOJIyYEHHbIE BbIPAXKEHUA ON9 KOIDDULMEHTA NPOMNyCKaHUs
OrpaHN4YeHHOro OJHOMEPHOro GOTOHHOrO KpucTasna onpenensioTcs nHrepdepeHumen sBonH dnoke — bnoxa,
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npencTaBfieHHbIX B GOpPME HEOQHOPOOHbLIX BOJIH, M MOTMYT ObITb NPUBEAEHbI K BUAY, @HANOrMYHOMY A1 BENIMHYUHBI
Ko dULMEHTA NPOXOXAEHNS TPAANLUMNOHHOIO nHTepdepomeTpa Pabpu — Mepo. B cnyyae TM-nonspusaumm npu
BbINOJIHEHUW YCOBMS BpiocTepa Ha MEXCNOWMHbIX rpaHuLax BosiHa Pnoke — bnoxa nmeeT BUA OAHOPOAHbIX MJ10-

CKWX BOJIH B CNosiX GOTOHHOr 0 Kpuctanna.

KnioueBble cnoBa: 3/1eKTPOMarHUTHbIE BOJIHbI, Nepuognyeckas cpena, MHOrocnonHoe 3epkano, O4HOMEPHbIN

bOTOHHBIN KpucTani, BonHbl dPnoke — bnoxa

* Moctynuna: 31.05.2023 » Aopa6oTaHa: 12.04.2024 e MpuHaTta k onyo6nukosaHuio: 09.10.2024

Ana uutnpoBanua: Hypnurapees [.X., Hegocnacoe W.A., XaputoHoBa K.lO. OTpaxeHune NMHENHO MOonsipu30BaHHbIX
3N1EKTPOMArHUTHbIX BOSIH OT MHOIOCJIOMHOMO Nnepuoanyeckoro sepkana. Russ. Technol. J. 2024;12(6):69-79. https://

doi.org/10.32362/2500-316X-2024-12-6-69-79

Mpo3payHocTb GUHAHCOBOW AEATENIbHOCTU: ABTOPbLI HE UMEIOT PUHAHCOBOW 3aMHTEPECOBAHHOCTN B NPEACTABNEH-

HbIX MaTepunanax nin metogax.

ABTOpPbI 3aABNSIOT 06 OTCYTCTBUU KOHDNMKTA MHTEPECOB.

INTRODUCTION

The study of the peculiarities of light propagation in
layered media whose properties are constant on planes
perpendicular to a fixed direction is a well-known
problem in optics. As a historical example, we can cite
the classical works of Stokes [1] and Rayleigh [2], in
which the phenomena arising from the passage of light
through crystalline periodic structures were considered.
The wave equation in layered periodic media is
known to be reducible to Hill’s differential equation;
in such media, there may exist transmission and non-
transmission windows for the passing radiation [2].
In the one-dimensional case, the solution of the wave
equation in layered periodic media is written in the
Floquet form [3], while in the three-dimensional
case it is written in the Bloch wave form [4]. A fairly
detailed background is given in the review [5]. The
relatively recent and still growing interest in the study
of wave propagation through one-dimensional periodic
structures in optics is due to the possibility for such
structures, with relative simplicity of fabrication, to
provide a complete reflection in a given frequency
range of frequencies and angles of incidence for
different polarization states [6, 7]. In this connection,
one-dimensional periodic structures can be considered
as one-dimensional photonic crystals (1D-PC); as such,
light propagation in them can be described using the
Floquet—Bloch approach [8—13]. However, since the
elements of the Floquet—Bloch wave (FBW) theory are
not currently developed in sufficient detail, numerical
methods are usually used to describe the propagation
of electromagnetic waves through such structures.
Numerical calculations performed using complex
transfer matrices do not provide a clear picture of the
explicit quantitative dependence of the studied physical
processes on the geometrical and material parameters

of the periodic structure [14—16]. In [8, 9], for the
case of transverse electric (TE) polarized radiation!,
the FBW in the 1D-PC is represented in the form of
an inhomogeneous wave. In particular, the functions
describing the amplitude and phase profiles of the
wave and the reflection coefficient of a plane wave at
the boundary of the 1D-PC were obtained.

At present, various questions on the application
of 1D-PC are being actively investigated in the
literature. In particular, the transmission spectra of
1D-PChaving acomplex sequence of superconductor-
semiconductor layers are investigated in [17];
the application of photonic crystal as a biosensor
based on graphene is considered in [18]. Studies of
1D-PC seem to be particularly relevant due to the
possibility of experimental realization of bound or
localized states in a continuous spectrum [19]. Thus,
the use of birefringent media in combination with
1D-PC was recently proposed, where the existence
of such modes is supported at the Brewster angle of
incidence.

Therefore, the main objectives of the present work
are to extend the developed representation of the FBW
in the form of an inhomogeneous wave to the case of
transverse magnetic (TM) polarized radiation?, as
well as to experimentally demonstrate the effect of the
FBW interference on the magnitude of reflection and
transmission coefficients for the case of incidence of
a plane linearly polarized wave from a homogeneous
medium on a bounded 1D-PC.

! Transverse electric, linearly (plane) polarized wave with
the electric field intensity vector £ oriented perpendicular to the
plane of incidence.

2 Transverse magnetic, linearly (plane) polarized wave with
the magnetic field intensity vector H oriented perpendicular to
the plane of incidence.

Russian Technological Journal. 2024;12(6):69-79

71


https://doi.org/10.32362/2500-316X-2024-12-6-69-79
https://doi.org/10.32362/2500-316X-2024-12-6-69-79

Reflections of linearly polarized electromagnetic waves
from a multilayer periodic mirror

Dzamil Kh. Nurligareev,
lliya A. Nedospasov, Kseniya Yu. Kharitonova

1. REFLECTION OF A PLANE WAVE
AT THE BOUNDARY OF TWO DIELECTRICS
AND FROM A THIN PLATE

In the present work, we consider the conditions for
the passage of a plane electromagnetic wave through
the interface of two media for three characteristic
cases (Fig.1): reflection at the boundary of two
homogeneous dielectrics, reflection from a thin dielectric
plate, and reflection from a multilayer dielectric
mirror (bounded by an 1D-PC).

Let us write the field distribution E(x, z, 7) (H(x, z, t))
of the waves propagating in the x-z-plane (plane of
incidence) as a scalar function W(x, z, 7):

E(X,Z,t) _ _ i(ot—Pz)
o Z’t)} = W(x,z,0) = PP, (1)

When the plane wave If’a
P =P, exp[i((l)p + ot —x,x—Bz)]

is incident on the interface of dielectrics with refractive
indices n,,n, (n,>=¢,, m?=g,) and dielectric
permittivities €,, €, the parameter f is the longitudinal
component of the wave vectors (B=kyn,sing)
determined by the angle of incidence ¢ counted from the
normal to the interface (x = 0) of the media. The

amplitude O of the reflected wave Qa

0,=0, exp[i(d)q + ot +x,x—pz)]
is determined by the Fresnel reflection coefficient 7, and

the amplitude £, of the incident wave (Q,=r P ), while
the amplitude G, of the refracted wave

éb =G, exp[i((l)g + ot =K, x —B2)]

is determined by the amplitude transmission coefficient
t, (G, = t,P,). Here d)p, ¢q, ¢g are the initial phases,
K,, K, are the transverse components of wave vectors
kgng -B2, Ky = kgng -B%), ¢ is time,
ky = w/c is the wave vector of radiation in vacuum, and
o is the frequency of radiation.
Considering the component of the field-vector
E (1?1 ) perpendicular to the plane of incidence in case
of TE- or TM-polarized waves, it is convenient to
introduce parameters ¥,, X, Wwhich are associated
with g =%, /(€)%
Xp =K /(g,)", where 1 is the efficient polarization
parameter equal to zero (unity) in this case. The Fresnel
formulas for the amplitudes of reflected and refracted

light can be presented in the same form for the cases of
TE- and TM-polarized wave:

transverse wave vectors:

ra :Qa /I)a :(Xa _Xb)/(Xa +Xb)5
ta :Gb/Pa :2Xa /(Xa +Xb)a

ta—razl.

2

If the parameters X,, X, are real, the amplitude
coefficient 7, is always positive, and the phase of the
refracted wave at the interface coincides with the phase
of the incident wave. At %, >, and 7, >0, the phase
of the reflected wave also coincides with the phase of the
incident wave, while at ¥, <%, and 7, <0, a phase
shift equal to m occurs for the reflected wave. It is
convenient to equate the initial phases of the numerical
values d)p,d)q’ ¢g, which coincide to the nearest 2n
multiplied by an arbitrary integer, to zero. In this case,
the coefficients r, ¢, are real. However, in the general
case, when the initial phases are ¢ > (I)q, (I)g we will use

B,y =, explidg ) b, =0, —0,)
to denote the complex reflection coefficient. The energy
coefficients of reflection R, and transmission 7, are
represented as follows:

the parameter

X G
X X é n b A
n b b K,
B ° Y A
~ A B o Ks A A —Ks
Mim G, K s c|b \d
*b Nim P A B ~Keiim yy B
B B ; n Kilm . Keiim
A 7 A B A B 2 film B
1 _ ; A B ‘ B z
K ' K, ' '
n, a ] : a n, K, ¢ : . K, ! )
A A A R a 7 ! R a
Pa 3 Qa Pa 3 Qa na Pa : Oa
(a) (b) (c)

Fig. 1. Directions of the wave vector components «,, K, Kgms B at the reflection:
(a) at the interface of two dielectrics, (b) from a thin dielectric plate, (c) from the 1D-PC

Russian Technological Journal. 2024;12(6):69-79

72



Reflections of linearly polarized electromagnetic waves
from a multilayer periodic mirror

Dzamil Kh. Nurligareey,
lliya A. Nedospasov, Kseniya Yu. Kharitonova

2
R, =02/ P2 =|r|" =ty — 102/ O + 1)
2
I, :|ta| Oy %) =Hap ! Uy +Xb)2'

The energy coefficients R, and T, are equal to the
ratio of the average energy flux of the reflected and
transmitted waves to the average energy flux of the
incident wave, respectively. Here, only transverse (i.e.,
parallel to the x-axis) components of the energy fluxes
in the medium layers are considered. The condition of
continuity of the transverse energy flux is satisfied:

Xa (1—':12 - Qg) = Xbiz- “4)

In the case of a plane wave 13a incident from a medium
with refractive index n,, (x < 0) onto a dielectric plate of

thickness /4 and refractive index ng; , ( nfz-ﬂm =€flm> Efilm
is the dielectric permittivity of the plate material) (Fig. 1b),
a reflected wave Q,, appears in the area x < 0, while in
the area x > / the wave Gy, is refracted into the medium
having a refractive index n,. The field inside the plate can

be represented by a forward and an inverse waves A, B
A= Aexpli(¢p, + ot — K5, x—B2)],

B= Bexpli(dy, + ot + 1, X —B2)],

where Kgp, = k(%”tgllm —B2. These waves are called
partial waves.

For complex amplitudes A, B, Gb’ the equations
B=iA, G,=A+B, where 7, =1,exp(ip,,) is the
Fresnel reflection coefficient at the x = 4, are valid:

fb = Ugitm — %p) 7 Olgitm + Xp )

Xfitm = Kfilm / Egim )" Xp = Kp / (85)"

)

Initial phases ¢, ¢ ¢g coincide with an accuracy
up to the value of 2m multiplied by an arbitrary integer;
here it is convenient to select their numerical values equal
to ¢ g = 0. In this case, the phases of waves A, B at the
boundary x = 0 will be equal, respectively, to £¢, (where
¢, =Kgm” is the phase delay arising for a partial wave
during the passage of a layer of thickness #).

Now we will write down formulas for the reflection
coefficient 7, at the boundary x = 0 both reflectance (R )
and transmittance (7)) of the plate:

1/2

2 2
[1_7%] J{ Xb _XﬁlmJ g2,
_Qa _ La Xfilm Xa
'a=p 7 2 2 ’ 6
“ (beJ J{ Xb +Xﬁlm] 220, (6)
Xa Xfilm Xa
Q2
R, ==%=y2, T ,=1-R,.
a 2 a’ a a
5

Formulas (6) are in agreement with the well-known
Airy formulas obtained when considering multipath
wave interference in a transparent plate [20]. Thus,
according to (6), at values 2¢;, =2mm and n(2m + 1)

for R , extreme values equal to (X, — X )2/ (X, + xb)z

and (%,% —x?l Y 1 (gt +x§1 )2, respectively, are

reached. In particular, in the interference reflection
minima that arise, for example, when the simultaneous
fulfillment of conditions (1) 2¢, =2mm and x, =X,

or (2) 20, =m2m+1) and %, #Xps X = Xak
must be reached, the values of R are equal to zero. In
the general case of variation of the angle of incidence

¢ of the incident wave Isa, alternating maxima and
minima of the intensity of the reflected @, and

refracted éb waves should be observed.

2. PLANE WAVE REFLECTION
FROM A MULTILAYER DIELECTRIC
MIRROR

Letus consider amultilayer dielectric mirror (Fig. 1¢)
consisting of alternating /- and s-layers having refractive
indices n,and n  and thicknesses & and s, respectively,
which have been placed between homogeneous dielectric
media having refractive indices n,, (x <0) un, (x> H). It
is convenient to represent this structure as an 1D-PC
framed by two homogeneous dielectric media, which are
formed by multiple repetition of a cell composed of two
layers (f~ and s-layers) of the size A (A=h+s).
Figure 1c shows one such cell framed by two
homogeneous media. When a plane wave IA’a is incident
on the lower boundary (x = 0) of the 1D-PC, reflected

Qa and refracted éb’ respectively, plane waves are
generated in the regions x <0 and x > H to excite forward
and backward FBW in the region H > x > 0. We will give
a description of TE-polarized FBW for the case of
unbounded 1D-PC in [8, 9]. In this article, we present
these waves for the cases of TE- and TM-polarized
radiation in a single inhomogeneous wave form
Y, (x,z,0):

Y, (x,z,t) =¥, (x)expil(of + D(x,2)]}. (7)

Here, the functions W (x) and ®(x,z) define the
distribution of the amplitude and phase of the wave,
respectively. Surfaces of constant amplitude are planes
perpendicular to the x-axis. Function ¥ (x) is periodic with
aperiod equal to A, so that by introducing local coordinates
Ep=x—h/2—=Am and & =x—5/2—h—Am (where
m is the number of the 1D-PC cell), which are counted
from the centers of the corresponding layers, we can write
for it:
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v =(4%2+B%2 +24B 2 2
7E)=(42+B2+24B cos(2x &)

¥, (= 12

W, () =(C?+D?+2CD-cos(2x &)
—s/2<E <s/2.

The phase function ®(x,z) depends on two
coordinates; in general, the FBW is non-planar:

O(x,2) = ¢y ~KA(m+¢)=Pz—¢,(x), (9

where ¢ has the meaning of the initial phase of the
wave, the phase parameter ¢=0 in flayers at
Am<x<Am+h and ¢=1/2 in s-layers at
Am+h<x<A(m+1), while ¢,(x) is the nonlinear
component of the phase function ®(x, z), which sets the
shape of the profile of the FBW wave surfaces. The
constant K (Bloch wave number) can be found from the
dispersion equation [8]:

cos KA = cos(th) cos(K§) —

1 (10)

X
_ = X_S+_f sin(th)sin(KSs), B<k0ns.
VT ?

Distribution (8) of the FBW field in the 1D-PC
layers is given by the amplitude coefficients 4, B, C, D
of the partial waves, which are also real at real K ,, K,
and K, and depend on the parameters of the medium cell
and the Bloch wave number [8, 9]:

A= dysin((x h—x s+ KA)/ 2)x
xsin((Kle- K5+ KA)/z),
B=Aosin((th—Kss+KA)/2)><
xsin (i h =1 s — KA) /2) x
x (s = %) Qs + 2 1) (11)

C = dysin((< o+ s+ KA)/ 2)x
xsin(k ), +% )/ 2
D=Aosin((th—Kss+KA)/2)><
xsin(k h)(t, — %)/ 2%s.

Formulas (11), which are a generalization of
formulas (12) of [8], are used to describe the features of
TM-polarized waves, which have not been considered
earlier. For example, according to (11) for the case of
TM-polarized radiation, if the condition ¥, =% r is
fulfilled, the B and D amplitudes of the partial waves are
equal to zero, while the coefficients 4 and C are equal to
each other. FBW in f- and s-layers of the photonic crystal
has the form of homogeneous plane waves for which the
angles of incidence 0 O on the interlayer boundaries
are in agreement with the Brewster condition
tgocf:ns/nf,tg(xsznf/ns. The
equation (10) reduces to the following equations:
cosKA = (th T KS).

Parameter 4, in (11) plays the role of the FBW
amplitude. In a confined 1D-PC for forward and
backward waves, this parameter may differ. It makes
sense to introduce into consideration the amplitude
reflection coefficient 7, at the boundary x = H as the ratio
of the amplitudes 4, and Aup (in this case we consider
these parameters to be valid) of the backward and
forward FBW, respectively. Considering the continuity
conditions of the tangential components of the wave
fields at the interlayer boundaries inside the 1D-PC and
at the boundaries of the 1D-PC with the adjacent media,
we can obtain for the coefficient 7, :

dispersion

R R R
A-B 44B (12)
F, :X—b( —— 4 cos? (I)hj.
1 \A+B A2 - B
The modulus of the amplitude reflection

coefficient r,, and the energy coefficients of reflection
R, and transmittance T of the plane wave F,, which
are obtained for the 1D-PC taking into account the
interference of the forward and backward FBW, are

found from the following formulas:

N

+

7

1/2
24 ru2 +2r,1, cos(2(|)p._q. + 2¢p.-d.) 13)
1+72r2 + 21,1, c0s(20,,  +20, 4) ’

a
R =r 2T

au ~ au ° Tau

:l_Rau’

where 7, is the modulus of the amplitude reflection
coefficient from the semi-infinite 1D-PC:

1/2
(Xa_Xf)2A2 +(Xa+Xf)232 +2AB(xg—X%)cos1<fh i
. =

¢ (X’a+X’f)2A2+(Xa_Xf)sz—'_zAB(XZ_Xi”)COSth
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20y, .20, 4 are the wave phase matching parameters
at the boundaries x =0 and x = A:

2pq.=
(F —x2)(A* ~ B?)sin2¢,
(1% =12 (A% + B2) = 24B(y% + 12 ) cos 24,

(15)

=arctg

+ T

20, . = 2K AN + 2arctg(tgd, (4~ B)/ (4+B)). (16)

Here, parameter ¢p.-d. with an accuracy to the value
2n multiplied by an integer is equal to the phase delay
arising for the FBW at the double passage of the confined
1D-PC; parameter N sets the number of cells of the
confined 1D-PC; parameter d)p._q. is equal to the average
value of the phases of the incident and reflected waves at
the boundary x = 0; numerical values of the parameter
m, o variation of the cell parameters of the 1D-PC and
FBW can take values O=xl. Analysis of the
formulas (13—16) shows that, at variation of the angle of
incidence ¢ of a plane wave on the 1D-PC, interference
maxima and minima of intensities for the reflected and
refracted waves should occur.

3. EXPERIMENTAL DESIGN
AND RESULTS

In the experiments, the multilayer interference
dielectric mirror used as the structure under study
was produced on a high-vacuum unit for ion-beam
deposition of dielectric layers Aspira-150 (Izovac,
Belarus)*. This structure (sample) was a glass
substrate (standard slide glass was used as a substrate
material; substrate thickness is 0.7 mm; refractive
index is 1.52) with 10 pairs of alternating layers of
Nb,Os (niobium oxide (V); thickness is 0.11 pm;
refractive index is 2.27) and SiO, (quartz glass;
thickness is 0.18 um; refractive index is 1.48)
deposited on its surface. Material parameters of the
structure layers and substrate were provided by the
manufacturer. In the experiments, the dependence
of the transmission coefficient 7, of the sample on
the angle of incidence ¢ of the laser light beam was
studied. Figure 2 shows the scheme of the experiment.
The intensity of helium-neon laser radiation (/), which
passed through the polarizer (2) and the sample (4)
mounted on the goniometer stage (3), was measured by
the photodetector (9).

4

~

® L~/ I

v i

Fig. 2. Experimental design

1

N EE

According to preliminary estimates made by the
formulas (6), the angular distance between neighboring
maxima of the transmitted light intensity should be
the largest at incidence angles close to zero (normal
incidence mode) and incidence angles close to
90° (sliding incidence mode). The angular width of
interference resonances in these modes is the largest,
which should also significantly simplify the confident
registration of the maxima and minima of the intensity
of transmitted radiation at variation of the angle of
incidence o.

For the case of TE-polarized radiation at variation
of the angle of incidence ¢ within the range from 0°
to 8°, Fig. 3 shows the measured intensity of /.
radiation (in arbitrary units, a.u.) that passed through
the sample together with the transmittance coefficient
of the 7, glass plate calculated by the formulas (6).
In full accordance with the preliminary calculations,
the angular distance between the resonances and
their angular width decrease as the angle of incidence
increases from 0° to 8°.

1.00
600r
. 0.95
3
< 550¢ o
» ~
£ 0.90
500+
0.85
0 8

Fig. 3. Measured /., intensity (red line with dots)
and calculated transmittance function T, of a plate
with n, = 1.52 and d = 0.7 mm (solid blue line)
as a function of the angle of incidence .
Emission wavelength is 0.6328 um

Figure 4 depicts the measured intensity of 7,
radiation (in a.u.), which passed through the
sample, and the transmittance T, of the glass plate
calculated by the formulas (6) as a function of the
slip angle 6 (0=mn/2-¢) for the case of

TE-polarized radiation.

3 Index p.-d. is a phase delay; in p.-q. index the letter p indicates the P, wave, and the letter q indicates the O wave.

4 http://izovac.by/ (in Russ.). Accessed September 27, 2024.
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Fig. 4. Measured I, .. intensity (red line with dots)
and calculated transmission function T, of a plate with
n,=1.52and d = 0.7 mm (solid blue line) as a function

of slip angle 6. Emission wavelength is 0.6328 um

In this slip-fall mode, a marked decrease in
the angular width and angular distance between
the observed resonances is clearly recorded when
increasing the slip angle 6 in the presented range
from 0° to 8°, which is also in full agreement with the
preliminary estimates.

The dependencies presented in Figs. 3 and 4 clearly
demonstrate the presence of interference resonances of
a thin dielectric plate. At the same time, for the presented
1.« dependencies, the presence of a significant increase
in transmittance in the intensity maxima and minima
both at increasing the angle of incidence ¢ (in the regime
close to normal incidence) and at increasing the slip
angle 0 (in the regime close to slip incidence) should be
noted. These features are explained by the influence of
Nb,O; and SiO, layers deposited on the glass plate, the
interference of waves in which should lead to additional
modulations of the intensity of radiation passing through
the sample.

Figure 5 shows the measured intensity of 7
TE-polarized He-Ne laser radiation (in a.u.) that passed
through the sample (red line, black dots) and the 1D-PC
transmittance function of 7/, with the following cell
parameters (13): 4 = 0.11 pm, s = 0.18 pm, ny= 2.27,
n = 1.48 (solid blue line) for the case of variation of the
angle ofincidence ¢ inthe range from 0°to 90°. The crystal
consists of 10 cells framed by two homogeneous media
with refractive indices: n, = 1, n, = 1.52. According to
the calculations, four interference transmission maxima
should be observed as a result of FBW interference in
the 1D-PC at the variation of the angle of incidence ¢ in
the range from 0° to 90°.

The transmittance of the considered sample
is determined by superposition of the interference
resonances of the glass plate on the interference
resonances of the 1D-PC. Here, the transmittance
resonances and their corresponding reflection
resonances for the glass plate are clearly registered
with the used laser only in a limited range of incidence
angles ¢ and slip angles 0 not exceeding 20° (Figs. 6a
and 6b).

il P——— 1.0
500 0.8
z 400 06 .
2 300 ~°
= 200 , (0
100 g 02

00 10 20 30 40 50 60 70 80
o
Fig. 5. 1D-PC transmittance function T, , (solid blue line)
and measured /, .. intensity as a function
of the angle of incidence ¢ (red color, black dots).
The wavelength is 0.6328 um

(b) (c)

Fig. 6. Images of the reflected laser beam at the values
of the angle of incidence :
(a) 12%; (b) 75°%; (c) 50°

(a)

Within the range of incidence angles ¢ from 30°
to 70°, the angular width of the glass plate resonances
is significantly smaller than the angular divergence of
the laser beam (Fig. 6¢); moreover, these fast intensity
modulations are not resolved. At the same time, the slow
intensity modulations due to FBW interference are in
full agreement with the theory.

The obtained results of the experiments and
theoretical simulation agree quite well to demonstrate
the presence of interference of FBW in 1D-PC, as
a result of which the radiation intensity in the maxima
and minima of interference resonances of a thin glass
plate can change significantly. Thus, the representation
of FBW in the form of inhomogeneous waves can be
useful for calculating and optimizing the parameters
of optical elements and devices that use interference
effects in multilayer periodic structures.

CONCLUSIONS

In this article, the exact expressions for the reflection
and transmission coefficients for the case of a confined
ID-PC with a stepped refractive index profile are
obtained on the basis of wave representation in the form
of a linear combination of Floquet and Bloch waves.
A qualitative agreement of experimental measurements
of the transmission coefficient of a plane TE-wave
incident from a half-space on a confined photonic crystal
with the theoretical calculations has been established. The
graph (Fig. 5) clearly depicts fast intensity modulations,
which is in agreement with the well-known Airy functions
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obtained in the case of multipath wave interference in
a transparent plate at a variation of the angle of incidence
of the wave. Since the thickness of the glass substrate
is many times greater than the thickness of the photonic
crystal and the wavelength of the laser radiation, which
leads to a large phase delay, rapidly alternating maxima
and minima of intensity should be observed, which are
difficult to resolve in measurements. Slow intensity
modulations, in turn, are due to the interference of the
FBW in the photonic crystal, where the phase lag is much
smaller at a small Bloch wave vector.
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