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Optical reflection spectra of InySg thin films (180 — 730 nm) deposited on glass substrates are measured by
infrared spectroscopy using the synchrotron radiation of BESSY II storage ring in the spectral range of 30 — 8000
cm™. The aim of the study is to find the influence of different substrate and post-annealing temperatures on the
electron and phonon systems of In,Ss3 films deposited on glass. Clear features in the reflectance spectra for the
studied films have been found mainly in the phonon excitation range 100 — 400 cm™'. The experimental
dielectric functions e(w) of InySs films are found to be in good agreement with the calculated ones obtained for
InySs3 crystals within the density functional theory. The dielectric functions e(w) of the films in the range of 100 —
400 cm ™! depend substantially on the post-annealing temperature. This indicates a transition of the film from the
amorphous to the crystalline state. The thorough analysis of the frequency dependence of the reflection coeffi-
cient R(w) and optical conductivity 6(®) in the wavenumber range of 30 — 130 cm ! allowed us to reveal the
distributed electron states in In,S3 films.

Localized electrons
Optical conductivity
Phonon spectra

1. Introduction

Indium sulfide (InyS3) semiconductor is used as a buffer layer in the
photovoltaic thin-film solar cells based on Cu(In, Ga)Sey (CIGS) [1,2].
CIGSis known to be a material for solar cells with excellent properties,
such as high absorption coefficient, tunable bandgap, and satisfactory
environmental qualities [3 -5]. On a laboratory scale, Cu (In, Ga)(S, Se)s
thin-film cells achieved the power conversion efficiency of about 23 %
[6]. The structure of this efficient CIGS solar cell comprises of Glass/Mo/
CIGS/Buffer layer/i-ZnO/n-ZnO:Al. It incorporates cadmium sulfide
(CdS) as a buffer layer between the CIGS main absorber and window
layers. However, because of the cadmium toxicity, CdS is not a best
choice as a buffer in solar cells [7,8]. Furthermore, the bandgap of CdS
(Eg = 2.4 eV) is not sufficiently large for the short-wavelength photons of
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the daylight to reach the CIGS main absorption layer [7,8]. Hence,
replacing CdS buffer layer with other Cd-free materials has attracted
considerable attention and is considered as one of the main goals in the
field of CIGS thin film solar cells [7,8]. From this viewpoint, InSs, which
can have the bandgap larger than E; = 2.4 eV is an interesting alter-
native. Using an InySs buffer layer in Cu(In, Ga)Se; the relatively high
photocurrent conversion efficiency of 18.2 % was reported [9], which is
close to the value achieved using CdS buffer layer. It is important to
emphasize that the electronic and consequently optical properties of
In,S3 films depend substantially on the stoichiometry and preparation
conditions of the deposited layers.

One of the main material characteristics important for the above
mentioned application is the charge carrier (electrons) concentration
(N,) of the deposited films and its relation to other optical and electronic
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properties. This problem remains important for In,Ss films [10 —-12]. The
charge carrier concentration of the films prepared at different conditions
can be estimated from the reflectance spectra of the material. Depending
on the magnitude of the free electron concentration N, in the samples,
the spectral features corresponding to the plasma reflection are expected
to appear at different parts of the spectrum. This may be evaluated by
using the known relation of the Drude-Lorentz model of conductivity
between the plasma frequency w, and charge carrier concentration N,

2
2 Nce
. =
P ggEm

-, (in rad/s) 1)

where e is the electron charge, ¢y = 8.85-10"'%F/m is the dielectric
constant of vacuum, m* is the effective mass of the charge carriers
(electrons or holes) in a material [13]. The Table 1 presents the nu-
merical correspondence between the plasma frequency w, and the
electron concentration N, according to the relation (1), when the
effective mass m* is equal to the free electron mass, m* = me.

The relation (1) may be used to calculate the electron concentration,
N¢ in In,S3 films by the determination of plasma frequency o, from the
measured reflectance spectrum [14,15].

Apart from the spectral features caused by the electron plasma ex-
citations in the extrinsic semiconductors, the phonon related features of
the materials are also present in the mid- and far-IR spectral range.
Dielectric functions obtained in this range may deliver information on
the features of interatomic bonding of the studied In,Ss films obtained at
different deposition and post-annealing temperatures.

The additional ab initio calculations based on the density functional
theory (DFT) of the electron and phonon properties of InaS3 crystals are
performed in the present study to derive more valid conclusions on this
material.

2. Methods of investigation
2.1. Experimental methods

The InySs films were deposited by thermal evaporation technique
using InyS3 powder as a source material. The films were deposited on
soda-lime glass substrates at a constant temperature (Ts) of 200, 250,
300, and 350 °C by maintaining a source to substrate distance of 14 cm
and deposition rate of 15 A/sec. The thickness of the films, measured by
the piezo-electric method using the quartz crystal thickness monitor,
were found to be in the range of 69 — 656 nm (Table 2). The as-grown
films were annealed in vacuum (2:10°2 mbar) at various temperatures
(T,) in the range of 200-300 °C for 60 min [10].The films are of rela-
tively good optical quality, they are semitransparent, and without sub-
stantial visible light scattering.

The structural analysis of In,S3 films was carried out by means of X-
ray diffraction in grazing incidence diffraction geometry (GIXRD), using
Empyrean diffractometer (Malvern Panalytical, UK) with Cu-Ka radia-
tion source (A = 1.5406 A). The incidence angle was set to 1°, which
ensured the radiation penetration depth of max. 400 nm. The analysis of
the results was carried out with the use of HighScore Plus software
combined with the database of diffraction patterns ICDD PDF 4 + 2022.

Measurements of the specular reflectance of In,Ss films were per-
formed at an angle of incidence angle of 9° using the synchrotron

Table 1
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Table 2
Thicknesses (in nm) of In,S; films on glass substrates prepared at different
substrate (Ts;) and post-annealing (T,;) temperatures.

Tsi/°CTy/°C 200°C(i=1) 250°C(i=2) 300°C(i=3) 350°C(i=4)
20°C(Gji=1) 182 575 510 264
200°C(j=2) 430 69 504 253
250°C(j=3) 239 591 384 293
300°C(j=4) 152 656 232

radiation of BESSY II storage ring at the IRIS beamline of HZB (Berlin).
The high brilliance of the synchrotron radiation together with a Fourier-
transform infrared (FTIR) Bruker Vertex 70/v spectrometer allow for a
precise measurement of reflectance spectra of the samples by applying a
quasi-normal incidence set-up as further described in [16] with a gold
film as reference. Measurements could be performed with undefined
polarization of the radiation due to the un-isotropy of the samples. The
samples have been placed in a cryostat for measurement at ambient
temperature and at 5 K close to the liquid helium temperature. Spectra
have been recorded with a mechanically cooled transition edge super-
conducting bolometer (QMC) in the spectral range between 20 and 500
cm ™! with the resolution of 4 cm ™. FIR detector used was Cryogen free
THz bolometer made by QMC instruments. It is a closed cycle Niobium
transition edge sensor (TES) superconducting bolometer.

The measured reflectance spectra R(w) were used to calculate the
complex dielectric function ¢ = €; + ies (and derived values of the
refractive indices, electrical conductivity, and others) using Kramers-
Kronig transformation and the RefFIT software [17]. The following
Drude-Lorentz model for the dielectric function € = &1 + ie5 is used for
fitting the experimental reflectance spectra,

@

2
()=t R @

It describes the optical response of a set of harmonic (damped) os-
cillators, where g, is the ‘high-frequency dielectric permittivity’, which
represents contribution from the electron oscillators of the bonded
electrons to the total dielectric function e(®) of a material. The param-
eters pj, Wo; and v; are the ‘plasma’ frequency, the natural frequency
(eigen-frequency) and the line-width (damping rate), respectively, for
the Drude free electrons term and Lorentz phonon oscillators. For the
Drude free electrons term the corresponding natural frequency, wg; is
equal to zero [17].

2.2. Theoretical method

The theoretical electron and phonon properties of InsS3 crystals were
calculated in the framework of the density functional theory using the
VASP code [18 -23]with the projector augmented wave (PAW_PBE)
pseudopotentials [23]. The revised Perdew-Burke-Ernzerhof exchange-
and-correlation functional for solids (PBEsol) based on the generalized
gradient approximation (GGA) [24] has been utilized.

The crystal structure of the tetragonal p-InpSsphase (I4;/amd, no.
141), corresponding to room temperature, was taken for calculations of
the phonon spectra using the density-functional-perturbation theory
(DFPT) approach. The other two crystal phases of In,Ss, « (Fd 3 m, no.

Plasma frequency w,, (in different units) calculated using the Drude-Lorentz model (1) for different free electron concentrations N, when the effective mass m* is equal

to the free electron mass, m* = me, and €., = 1.

Nc /em™® 1-10™ 1-10"° 1-10%® 1-10"7 1-10'8 1-10"° 1-10%
o, /cm! 2.99 9.46 29.9 94.6 299 946 2993

op /rad-s™" 5.64-10" 1.78.10"2 5.64-10'2 1.78-10" 5.64-10" 1.78-10" 5.64-10"
o, /Hz 8.98-10° 2.84-10" 8.98-10" 2.84.10" 8.98.10'2 2.84.10"* 8.98.10"°
op /eV 3.71-10* 1.17-103 3.71-10- 1.17-10 3.71.102 0.117 0.371

wp /K 4.3 13.6 43.0 136 430 1362 4306
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227) and y(P 3 m1, no. 164), relate to higher temperatures (749 K and
1099 K, correspondingly) [25].The electrons 5 s and 5p’ for In and 3 s?
and 3p* for S were treated as valence ones. The plane wave energy cut-
off, 520 eV was used for calculations. Monkhorst pack grid 5 x 5 x 1 for
the supercell of the dimensions a = b = 7.6724 A, ¢ = 32.6870 A was
chosen. All the structures were fully relaxed with an energy convergence
of 10°® eV. Hellman-Feynman force per atom was minimized to<0.001
eV/A.

The dielectric permittivities, e, (dielectric permittivity caused by the
bonding electrons) and &g, (static dielectric permittivity), were calcu-
lated by VASP (PAW_PBE pseudopotentials, xc-functional PBEsol, cut-off
energy 520 eV) and CASTEP (norm-conserving pseudopotentials, PBE
exchange-and-correlation functional, cut-off energy 800 eV) codes [26].

The effective electron mass m* of InyS3 was calculated using the
AMSET code [27] developed on the basis of VASP and BoltzTraP2 codes
[18 —23,28]. Before calculations of the electron effective mass using
AMSET code, the DFT calculations of the electronic band structure were
performed using VASP. Apart from the calculation of the effective
electron mass m*, the calculations of the electron/hole electric con-
ductivity o and the electron/hole scattering rate y = t™* are realized by
using the AMSET code. In the AMSET code, different models of the
electron/hole scattering are implemented (e.g. acoustic deformation
potential, polar optical phonon scattering, and ionized impurity),
allowing us to obtain the reliable values of the carrier relaxation time ©
in the material studied. Before calculations of the electric conductivity ¢
and the electron/hole scattering rate y of the crystal studied by the
AMSET code, the VASP code was used to calculate the corresponding
elastic constants, the dielectric permittivity e, caused by the bonding
electrons, and the static dielectric permittivity s, (electron and phonon
parts).

3. Results and discussion
3.1. XRD analysis of InySs films

The lack of clear diffraction peaks on the diffraction pattern of the as-
deposited film indicates its amorphous structure. Annealing the film at
200 °C does not initiate crystallization and the film remains amorphous.
Films annealed at 250 °C and 300 °C showed well defined peaks and had
polycrystalline structure. Based on matching of the diffraction patterns,
it was found that all the observed XRD peaks originate from a single
crystalline phase, namely p-InySs, typical for this type of films. The
preferred (311) plane orientation is observed for both films. The in-
tensity of the dominant peak and its relation to other peak intensities for
the film annealed at 300 °C slightly decreases. A clear rise of the back-
ground above 20 = 15° (wide amorphous halo) can also be observed
when the film is heated to higher temperatures, which confirms the

T =250°C ||— As grown
————|——T,=200C
——T,=250°C
——T,=300°C

== (311)

— (111)

(220)
(222)

> (400)
(422)

(511)
= (440)

L SR

(533)

A
/ '\
M Wb M Attt ot

Intensity a.u.

26 (degree)

Fig. 1. X-ray diffractograms of In,S3 films deposited on the glass substrates at
the temperature T, = 250 °C for different post-annealing temperatures T,
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presence of an amorphous phase in the film with a slightly lower crys-
tallinity (Fig. 1).

Table 3 summarizes the structural parameters of the films annealed
at 250 and 300 °C, determined from the observed diffraction patterns.
The interplanar lattice spacing was calculated on the basis of Bragg’s law
according to the formula,

ni

= 3
2sin6 3

where: n = 1, A is X-ray wavelength, and 0 is Bragg’s angle. The size of
crystallites in the coating was estimated from the width of the diffraction
peaks using the Debye-Sherrer equation,

K2

- Pcosd )

where K = 0.94 (shape dependent factor), and p is full width at half
maximum (FWHM) of dominant peak. The lattice strain in the films was
calculated by using the relation,

_ B
€= 4tand

()

The calculations based on the parameters of the dominant peak
showed that the crystallographic parameters of the films annealed at
both temperatures are close to each other. With an increase of annealing
temperature, the interplanar spacing and lattice deformation slightly
decrease and there is a slight increase of crystallite size.

3.2. Optical properties of In,Ss films

In the present study, the reflection spectra of InySs films are pre-
sented only in the spectral range of 30 — 400 cm ™!, where the phonon
and electron plasma excitations of the films were detected. For In,Ss
films studied, no clear reflection spectra features were found in the
spectral range of 400 — 8000 cm ™!, where the excitations of the localized
electronic donor states in InyS3 films might in principle take place [10
-12].

The reflectance spectra of InyS3 films obtained in the far-infrared
range (Fig. 2) contain the clear phonon caused reflection spectral
bands in the range of 150 — 340 cm ™! and a monotonous decrease of the
reflection coefficient R(®) in the range of 30 — 150 cm~ . Similar
structure of the reflectance spectrum was observed for the layered
crystals of InyS3.4Sey for 2.4 < x < 3.0 [29]. The phonon structure of the
reflection spectra R(®) of the studied InS3 thin films in the range 150 —
340 cm ! (Fig. 2) will be discussed in the second part of this subchapter.

Due to the small thickness of the films studied in this work the
substrate influences the observed IR reflectance spectra, which is in
particular visible in the range below 140 cm™!. According to the liter-
ature data a soda-lime glass possesses an absorption bands in the far-IR
region due to Me-O vibrations [30]. To include the glass contribution in
the experimental spectra we have measured separately the glass sub-
strate at the same experimental conditions and referenced the In,S;3 thin
film spectra using the glass spectra obtained and the RefFIT software.
The obtained fitting parameters of In,Ss films were used for the further
analysis.

According to the Maxwell’s equations, the complex dielectric func-
tion € = &1 + iep and the complex optical conductivity 6 = 61 + icg, of a
material are related to each other as [31],

Table 3
Parameters of XRD patterns of In,S; films deposited at the temperature T, =
250 °C for two post-annealing temperatures, T, = 250 °C and T, = 300 °C.

T, /°C 20 /° p /rad d/A D/nm £10°
250 27.397 0.0068 3.253 21.9 7.0
300 27.423 0.0065 3.250 22.9 6.6
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Fig. 2. Experimental reflectance spectra R(w) of In,S3 films obtained at different substrate temperatures, Ts; = 200 °C, Ts2 = 250 °C, Ts3 = 300 °C, To4 = 350 °C, and
post-annealing temperaures, T,; = 20 °C, To2 = 200 °C, Ta3 = 250 °C, To4 = 300 °C (see Table 2). Solid lines represent results of fitting. The four abbreviation symbols
of curves are composed of two sub-symbols of substrate temperatures and two sub-symbols of the annealing temperatures.
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As a result, the real part of conductivity o7 is directly proportional to
the imaginary part of dielectric function ey,

(7)

Thus, by measuring the reflective spectra of materials R(w) one can
calculate the dielectric function (o) by using the Kramers-Kronig rela-
tion and, afterward, the optical conductivity 61, which is necessary in
order to estimate the corresponding carrier density N, relaxation time 7,
and effective electron/hole masses m*.

According to the Drude-Lorentz approach [15,17] and estimated
plasma frequency (Table 1) the decreasing dependence of R(w) in the
spectral range of 30 — 150 cm ™! (Fig. 2) can be caused, apart from the
mentioned above spectral features of the soda-lime glass substrate, also
by the interaction of free electrons with the far-IR radiation. This
interaction corresponds to the intra-band optical transitions with the
transverse frequency wg; = wg; = O in the relation (2). The obtained
fitting parameter y in the RefFIT software represents the carrier relax-
ation time, T = 1/y, whereas the obtained plasma frequency, wp, can be
used for calculation of the quotient N./m* (1). The latter value can be
used to obtain the effective electron mass m* if the carrier concentration
N, is known. From the fitted experimental reflection spectra R(w) of
In,Ss films the spectra of complex optical conductivity o(w) were
calculated using RefFIT software. The real part of the electric conduc-
tivity at ® = 0, 61(® = 0) = Ogtat, can be used to calculate the electric
carrier concentration N, using the following equation,

01 = ExEr,@

_ Ot

N. =
ep

®

if the reference value of the electron mobility p for InyS;3 is known.
However this is not a trivial task, since the exact value of the free
electron mobility in InySg thin films is unknown and different values can
be found in the literature, e.g. in Ref. [32] p = 400 cm?V's~! and in
Ref. [33] p <5 em?visTL Therefore, in addition to the literature data,
we have calculated the free electron mobility p, and other related values
for p-InySs crystal (space group of symmetry no. 141) using the DFT
codes VASP and AMSET.

The fitting results related to the high-frequency (e,,) and static (€star)
dielectric permittivity of In,S3 films are given in Table 4. The static
dielectric permittivity &g is defined as the real part of the complex
dielectric permittivity e calculated by the relation (2) at the frequency ®
= 0, &xtat = Re(€)|o — o. The values averaged over different substrate

Table 4

Dielectric permittivity e, and €star (€co/€sta) Of INyS3 films derived from the fitting
experimental dependences R(w) of In,S3 films at different substrate (T;) and
annealing (T,;) temperatures.

Tsi (°C) Ty 200°C(i=1) 250°C(i=2) 300°C(i=3) 350°C(i=4)
[§9)

20°C(ji=1) 7/12.55 6.91/11.43 9.6/16.13 5.7/12.2
200°C(j=2) 6.51/9.7 8.45/14.69 7.93/12.93 5.32/9.64
250°C(j=3) 5.67/11.39 6.06/10.46 5.56/11.68 5.28/15.7
300°C(=4) 5.56/9.84 6.06/10.87 - 5.48/14.53
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temperatures Ty are presented also in Table 5. The averaging over Ty
temperature was done to see better the influence of the annealing
temperature T, on the thin film properties. The averaging by the
annealing temperature T,, not by the sample temperature Ts, was chosen
because the temperature T, is found to influence the structural state of
In,Sg thin films, amorphous or crystalline, which is seen in Fig. 2. For all
cases of the films studied the static dielectric permittivity egy,¢ is larger
than the high-frequency-one ¢, (Table 4). This is expected when the free
electron concentration N, in the semiconductor is relatively small. The
values of the experimental dielectric permittivity of InySs films, pre-
sented in Table 4 are comparable to the corresponding calculated values
for InyS3 crystal at the space group of symmetry no. 141, obtained using
VASP and CASTEP codes based on DFT (Table 5), if taking into account
clear differences in theoretical values of g4, obtained by using these two
codes.

The maximum electron concentration obtained is of the order of
NEefFID _ 7.10'> ¢m~3, which may correspond to the unintentional
doping of InyS3 samples (Tables 5 and 6). The free electron electric
conductivity usually occurs in In,Ss films because of sulfur deficiency in
the deposited material. With increasing of the annealing temperature T,
an increasing tendency of the free electron concentration NS¢0 and a
decreasing one of the dielectric permittivity eRFD of In,S; films are
observed. The static dielectric permittivity sg{g‘ifFIT) of InyS3 films how-
ever shows no clear changes (Table 5). The increase of the free electron
concentration NERSMT) with the annealing temperature is in agreement
with the experimental results obtained in Ref. [34] for the same types of
In,S3 thin films.

Using the relations (1) and (8), the fitted values colz,, €00, 01, and the
reference value of the free electron mobility p = 400 em?vils~! [32] we
calculated the effective electron mass m*. The averaged (over different
substrate and annealing temperatures) value of the effective electron
mass m*of InyS3 films is about 0.6 me (Table 5).

It is interesting to compare the obtained free electron concentration
NERefFID ywith the similar values derived from the experimental results of
the direct current conductivity of InySs [34]. According to the latter
reference, the electrical conductivity of In,Ss in the temperature range
of 300 — 450 °C is of the activation character (the activation energy of
conductivity E; was found in the range of 0.51 — 0.73 eV),

Ea
o= Jgexp< — kBT> 9

The activation character of electrical conductivity means that the
corresponding conduction band electrons are released by temperature
excitation from the local energy states below the bottom conduction
band of InySs.

The reported experimental electrical conductivity of InySs film
deposited on the glass substrate at the temperature of T; = 350 °C and
annealed at the temperature of T, = 300 °C is 3-10° S/cm [34]. This
value is about three orders of magnitude lower than the one obtained in
this work from the IR-reflection spectra, eI — 5102 S/cm.

Table 5

Experimental (FTIR spectroscopy and RefFIT fitting) and theoretical (DFT-cal-
culations by VASP, CASTEP, and AMSET codes) of optical and electron param-
eters of InyS; thin films. Experimental values are presented for different
annealing temperatures T, of thin films.

T, /°C 20 200 250 300
g(RefFIT) 730+1.64 7.05+1.42 564+032 57+0.31
(RefFIT) 5.7 + 0.31 11.7 £ 25 12.3 +2.3 11.7 £ 25
glYASP) 7.08

sgASTEP) 5.90

{yAsP) 13.5

€§E£STEP) 11.1

NEFD /10% em=3 392 2.84 8.41 7.85

m R/ 0.47 0.80 0.60 0.63
m’(AMSET) /me 0.28
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Table 6

Electrical carrier concentrations N, (in units of 10'* cm™3) corresponding to the
fitted optical conductivity ¢, obtained on the basis of FTIR reflection spectra R
(») of In,S3 films at different substrate (Ty;) and annealing (Ty;) temperatures for
carrier mobility p = 400 cm?v-ls1-

Tsi (°C) Ty 200°C(i=1) 250°C(i=2) 300°C(i=3) 350°C(i=4)
(9]

20°C(ji=1) 8.21 1.90 2.40 3.19
200°C(j=2) 291 5.71 1.86 0.88
250°C(j=3) 6.72 2.44 10.1 14.4
300°C(=4) 12.0 3.33 - 8.21

According to our estimations the relatively small concentration N, <
10'® em 3 results in low plasma frequency value (see Table 1), i.e. the
reflection coefficient should be measured with high quality in the
spectral range ® < 30 cm ™}, which was beyond the conducted experi-
ment, since requires special operation mode of the synchrotron radiation
(low a-mode).

The experimental temperature dependence of the electrical con-
ductivity 6(T) of the InySs film [34] is found to be in the relatively good
agreement with the results of our DFT-based calculations of InyS3 crystal
(space group of symmetry no. 141) using VASP and AMSET codes
(Fig. 3). Here, the bandgap of E; = 0.85 eV was used for calculations,
which is close to the experimentally obtained activation energies of
electrical conductivity E, = 0.5 — 0.6 eV [34]. Thus, the activation
character of the electric conductivity of the studied InySs thin films has
been confirmed theoretically. Fig. 3 shows that for the free electron
concentration N, > 107 cm™ in InyS; the temperature dependence of
the electric conductivity 6(T) become of the metal-like character. The
value of bandgap E; = 0.85 eV is chosen for the calculations by the
AMSET code (the term 'bandgap’, used in the AMSET code, means the
’activation energy of the donor/acceptor states’) because, in this case,
the experimental temperature dependence of electric conductivity o(T)
of InyS3 is close to the several calculated ones, o(T), for the carrier
concentrations N, in the range of 102 - 10 ¢m 3 (Fig. 3). The real
bandgap of InyS3 (the gap between valence and conduction bands) is
equal to Eg ~ 2.5 eV [10 -12].

Several other values related to the electron conductivity of In,Ss
crystal calculated by AMSET are presented in Table 7. The values cor-
responding to electron effective mass m*, calculated for the relatively
wide range of the free electron concentrations, are more than three times
smaller than the free electron mass me.

1000004
3107 cn{’ﬁ4A4»ﬁ4A4»*4‘4‘4‘4""""""‘<44>4<44»4~;4<44-44>44,44,44,44>7

10000 -

_

1000 10" em®

100 -

o /Sxm’

0.1 .; 10" cm”

0.014

J.2. 3
1E3 107 cm

1E-4 3

T T T
200 400 500 600

T/K

Fig. 3. Temperature dependences of specific electrical conductivity o(T) of
In,S3 crystal at the space group of symmetry no. 141 calculated by VASP an
AMSET codes for different free electron concentrations in the range of 10'2 —
10%° ¢cm 3 (thin lines) and the corresponding experimental dependence ob-
tained for In,S3 thin film (Ref. [34]) deposited at the temperature Ts = 350 °C
and annealed at the temperature T, = 300 °C (thick line).
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Table 7
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Electrical conductivity o, effective electron mass m*, free electron mobility 1, and free electron scattering time 7 for different doping concentrations N, calculated using
AMSET code at the temperature 300 K. Negative signs of N, correspond to the negative charge of electric carriers (electrons).

N, /em™ -1.10"® —~1.10" —-1.10% —-1.10'° —-1.10" -1.10'® -1.10%°
o /S-cm™! 6-10° 5.63-10 5.63-10° 5.61-102 0.556 5.41 53.3

m* /me 0.28 0.28 0.29 0.29 0.29 0.29 0.29

u /em?/Vs 35.2 35.2 35.1 35 34.7 33.8 33.2
/10 s 5.71 5.71 5.71 5.70 5.69 5.65 5.45

The free electron relaxation time t ~ 5-10"° s (Table 7) was obtained
by approximating the presence of different free electron scattering
mechanisms (acoustic deformation potential scattering, ionized impu-
rity scattering, and polar optical phonon scattering). This relaxation
time is close to the typical values of t for the doped semiconductors. On
the other hand, the calculated free electron mobility p for InySg (Table 7)
is one order of magnitude smaller than the reference one p = 400 cm?V-
1s-1[32] and one order of magnitude larger than the reference value p ~
5 em?Vs™! [33]. These different values of the free electron mobilities
p(theon) and p(refe) are possible because the conformation of the experi-
mentally used samples of the polycrystalline In,S3 films may differ from
the single crystal structure of In,S3 used for the DFT calculations. Large
carrier concentrations, N, ~ 10'® cm™3, and electron mobility, 400 cm?/
(Vs), detected experimentally in InySs films in Ref. [32] at ambient
temperature is caused by the non-stoichiometry of the deposited films
(excess of indium in comparison to sulfur).

At liquid helium temperature (T ~ 5 K), a new reflection peak arises
at the frequency © = 100 cm™! for the In,S3 sample annealed at 300 °C
(Fig. 4a). No peaks in this spectral range are observed for the as-grown
(20 °C), non-annealed sample (Fig. 4b). The frequency ® ~ 100 cm!
corresponds to the energy E = 1.24-10°2 eV and the temperature T = 144
K. An absence of similar reflection peak at room temperature may be
explained by the structure reconstruction of the sample at increasing
temperature or by the exhausting of the corresponding electron energy
states stimulated by increased temperature. An additional study is
needed to reveal the origin of the observed effect, in particular, the
reflectance spectra measurements of the sample annealed at 300 °C can
be performed in the temperature cycling mode. This peak however in-
dicates presence of the local electron states in the intentionally undoped
In,Ss with the relatively small binding energy E = 1.24-102 eV.

We have performed the ab initio calculations of the dielectric func-
tion of InyS3 in the range of phonon excitations at the tetragonal sym-
metry of the crystal (space group no. 141) corresponding to the
temperatures of T < 717 K [25]. The calculated dielectric functions e5(®)
of InyS3 are presented in Figs. 5 and 6 by the red and blue lines together

with the corresponding experimentally obtained ones (black lines). Two
different forms of the experimental dependences of e3(®) observed in
Figs. 5 and 6 correspond to the different post-annealing temperature
regions, T, < 200 °C, and T, > 250 °C. Only one wide maximum of e3(®)
centered at 220°cm ™! — 270°cm™! is observed for the lower annealing
temperatures T, < 200 °C, whereas for the higher temperatures, T, >
250 °C, two clear maxima are present in the spectra. The frequencies of
maxima of the experimental dependences e2(w) of InyS3 films are in a
good agreement with the frequencies of the theoretical vibration modes
(Figs. 5, 6). The validity of the theoretical dependences ex(»), charac-
terized by the high peak magnitudes of 525" (see the right scales of
Figs. 5, 6), has been verified by comparing the theoretical and experi-
mental real parts of dielectric functions &;(®) at the frequency o = 0,
€1(0). The phonon (ionic) inputs to the static electric permittivity, €gat -
€, Obtained from the experiment (data with RefFIT superscripts in
Table 5) and from DFT calculations (data with VASP and CASTEP su-
perscripts in Table 5) are comparable if taking into account the exper-
imental inaccuracies and differences in the calculation features of the
corresponding codes.

The relatively wide experimental phonon spectral bands of ex(w),
corresponding to the large post-annealing temperatures T, > 250 °C, as
compared to the narrow theoretical ones (Figs. 5, 6) are evidently caused
by the large phonon line-widths (scattering rates y) caused by the
structure imperfections of the studied InyS3 polycrystalline films in
comparison to the corresponding perfect single crystal.

Comparing the effect of substrate temperature Ts and post-annealing
temperature T, on the dielectric function e(®) of InyS3 films (Figs. 5, 6)
one may claim that the post-annealing temperature T, influences the
dielectric function of the films more clearly than the substrate temper-
ature Ts. However, one has to take into consideration that this result may
be not only due to the value of temperature but also the duration of the
post annealing process.

The appearance of a single non-structured spectral band of the €2(®)
for the as-deposited films annealed at the temperatures, T, < 200 °C
(Figs. 5, 6) is related to the known feature where the amorphous

0.3+

—LHe
—RT
255

0.2 4
110

0.1 T T T
100 200 300 400

(b)

Fig. 4. Reflection spectra of In,S; samples deposited at the temperature 200 °C and measured at 5 K (black lines) and 295 K (red lines) temperatures: (a) annealed at

300 °C and (b) non-annealed.
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(VASP)y imaginary parts of dielectric function e5(w) of In,S; films obtained at

different substrate (si) and post-annealing (ai) temperatures, Ts; = 200 °C, Tsz = 250 °C, Ts3 = 300 °C, Ts4 = 350 °C, and post-annealing temperatures, T,; = 20 °C

(al), Tao = 200 °C (a2), Taz = 250 °C (a3), and T.4 = 300 °C (a4) (see Table 2).

structure of the film is caused by its relatively short deposition time. As a
result, larger distribution of the interatomic distances in the as-
deposited amorphous films occurs in comparison to the polycrystalline
ones. This in turn leads to the larger dispersion of the vibration fre-
quencies in the amorphous films in comparison to the polycrystalline
ones and justifies the observed non-structured spectral band of the
experimental dependence &5().

We observed no clear changes in the phonon-related spectral bands
measured at ambient and liquid helium temperatures. Taking into ac-
count that the wide experimental bands are rather formed by the many
single ionic vibrations (narrow theoretical phonon peaks in Figs. 5, 6),
the mentioned absence of the clear temperature changes of the phonon-
related spectral bands indicates small temperature dependence of the
phonon—-phonon interaction in the studied In,Sg thin films.

4. Conclusions

Electron and phonon properties of the intentionally non-doped In,S3
thin films are studied on the basis of their FTIR reflection spectra at near
normal incidence in the wavenumber range of 30 — 8000 em L. For InyS3
films studied, no clear reflection spectra features were found in the
spectral range 400 — 8000 cm ™!, where the excitations of the localized
electronic states of InyS3 films might in principle take place. The
experimental data evidence, that the free electrons concentration in
studied In,S3 films is less than 10'® ¢m~3. An additional band in the

reflection spectra centered at 100 cm ™ could be detected at the tem-
perature of about 5 K in the annealed In,S3 film, which indicates pres-
ence of a localized electronic state of the energy E = 1.24-102 eV. The
effective mass of free electrons in In,Ss thin films is found to be in the
range of 0.5m, — 0.8m,, when the theoretical value is equal to m* =
0.3me. The free electron concentration N, in the studied In,S3 thin films
is estimated to be in the range of 1 -10'3 - 1.10'® cm™3. The theoretical
values of the mobility p and the relaxation time 7 of the free electrons in
InyS3 crystal of the space group of symmetry no. 141 are found to be p ~
40 cm?vls! and t ~ 5.101% s,

By means of XRD it is shown, that the final state of the deposited
In,S3 thin films depend on the annealing temeprature: anneling of the
samples at the temperatures of T, > 250 °C leads to crystallization of the
material, otherwise amorphous In,S3 films are obtained. The
amorphous-to-polycrystalline phase transistion also changes the optical
properties of the InySs thin films and the reflection spectra of amorphous
and polycrystalline InySg differ drastically. The structural transition in
the films from the amorphous to the polycrystalline state causes the split
of one wide vibration band of the imaginary part of the dielectric
function e3(w), centered at the wavenumber of about 240 em ! in two
well separated narrower bands at about 210 cm ™! and 310 cm™!. The
intensities of the two latter bands are in approximate relation of 3 to 1,
which is in good agreement with the results of the theoretical calcula-
tions of the dielectric function, ex(®) for InySg crystal of the tetragonal
space group of symmetry no. 141. In view of the absence of the fine
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200 °C (s1), Ts = 250 °C, (s2), Ts = 300 °C (s3), Ts = 350 °C (s4) (see Table 2).

splitting of the separate experimental vibration bands at 210 cm ™! and

310 cm™! (such fine splitting takes place in the theoretical dielectric
function e2()), it would be interesting to measure the phonon spectrum
of the single crystal In;S; and to compare that spectrum with the vi-
bration spectra of the polycrystalline In,Ss films.
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