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Method to calculate refractive index and transparency range dispersion of amorphous
As,S; is proposed. It is based on effective dielectric permittivity models for porous
composite media, comparison of glass and crystal density and use of data on refractive index
of the crystal. It is shown that the best agreement of calculated and experimental values of
refractive index of glass is obtained within the wavelength interval 460 + 670 nm when using
Lorenz-Lorentz formula. It is established that As,S; glasses possess pores with filling
factor ¢ = 0.057 submerged to isotropic matrix with approximately two times smaller
porosity (g,, = 0.031).

IIpennoxen cmocod BBIUMCIEHUS MOKasaTeNsd MPeJOMJeHUS U AUCIEePCUU B OOJIACTHU IIPO-
spauHOCTH aMOpdHOro As,S; ¢ moMombl Mozesneil ah(GEeKTUBHON AUIEKTPUUECKO ITPOHMU-
[aeMOCTH IIOPHCTBIX KOMIIOSUTHBIX cpex. Crocod OCHOBAaH HAa CPaBHEHUHU ILIOTHOCTEH CTeKJa
¥ KPHCTAJJa W HCIOJb30BAHMHM NAHHBIX II0 IIOKA3ATeJI0 IpejaoMJeHus Kpucrasaa. [lokasa-
HO, YTO HAWJyYIee COIJIACHe BBIUMCJIEHHBIX M SKCIEPMMEHTAJbLHBIX 3HAUYEHUI IOKa3aTess
IIPEJIOMJIEHNSI CTEKJIa NOCTHUraeTrcs B MHTepBaje MiauH BoaH 460 + 670 mM mpu mcmoibs3oBa-
Huu Aya pacuera dopmyasl Jlopenn-JloperTna. YcranosneHo, uro crexaa As,S; obaazaior
nopamu ¢ (darxropom samosHeHuss ¢ = 0.057, morpy:KeHHBIMHM B HB0TPOIHYIO MATPUILY C
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MeHbIIell, MPuOII3UTeTBHO B ABa pasa, mopucrocTeio (¢,, = 0.031).

Among chalcogenide amorphous semicon-
ductors, glasses of As,S; and structurally
similar substances got the widest and most
diversified practical application. Reviews of
investigations in As,S; structure and physi-
cal properties are presented in [1-4]. The
possibility of As,S; film photodoping with
Ag [5] extended the researches in connection
with possible As,S; application in diffrac-
tion optics, holography, optical recording of
information [3, 4]. The changes in refrac-
tive index of AsS,S; under various optical
and thermal actions [3, 4] is of considerable
importance in the photodoping processes
and applications.

When studying the microstructure of amor-
phous As,S,, it is compared with structure of
arsenic sulphide crystal — auripigment [2, 6].
Auripigment has a monoclinic lattice (Cg,
crystal class) with unit cell parameters
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a=1.147 nm, b = 0.957 nm, ¢ = 0.425 nm,
B =90°23" and z = 4. The crystal structure
elements are AsS; pyramids connected with
sulphur atom links into a corrugated grid in
(a,c) plane. The As—S bond is predominantly
covalent while the inter-grid bond is predomi-
nantly Van der Waals one. This defines the
layered crystal structure and easy cleavability
along planes containing a and ¢ axes.

In As,S; glasses, the short-range order is
retained in first two coordination spheres
[2]. Under melting, AsSj; structural ele-
ments are conserved in As,S; without As-S
bond length change, but grids are bent and
possibly cross the neighboring grids. Grid dis-
integration to twelve-membered rings is also
possible. In other words, amorphous As,Sj re-
tains some “memories” of the crystalline struc-
ture. The glass density pg = 3.17 g/cm? s
lower than crystal one p,. = 8.46 g/cm3,
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thus indicating its porosity. The existence
of pores undoubtedly promotes penetration
of metal atoms into the glass at photodop-
ing processes.

The principal refractive indices (RI) of
crystalline As,S; were measured in trans-
parency region (visible and near IR range)
[6]. A large number of works is aimed at
amorphous glass RI measurements both in
bulk and film state, and at various treat-
ments [4, 7, 8]. Optical constants of crystal-
line and amorphous As,S; are presented in
[9]. In consideration of As,S; optical isot-
ropy in the glassy state and the ratio of
crystal density to glass one, comparison of
RI in two states is of interest. The absence
of noticeable light scattering in the glass
indicates small pore radii in comparison
with light wavelength X, i.e. pores are of
nanometer size. This fact permits the effec-
tive dielectric permittivity e,;; (EDP) mod-
els to be applied when analyzing the glass
RI. These models are used successfully in
studies of optical properties of composite
materials containing nanoparticles [10, 11].
In this study, we compared the RI of As,S;
crystal and glass, basing on g,y models as-
suming the pores with g, =1 to be
"nanoparticles”.

For a medium being mixture of two sub-
stances with dielectric permittivities g; and
€9, the filling factor g is introduced. That is
the specific volume filled by substance with
g1, correspondingly, ¢’ = 1 — g for substance
with €,. If the mixtures are optically homo-
geneous and light scattering is absent (ex-
cept for Rayleigh scattering), then EDP
model is applicable thereto.

The simplest model is that proposed by
Newton:

n

Eopr = €19 + 82(1 — @)- (1)

For transparent and optically isotropic mix-
tures, £, = ny? and gy = ny2, where n; and n,
are the respective RI. However, at the end of
XIX century, Clausius and Mossotti have pro-
posed a new formula for static dielectric per-
mittivity derived under assumption of differ-
ence between field E'=E + (4n/3)P acting
on a molecule situated in center of empty
sphere, and field E in surrounding medium
[12]. Here P = NaE' is the polarization of
substance with g, N and o are molecular
concentration and polarizability.

A similar formula was proposed inde-
pendently by Lorenz an Lorentz for optical
frequency range:
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gepp=1 g -1 gg-1 (2)

1-9q).

= +
Seff+2 81+2q 82+2\

Formula (2) is used successfully to deter-
mine RI of liquid and solid solutions. Re-

sults of n = Ve, determination obtained

with (2) are better than those from (1). For
gaseous mixtures, formula (2) is reduced to
(1). Application of (2) for composite nanostruc-
tured media was discussed also in [13, 14].

The next step in theory of composite me-
dium was taken by Maxwell and Garnett
(1904 [15]) in connection with description
of optical properties of metal colloidal solu-
tions in dielectric matrices and description
of granular metal film spectra. The formula
proposed in [15] has the form:

Eeff — €2 €1 — €9 3)

Seff + 282 €1 + 282.

!

Here g1 = €' — ie;"" is the complex dielec-
tric permittivity of a spherical metal parti-
cle; €5, permittivity of dielectric medium
surrounding the particles. For solutions,
formula (8) predicts existence of a narrow
plasma resonance band in absorption spec-
trum of noble metals and dependence of
that spectral band position on factor g. Re-
sults of calculations using (3) are in agree-
ment with many experimental data [16].
But in accordance with modern concepts
[11], formula (3) is applicable to describe
the optical properties of composite media at
small ¢ (¢ <1/3). At larger ¢, the concept
of matrix surrounding particles is not ade-
quate anymore (percolation case), and a
number of interpolation formulae is pro-
posed to describe optical properties of opti-
cally homogeneous composite media (see
[10, 11, 16]). When studying the optical
characteristics of solid solutions of nanopar-
ticles, a problem of filling factor ¢ determi-
nation. Recently, the Rutherford backscat-
tering technique is used to determine ¢ [17].
But the determination accuracy of the mean
g value is not good enough (about 10 %
error). Determination of ¢ becomes simpler
when comparing optical characteristics of
crystals and amorphous media, because
their densities are known as a rule with a
high accuracy. The density ratio provides
the filling factor value of amorphous mate-
rial with pores.

When calculating the RI of amorphous
As,35, principal refractive indices of biaxial
As,S,; crystal were used, as well as the
glass/crystal density ratio. To find the fac-
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tor ¢ from densities, we have proposed the
formula:

Pal a1 - ), (4)

cr

where pg and p,, are densities of glass and
crystal, respectively; g, the filling factor of
amorphous material with pores; ¥ = p,,/pq»
density ratio of matrix surrounding the
pores to crystal. The k¥ value may be greater
or smaller than 1, depending on whether the
matrix is denser than crystal or not. When
writing formula (4), a significant radii dif-
ference between pores with ¢ factor and
pores in matrix with ¥ <1 is assumed. Here
we believe the term "matrix” to be applica-
ble when ¢ <1/3, as it was mentioned. It
will be shown below that this condition is
accomplished for amorphous As,S;. Accord-
ing to different sources, p,.= 3.42 g/cm?
[18], 8.49 g/cm?3 [7] or 8.46 g/cm3 [2],
and pg =38.17 g/em3. We used data from
[2] in our calculations. Therefore, pgy/p., =
0.916. The matrix density p,, and x value
are fitting parameters. Taking into account
the short-range order preservation in amor-
phous AsS,S;, one may assume small differ-

ence of k¥ from 1.

The n, and n, principal values were
measured in [6] using the light interfer-
ence in thin crystal plates. Those are accu-
rate to within 0.01. The n, .(A) measure-
ments were done for A > 0.46 nm due to
edge absorption. As the crystal is a mica-
type layered crystal, the direct n; meas-
urements are impossible. To measure n,
and the angle between optical axes, the
authors [6] used the birefringence meas-
urements proceeding from conoscopic fig-
ures in polarized light observed at various
angles of incidence onto thin plates. The RI
of bulk amorphous As,S; were measured in
[19] by means of prism technique, accurate
to within 1076, But due to edge absorption,
the ng(A) measurements were bound by
wavelengths A >0.56 nm; at A < 0.56 nm,
ngl(X) measurements were carried out using
interference technique on thin As,S; films
of various thickness [7]. These measure-
ments are summarized in [9]. The RI meas-
urement results in thin As,S; films pre-
pared by various ways are given in [4, 8]
also. The data from the mentioned works
have been used in our calculations.
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We have pre-checked the formulae (1-4)
applicability to compare RI of glass and
crystal at A = 625 nm admitting n, = 3.19,
ny = 2.53, n,=2.84 and ny, = 2.62 [9]. It
was taken into account that glass is opti-
cally isotropic, the matrix density was sup-
posed to be equal to one of crystal (x = 1).
The filling factor was taken to be ¢ = 0.084
and mean dielectric permittivity of matrix

2 2 2
ng + ng + na (5)
e 8.23.

As ¢y =1 for pores, formulae (1), (2),
and (3) are reduced to the following:

Eof = €2 — (g — 1), (6)

. 3eq — 2q(e9 — 1) )
T 34 q(eg—1)

- o289 + 1 — 2q(ey — 1)] (8)
o™ 2e5+ 1+ qleg — 1)

Calculation of ng, = \E;); using formulae

(6—8) results in the following: ng =2.76 by
Newton formula (6), n, = 2.55 by Lorenz-
Lorentz formula (7) and n, = 2.72 by Max-
well-Garnet formula (8). Tﬁese pre-check re-
sult in the following conclusions:

1. The amorphous As,S; RI found are
substantially lower than mean crystal RI
ne, = Veg = 2.87 (5), thus indicating the
crystal porosity.

2. Calculated values of ng are deviated
from experimental value ng, = 2.62. There
is An = 0.14 by (6), An = -0.07 by (7) and
An = 0.1 by (8). The deviation is minimal
when using Lorenz-Lorentz formula.

3. Values of deviations and their signs
evidence a difference between x and 1, and if
An > 0, then, k¥ > 1 meaning matrix is denser.
In contrast, An <0 means x <1 and a less
dense matrix. The small value ¢ = 0.084 indi-
cates applicability of concept of matrix sur-
rounding pores.

Formula (7) is in the best agreement
with experiment and indicates that the ma-
trix is porous. This is not surprising be-
cause bridge bonds between AsS; pyramids
in layers break when the crystal is trans-
formed to amorphous material [1, 2, 6]. As-
suming k < 1, we carried out further calcu-
lations of Eoff by (7) at varying x within
limits 0.95 <k < 1. The k value affects the g,
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Fig. 1. Comparison of tabular data on amor-
phous As,S; refractive index and values cal-
culated using As,S; crystal refractive indices
and Newton formula (6), Maxwell-Garnett
formula (8), Lorenz-Lorentz formula (7) and
Wemple formula (10) at «=0.972, ¢ =
0.0574. Curves 1 — experiment; 2 —Newton;
3 — Maxwell Garnet; 4 — Lorenz-Lorenz;
5 — Wemple

value of matrix, and, unlike (5), to find

7

new &y’ value, one should use the formula
g9’ — 1
7 -1 )
g9 — 1

Use of formulae (1, 7, 9) makes it possible to
find ng consistent with tabular value to within
0.002. In this case, k = 0.972, g = 0.0574, i.e.
the matrix porosity is approximately a half
of porosity specified by large pores. Using
these data, we have calculated n,(}) in vis-
ible range from 465.2 nm to 762.2 nm with
€9 replaced by g5’ in (6—-8). As it is seen in
Fig. 1, the best agreement of calculated ng
values with reference data is obtained when
using the Lorenz-Lorentz formula. The best
agreement with experiment is attained at A
> 570 nm: deviation from data in [9] is
about 0.01. This is within the error of n
determination specified by

cr
interference
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Fig. 2. Linear section in (ngl - 1)1 depend-
ence on E2 for As,S,.

curves of the layered crystal transmission.
A larger deviation (about 0.03) is observed
at L < 570 nm. Perhaps it is associated with
additional error in n, determination. Re-
sults of calculations with other interpola-
tional formulae (6) and (8) agree worse with
experiment.

The common way to determine RI and its
dispersion in the transparency region is
based on the classical Drude-Sellmeier for-

mula under assumption of %o < E, where
E, is the band gap width. It is shown in
[18] that the n(w) dependence for amor-

phous materials can be described using
model of single oscillator:

E4E,

gl - E(z) — E2, (10)

where E = fin; Ey and E;, parameters deter-
mined from experiment. The energy E has
sense of the mean position in spectral ab-
sorption band. E, = bE, and, according to
estimation in [18], b ~ 2. The E; parameter
depends on the amorphous material density
and interatomic bond type therein. As is
shown in a number of researches on chalco-
genide glasses, the formula (10) is linearized
in coordinates (nZ —1)"! vs E? in a wide
spectral range. This justifies its applicability
and allows determination of Ey and E .
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We used the tabular data from [9] on
AsyS3 glass in ng(A) calculation with (10). It
was found that linear dependence (n2 — 1)1 vs

E? is well valid at A > 570 nm, Eqg=4.49 eV
and E; = 21.1 eV in that case. The latter
value agrees rather well with data for an-
nealed As,S; films [4, 8]: E;= 4.5 eV and
E;=20.7 eV. But at A <570 nm, a devia-
tion from linearity is observed that in-
creases when A decreases (see Fig. 2). The
same deviation is observed also in calcula-
tions using EDP method (4, 7, 9). Values of
ngl(K) calculated using two methods deviate
from the tabular Bata towards lower values.
Both calculations result in almost coinci-
dent values.

The reason for divergence of the values
obtained with (10) and experimental data on
ng(}) is more or less clear. When approach-
ing absorption edge A, =518 nm (E, =
2.4 eV [1]), we should use more precise
Drude-Sellmeier formula to calculate ng(A).
Unlike (10), in the right side of Drude-Sell-
meier equation, there is sum of type (10) sum-
mands with different E; and Ej values [20].

Even more precise ngl(k) value can be
obtained from Kramers-Kronig dispersion
relation. But imaginary part of dielectric
permittivity should be known in all the fre-
quency range [21]. Interpretation of diver-
gence between calculated and experimental
ngl(K) values is more difficult in our model,
since the ng(A) calculation at A close to ab-
sorption edge depends on f determination
accuracy of crystal principal RI within
that range. The deviation of calculated
ngl(X) values towards lower values may be
associated with larger forbidden gap of
auripigment (E,~ 2.6 eV for direct inter-
band transitions [16]) than that of glass.
However, the ngl(K) calculation approach
proposed by us gives additional information
on the amorphous As,S; structure. The cal-
culation is based on conventional RI deter-
mination method for a porous medium. In
first approximation, RI of the matrix is
supposed to coincide with that of non-po-
rous material. For As,S; glass, we have
supposed the amorphous material matrix to
be low-porous, too. Such an assumption is
natural because auripigment transformation
to amorphous isotropic material is accompa-
nied by breaking of bridge bonds between
AsSj pyramids, as mentioned above. The as-
sumption of large and small pores allows to
explain a substantial change of ng in sput-
tered As,Sj films at their various treatment
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(annealing, photostructural transforma-
tions, etc.), ny change at doping As;S;
films by silver and other metals. When
meeting such challenges, one should use
data on bulk As,S; glass, which density and
RI are known at a relatively high accuracy.

The EDP model application is most at-
tractive when considering the optical prop-
erties of amorphous films doped with vari-
ous metals, due to wide practical applica-
tion thereof. It is well-known that Ag
dissolution in As,S; films increases sub-
stantially its RI and leads to long-wave
shift of absorption edge [22]. The silver-
doped As,S; films reveal waveguide prop-
erties under laser irradiation (633 nm)
[23], and waveguide TE-mode propagation
has an explanation at n, = 2.80 larger
than ng = 2.62 of bulk As;S3;. According
to recent ideas, silver penetrated into As,Sj
forms chemical bonds with As,S; forming
compounds such that Ag,S, AgsAsS;, ete. [4].
Such compounds seem to be formed mainly
in large pores. The n,; calculation approach
proposed by us along with absorption spec-
tra measurements, makes it possible to re-
veal a particular type of the compound. So-
lution of such a difficult task needs an ad-
ditional study.
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IlopiBHAHHA NMOKAa3HUKIB 3aJIOMJIEHHS KPHMCTAJidYHOTO
Ta amopguoro As,S;

B.K.Munocnaecoerxuii, €./].Makxoeeyvruil

3aImpoIroHOBaHO CIOCi0 O0UMCIeHHA TMOKasHUKA 3aJOMJEHHS Ta Aucliepcii B obJyacTi mpo-
sopocti amopdHOro AS,S; 3a J0ImOMOro Mogeneil epeKTHBHOI ieNeKTPUUHOI NMPOHMKHOCTI
HOPUCTUX KOMIIOBUTHUX cepemoBuin. Cmocid rpyHTyeTbCs Ha HOPIBHAHHI I'yCTHHHU CKJIA Ta
KpucTaja i Ha BUKOPHCTAHHI JaHMX IIPO IIOKA3HHK B3aJIOMJEHHS KpucraJya. IlokasaHo, Imo
HaflKpale ysroa:KeHHsi O0UMCIeHNX Ta eKCIEePHUMEHTAJIbHUX 3HAUEHb IIOKASHUKA 3aJIOMJIEH-
Hs CKJIA JOCATaeThbCs B iHTepBauai xBuab 460—-670 HM npu BUKOPHUCTAHHI IJd OOUYMCIEHHS
dopmynu Jlopenu-Jloperria. Beramosmeno, mo crexna AS,S; MaioTh mopu 3 (aKTOpoM
gamoBuenHs ¢ = 0.057, saHypeni B i80TpomHy MaTpuIl0 3 MeHUIOKW npubIM3HO yABiui mmO-

pucricrio (q,, = 0.031).
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