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ABSTRACT

Sbh2Ses films were obtained by chemical molecular beam deposition on soda-lime glass substrates. As a source
material, 99.999% purity semiconductor Sbh2Ses pieces were used. Their evaporation and the substrate tem-
perature were maintained at 830 °Ca 1000 °C and 500 -C, respectively. Using scanning electron microscopy, X-
ray diffraction analysis, and Raman scattering, the influence of the temperature of the source of the binary
compound Sh2Ses on the chemical composition, morphology, and structure of the synthesized films of Sb2Se3
films was studied. It is observed that the films have a crystalline (orthorhombic) structure with compactly located
crystallites having the form of rods with an average size: | = 5a 10 pm (length) and d = 1a 2 pm (diameter). An
analysis of the dependency functions (ochv)z = f(hv) showed that the Sb2Ses films obtained at temperatures

Tsource=900 °C and Tsource=840 °C have direct transitions with an optical band gap Eg=1.04 eV and Eg=1.12 eV,

respectively. The electrical

conductivity of the films, changed within 1.03*10~5 4.13*10~5 (Om*cm)~1

depending on the ratio of Sb/Se atomic concentration.

1. Introduction

Today, world researchers pay special attention to the use of new
Sb2Se3, Sb2S3 and Sb2(Se,S)3 materials [1,2] as an absorbing layer for
solar cells. This is because the physical properties (p-type conductivity,
tunable band gap Eg=1.1-1.8 eV, high absorption coefficient a>105
cm~1, low melting temperature and high partial pressure) of these ma-
terials are very close to the properties of Cu(In,Ga)(Se,S)2 [3]. In addi-
tion, the elements included in these materials have a relatively low cost
(prevalence in nature), stability under external influences and
non-toxicity. This will make it possible to produce environmentally
friendly and efficient solar modules, as well as open up ways for their
widespread production in an industrial scale.

In recentyears, the structure and properties of Sb2Se3 thin films have
been intensively studied in order to determine the possibility of their
application in the manufacture of solar cells [4-7]. The films synthesized
by various methods (rapid thermal evaporation in vacuum, magnetron
sputtering, chemical vapor deposition, etc.) consist mainly of the Sh2Se3
phase (JCPDS-00-015-0861) with a rhombic crystal lattice (space group
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Prmg, no. 62) [8-18], in which each antimony atom and each selenium
atom are bound by a strong covalent bond with three selenium and
antimony atoms, respectively, which are then held together in the
crystal by Van der Waals forces [3]. Such a structure causes anisotropic
optical and electrical properties. The surface morphology of the films
also differs greatly depending on the conditions (substrate and source
temperatures) and the synthesis method [19,20]. It is mentioned in a
number of works that films with crystal orientation (hk1l) are more
efficient for application in photovoltaics, while (hkO) is less efficient [21,
22]. Therefore, by varying the synthesis conditions and methods, it is
possible to obtain highly efficient Sb2Se3 thin films with the texture
required for solar cells.

Previously, we investigated the structural and morphological prop-
erties of Sh2Se3 films obtained by chemical molecular beam deposition
(CMBD) from powders of the binary compound Sb2Se3 at various sub-
strate temperatures. The results showed that all the films were enriched
in antimony and had an orthorhombic structure with predominant (120)
and (221) orientations with the film crystallite sizes were 2007300 nm
[23].
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In this work, the effect of the temperature of the source of the Sh2Se3
binary compound on the chemical composition, morphology and
structure of Sb2Se3 films obtained by CMBD at a substrate temperature
of 500 °C was studied.

2. Experimental
Sb2Se3thin films were deposited by CMBD, schematic representation

shown in Fig. 1. The cheap and economical CMBD method has a number
of advantages as follows:

the deposition process is carried out in an atmospheric pressure gas
flow, expensive vacuum or other equipment is not required;

the extraction process is controlled at the molecular level (1010-1014
cm~2), which allows precise control of the thin film composition;
the growth rate varies over a wide area (10~"104A/s);

thin films can be grown on large surfaces;
doping of thin films is carried out during the deposition process;
toxic gasses are not used.

Before the CMBD deposition of Sb2Se3 films, the substrates were
chemically cleaned with a soapy solution and in ultrasonic bath sub-
strates were washed in solutions of acetic acid, in distilled water, in
ethanol, respectively. Then cleaned substrates were dried in flow of
nitrogen gas. The process of obtaining Sb2Se3films by the CMBD method
was as follows. The granules of the binary compound Sbh2Se3 (purity
99.999%; Chemsavers) were used as a source material. The pieces of
Sb2Se3 were placed into containers. Next, the system was brought into
working condition and purged with hydrogen to remove atmospheric
and polluting gasses. The outer furnace of the reaction chamber was
then turned on. The heating level is determined by the set deposition

Fig. 1. Schematic representation of the CMBD method for obtaining SbxSey thin
films. 1, 2 - substrate and holder, 3 - substrate heater, 4 - source heaters, 5 -
crucibles of evaporated components, 6 - reactor cap, 7 - flange, 8 - gas inlet, 9

- gas outlet, 10 - thermocouples.
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temperatures, which are controlled by thermocouples. Upon reaching
the required substrate temperature, the furnaces for individual heating
of the Sbh2Ses binary compound were turned on and brought to the
required evaporation temperatures. The evaporation temperature range
of the film-growth binary compound pellets was from 830 to 1000 °C,
and the substrate temperature was maintained at 500 °C. The hydrogen
carrier gas flow was -20 cm3/min. The deposition process was carried
out for 30 min. Soda-lime glasses were used as substrates. The di-
mensions of the samples are 2.0 x 2.0 cm2. The partial pressures of
Sb2Ses in the vapor phase were changed by controlling the source
temperatures during the deposition process to obtain Sb2Se3 films of
various compositions.

The elemental (chemical) composition of the synthesized Sb2Se3
films was determined by X-ray spectral microanalysis (XSMA) using an
Aztec Energy Advanced X-Max 80 energy-dispersive nitrogen-free
spectrometer. The surface morphology was studied by scanning electron
microscopy (SEM) using a LEO-1455 VP microscope (Carl Zeiss) with
accelerating voltage of 20 kV and by atomic force microscopy (AFM)
using a Solver Nano (NT-MDT) microscope in the semi-contact mode
with a cantilever with a tip radius of 10 nm at a resonant frequency of
236 kHz. X-ray diffraction patterns were taken on a Rigaku Ultima IV
high-resolution diffractometer in the grazing incidence diffraction ge-
ometry (GIXD) at 1 ° of incident X-rays with CuKA radiation source
(N_1.5418 A) scanned in the angle range 20_10°~60°. Phase identifi-
cation was carried out by comparing the experimentally found inter-
planar distances with tabulated values from the database of the Joint
Committee on Powder Diffraction Standard (JCPDS). The Raman spectra
were measured at room temperature using a Nanofinder HE (LOTIS TII)
confocal spectrometer. A solid-state laser with a wavelength of 532 nm
was used. Laser radiation with a power of 60 pW was focused on the
surface of the samples to aregion about 0.7 pm in diameter. The spectral
resolution was no worse than 2.5 cm-1.

The crystal lattice parameters (a, b, c) of the phases that the films
contain were determined using Rigaku Data Analysis Software PDXL2
(version 2.8.4.0) by the formulas:

- for Sb2Ses belonging to the rhombic syngony

1 _ /2 k2 P_
dlL, \a2+ b2+ ¢

- for Sb belonging to the trigonal (rhombohedral) syngony

1 (h2+k 2+ L)sinzcp+ 2(hk + Kl + bl)(cok2dp —cosd)
“ B a2(l —3cos”™ + 2cos”)

where ¢ is the angle between the base vectors.

The transmission and specular reflection spectra of the films were
obtained using Photon RT (Essent Optics) spectrophotometer in the
wavelength range of 4003000 nm with spectral resolution better than
5 nm using unpolarized light at room temperature.

3. Results and discussion

The chemical composition of the elements of the obtained Sb2Se3
films is presented in Table 1. As can be seen from this table, it follows

Table 1
Atomic percentages determined through XSMA of Sb2Se3 thin films deposited at

different source temperatures.

Tsources °C 830 840 900 975 980 1000
c, at.% Sb 42 40 47 41 47 45
Se 58 60 53 59 53 55
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that the synthesized films consist of antimony and selenium, while the
content of Sb varies in the range of 40=47 at.%, the rest is Se, i.e. the
ratio of these components is close to 2:3, without a clear dependence on
the source temperature. In accordance with the state diagram of the Sb-
Se system [24], the presence of the Sh2Se3 phase can be expected in the
films.

On multilayer maps of the distribution of elements in Sb2Se3 films,
one can see a fairly uniform distribution of the composition elements
(Fig. 2).

Morphology studies of the film surface were carried out by SEM
(Fig. 3) in secondary electrons mode. It was found that their structure
consists mainly of randomly located rods, which, depending on T source,
have different characteristics such as inclinations to the substrate,
variation in size, the density of their arrangement, the presence or
absence of microcavities and microcracks. A relatively similar
morphology is found for films obtained at Tsource=830 °C and 840 °C
(Fig. 3a, b), the surfaces of the compactly grown rods, with a diameter of
d= 1=2 |Jrmand a length of | = 5=10 |rmm, fully covered the substrate
surface. At the same time, in the synthesized films at Tsource=830 °C, the
growth of rods inclined relative to the substrate is observed, and at
Tsource=840 °C, the preferred growth of microcrystallites is observed
parallel to it. From the analysis of SEM images of the film cross-sections,
it can be seen that the inclination of the rods for Tsource =830 °C and
Tsource=840 °C are about 0°=40°and 0°=10°, respectively (Fig. 4a, b),
even both films had the similar thickness of 1=2 |rm It should be noted
that the surface of these films visualizes microcracks, the formation of
which is possibly due to the relaxation of microstresses via an increase in
their level as a result of the competition of microcrystals to grow in
different directions in the lower layer. The film
Tsource=900 °C (Fig. 3c) is an array of randomly arranged rods: small
rods with d= 1=2 |rm, | = 5 [rmand large rods with d = 3 |rm, | = 15=20
I In this case, the rods are inclined to the substrate in the range of
angles from 0° to 60°, however, the vast majority have an inclination
angle of 40=45° (Fig. 4c), and the growth of microcrystals parallel or

obtained at

perpendicular to the substrate is suppressed. It should be noted that the
decrease in compactness in their arrangement led to the absence of
microcracks. The maximum film thickness for samples of this series is
about 2.5 |

The morphologies of the films obtained at Tsource=975 °C and
Tsource=980 °C (Fig. 3d, e) are practically indistinguishable from each
other, they have a sharply different film surface in comparison with
others. The size of the crystallites decreases sharply and is about 3 |rm
long and about 1 [rmin diameter. The inclination of the rods is from 0° to
35°, the thickness of the films is 1 |rm (Fig. 4d, e).

The film obtained at Tsource=1000 °C (Fig. 3f) differs significantly
from all samples in terms of surface morphology by its low compactness
- the SiO2 substrate is strongly visible dark areas on the multilayer map
of the distribution of chemical elements (Fig. 3d); crystallite sizes: d =
0.5=1 Jmand | = 2=4 |m The average film thickness is about 1 |m
(Fig. 4f).

Fig. 5. show typical AFM images of various parts of the film surface.
Studies conducted using AFM showed that the films have a highly
developed surface relief. The value of the average surface roughness Sais
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quite high and is about 0.3=0.7 Mm (Table 2).

GIXD patterns of the studied films are shown in Fig. 6. Analyzing the
literature data and the data obtained from the phase diagram of the Sb-
Se system, as well as the qualitative phase analysis performed using the
JCPDS database (card No. 00-015-0861 and N0.01-085-1322), it was
found that the films grown at different source temperatures consist
predominantly of Sb2Se3 (blue lines), and Sb to a lesser extent (red
lines), respectively. The film obtained at Tsource=830 °C mainly consists
of the Sb2Se3 phase, since the Sb reflections are weakly visualized in the
corresponding diffraction pattern and their total integrated intensity is
insignificant. For the rest of the films, an increase in the total integrated
intensity of the Sb lines is observed, which indicates a certain increase in
its volume fraction with increasing source temperature. In accordance
with the JCPDS file, the Sb2Se3 phase has a rhombic crystal structure
(space group Pnmg, no.62) with lattice constants a = 1.1630 nm, b =
1.1780 nm, ¢ = 0.3985 nm, and a primitive cell volume of 0.524 nm3.

The unit cell parameters of the Sb2Ses samples calculated using
formulas (1) and (2) are shown in Fig. 7 and agree with the lattice
constants corresponding to the JCPDS card (No. 00-015-0861), which is
an additional indication for the high crystallinity of the synthesized
films.

Fig. 8 depicts the Raman spectra of Sb2Se3 films synthesized at
different temperatures, observed Raman modes are shown in the
Table 3. All samples are characterized by the presence of peaks corre-
sponding to antimony selenide (80, 151, 185, 189, 210 cm~1), various
phases of selenium (102, 129, 234-237, 250 cm~1) and antimony oxide
(118-123, 140, 189, 255 cm~1) [25-30]. Difficulties in finding the
presence of the pure antimony phase are created by the fact that the
peak of 150 cm~1 is characteristic of both antimony and antimony
selenide, but the presence of a peak at 110 cm~1 suggests that pure
antimony is present in films synthesized at Tsource=840, 900, 980 and
1000 °C. [25,26]. This contradicts the data of X-ray diffraction analysis,
according to which the antimony phase is indicated only in films with
Tsource=980 and 1000 °C. This discrepancy is explained by the fact that
X-rays provide information about the phase composition of the sample
volume, and laser radiation is strongly absorbed by the film and does not
penetrate deep into the material. According to our calculations, taking
into account the characteristics of the optical properties of the films, the
penetration depth of laser radiation is less than thirty nanometers.

Fig. 9a, b shows the optical transmission (T) and reflection (R)
spectra of Sb2Se3films deposited at Tsource=900 °C and 840 °C. Using the
optical transmission and reflection data, the absorption coefficient (a) of
the films was determined by the following equation:

1 1 /(1 - R)4+ 4TR2-(1 - R)2
a=-d'"l 2TR2

where d is the thickness of the films.

Assuming that the band-to-band transition is direct allowed, the
optical band gap energy (Eg) of the layers was evaluated by the Tauc
relation [31]:
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Fig. 3. Surface morphology of thin Sb2Se3s films synthesized at different Sh2Ses source temperatures, obtained by SEM.

Fig. 4. Cross-section morphology of thin Sb2Se3 films synthesized at different Sb2Se3 source temperatures, obtained by SEM.

(aahv)2 = A {hv —Eg), (4)

where hv is the incident photon energy and A is a constant. The (ahv)
versus hv plots of Sb2Se3 films are shown in the Fig. 9c, from which the
band gap energy can be evaluated by extrapolating the linear portion of
the plots onto the energy axis. The determined Egvalues of Sb2Se3 films
were 1.04 and 1.12 at different Tsource values. The decrease in band gap
energy of the films is due to variation in composition leading to the
appearance of different phases and improvement in crystalline quality of
the films [32,33].

The electrical conductivity of Sb2Se3films enriched in antimony and
close to the stoichiometric composition was determined from the tem-
perature dependence of the electrical conductivity. The electrical pa-
rameters of the Sb2Se3 films are given in Table 4. As can be seen from

Table 4, with an increase in the ratio of the atomic concentration Sb/Se
(0.66<Sb/Se<0.88), the electrical conductivity of the Sb2Se3 films
changed in a narrow interval.

A change in the conduction type of charge carriers was also observed
depending on the ratio of the Sb/Se atomic concentration. The samples
had n-type conductivity in the range of compositions 0.81<Sb/Se<0.88,
and at 0.66<Sb/Se<0.72 p-type. At the same time, an inversion of the
conduction type was found at 0.72<Sb/Se<0.81, which is close to the
stoichiometric composition of Sb2Se3.

4. Conclusions

The structural and morphological properties of SbzSes thin films,
synthesized via CMBD at different source temperatures of the Sh2Se3
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Tsource- 975 °C

Tsouce- 980 °C
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Tsouce- 1000 °C

Fig. 5. 2D topography obtained on an AFM of the surface of Sb2Se3 films synthesized at different temperatures of the Sh2Se3 source.

Table 2
Surface roughness parameters of thin Sb2Se3 films synthesized at different

temperatures of the Sbh2Se3 source.

T source 830 840 900 975 980 1000
°C °C °C °C °C °C

Average roughness 0.49 0.62 0.79 0.37 0.54 0.42
Sa, pm

RMS roughness Sq, 0.62 0.76 0.97 0.48 0.67 0.53
pm

Ssk asymmetry 0.39 0.55 0.33 0.79 0.64 0.41

Ska kurtosis 3.48 2.83 2.90 3.95 3.24 3.29

binary compound, were studied. The conducted studies allow us to draw
the following conclusions. Results X-ray diffraction analysis showed that
the synthesized films at different source temperatures consist of both the
Sb2Se3phase and the Sb phase, with the volume fraction of Sb increasing
with increasing source temperature, which is characterized by a
rhombic crystal lattice (space group Pnme, No. 62, JCPDS-00-015-0861)
and has a high crystallinity. The SEM images showed that the Sh2Se3
films obtained at different source temperatures consist mainly of
randomly located rods that differ in size (length | varies in the range of
2<20 pm, diameter d is 0.5<3 pm) and the rods are inclined to the
substrate in the range of angles from 0° to 60°. The AFM images showed
that the Sb2Se3 films are characterized by a developed relief with an
average surface roughness Sa=0.4<0.8 pm. The results of Raman spec-
troscopy confirmed the formation of the main phase Sb2Se3in the films,
however, for the film obtained at Tsource=840 °C and 975 °C, the pres-
ence of a side phase, trigonal Se, was detected. Overall, maximum source
temperature to obtain Sb2Se3 was found to be <900 °C, further
increasing the source temperature resulted to increase the Sb fraction
and reduced uniformity of the film surface. An analysis of the de-
pendency functions (ahv)2 = f(hv) showed that for the obtained Sb2Se3
films in the temperature range Tsource=900 °C and Tsource=840 °C they

10 20 30 40 50 60
20, degree

Fig. 6. GIXD patterns of Sb2Se3 films synthesized at different temperatures of
the Sb2Se3 source.

have direct transitions with an optical band gap Eg=1.04 eV and
Eg=1.12 eV, respectively. The results of measuring the electrical prop-
erties of the films showed that with a decrease in the ratio of the atomic
concentration of Sb/Se, the electrical conductivity of the Sb2Se3 films
changed insignificantly, and the samples also had p-type conductivity in
the composition range 0.66<Sb/Se<0.72 and 0.81<Sb/Se<0.88 which
corresponds to n-type conductivity.
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Fig. 7. Crystal lattice parameters of Sb2Ses and Sb films synthesized at different

temperatures of the source Sbh2Ses.

Fig. 8. Raman spectra of Sh2Ses films synthesized at different temperatures of
the Sbh2Se3 source.
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hv, eV

Fig. 9. (a) Transmission and (b) Reflection spectra, (c) Plots of function (ochv)2 = /(hv) forSb2Se3 films obtained at Tsource=s900 °C (Eg=1.04 eV) and Tsource=840° C

(Eg=1.12 eV).

Table 4

Conductivity type and conductivity of samples obtained at different source temperatures of the Sh2Ses binary compound.

T source, °C 830 840

Sb/Se 0.72 0.66

Conductivity type p p

Conductivity (Ohm-cm)- 1, 3.13 10-5 1.03 10-5
at 300 K

Methodology, Writing - review & editing.
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