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Real and imaginary parts of the dielectric function of TlInS: single crystals in the spectral range from 1
to 5 eV were determined within a temperature range of 133-293 K from spectroscopic ellipsometry meas-
urements. The energies of interband transitions (critical points) for TlInS: were obtained from the second
derivatives of the dielectric function. Temperature dependent features observed in the temperature range
of the structural phase transition (190-220 K) and at lower temperatures are discussed.
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1. INTRODUCTION

Layered semiconductors are interesting objects for
research due to their characteristics resulting from the
quasi-two-dimensionality and structural anisotropy
which are important for applications, in particular, in
optoelectronics and sensorics. This class of materials
includes AMIBICVI chalcogenides (A=TI, B=1In, Ga,
C =S8, Se), among them TIInS2 being of special interest,
possessing not only semiconducting, but also ferroelectric
properties in a certain temperature range [1,2]. It
should be mentioned that in TIInS: crystals a series of
successive phase transitions (PTs) involving an incom-
mensurate phase in the temperature range of 190-220 K
are observed. A phenomenological approach applied for
the description of the phase transitions in TlInS: ena-
bled qualitative agreement with the experimental de-
pendence of thermodynamical functions on temperature
to be obtained [3-5]. For these materials extensive tem-
perature studies of acoustic [6], electrical [7-12], and
optical [13-16] properties were carried out while ellipso-
metric studies of AIIBIICVI (A =TI, B=(In, Ga), C=(S,
Se)) chalcogenides were subject of several publications
[17-26].

In particular, an analysis of the second derivative
spectra of the dielectric function for TIGaSa:Sezq—x) [17],
TlGaxIn1-+S2 [18], and T1GaxIni.xSez [19] solid solutions
was performed. Note that for TIInS2:Sez-x the analysis
was carried out only for set of compositions (x=0.25,
0.5, and 0.75) at room temperature [20]. Recently study
of dielectric functions and interband critical points of
TlHn(S1-+Sex)2 (x=0.05, 0.08, 0.25) solid solution
crystals were performed within a temperature interval
140-293 K [21]. Interband transitions for TIGaSe2
[22, 28], TIGaS: [23,24], TlInSe: [25], and TlInS2
[24, 27] were determined. Ellipsometric measurements
in the photon energy range 1.5-4.2 eV were performed
for TlInS2 in the temperature interval of 100-400 K
[26]; however, the behaviour of the real and imaginary
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parts of the TlInS2 dielectric function was analysed in
detail only within the energy range of 2-2.7 eV, i.e. in
the range of direct and indirect transitions. Moreover,
the temperature dependence of the exciton transition
energy was analysed [26]. To our knowledge, in the
literature available no analysis of the TlInSz dielectric
function second derivative spectra, neither its
amplitude A, critical point energy E, broadening
parameter I, and phase angle ¢ were reported for
various temperatures, including the phase transition
range.

In this study, we present the temperature depen-
dence of the dielectric function spectra of TlInS2 from
133 to 293 K in the photon energy range of 1-5 eV. The
critical points (CPs) for interband optical transitions
were obtained from the dielectric function. From the
temperature behaviour of the dielectric function and
the CPs, we discuss the effect of structural phase tran-
sitions in the 190-220 K region on the electronic band
structure of T1InSa.

2. EXPERIMENTAL

TlInS2 single crystals were grown by the Bridgman
technique [27]. Spectroscopic ellipsometry measurements
were carried out using a Variable Angle Spectroscopic
Ellipsometer J.A. from Woollam Co., Inc. The angle of the
incident light beam was adjusted to 70°. The measure-
ments were performed on the layer-plane (001) crystal
surfaces perpendicular to the optical axis e. The real (&)
and imaginary (&) parts of the effective dielectric func-
tion of the TlInS: single crystals were obtained in the
spectral range from 1 to 5 eV. The temperature depend-
ent measurements of & and & were performed in the
temperature range of 133-293 K using a THMS600
Linkam stage. The measurements were performed at
atmospheric pressure. At low temperatures the samples
were subjected to nitrogen flow in order to avoid water
condensation on the surface.
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The spectral dependence of & and & built based on
the ellipsometric measurements exhibit several features
related to interband transition critical points. Their ener-
gies were determined by analysing the calculated second
energy derivatives of the effective dielectric functions
obtained from the spectroscopic ellipsometry data.

3. RESULTS AND DISCUSSION

TIInS: crystals possessing a monoclinic layered struc-
ture are optically biaxial. However, its biaxiality at room
temperature is very small according to conoscopic inter-
ference pattern data. As follows from the study of the
temperature dependence of the orientation of the optical
axes plane and the angle between the optical axes in
TIInSs, this crystal can be regarded as an uniaxial mate-
rial with the optical axis ¢ normal to the layer plane.

Spectroscopic ellipsometry enables one to measure
the change in the polarization state undergone by the
incident linearly polarized light after reflection from a
surface. This change is characterised by the ratio of the
complex reflection coefficients corresponding to the po-
larization within (rp) and normal to (rs) the plane of inci-
dence. The measurements are described by the ellipso-
metric angles w and A as functions of the photon energy.
Construction of a physical model for the reflection coeffi-
cients rp and rs enables several parameters to be deter-
mined by fitting the spectra calculated using Eq. (1) to
the experimental measurement data [28]:

r

p=-L=tan(y)exp(iA) . 1)

-
rS

The dielectric functions of crystals, thin films, and
their materials are obtained using different theoretical
optical models. A simple ambient-substrate optical model
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was used to determine the dielectric function of bulk flat
crystals expressed as [27]

=g +ig, =sin’ (¢){1+(]l'+/’ij tan’ (¢)1, (2)

where ¢ is the angle of incidence.

The spectral dependence of the dielectric function of
TlInSz at temperatures being reduced from 293 K down
to 133 K are shown in Fig. 1. As can be seen from the
figure, with decreasing temperature the spectra shift
towards higher energies in agreement with the data of
Ref. [26]. Note that a detailed analysis of the real and
imaginary parts of the TlInS:2 dielectric function in the
energy range of 2-2.7 eV, i.e. in the range of direct and
indirect transitions was carried out in Ref. [26], therefore
we will concentrate our discussion mostly beyond this
spectral interval.

However, the & values for photon energies below
2.4 eV are nearly 2 and it may seem rather strange. One
should mention that earlier ellipsometry studies of
TlInSz reported by other authors [23, 26] show contro-
versial data with regard to the & values below 2.4 eV.
While the authors of Ref. [26] report much lower e2 close
to zero for this spectral range, the value shown in Ref.
[23] is practically the same as ours. Moreover, similar e
values (close to 2 and even higher) were reported as well
for other materials of TlInSz type [20, 23]. The origin of
this below-bandgap feature is not clear yet. Similarly to
the data reported for other selenoindates [29, 30], the
authors of Ref. 23 relate this feature to the absorption
tails resulting from intrinsic contributions and devia-
tions from stoichiometry which could appear during the
crystal growth process.
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Fig. 1 - Spectral dependence of the real (a) and imaginary (b) parts of the complex dielectric function of T1InS2 at different tem-
peratures. The & and & plots for 293 K correspond to the actual values shown at the vertical axes; the corresponding plots for the
subsequent temperatures are offset upward by value of 0.5 each in order to avoid the strong superimposement of the curves

Detailed information about the energies of the inter-
band transitions (critical points) for TlInS2 can be ob-
tained from the analysis of the dielectric constant as a
function of energy. The critical point analysis can be per-
formed using the second derivative spectra of the dielec-
tric function. The corresponding theoretical expression is

given by [28, 31]:

g—;‘j =m(m—1)Aexp(ip) (E - E,, + ir)m’2 , (m=0), (3)
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e

== Aexp(ip) (E ~E,, +iT) , (m=0), )

where E is energy, A is the amplitude, E¢p is the critical
point energy, I'is the broadening parameter, ¢ is the
phase angle, and m is related to the dimensions of wave
vectors taking part in the optical transitions. Each crit-
ical point is classified into one, two, and three dimen-
sions according to the dimensions of the wave vectors
participating in the optical transition, and the actual m
values are equal to — 1/2, 0, and +1/2 for one-, two-, and
three-dimensional cases, respectively [28]. Further-
more, when an optical transition exhibits excitonic be-
haviour, m =— 1 [28].

Second derivative spectra of the dielectric constant
in the energy range 2.5-5eV for the temperatures
T=293 K and 7=133 K obtained from those shown in
Fig. 1 using Savitzky-Golay filtering are shown in
Fig. 2. As can be seen from the figure, the calculated
dependence agree with the experimental data. The cal-
culations were performed using a model with 4 CPs, i.e.
interband transitions with energies
E.1=(3.24+0.01) eV, Ec.2=(3.33+£0.01) eV,
E:3=(3.59+0.01) eV, and Ecs= (4.52 £ 0.05) eV. These
second derivative spectra of the dielectric function were
analysed in the temperature range 133-293 K. The cor-
responding amplitude A, critical point energy FEcp,
broadening I, and phase angle ¢ parameters were de-
termined, their temperature dependence is shown in
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Figs. 3 and 4.

The temperature dependences of the amplitude A
and broadening I" parameters are shown in Fig. 3. As
can be seen from the figure, with a temperature decrease
from 293 to 223 K the parameter values remain practi-
cally the same. With cooling from 223 down to 133 K the
A; parameter increases from 0.01 to 0.03 and Az from
0.20 to 0.46 while Az decreases from 3.10 to 1.83 and A4
decreases from 0.23 to 0.17. A variation of the broaden-
ing parameter I is also observed in the phase transition
range below 223 K, namely with the temperature de-
crease down to 133 K I’z and I's decrease from 0.49 and
0.33 to 0.40 and 0.29, respectively, while I'; and I3 in-
crease from 0.08 and 0.17 to 0.11 and 0.19, respectively.

With the temperature decrease from 293 to 223 K
the phase angle ¢ parameter gradually decreases; how-
ever, though practically for all CPs the temperature de-
pendences reveal kinks at the phase transition tempera-
ture near 220 K, other features of the temperature be-
haviour are somewhat different for different critical
points. Namely, the ¢(T) dependence seems to have more
features in the case of the first CP, though the data
available are not sufficient to provide an unambiguous
explanation for the features observed. Unfortunately, in
the earlier ellipsometry studies for TIInS:2 [23, 26] no
data regarding the ¢7T) dependence were published
which at the moment makes the comparison of our re-
sults with those of other authors impossible.
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Fig. 2 — Second energy derivative spectra of the dielectric function for TlInS: at 7'=293 K (a) and 7'=133 K (b). Dotted curves
show the experimental data. Solid lines represent fitting by the second-energy derivative spectra of the real and imaginary parts

of the dielectric function, respectively

4 T T T
= a -
_ e R I S §
T -
? 2r: ! ts
= |I
1_
erertttommi i i
O_I HE BN NN NN EEEN | | LB
150 200 250 300

Temperature / K

0.5-b shees ¢ &
=T
X3 ° T,
Lo A Ty e
I71711 T:‘v‘vv‘v [vr‘v
T 7 5 Yoy
"A“““;“ & "
0tEEEisaiag, 1
1 1 1 i
150 200 250 300

Temperature / K

Fig. 3 — Temperature dependences of the amplitude A and broadening I" parameters for T1InS;
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The temperature behaviour of the critical point ener-
gies K¢ corresponding to interband transitions in TlInS2
was also analysed. At room temperature their values are
as follows: Ea=(3.24+0.01)eV, E2=(3.33+0.01) ¢V,
Ei3=(3.59+0.01) eV, and Ec:=(4.52+0.05) eV. The Es
and Ecs energy values are in agreement with earlier data
of E;3=3.50eV and Ec=4.50eV [23] while Ea1 and Ee
values were not reported. However, it is interesting to
note that the compositional dependence of the transition
energies determined from ellipsometric measurements
performed for TIInS2«Se2q.v) mixed crystals [20, 21] clearly
reveals the presence of the two lower transition energies
Ec;and Ec2 for the solid solutions in a broad interval of x
which can be extrapolated for TlInSz as 2.8 and 3.15 eV,
the second one being in fair agreement with our data.

It can be seen from Fig. 4 that the two higher
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transition energies Ec3 and Ec4 reveal only a slight mo-
notonous red shift with cooling in the whole tempera-
ture range. Meanwhile, the two lower transition ener-
gies Ec1 and Ec2 do not undergo considerable changes
upon a temperature decrease from 293 to 223 K, but
decrease much more rapidly at cooling from 223 down
to 133 K. Note that this red shift of E.1 and Ec reveals
a rather stepwise than a constant-rate temperature
behaviour, the temperature positions of its features
being in agreement between each other as well as with
the temperature behaviour of the phase ¢(7) for the
lowest-energy critical point observed in Fig. 3. It is
worth mentioning that a noticeably similar stepwise-
like behaviour was observed for the temperature de-
pendence of the CP parameters in TlGaS:z [32] and
T1GaTesz [25].
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Fig. 4 — Temperature dependences of the phase angle ¢ parameter (a) and interband critical point energies E. (b) for T1InS:

It should be noted that the temperature dependence
of important critical points in the band structure of
semiconductors can be explained by taking into account
thermal expansion and electron-phonon interaction.
The bandgap variations for ferroelectric and dielectric
systems are usually explained by the thermal
expansion of the lattice, the renormalization of the
band structure by electron-phonon interaction, and
phase transitions [33].

The situation can get even more complicated since in
TlnS2 due to crystal imperfections (impurities, struc-
tural defects) the PT between the incommensurate and
commensurate phases can be split in two close transi-
tions at Te1 =204 K and Te2 = 201 K. In accordance with
this model, the anomaly at Tiz = 206 K observed earlier
[2] corresponds to the formation of a new
incommensurate structure. The anomalous behaviour of
gT) at 190-195 K is explained [5] by the coexistence of
polar commensurate domains which appear at
Te1 =204 K and T2 = 201 K, and the transitions at these
temperatures correspond to incommensurate-
commensurate phase transitions to improper and proper
ferroelectric phases [5]. The PTs at T:=216K and
Tie=206 K are treated as transitions to an
incommensurate phase of type I and II, respectively [5].

It should be noted that in an earlier study of the
temperature dependence of TlInS: single crystal thermal
expansion coefficient in the direction perpendicular to
the layers [34], an expected intense peak observed in the
PT temperature range (190-200 K) is accompanied by

distinct shoulders near 140 and 170 K. This correlates
well with our present data reporting the anomalies in
the temperature behaviour of TlInS2 physical properties
below the known PT range.

We expect that anticipated calculations of the band
structure of TlInS2 which, to our knowledge, have not
been published yet, will provide additional information
for the discussion of the data obtained in the present
work.

4. CONCLUSIONS

The real and imaginary parts of the dielectric func-
tion of TlInS2 crystal were determined in the spectral
range of 1-5 eV and in the temperature interval of 133-
293 K from spectroscopic ellipsometry measurements.
The energies of interband transitions (critical points) of
TlInS:z were obtained from the second derivative of the
dielectric function real and imaginary parts. In the
phase transition range, a variation of all the fitting pa-
rameters (amplitude A, critical point energy Ec,, broad-
ening parameter I, and phase angle ¢) describing the
second derivative spectra of the dielectric constant is
observed.
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CoeKTpoCKOIiuHi eIincOMeTPUYHI JOCTiKeHHs Ta TeMIepaTy pPHA MOBEIiHKA JieJIEKTPUIHUX
dyuxmiit mapysaroro kpucraiay TlInS:

0.0. I'omonmnaii!, O. I'opman?, I1.I1. I'ypauwuul, I1. I'ypauuul!, O.I'. Causkal,
0O.B. I'omonmnaiit3, JI.P.T. Iau2

L VaweopoocvKuli HQUioHQIbHULL YHIGepcumem, 8ya. ITiozipHa, 46, 88000 YVceopoo, Yipaina
2 Kemniupkuii mexuiunuii ynisepcumem, D-09107 Kemnivy, Himeuuuna
3 Incmumym enexmponnoi isuxu HAH Yrpainu, eyn. Yuisepcumemcvra, 21, 88000 Yaceopood, Yrpaina

Jificay Ta ysiBHy yacTuHUZ mienekrpudHol yHEmil kpuctasy T1InS: BusHaveHo B criekTpaJsbHOMY dia-
maszoni Bim 1 10 5 eB B imTepBasi Temmeparyp 133-293 K i3 CHeKTPOCKOIMIYHUX eJIITICOMETPUUYHUX JOCJIIi-
mreHb. EHeprili MiskK30HHUX Mepexo/iB (KpUTHIHUX TOUOK) oTpuMano s TlInS: 3 mpyrux moximuux B mIi-
eslekTpuyHUX (QyHKINH. OOroBopooThCS 0COGIMBOCTI B 06sacTi CTPyKTYpHUX (asoBux mepexoxmis (190-

220 K) Ta mpu HmpKYUX TeMIepaTypax.

Kirouosi cnopa: Jlienexrpuuna dyukiis, Onruyusi nepexonu, CTpykrTypHi pa3oBi mepexoau.

CrnekTpocKonuYeCKue JLUIUIICOMETPUYECKHE UCCIIeNOBAHNA U TEMIIEPATY PHOE II0BEleHHe IU-
anexkTpuiecKkux (pyHKmuii caoucroro kpucrasia TlInS:

10.

11.

12.

A.A. Tomonmnaiil, O. I'opmau?, I1.I1. I'ypaunu?, I1. I'yparuul, A.I'. Ciusral, A.B. 'omonuaiil 3,
J.P.T. ITan2

1 Voweopoockuil HauuoHabHbill yHusepcumem, ya.Iludzupra, 46, 88000 Yorczopoo, Vipauna
2 Kemnuuruii mexnuueckuii ynusepcumem, D-09107 Kemnuu, Iepmarus
3 Uucmumym anekmpornotl pusuxu HAH YVrpauwwt, yn. Yuusepcumemcevka, 21, 88017 Yorczopoo,
Yrpauna

N3 CHeKTPOCKONIMYECKHX dJUTUIICOMETPUIECKUX HCCIIEOBAHUN OIIpe/eieHa JIeHCTBUTeIbHAA U MHUMAS
JacTy AuaseKTprdeckoil pynrnuu kpucrasiia T1InSs B ciexrpasibHoM guanasone ot 1 10 5 9B B unTepBane
temmepatyp 133-293 K. OHeprum mMesky 30HHBIX IEPEX0I0B (KPUTUUECKHUX TOUEK) mosrydeno maysa T1InSg us
BTOPBIX IIPOM3BOJHBIX OT IuajieKTprdueckux qyHkiumi. O6cy:kmanTcs 0cOOEHHOCTH B 00JIACTH CTPYKTYPHBIX
dasosrix mpespamennii (190-220 K) u mpu MeHbIIuX TeMIieparypax.

Kinrouessie cnosa: [usnexrpuueckas pyuruws, Onrudeckue mepexonbl, CTpykTypHble ¢da3oBbIe IpeBpa-

IIeHUs.

REFERENCES

G.D. Guseinov, E. Mooser, E.M. Kerimova, R.S. Gamidov,
LV. Alekseev, M.Z. Ismailov, phys. status solidi 34, 33
(1969).

A.M. Panich, J. Phys.: Condens. Matter 20, 293202 (2008)
(Topical Review).

S. Kashida, Y. Kobayashi, <. Phys.: Condens. Matter 11,
1027 (1999).

B.R. Gadjiev, Preprint cond-mat/0403667
http://xxx.lanl.gov/pdf/cond-mat/0403667 Los Alamos Nat.
Lab. (2004).

F.A. Mikailov, E. Basaran, T.G. Mammadov, M.Y. Seyidov,
E. Senturk, R. Currat, Physica B: Condens. Matter 334, 13
(20083).

A.D. Belyaev, Yu.P. Gololobov, V.F. Machulin,
K.R. Allakhverdiev, T.G. Mamedov, Ukr. J. Phys. 34, 582
(1988).

A.F. Qasrawi, N.M. Gasanly, phys. status solidi A 199, 277
(20083).

0.Z. Alekperov, A.l. Nadjafov, Inorganic Materials 40, 1248
(2004).

R.M. Sardarly, 0.A. Samedov, A.I. Nadzhafov,
1.Sh. Sadykhov, Phys. Solid State 45, 1137 (2003).

E. Senturk, L.Tumbek, F.A.Mikailov, F. Salehli, Cryst.
Res. Technol. 42, 626 (2007).

A.F. Qasrawi, N.M. Gasanly, Cryst. Res. Technol. 39, 439
(2004).

N.S. Yuksek, N.M. Gasanly, H. Ozkan, O. Karci, Acta Phys.
Polonica A 106, 95 (2004).

13

14.
15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

05025-5

. J. Grigas, E. Tolik, E.S. Gagarina, Physica Status Solidi B
237, 494 (2003).

T.D. Ibragimov, JJ. Appl. Spectroscopy 70, 99 (2003).

Y.G. Shim, N.Uneme, S. Abdullayeva, N. Mamedov,
N. Yamamoto, JJ. Phys. Chem. Solids 66, 2116 (2005).

A.F. Qasrawi, N.M. Gasanly, J. Mat. Science 41, 3569
(2008).

M. Isik, N.M. Gasanly, Opt. Commun. 285, 4092 (2012).

. M. Isik, N.M. Gasanly, J. Alloys and Compounds 581, 542
(2013).

M. Isik, S. Delice and N.M. Gasanly, Phil. Mag. 94, 2623
(2014).

I. Guler, J. Appl. Phys. 115, 033517 (2014).

0.0. Gomonnai, O. Gordan, P.P.Guranich, A.G. Slivka,
A.V. Gomonnai, D.R.T. Zahn, Appl. Surf. Sci., 424, 383
(2017).

Y. Shim, Y. Itoh, K. Wakita, N. Mamedov, Appl. Surf. Sci.,
421, 788 (2016).

M. Isik, N.M. Gasanly, R.Turan, Physica B 407, 4193
(2012).

T. Kawabata, Y.G.Shim, K. Wakita, N.Mamedov, Thin
Solid Films 571, 589 (2014).

Y. Shim, H. Aoh, J.Sakamoto, K. Wakita, N.Mamedov,
Thin Solid Films 519, 2852 (2011).

N. Mamedov, Y.Shim, W.Okada, R.Tashiro, K. Wakita,
phys. status solidi B 252, 1248 (2015).

A.V. Gomonnai, I. Petryshynets, Yu.M. Azhniuk,
0.0. Gomonnai, Yu.lIRoman, LI Turok, A.M. Solomon,


http://doi.org/10.1002/pssb.19690340103
https://doi.org/10.1088/0953-8984/20/29/293202
https://doi.org/10.1088/0953-8984/11/4/010
https://doi.org/10.1088/0953-8984/11/4/010
https://doi.org/10.1016/S0921-4526(02)02682-0
http://doi.org/10.1002/pssa.200306668
https://doi.org/10.1007/s10789-005-0055-7
https://doi.org/10.1134/1.1583804
http://doi.org/10.1002/crat.200610875
http://doi.org/10.1002/crat.200610875
http://doi.org/10.1002/crat.200310208
http://doi.org/10.12693/APhysPolA.106.95
http://doi.org/10.12693/APhysPolA.106.95
http://doi.org/10.1002/pssb.200301747
http://doi.org/10.1002/pssb.200301747
https://doi.org/10.1023/A:1023280627065
https://doi.org/10.1016/j.jpcs.2005.10.083
https://doi.org/10.1007/s10853-005-5618-0
https://doi.org/10.1016/j.optcom.2012.06.029
https://doi.org/10.1016/j.jallcom.2013.07.134
http://dx.doi.org/10.1080/14786435.2014.926038
http://dx.doi.org/10.1063/1.4861640
https://doi.org/10.1016/j.apsusc.2017.01.228
http://doi.org/10.1016/j.apsusc.2016.11.005
http://doi.org/10.1016/j.apsusc.2016.11.005
https://doi.org/10.1016/j.physb.2012.07.003
https://doi.org/10.1016/j.tsf.2010.11.077
http://doi.org/10.1002/pssb.201400334

0.0. GOMONNAI, O. GORDAN ET AL. J. NANO- ELECTRON. PHYS. 9, 05025 (2017)

R.R. Rosul, D.R.T. Zahn, J. Cryst. Growth 367, 35 (2013). (Springer Science & Business Media, 2012).

28. H. Fujiwara, Spectroscopic ellipsometry principles and 32. . Y.G. Shim, T. Kawabata, K. Wakita, N. Mamedov, phys.
applications (John Wiley & Sons, NewYork, 2007). status solidi B 252, 1254 (2015).

29. L. Duran, J. Castro, J. Naranjo, J.R. Fermin, C.A. Durante 33. X.L. Zhang, J.J. Zhu, G.S. Xu, J.Z. Zhang, L.P. Xu, Z.G. Hu,
Rincon, Mater. Chem. Phys. 114, 73 (2009). J.H. Chu, Opt. Mat. Express 5, 2478 (2015).

30. M.I. Alonso, M. Garriga, C.A.Durante Rincon, M. Leon, 34. N.A. Abdullaev, T.G. Mamedov, R.A. Suleimanov, Low Temp.
Appl. Phys. Lett. 88, 5796 (2000). Phys. 27, 676 (2001).

31. S. Adachi, Optical properties of crystalline and amorphous
semiconductors: Materials and fundamental principles

05025-6


https://doi.org/10.1016/j.jcrysgro.2013.01.008
https://doi.org/10.1016/j.matchemphys.2008.08.020
https://doi.org/10.1063/1.1319169
http://dio.org/10.1002/pssb.201400342
http://dio.org/10.1002/pssb.201400342
https://doi.org/10.1364/OME.5.002478
http://doi.org/10.1063/1.1399208
http://doi.org/10.1063/1.1399208

