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Considered is a model of photonic crystalline superlattice as a set of macroscopically
homogeneous layers with randomly included extrinsic (with respect to the ideal superlat-
tice) layers of a variable thickness and composition. The polariton spectrum of such a
non-ideal superlattice with an arbitrary number of layers per elementary cell obtained
within the virtual crystal method is specified for the Si - diamond crystal system. The
peculiarities of the band gap width dependence upon concentration of admixture layers and
refractive index are considered. The study carried out shows that optical characteristics of
a crystalline superlattice may vary significantly due to transformation of its polariton
spectrum caused by the presence of admixture layers.

Paccvorperna momens (POTOHHON KPHUCTAJIINYECKON CBEPXPEIIeTKH KAK CHUCTEMBI MaKpO-
CKOIIMYECKHN OJHOPOIHBLIX CJIOEB C XAOTHUYECKU BHEIPEHHBIMU HHOPOIHBIMH (II0 OTHOIIEHUIO
K HIeaJbHOM CBEePXpPeIlIeTKe) CIOSIMH C IIePeMEeHHBIM COCTABOM WM TOoJIuHOM. ITosyuenusrii B
npubanMKeH BUPTYAJIbHOr0 KPHCTAJJIA MMOJAPUTOHHBIN CIEKTP TaKOil HengealbHOU CBEepX-
PelIeTK! C IIPOM3BOJIBHBIM UYHCJIOM CJIO€B B 9JIEMEHTAPHOM suelikKe KOHKPETUSMPOBAH IJIs
aJIMa3HO-KpPeMHHEeBOol cucremMbl. IIpoaHain3upoBaHbl 0COOEHHOCTH 3aBUCHMOCTH IIINPUHBL 3a-
IIPEIeHHOM 30HbI M IIOKA3aTessl IIPEeJOMJIeHUS OT KOHIIEHTPAIlUU [IPUMEeCHBIX cjoeB. IIpose-
IeHHOEe KCCJIeJOBaHNE YKAas3bIBAeT HA BOSMOMKHOCTH 3HAUMTEJIbHBIX M3MEHEHWUH ONTUYEeCKUX
CBOICTB KPHUCTAJJINYECKOII CBEPXpPEIIeTKH, KOTOpblie O0ycCJ/IOBJIeHBI TpaHcdopMmaliueil ee mo-
JIAPUTOHHOIO CIIEKTPA B PE3yJIbTAaTe IIPUCYTCTBUS MHOPOIHBIX CJIOEB.

Propagation of electromagnetic waves in layered crystalline media draws currently a close at-
tention. In [1-3], the related researches are described carried out on magnetic photonic crystals,
while in [4-6], on composite materials based on silicon and liquid crystal. The interest in those
objects is due on the one hand to their significance for electronics, and on the other hand, to the
advances in technology allowing growth of ultrathin films and periodic structures with controlled
characteristics. The general theory of optical waves in anisotropic crystals, including those consist-
ing of macroscopic layers, is well known [7]. A further development of the layered structure theory
requires consideration of more complex model systems such as superlattices with layers of variable
composition and thickness. The polariton excitation calculation procedure has much in common
with consideration of other quasi-particle excitations (electron, phonon, etec.) in solids. A common
calculation method of quasi-particle states in unordered media is the virtual erystal approximation
(VCA), which consists in replacing the configuration-dependent parameters of the problem Ham-
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iltonian by their configuration-averaged values [8]. It is convenient to study the polariton spectra
and corresponding optical characteristics of imperfect superlattices using just that approximation,
since it makes it possible to reveal the specific features and the transformations of the elementary
excitation spectra due to a change in the concentration of defects in imperfect crystals.

In this work, a photonic crystalline superlattice is modeled as a set of macroscopically homo-
geneous layers with randomly included extrinsic (with respect to the ideal superlattice) layers of
variable thickness and composition. The polariton spectrum of a non-ideal superlattice with an
arbitrary number of layers per unit cell obtained within the VCA is concretized for the diamond-
silicon crystal system. Dependence of the band gap width and refractive index peculiarities on
concentration of admixture layers is analyzed.

Dielectric g(? ) and magnetic }1(? ) permeabilities which define optical characteristics of a peri-
odic medium should satisfy the periodic boundary conditions:

g(x,y,z) = g(x,y,erd); ﬁ(x,y,z) = }I(x,y,erd); ¢))

g
where d = Z a; is the superlattice period; o, the number of layers per unit cell; a;, the thickness

Jj=1
values of the layers forming a one-dimensional chain of elements oriented along the z axis. The ma-

terial tensors ¢ and |t of a crystalline superlattice with an arbitrary number of layers o have the
following form in the coordinate representation:
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In Eq. (2), 6(2‘) is the Heaviside function, n = +1, +2, ... is the number of a one-dimensional crystal cell,
index o =1,2,...,0 designates the cell elements. When a imperfect system is considered where the disordering is
connected with variation of the composition (rather than of the thickness) of admixture layers, then a,,, = a,, .

Within our model, the configuration-dependent tensors gnu, ftm arc expressed in terms of random quantities
Mna (Mo =1 if the v() -th sort of layer is in the (n«) -th site of the crystalline chain, ), =0 otherwise):

- ~v(e)
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Calculation of a polariton spectrum for an imperfect superlattice is realized within the VCA

(similarly to the solid quasi-particle approach) via the following replacement: e — <g>, }I—> <@
(angular parentheses designate the procedure of configuration averaging). In this case, it follows
from Eq. (3) and [8]:
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where CZL(O‘) is the concentration of the v(a)-th sort of admixture layer in the «-th sublattice;

Sl =1
V(o)

gl, lIl and the averaged dielectric <gnu> and magnetic <@nu> permeabilities of layers (4) are re-
lated as

, the normalization condition. Tt follows from Eq. (2) that the Fourier-amplitudes
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For an imperfect superlattice where the disordering is connected with variation of the thick-
ness (rather than of the composition) of admixture layers, we have to use the following procedure

of configuration averaging: a,, — a, {ng(a)} d— d{ (e )} (here, C., u(e) is the admixture layer

~ ~

concentration of the v(cx) -th sort thickness in the «-th sublattice) and ¢, =cq 5 Pra = Pa -
Since the configurational averaging “restores” the translational symmetry of a crystalline sys-

tem, in the considered case of imperfect superlattice, the “acquired” translational invariance of the

one-dimensional chain allows us to present the Maxwell equations (assuming the harmonic time

dependence of the electric and magnetic field strengths E (F.w), H (F,w)) in the form:
VXE(I" w) ZZO <u(z)> ﬁ(?,w), Vxﬁ(?,w) = —%O(;:(z»ﬁ(?,w) (6)

Hence, according to the Floquet theorem, the Fourier-amplitudes f5 (E ) of the electric and mag-
netic field strengths satisfy the following relation:

FE
f(H) Zel I((p) 1
[B [K+p2“] x ™
d i~ Zul R~

Here, f is an arbitrary planar (in the XOY plane) wave vector; ¢, the unit vector along the z

axis; K= (0,0,K) is the Bloch vector. The system (7) defines the normal modes of electromagnetic
waves being propagated in the considered “periodic” medium. Furthermore, we assume (like in [6])

that K are close to the value defined by the Bragg's condition: |K — %‘ ~ K, K2 =~ w z—:o This

7(EH)
case corresponds to a resonance between the plane wave components / Kp at p=0, —1 (these
terms dominate in the system (7)). After eliminating the f<H) variables, Eqs. (7) with respect to
f (E) take the form:

2 2_(1)
Kz—w—zs—:(o) _— 82 ( )
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CZ d CZ

where g;_ = s—:(o), g1 = s—:(f 1 . Putting the determinant of the system (8) equal to zero, we ob-
tain the dispersion relations w = w (K ) Two roots of this equation w, define the boundaries of

the spectral band: at frequencies w_ (K ) <w<wg (K ) (band gap), the roots are complex and elec-
tromagnetic waves decay (Bragg's reflection); frequencies w <w_, w>w, correspond to propagat-
ing waves.

For simplicity, we shall restrict our study to the case of light propagating along the z-axis

(3=0)in a nonmagnetic Si - diamond crystal system (|I =1 is the unit matrix). We consider the
layers to be macroscopically homogeneous and isotropic (¢;; = €d;; ). Below, considered is the case of
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Fig.1. Refractive index n_, n_ (CC,CT) of the composite superlattice (with alternating silicon and diamond
layers) vs. the concentrations of admixture layers of variable thickness and composition for a{l) lag =1: (a)

a?ralV) =0.001, 2/ —20; 0) @ ral) =10, P — 0.2,

admixture layers of a variable thickness and composition only in Si-sublattice. The concentration,
dielectric permeability, and thickness of the base material in the first and the second sublattice are

denoted by C1<1), e?), agl) and Cél), €<21), a<21) (e?) = 5.’7,e<21) =gy =11.7), respectively. For admixture

layers, those quantities are denoted by CI%) (for the variable composition) and Cg.) (for the vari-

(2) 2

able thickness) as well as ¢;, alz (there are no admixtures in the Si-sublattice). Simple transfor-

mations (taking into account that e<1)rL:
index n, =cK/w, of the studied system:

e<1)‘ ) result in the following relations for the refractive

au )

n2 cfzc),cfz)] - e<0>[c§?,cf?] + | [cfzc),cfz)] ~ O + ) ©)
Here <®) and ') can be expressed as:
O e (U S ) A+ fp) (10)
) =22 fC|Sin1Y7}T | (1)
The functions /¢ = [1—C\ [1—e§2>/ E?)] /2y and fp =[1-cl2 [1—a§2)/a§1)] ") 1a, depend on

the concentration of admixture layers, their relative thickness and dielectric permeability. Hence, the lowest pho-

A lwx (ni -n? )/ 2e<0) . It follows from Eq. (9) that the quantity

)

[6, 7], it was shown that the band gaps of higher orders are defined as well by corresponding Fourier-coefficients
of the diclectric permeability.

Fig. 1 shows the concentration dependence of the refractive index n, =cK/w, for the studied
composite superlattice. 1t is seen that the corresponding surfaces are of complex shape depending
on the dielectric permeability of both admixture layers and its thicknesses. In Fig. 2, the lowest

i.) =Cc, Cl@ = Cp of admixture lay-

tonic band gap width is Aw; =|w, —w

Auwy is determined by the corresponding coefficient of the Fourier expansion (5), which in this case is .In

energy photonic gap width 1s plotted vs. the concentrations C1<
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Fig. 2. Relative width of the lowest photonic band gap Aw;/w of the composite superlattice (with alternating
silicon and diamond layers) vs. the concentrations of admixture layers of variable thickness and composition

for a§1)/a2 =1:(a) a§2)/a§1) =0.001, E§2) /Egl) =20; (b) a§2)/a§1) =10, Egz)/egl) =0.2.

ers for a superlattice with alternating silicon and diamond layers. The energy gap Aw; is zeroed at

|1 - fC|Sin A =0 for the case a in Fig. 2.
1+ fp

Thus, description of the polariton spectrum transformation in a sufficiently simple superlattice
using VCA is the first step in the study of imperfect systems. Investigation of polariton spectra
properties and the related physical quantities (density of elementary excitation states, character-
istics of the normal electromagnetic waves, ete.) in more complex systems requires application of
more complex methods, e.g., the method of coherent (one- or multi-site) potential [8], the averaged
T-matrix method [9] and their numerous modifications used for various particular problems. As a
whole, the study carried out in this work shows that optical characteristics of a erystalline superlat-
tice specified by transformation of its polariton spectrum resulting from the presence of admixture
layers, may be altered significantly.
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Oco0auBocCTi 3aJ1€:KHOCTI Be TUYNHI (POTOHHOI
€HePreTUYHOl MiJIMHI KOMIIO3HTHOI'O MaTepialy Big
KOHIIEHTPAIlil XaOTUYHO BBEeJAEHUX JOMIIIKOBUX IIAPiB

B.B.Pymsanues, C.A.@edopos, E.A.Illlmaepman

PoarmsiryTo Momesib (POTOHHOI KpHCTAIUHOI CyleprpaTKu K CHCTeMH MAaKDOCKOIIYHO
OIHOPIJHHUX IMTApIB 3 XAOTHYHO BBeIeHHMH Uy KOPILTHUMHE (BIIHOCHO 17eaJIbHOI CYIepTpaTKH)
mapaMy 3MIHHOTO CKJIaJy Ta ToBmmuHH. Ofep:xaHuii y HabJIMmeHH] BIPTYaJBHOTO KPHCTAJY
MOJIAPUTOHHUHN CIEeKTp TAaKol Hellea/IbHOI CyIeprparKd 3 JOBLIBHOK KIJIBKICTIO IMapiB B
eJIeMeHTapHIN YapyHIl KOHKDPETH30BAHO JIJIsI aJMasHo-KpeMHieBoi cucremu. lIpoanasmizoBano
0co6IMBOCTI 0COOJTMBOCTI 3aJ1esKHOCTI IMHPHHA 3a00pOHEHOi 30HHM Ta TOKA3HHUKA 3aJI0MJICHHS
CBITJIA Bl KOHITEHTPAII JOMIIMKOBHUX ImapiB. llpoBemere mocalmxeHHS BKasdye HA MOMKJINBICTH
BHAUHHMX 8MIH ONTHYHHX BJIACTHBOCTEH KPHCTANIYHOI Cylmeprparku, skl o0yMoBJeHI
TpaHcdopMarliien ii MTOJSPUTOHHOTO CIIEKTPY BHACJIIOK MPHUCYTHOCTI UYMOPTHUX IIAapiB.
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