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Abstract—Sb,Se, thin films were obtained from precursor of pure antimony and selenium granules evapo-
rated in the temperature ranges from 980 to 1025°C for Sb and 415 to 470°C for Se by chemical molecular
beam deposition method on glass substrates. It was found that the films consist mainly of the Sb,Se, phase
and have a different Sb/Se ratio in the range from stoichiometry to 0.89. Controlling the fraction of components
allows to change the orientation of crystallites, which, in turn, leads to changes in electrical conductivity.
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INTRODUCTION

One of the most important aims of modern materi-
als science is development of new inexpensive and
efficient solar energy converters based on low toxic
and widely spread chemical elements to replace cur-
rently used commercial photovoltaic converters based
on Si, a-Si, CdTe, Cu(In,Ga)(Se,S), [1].

Antimony selenide (Sb,Se;) is one of the most
promising materials for use as the base layer of solar
cells due to the following advantages: optimal band gap
(1.1—-1.3 €V), high absorption coefficient >10° cm™',
p-type conductivity, high resistance to external influ-
ences, constituent chemical elements are earth-abun-
dant, low-cost and non-toxic [2, 3]. According to pub-
lished data, the following methods can be used to fab-
ricate thin Sb,Se; films: thermal evaporation in
vacuum [4], vacuum evaporation [5], rapid thermal
evaporation [6], magnetron sputtering [7], closed-
space sublimation [8], electrochemical deposition [9],
spin coating [10], aerosol-assisted chemical vapor
deposition [11], vapor transport deposition [12]. The
chemical molecular beam deposition (CMBD) [13]
using here is potentially more preferable because this
method allows to obtain various compositions of thin
films by varying the synthesis time, the temperature of
the substrate and sources, the flow rate of the carrier
gas, does not require complex technical solutions such
as maintaining a vacuum or using high-power laser
radiation. However, to date, the effect of synthesis
conditions by CMBD method on the properties and

dynamics of changes in Sb,Se; films has been poorly
studied.

In this work, we study the dependence of the mor-
phology, crystal structure and electrical properties of
Sb,Se, films on the concentration ratio of Sb/Se com-
ponents during synthesis by the CMBD method.

EXPERIMENTAL AND RESEARCH METHODS

Sb,Se, layers were deposited by CMBD method. A
schematic representation of the CMBD method is
shown in Fig. 1, this method is described in detail in
[14, 15]. The process of producing Sb,Se, films by
CMBD was as follows. The grenules of the Sb (anti-
mony) and the Se (selenium) elements of semicon-
ductor grade (99.999%) were used as initial material.
The material of semiconductor grade sources was
placed into the containers: Sb into one, and Se into the
other. Then, the system was prepared for operation
and was blown out by hydrogen to remove atmo-
spheric contaminating gases. Next, the external fur-
nace of the reaction chamber was switched on. The
heating level was determined by the specified deposi-
tion temperatures that were controlled by thermocou-
ples. As soon as the substrate was heated to a required
level, the furnaces of individual heating of the Sb and
the furnace for Se heating were switched on and were
brought up to required evaporation temperatures. The
temperature interval of evaporation of granules in the
Sb and selenium for growing the films was within the
range of 980 to 1025°C for Sb and 415 to 470°C for Se,
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Fig. 1. Schematic representation of the CMBD method for
obtaining beSey thin films. (7, 2) holder and substrate,
(3) substrate heater, (4) source heaters, (5) crucibles of
evaporated components, (6) reactor cap, (7) flange, (8) gas
inlet, (9) gas outlet, (/0) thermocouples.

while the substrate temperature was maintained at 500°C.
The flow of hydrogen carrier gas was ~20 cm?®/min.
The duration of the deposition process depends on the
required thickness of the films and equals 30 min.

1 (K + K2+ 1)sin’ 0 + 20k + kI + hl)(cos® ¢ — cos §)

TIVANOV et al.

Soda-lime glass a size of 2 X 2 cm? were used as sub-
strates. To fabricate Se-rich Sb,Se, films with a stoi-
chiometric composition, we changed partial pressure
of Se in the vapor phase during the process of their
growth.

The elemental composition of the synthesized
films was determined by X-ray spectral microanalysis
using an energy-dispersive nitrogen-free spectrometer
Aztec Energy Advanced X-Max 80 with an energy
spectral resolution of 125 eV and a sensitivity for deter-
mining chemical elements of 0.2 at %. Particularities
of the surface morphology were studied by scanning
electron microscopy (SEM) using a LEO-1455 VP
microscope (Carl Zeiss) in secondary electrons mode
with accelerating voltage of 20 kV. The surface topog-
raphy was studied using a scanning probe microscope
SOLVER NANO in the semi-contact mode by a can-
tilever with a tip radius of 10 nm at a resonant fre-
quency 236 kHz, the lateral resolution was better than
40 nm and the vertical resolution was better than 0.5 nm.
X-ray diffraction patterns were recorded using Rigaku
Ultima IV high-resolution diffractometer with a Cu
Ko radiation wavelength 0.15418 nm scanned in the
range of 10° to 60° with a step of 0.05°. Phase identifi-
cation was carried out by comparing the experimen-
tally determined interplanar distances with tabular
values from the database of the Joint Committee for
the Powder Diffraction Standard (JCPDS). The crys-
tal lattice parameters (a, b, ¢) were determined using
Rigaku Data Analysis Software PDXL2 (version
2.8.4.0) by the formulas:

— for Sb,Se; belonging to the rhombic syngony
2 2 2
Lo (Bek L) 0
dy \a b ¢
— for Sb belonging to the trigonal (rhombohedral)
syngony

; (2

-
i
where ¢ is the angle between the base vectors.

The Raman spectra were measured at room tem-
perature using a Nanofinder HE (LOTIS TII) confo-
cal spectrometer. A solid-state laser with a wavelength
of 532 nm was used. Laser radiation with a power of
60 LW was focused on the surface of the samples to a
region about 0.7 um in diameter. The spectral resolu-
tion was no worse than 3 cm™'.

To measure the resistance dependency on tem-
perature, we used 3 X 5 mm? samples with silver paste
contacts. The distance between the contacts was in the
range of 0.4—0.7 mm. The dependences of the resis-

a’(1-3cos’ & + 2cos’ )

tance on temperature were established by the two-
probe method in the temperature range of 25—100°C
in an evacuated cell with a residual pressure of p =
5 Pa. To measure the resistance of the sample, we used
a direct current source-meter Keithley 2400, which
makes it possible to measure currents in the range of
10~"—1 A and voltages in the range of 10-°—100 V with
an accuracy of no worse than 0.1%. Lackeshore 332
temperature controller was used to regulate and con-
trol the temperature on the sample. The temperature
was measured using a Pt-100M resistance thermome-
ter fixed near the sample, which makes it possible to
measure the temperature with an accuracy of £0.3°C.
APPLIED SOLAR ENERGY  Vol. 59
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Fig. 2. Distribution of chemical elements along the scan-
ning line for a sample with the ratio Sb/Se = 0.66.

RESULTS AND DISCUSSION

The percentage content of chemical elements in
the synthesized films was determined by X-ray spec-
tral microanalysis. It has been found that the films
consist of selenium and antimony, and the distribution
of Sb and Se along the scanning line over the surface is
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uniform (Fig. 2). Films with concentration ratios
Sb/Se = 0.66, 0.72, 0.82, and 0.89 were obtained at
source temperatures of 830—1000°C.

The surface morphology of the Sb,Se, films is
shown in micrographs obtained using scanning elec-
tron microscopy (Fig. 3). As can be seen from Fig. 3,
the films are formed from microcrystals in the form of
rods, which, depending on the ratio of Sb/Se concen-
trations, have different sizes, arrangement density, and
slope with respect to the substrate.

For the thin films with the ratio of Sb/Se concen-
trations equal to 0.66 and 0.72 a similar surface mor-
phology is found, the length of the rods is 5—10 um,
and the diameter is 1—2 um. However, for a film with
Sb/Se = 0.66, rods grow preferentially parallel to the
substrate, while for a film with Sb/Se = 0.72, they
grow at an angle to the substrate, and the rods them-
selves are slightly larger. An increase in the content of
Sb and a deviation from the stoichiometric ratio (sam-
ples with Sb/Se = 0.82 and 0.89) cause a change in the
morphology of the film surface: the centers of micro-
crystal formation are distributed unevenly over the
surface of the substrate, areas of accumulation of
microcrystals clearly detected; the sizes of microcrys-
tals become smaller (the length of the rods is 2—4 um
and the diameteris 0.5—1 um). In this case, the growth
of microcrystals without a preferential orientation
with respect to the substrate is detected.

Fig. 3. SEM images of the surface of Sb,Se,, thin films with the ratio Sb/Se concentrations 0.66 (a), 0.72 (b), 0.82 (c) and 0.89 (d).

APPLIED SOLAR ENERGY Vol.59 No.5 2023
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Fig. 4. AFM images of the surface of Sb,Se; thin films with the ratio Sb/Se concentrations 0.66 (a), 0.72 (b), 0.82 (c) and 0.89 (d).

Figure 4 shows the topography of the film surface.
The calculated roughness parameters are given in
Table 1. The obtained films have a developed surface
relief, the value of the root-mean-square (RMS)
roughness is in the range 0.53—0.77 um. In this case,
films with Sb/Se = 0.82 have the smallest values of the
roughness parameters Sa and Sq, while films with
Sb/Se = 0.66 have the largest values. All films are
characterized by a positive asymmetry in the distribu-

tion of surface heights (~0.4—0.6), indicating the pre-
dominance of high peaks in the surface relief [16].

Figure 5 shows X-ray diffraction patterns of the
obtained samples of Sb,Se, films. The diffraction pat-
terns show intense lines at 260 = 15.03°, 16.87°, 24.15°,
27.39°, 28.20°, 31.16°, 32.22°, 34.07°, 35.70°, 44.95°,
51.88° corresponding to planes (020), (120), (310),
(230), (211), (221), (301), (240), (321), (431), (061)
Sb,Se; phases according to JCPDS card 00-015-0861,

Table 1. Surface roughness parameters of Sb,Se, films synthesized with the different ratio Sb/Se

Sb/Se ratio 0.66 0.72 0.82 0.89
Average roughness Sa, um 0.62 0.49 0.42 0.54
RMS roughness Sq, um 0.76 0.62 0.53 0.67
Ssk asymmetry 0.55 0.39 0.41 0.64
Ska kurtosis 2.83 3.48 3.29 3.24
APPLIED SOLAR ENERGY Vol.59 No.5 2023
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Fig. 5. XRD images of Sb,Se,, thin films with the ratio Sb/Se
concentrations 0.66 (a), O 72 (b) 0.82 (c) and 0.89 (d).

and lines with smaller intensities at 20 = 23.66°,
28.67°,40.06°,41.89°, 51.57°, 59.36° corresponding to
planes (003), (012), (104), (110), (202), (024) of the Sb
phase according to JCPDS card 01-085-1322. Thus, a
qualitative phase analysis indicates that the obtained
films consist mainly of Sb,Se; and, to a lesser extent,
of Sb, which corresponds to the state diagram of the
Sb-Se system [17].

The integrated intensity of Sb reflections increases
with increasing Sb/Se ratio, but the volume fraction of
the Sb phase with respect to Sb,Se, remains small. In
accordance with the JCPDS file index, the Sb,Se;
phase has a rhombic crystal structure (space group
Pnma, no. 62), while the Sb phase has a trigonal crys-
tal structure (space group R-3m, no. 166). Unit cell
parameters of the Sb,Se; and Sb phases, calculated by
formulas (1) and (2) for different ratio Sb/Se concen-
trations, are shown in Fig. 6. Calculated parameters
appeared to be similar to the tabular values: for Sb,Se,
a=1.1630 nm, »=1.1780 nm, ¢ = 0.3985 nm (JCPDS
00-015-0861), for Sb a = 0.4308 nm, b = 0.4308 nm,
c¢= 1.1274 nm (JCPDS 01-085-1322), no significant
changes in the unit cell parameters with a change in
the Sb/Se ratio were found.
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Fig. 6. Crystal lattice parameters of beSey and Sb phases.

To gain a deeper understanding of the dependence
of the structural properties of samples on the Sb/Se
ratio, we use the Scherrer’s formula [18, 19], covering
the contribution of grain size to peak broadening:

__ 09
Bcos th,’

where B is the FWHM, A is the X-ray wavelength
(0.15418 nm), D is the grain size, 0, is the Bragg
angle.

The calculated by the formula (3) values of D are in
the range from a minimum of 217 nm for the ratio
Sb/Se = 0.72 to a maximum of 233 nm for the stoi-
chiometric ratio. It can be concluded that the grain
size practically does not depend on the ratio of anti-
mony and selenium in this films.

Sb,Se, films were additionally analyzed by Raman
spectroscopy to confirm the XRD data and identify
secondary phases.

Figure 7 depicts the Raman spectra of Sb,Se,, films.
All samples are characterized by the presence of peaks
corresponding to antimony selenide (80, 151, 185, 189,
210 cm™1), various phases of selenium (102, 129, 234—
237, 250 cm™!) and antimony oxide (118—123, 140,
189, 255 cm™') [20, 21]. Difficulties in finding the
presence of the pure antimony phase are created by the
fact that the peak of 150 cm™! is characteristic of both
antimony and antimony selenide, but the presence of
apeak at 110 cm~! suggests that pure antimony is pres-
ent in all films [22, 23]. The peaks corresponding to
different phases of selenium and antimony oxide have
a much lower intensity and are not identified in the
X-ray diffraction patterns, which may indicate the pres-
ence of these phases only on the surface of the films.

The diffraction patterns of the studied samples
(Fig. 5) show a redistribution of the intensities of the
diffraction lines with a change in the Sb/Se ratio,
which indicates a change in the predominant orienta-

(3)
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Fig. 7. Raman spectra of Sb,Se; thin films.

tion of the crystallites in the films. It should be noted
that the orientation of crystallites is critical to ensure
efficient charge transfer in the photoactive layer, since
due to Sb,Se; structural features, a strong anisotropy
of the electrooptical properties in directions is
observed, which ultimately determines the efficiency
of solar cells based on Sb,Se; thin films [24].

To assess the predominant orientation of crystal-
lites, the texture coefficient 7K, is commonly used,
which is calculated by the formula [25]:

1 (hkl)
TK(hkl) = M 5 4
LZ I (hkil;)
N i=1 IO (htkllz)
; (a)
I Sb/Se = 0.66
6L I sb/Se =0.72
I [ sb/Se =0.82
St B sb/Se =0.89

Texture coefficient

020 120 310 230 211 221 301 240 321 431 061
hkl
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where I(hkl) and I,(hkl) are the intensities of diffrac-
tion lines (4k/) for the synthesized films and reference
(JCPDS), correspondingly, N is the number of lines.
Figure 8a shows the results of calculations of the tex-
ture coefficient; Fig. 8b represents the change in the
fraction of crystallites with 4k0 and Ak1 orientations in
films of various compositions. The synthesized films
have different textures, the minimum fraction of crys-
tallites with the Ak1 orientation (the maximum with
the 4k0 orientation) corresponds to the ratio Sb/Se =
0.82, while approaching the stoichiometric ratio, the
fraction of crystallites with the Akl orientation
increases, and the fraction of crystallites with the 4k0
orientation decreases. It worth to note the correlation
of the roughness parameters (tab. 1) with the orienta-
tion of the crystallites, which changes with the change
in the ratio of the components of the obtained films.
The minimum detected values of the roughness
parameters Sa and Sq correspond to the 4k0 type ori-
entation, and the maximum values correspond to the
hk1 type orientation.

It should be noted that by now the highest effi-
ciency of Sb,Se;-based solar cells has been achieved
for the photoactive layer of a thin film of nanorod
array grown in the [001] direction [26]. This is proba-
bly due to the structure of Sb,Se; crystals, which con-
sist of ribbon-like (Sb,Sey), units linked by van der
Waals forces in the [010] and [100] directions, while
the Sb—Se covalent bonds hold the units in the [001]
direction [26, 27]. It has been shown [27] that the lon-
gitudinal transport of charge carriers is hindered in
Sb,Se; films with predominant diffraction peaks /0,
and the longitudinal conductivity sharply increases
with an increase in the fraction of crystallites with Ak1
orientations.
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Fig. 8. Histogram of the values of the texture coefficient of thin films Sb,Se,, (a) and dependence of the fraction of crystallites

with orientations 4#k0 and Ak1 on the ratio Sb/Se (b).
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Table 2. Electric parameters of Sb,Se,, films synthesized with the different ratio Sb/Se

Sb/Se ratio

hk1/hk0 ratio

Resistance (7= 300 K), MOhm

Activation energy, eV

0.66 0.72 0.82 0.89
5.88 0.53 0.07 0.16
50 54 251 143
0.44 0.43 0.44 0.46

T, K
357 333 312 294
T T T
——Sb/Se = 0.66
20F ——Sb/Se=0.72
—— Sb/Se = 0.82
——Sb/Se = 0.89
_18f
5
[w)
—
16}
14+
2.8 3.0 3.2 3.4

1000/ T, K~

Fig. 9. The dependences of the dark resistance of the Sb,Se,
samples on temperature.

To examine the influence of the preferred orienta-
tion of crystallites on the electrical properties of Sb,Se,
thin films synthesized by CMBD method, the tem-
perature dependences of the resistance of Sb,Se, sam-
ples with different Sb/Se ratio were obtained.

Figure 9 shows the dependences of the dark resis-
tance of the Sb,Se, samples on temperature in Arrhe-
nius coordinates. As it is seen from Fig. 9, in the stud-
ied temperature range an increase in the fraction of crys-
tallites with an orientation of the 4kl type (see Fig. 8b)
cause the decrease of resistivity of the films.

The linearization of the temperature dependences
of the electrical resistance in Arrhenius coordinates
indicates an activation mechanism for the generation
of charge carriers. The activation energy can be deter-
mined according to the well-known formula:

E =k A ln1 R ’
A~
T

where k is the Boltzmann constant, 7 and R are the
values of temperatures and resistances, respectively.

(6))

APPLIED SOLAR ENERGY Vol.59 No.5 2023

The activation energy calculated by formula (5)
turned out to be in the range 0f 0.43—0.47 eV for all the
studied samples (Table 2). We did not find a pro-
nounced dependence of the activation energy on the
preferred orientation of the crystallites in the samples;
a small difference between the calculated values of
activation energies indicates the same activation
mechanism for all films. The resulting activation
energy according to [28] can correspond to selenium
vacancies. As follows from Table 2, there is a strong cor-
relation between the texture of the synthesized Sb,Se,
films and their electrical resistance, a change in the
relative proportion of crystallites fraction with orienta-
tions the #k1 and Ak0 leads to a change in the electrical
conductivity of the films. The minimum value of the
hk1/hk0 ratio, which is realized at Sb/Se = 0.82, cor-
responds to Sb,Se; films with the highest electrical
resistance value. The maximum fraction of crystallites
with the Akl orientation and the minimum resistance
value correspond to a film with a Sb/Se ratio close to
stoichiometric. Thus, the CMBD method used makes
it possible to create thin Sb,Se; films with the different
electrical conductivities, which determines the effi-
ciency of solar cells based on Sb,Se; thin films.

CONCLUSIONS

It has been established that the Sb,Se, thin films
obtained by CMBD method, having a stoichiometric
ratio of components or enriched in antimony, consist
of the main Sb,Se; phase which belongs to the orthor-
hombic syngony. The distribution of Sb and Se over
the surface of the synthesized films is uniform for all
Sb/Se ratios. While approaching the stoichiometric
Sb/Se ratio the values of the roughness parameters Sa
and Sq increase, the orientation of microcrystal roads
in the film changes from oblique to parallel to the sub-
strate, and the rods themselves become slightly small,
their distribution over the substrate becomes even.

Using the advantages of the CMBD method, it is
possible to control the composition of Sb,Se, thin
films, which leads to a change in the texture. The tex-
ture of Sb,Se,, films, in turn, determines their electrical
properties. The films obtained with a Sb/Se compo-
nent ratio close to stoichiometry are characterized by a
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predominant Ak1 orientation of crystallites and lower
electrical resistance value. Therefore, the higher effi-
ciency should be expected from photovoltaic modules
based on a thin Sb,Se, films with a ratio Sb/Se close to
stoichiometric.

The possibility of obtaining Sb,Se, thin films with
the predominant Ak1 orientations of crystallites by the
CMBD method is important for the creation of effi-
cient Sb,Se;-based solar cells ensuring efficient charge
transfer in the photoactive layer.
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