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Abstract—Sb,Se,, films were obtained by chemical molecular beam deposition (CMBD) on soda-lime glass
substrates. Sb and Se were used as sources, their evaporation temperature was 950—1000°C (Sb) and 500°C
(Se), the substrate temperature was maintained at about 500°C. Using scanning electron microscopy, X-ray
diffraction analysis, and Raman scattering, the effect of the Sb/Se composition ratio on the structure of the
synthesized films was studied. It was revealed that the films have a crystalline (orthorhombic) structure with
compactly located crystallites having the form of rods with an average size: / = 4—8 um (length) and d = 2—

3 um (diameter).
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INTRODUCTION

Recently, the leading materials in the global photo-
voltaic market are Si, Cu(In,Ga)Se,, and CdTe with an
efficiency of 26.7, 23.35, and 21.0%, respectively [1].

Despite the widespread use of these materials,
there are significant limitations to their use in the
global production of photovoltaic modules. For exam-
ple, the main disadvantage of Si-based solar cells is
that silicon does not have an optimal band gap (1.1 eV)
and has a low absorption coefficient (~10?> cm™!),
which increases the cost of the material, since it is
required to use a material with a thickness of 100—
200 microns [2]. At the same time, for thin-film solar
cells based on Cu(In,Ga,)Se, and CdTe, their further
large-scale application is complicated due to the lim-
ited amount of In and Ga in the Earth’s crust, as well
as the toxicity of cadmium (Cd), which is part of the
solar cell structure [3].

Currently, world researchers are paying special atten-
tion to the use of chalcogenide binary compounds
Sb,Se; Sb,S;, and solid solutions Sb,(S,,Se; _ ,); based
on them (chemical formula Sb,X;) as an absorbing
layer for solar cells [4]. This is due to the fact that the
physical properties (p-type conductivity, band gap E, =
1.1—1.8 eV, high absorption coefficient o > 10° cm™! in
the visible region of solar radiation, low melting point
(Sb,Ses, 823 K, Sb,S;, 885 K) and high partial pres-
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sure) of these materials are very close to the properties
of Cu(In,Ga)(Se,S), [4]. In addition, the elements
included in these materials have a relatively low cost
(common in nature), stability under external influ-
ences, and non-toxicity [5]. This will make it possible
to produce environmentally friendly and efficient solar
modules, and opens ways for their wide production on
an industrial scale.

All these properties make Sb,X; films competitive
replacements for conventional absorbers
(CdTe/CIGSe/CZTSe) in thin film solar cells. How-
ever, despite the above properties, films based on
Sb,X; are insufficiently studied. Recent research
shows low efficiency of Sb,X; based thin film solar
cells compared to CdTe and CIGSe materials. There-
fore, it is necessary to continue studying the structural
properties of films based on Sb,X;, which will improve
their efficiency in the future.

Sb,Se; solar cell efficiency strongly depends on the
physical properties of the base layer. To obtain the base
layer in solar cells, chemical and physical methods are
used: electrodeposition [6], successive ion-layer
adsorption and reaction [7], chemical bath deposition
[8], centrifugation [9], chemical vapor deposition
using an aerosol [10], and physical methods (thermal
evaporation [11], vacuum evaporation [12], fast ther-
mal evaporation [13], vapor transport deposition [14],
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Table 1. The chemical composition of the Sb,Se,, films

RAZYKOV et al.

Ts., °C (temperature Tg,, °C (antimony Sb Se Sb/Se (atomic ratio)
of selenium) temperature) (atomic percent %) (atomic percent %)
950 46 54 0.85
960 40 60 0.66
500
990 42 58 0.72
1000 43 57 0.75

magnetron sputtering [ 15], and sublimation in a closed
volume [16]).

Previously, we studied the structural and morpho-
logical properties of Sb,Se; films obtained by the
chemical molecular beam deposition (CMBD) from
powders of binary compound Sb,Se; at different sub-
strate temperatures. The results showed that all the
films were enriched in antimony and had an orthor-
hombic structure with predominant [120] and [221]
orientations; the crystallite sizes of the films were
200—300 nm [17].

In this study, we analyze the structural properties of
Sb,Se, obtained by CMBD from separate sources of
Sb and Se elements at a substrate temperature of
500°C.

METHODS AND MATERIALS

Preparation of Sb,Se,, films by CMBD is described
in detail in [18]. Sb and Se materials of semiconductor
purity (99.999%), which were evaporated in a hydro-
gen flow at atmospheric pressure, were used as the
starting material. The evaporation temperature range
of Sb and Se materials for film growth was within 950—
1000°C for Sb, and 500°C for Se, the substrate tem-
perature was maintained at 500°C. The hydrogen car-
rier gas flow was about 20 cm?/min. The duration of
the deposition process was 30 min. Soda-lime glass
was used as substrates. The dimensions of the samples
were 2.0 x 2.0 cm?. To obtain Sb,Se; films with a stoi-
chiometric composition, the partial pressure of Sb in
the vapor phase changed during the growth process.

Elemental (chemical) composition of the synthe-
sized Sb,Se, films was determined by energy-disper-
sive X-ray spectroscopy (EDX) using an Aztec Energy
Advanced X-Max 80 energy-dispersive nitrogen-free
spectrometer. The surface morphology features were
studied using an LEO-1455 VP scanning electron
microscope. X-ray diffraction patterns were taken on a
Rigaku Ultima IV high-resolution diffractometer in
the range of angles 26 = 10°—60° with a wavelength of
CuK,-radiation of 0.15418 nm. Phase identification
was carried out by comparing the experimentally
found interplanar distances with tabular values from
the database of the Joint Committee for Powder Dif-
fraction Standards (JCPDS). The Raman spectra were
measured at room temperature using a Nanofinder

HE (LOTIS TII) confocal spectrometer. For exci-
tation, a solid-state laser with a wavelength of 532 nm
was used. Laser radiation with a power of 60 UW was
focused on the surface of the samples to a region about
0.7 um in diameter.

RESULTS AND DISCUSSION

The chemical composition of the samples, deter-
mined by EDX, is presented in Table 1. It can be seen
that the synthesized films consist of antimony and
selenium, while the Sb content varies in the range of
40—46 at %, the rest is Se, i.e., the ratio of these com-
ponents is close to 2 : 3 and, in accordance with the
state diagram of the Sb—Se system, the presence of the
Sb,Se; phase can be expected in the films [19].

Figure 1 shows X-ray diffraction patterns of thin
films with different Sb/Se ratios. All thin films have
noticeable peaks that are in good agreement with the
standard JCPDS card (No. 15—0861) of the orthor-
hombic Sb,Se; phase. As can be seen from the figure,
strong peaks (221) and (211) and weak peaks (020),
(120), and (310) are observed in the diffraction pat-
terns the intensity of which changes noticeably with
the Sb temperature. According to [20], Sb,Se; mainly
consists of ribbons (Sb,Seg)n in the form of one-
dimensional chain structures. Ribbons (Sb,Seq)n are
superimposed on each other in the [001] direction due
to strong Sb—Se covalent bonds. However, in the [100]
and [010] directions, the ribbons are bound by van der
Waals forces [21—23]. Media migration across
(Sb,Seq)n tapes occurs much faster than between rib-
bons [24, 25]. Therefore, to ensure efficient carrier
transfer, it is especially important to control the
growth orientation of Sb,Se; thin films. It is obvious
that the series resistance in grains with [120] orienta-
tion is much higher than in grains with [211] and [221]
orientations. Therefore, to promote carrier transport
and improve solar cell performance, these (Sb,Se¢)n
ribbons should grow perpendicular to the substrate,
for example, in the [211] or [221] direction.

For more information about the structural proper-
ties of Sb,Se,, films obtained by CMBD at a substrate
temperature of 500°C, with different Sb/Se ratio (0.85;
0.73; 0.66), Raman spectra were measured (Fig. 2). As
can be seen from Fig. 2, the Raman spectra of all films
exhibit peaks characteristic of Sb,Se: 62, 78—80, 100,

APPLIED SOLAR ENERGY Vol. 58 No.4 2022
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Fig. 1. X-ray diffraction patterns of Sb,Se; films of different composition, obtained at different temperatures of the antimony

source.
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Fig. 2. Raman spectra of Sb,Se; films of different composition synthesized at different temperatures of the Sb source.

102, 119, 126, 132, 151—153, 184—186, 190—193, and
211 cm~! [26]. However, for a film with a Sb/Se ratio
of 0.66, peaks at 145, 237, and 443 cm~! are also
observed in the Raman spectrum, characteristic of
trigonal Se. Thus, the Raman results allow us to speak
about the formation of the main phase in the Sb,Se,
films and secondary phase Se.
APPLIED SOLAR ENERGY Vol. 58

No.4 2022

Surface morphology and cross section studies
(with the cross section in each figure shown in the
upper right corner) of Sb,Se; films of different compo-
sition, carried out using scanning electron micros-
copy, obtained at different temperature ranges of Sb,
at which the temperature of Se remains relatively
unchanged, are shown in Fig. 3. It was found that their
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(b) Ts, = 960°C, Sb/Se = 0.66

Fig. 3. Surface morphology of Sb,Se; films of different composition at different temperatures of the antimony source, obtained

on a scanning electron microscope.

structure consists mainly of randomly located rods,
which, depending on Tg, have a different inclination
with respect to the substrate, differ in size, density of
their arrangement, and the presence or absence of
microvoids and microcracks.

As can be seen from Fig. 3, all Sb,Se; film samples of
different composition have a dense columnar structure.

For films with Ty, = 950°C (Fig. 3a), a columnar
structure with a diameter d = 1-2 um and length / =
4—8 um was obtained. The tilt of the rods is from 0° to
45° relative to the substrate surface, the film thickness is
about 2 um (Fig. 3a). Films with Ty, = 960°C (Fig. 3b)
have a finer columnar structure (d=0.5—2 um, / = 2—
4 um). Tilt of rods up to 30° and film thickness about
1 um (Fig. 3b, cross-sectional SEM image).

Samples with the highest T, values (Figs. 3¢ and
3d) practically do not differ from each other, they have
the smallest length of the rods (/= 2—3 wm) among all
samples and the same diameter spread as samples with
lower source temperatures of Sb, however, the propor-
tion of small rods with d = 0.5—1.0 um is negligible. The
angle of inclination relative to the substrate mainly lies in
the range from 0° to 30°, the thickness of the films is in
the range of 1.0—1.2 um (Figs. 3¢ and 3d).

CONCLUSIONS

Sb,Se; films with different Sb/Se ratios have been
obtained by CMBD from separate sources of Sb and
Se elements at a substrate temperature of 500°C.

The results of scanning electron microscopy and
X-ray diffraction analysis showed that all films have an
orthorhombic structure with predominant (211) and
(221) orientations; the crystallite sizes of the films are
[ =4—8 um and d = 2—3 um. The results of Raman
spectroscopy confirmed the formation of the main
phase in Sb,Se; films, however, for a film with a ratio
of Sb/Se of 0.66, the presence of a side phase, trigonal
Se, was found.
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