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ABSTRACT
SbxSey thin films were obtained by chemical-molecular beam deposition (CMBD) 
on soda–limeglass from high-purity Sb and Se precursors at 450 °C substrate 
temperature. By the exact control of separate sources temperature, SbxSey thin 
films with stoichiometric and different compositions were successfully obtained. 
The SbxSey thin films were characterized in terms of their elemental and phase 
composition, along with their crystal structure, using techniques such as energy-
dispersive X-ray microanalysis, X-ray diffraction, Raman spectroscopy, scan-
ning electron microscopy, and atomic force microscopy. The bandgap of the 
films, ranging between 1.07 and 1.26 eV, was determined by analyzing absorp-
tion spectra derived from transmittance and reflectance measurements using a 
spectrophotometer. The electrical properties of samples were measured by the 
two-probe method. The samples showed p-type conductivity at Sb/Se ≤ 0.77 and 
n-type conductivity at Sb/Se ≥ 0.95. From this behavior, we infer the presence of 
a “turning point” at Sb/Se = 0.77, which corresponds to the p-type conductivity 
of Sb2Se3 thin films.

1 Introduction

Structural and morphological properties of anti-
mony selenide thin films are one of the key factors 
governing the device performance of antimony sele-
nide (Sb2Se3)-based thin-film solar cells. Thus, the 

controlling of structural and morphological param-
eters and obtaining stoichiometric composition plays 
an essential role [1–3]. In particular, the structural and 
morphological properties such as crystallographic ori-
entation, grain size, and compactness play a crucial 
role in carrier transport, recombination, and overall 
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of 2 μm, which was measured using a MIM-7 (POCC) 
metallographic vertical microscope.

2.2 �Films characterization

To investigate the influence of varying Sb/Se ratios 
on the structural, morphological, optical, and electri-
cal properties of SbxSey thin films, multiple analytical 
techniques were employed.

Surface morphology and topology were analyzed 
using a Carl Zeiss LEO-1455 VP scanning electron 
microscope (SEM) with 20 kV image operating volt-
age and a SOLVER NANO atomic force microscope 
(AFM), employing semi-contact mode scanning with 
a probe featuring a tip radius of 10 nm at a resonant 
frequency of 178 kHz. Chemical composition analysis 
was carried out via energy-dispersive X-ray spectros-
copy (EDX) using an Oxford Instruments Aztec Energy 
Advanced X-Max 80 spectrometer with an accelerating 
voltage of 20 kV and an estimated penetration depth of 
about 1.6 microns. The crystalline structure was exam-
ined using a Rigaku Ultima IV X-ray diffractometer 
in grazing incidence diffraction (GIXD) mode, with 
an incident angle of 1° and a CuKα radiation source 
(λ = 1.54178 Å). Phase identification was conducted by 
comparing the obtained diffraction patterns with ref-
erence data from the Joint Committee on Powder Dif-
fraction Standards (JCPDS) and the Crystallography 
Open Database. Raman spectroscopy measurements 
were performed at room temperature using a LOTIS 
TII Nanofinder HE confocal spectrometer. A 532 nm 
solid-state laser was used for excitation, with the 
power kept at 60 μW to prevent thermal degradation 
of the samples. The spectrometer achieved a spectral 
resolution better than 2.5 cm⁻1, and the laser spot size 
on the sample surface was approximately 0.7 μm in 
diameter. Reflection and transmission measurements 
were carried out using a scanning spectrophotometer, 
namely, the PHOTON RT model by Essent Optics. The 
incident optical beam directed onto the sample surface 
measured approximately 2 × 6 mm2. Electrical proper-
ties of samples were measured by two-probe method 
and the dependence of conductivity on temperature. 
The dependence of electrical conductivity on tempera-
ture was measured in the range from 270 to 110 K, 
while the pressure inside the cryostat varied between 
5 and 1 Pa. The type of conductivity of the films was 
determined by thermo-probe method. These experi-
mental techniques were employed to examine SbxSey 
thin films, with particular focus on how variations in 

device performance. Achieving highly oriented, large-
grained, and stoichiometric Sb2Se3 films is therefore 
vital for enhancing photovoltaic performance [4].

To date, number of deposition technics were imple-
mented to obtain Sb2Se3 thin films, such as vapor 
transport deposition [5], close-spaced sublimation 
[6], injection vapor deposition [7], magnetron sputter-
ing [8], and pulsed laser deposition [9]. However, the 
selenium loss and re-evaporation of antimony selenide 
are inevitable [10] and it influences on properties of 
Sb2Se3 films. These issues severely deteriorate the 
optoelectronic quality of the films, thereby reducing 
device efficiency.

In order to suppress these phenomena, Sb2Se3 thin 
films were deposited from separate antimony and 
selenium sources at substrate temperatures of 450 °C. 
The controlling of selenium content during the deposi-
tion process was carried out by changing temperature 
of selenium source from 410 °C to 450 °C, whereas 900 
°C was maintained at antimony source. This approach 
enables compensation for selenium loss during film 
growth, which has not been systematically addressed 
in our earlier studies [11, 12]. This study, therefore, 
offers both a novel processing strategy and a deeper 
physical understanding of how precise selenium con-
trol can promote high-quality Sb2Se3 film growth and 
affect morphological, structural, optical, and electrical 
properties of thin films.

2 �Experiments

2.1 �Synthesis of Sb2Se3

SbxSey thin films deposited from separate high purity 
of 99.999% Sb and Se granules. The temperature of 
Sb was maintained at 900 °C. The controlling of Se 
content during the deposition process was carried 
out by changing temperature of selenium source. 20 
mm × 20 mm in size soda–lime glass (SLG) was used 
as a substrate. The SLG substrates were cleaned with 
detergent, acetone, ethanol, and deionized water in 
an ultrasonic bath and finally dried with a stream of 
N2 gas. SbxSey thin films with a substrate temperature 
of 450 °C were obtained at atmospheric pressure with 
gaseous hydrogen at a flow rate of 20 cm3/min in 30 
min of evaporation time by chemical-molecular beam 
deposition which was further detailed in our previous 
work [11, 12]. The thin films had an average thickness 
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the Sb-to-Se ratio affect their crystalline structure, sur-
face morphology, optical, and electrical characteristics.

3 �Results and discussion

The results of energy dispersion analysis showed that 
the SbxSey films deposited from separate sources of 
Sb and Se at a substrate temperature of 450 °C have 
different compositions Sb/Se = 0.66, 0.72, 0.77, 0.95, 1.1, 
1.26 for different temperatures of selenium source in 
the range of 410 o C—450 °C.

Table 1 shows the EDS results of SbxSey thin films 
deposited with different temperatures of selenium 
source. From Table 1, it is clearly visible that the chem-
ical composition was changed toward stoichiometric 
ratio of Sb/Se = 0.66 when selenium temperature was 
increased. As seen in Fig. 1, the distribution of the Sb 
and Se elements on the surfaces is almost uniform. 
The appearance of silicon, sodium, and oxygen peaks 

in the EDX spectrum can be explained by the elements 
detection from the SLG substrates and the oxygen 
adsorption from the atmosphere [13].

The influence of chemical composition changes 
on morphological properties of Sb2Se3 thin films can 
be seen from Fig. 2. As depicted in SEM images, the 
SbxSey films shows different morphologies with evolu-
tion of the composition. For the film with Sb/Se = 1.26, 
the non-uniform distribution of grains with different 
sizes can be seen, which can be attributed to selenium-
poor composition in the film. The maximum grain 
size for this film was around 6 µm. For Sb/Se = 1.1, the 
identical distribution of grains was observed.

It can be seen that the film with atomic ratio of Sb/
Se = 0.95 has similar morphology like Sb/Se = 1.1 but 
scattered grains on the surface of the Sb/Se = 0.95. 
Films with atomic ratio of Sb/Se = 0.77 has uniform dis-
tribution of grains as compared to that of Sb/Se = 0.95 
and still scattered grains on the surface of the film. 
When the atomic ratio was 0.77, the sample showed 

Table 1   EDS results for 
SbxSey thin films

№ 1 2 3 4 5 6

Sb 55.9 52.2 48.7 43.6 41.9 39.6
Se 44.1 47.8 51.3 56.4 58.1 60.4
Sb/Se 1.26 1.1 0.95 0.77 0.72 0.66

Fig. 1   EDS mapping images 
of Sb/Se = 0.66 sample
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dense and uniform distribution with 1–4-µm-rod-
shaped grains. The subsequent increasing of selenium 
content in the time of deposition leads to the stoichio-
metric ratio 0.66 and the morphology was similar to 
the film with chemical composition 0.72.

For investigating more comprehensive of SbxSey 
thin films, AFM analysis was conducted (Table 2). 
The resulting surface parameters including average 
roughness (Sa), root mean square roughness (Sq), 
skewness (Ssk), and kurtosis (Ska) highlight the 
influence of chemical composition on the surface 
morphology of the films. Average Roughness (Sa) 
which measures the mean deviation of the surface 
profile from the average plane increases progres-
sively with higher Sb content. The lowest Sa value 
of 0.21 µm was observed for the Sb/Se = 0.72 film, 
indicating a relatively smoother surface. In contrast, 
the film with Sb/Se = 1.26 exhibited the highest Sa of 
0.76 µm, suggesting a rougher topography as the Sb 

concentration increases. Root Mean Square Rough-
ness (Sq), which provides a more sensitive measure 
of surface roughness by emphasizing larger devia-
tions, follows a similar trend. It ranged from 0.28 
µm for Sb/Se = 0.72 to 0.95 µm for Sb/Se = 1.26, rein-
forcing the observation that increasing Sb content 
leads to rougher surfaces. The surface roughness of 
samples decreased on higher Se concentration leads 
to a significant improvement to the surface quality 
[14]. The skewness (Ssk) values, which describe the 
asymmetry of surface height distribution, remained 
positive across all compositions. This suggests a 
predominance of peaks over valleys on the surface. 
The kurtosis (Ska) values, which reflect the sharp-
ness or flatness of the surface profile, varied between 
3.13 and 4.48. The highest Ska value was recorded 
for Sb/Se = 0.72, suggesting a surface dominated by 
sharp features or spikes. Other compositions showed 
kurtosis values around or just above 3, indicating 

Fig. 2   SEM images of SbxSey thin films

Table 2   AFM data for 
SbxSey thin films with 
different compositions

Samples (Sb/Se) 0.66 0.72 0.77 0.95 1.1 1.26

Roughness average Sa, µm 0.33 0.21 0.37 0.42 0.56 0.76
Root Mean Square Roughness Sq, µm 0.41 0.28 0.48 0.54 0.73 0.95
Skewness Ssk 0.63 0.83 0.94 0.89 0.81 0.64
Kurtosis Ska 3.13 4.48 4.25 3.78 3.79 3.22
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surfaces with near-Gaussian or slightly peaked 
height distributions (Table 2).

X-ray diffraction (XRD) analysis was performed to 
investigate the crystallographic structure and phase 
composition of the SbxSey thin films deposited at a 
substrate temperature of 450 °C. XRD is a powerful 
characterization technique based on the constructive 
interference of monochromatic X-rays and a crystal-
line sample. The positions (2θ) and intensities of the 
resulting diffraction peaks provide direct information 
about the crystal structure, lattice spacing, crystallite 
orientation, and degree of crystallinity of thin films. 
As discussed by H.H. Radamson [15], understanding 
the origin and interpretation of these diffraction pat-
terns is essential for correlating structural properties 
with the physical performance of crystalline materials. 
Figure 3 depicts the XRD pattern for SbxSey thin films 
grown with different chemical compositions at 450 o 
C substrate temperature. Many peaks are observed 
in the range 2Θ from 15◦ to 60◦ to indicate the films’ 
crystal structure. Two single peaks at 2Θ ≈ 15.05

◦ and 
2Θ ≈ 16.85

◦ are associated with the (020) and (120) 
planes, single peak at 2Θ ≈ 28.25 ÷ 28.75 are associated 
with the (211) plane, peaks at 2Θ ≈ 31.20 , at 2Θ ≈ 51.90 
are associated with the (221) and (061) planes, group 
of peaks in the range of 2Θ = 45.00 ÷ 46.00 are associ-
ated with the (431), (501), (530), (151), and (002) planes, 
respectively, corresponding to the orthorhombic crys-
tal lattice of Sb2Se3 described in the available database 
(JCPDS no. 00–015–0861). These peaks are observed at 
all diffraction patterns and defined as belonging to an 
orthorhombic crystal lattice of Sb2Se3. The parameters 
of the crystal lattice were determined as b≅ 11.764Å, 
c≅3.975Å using peaks of (020) and (002) planes by the 
Wolf-Bragg’s formula

where λ is incident CuKα radiation wavelength; θ is 
Bragg angle.

Lattice parameter a≅11.724 was calculated by the 
Lipson difference method

using peaks of (020) and (120) planes.
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The results of calculation correlate with data in 
JCPDS 00–015–0861 card: a=11.633 Å, b=11.780 Å, 
c=3.985 Å From Fig. 3, it can be seen that the varia-
tion of the selenium content during deposition pro-
cess has direct impact not only on chemical composi-
tion, but also on the structural properties of obtained 
films having favorable (hkl, l = 1) and/or unfavora-
ble (hkl, l = 0) peaks. In particular, the occurrence of 
peaks along (hkl, l = 1) planes is considered favorable 
for vertical carrier transport, while (hkl, l = 0) orienta-
tions are known to hinder charge movement through 
the film bulk. For example, the samples with chemi-
cal compositions of 1.26, 1.1, 0.95 showed mainly.

(012), (104), (110) dominant peaks related to Sb 
according to (JCPDS#01–085–1322). Moreover, films 
with the Se-poor chemical composition (Sb/Se ≥ 0.95) 
have Sb2Se3 peaks such as (020), (120), (061), (211), 
and (221) according to (JCPDS#00–015–0861). A tran-
sition of the dominant peaks from Sb to SbxSey was 
observed depending on the Se concentration. For 
films Sb/Se = 1.1, Sb/Se = 0.95, and Sb/Se = 0.77, there 
were nearly identical results such as (020), (120), 
(130), and (211) peaks. As the subsequent increas-
ing selenium content, the samples with Sb/Se = 0.72 
and Sb/Se = 0.66 show (020), (120), and (061) peaks 
with higher intensities compared to other samples. 
It should be point out that with increasing the sele-
nium concentration during deposition process, the 
intensities of all peaks such as (020), (120), (211), 
(221), (061) corresponding to Sb2Se3 are enhanced, 
which was also observed on Sb2Se3 film with stoi-
chiometric composition of Sb/Se = 0.66. It is reason-
able to assume that increasing selenium concentra-
tion promotes the formation and crystallinity of the 
orthorhombic Sb2Se3 phase, with a preferred orien-
tation along (hk1) planes. Since carrier transport in 
Sb2Se3 is known to be more efficient along the (hk1) 
direction compared to the (hk0) orientation, which 
tends to block carrier flow, optimizing the Se content 
is essential for achieving better electronic properties 
in these films and solar cells based on them [16].

Microstructural parameters: the coherent scat-
tering region size (L) and the lattice deformation (�) 
were determined by using of the Williamson–Hall 
method, in which it is assumed that the broaden-
ing of the diffraction peak (�

hkl
) is determined by the 

size (�
D
) and strain (�

S
) broadenings. In the uniform 

deformation model (UDM), the Williamson–Hall 
equation looks as follows [17]:
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where K is shape factor (0.94), � =

(
�

4 ln 2

) 1

2

⋅ FWHM.
The dependence of �cos� on 4sin� was drawn for 

the singular peaks observed at almost all diffrac-
tion patterns with crystallographic planes (020), 
(120), (230), (221), (240), (321) of the orthorhombic 
structure. The linear approximation of the obtained 
results allowed for determination of the values of the 
coherent scattering region and the lattice strain [18]. 
As was found from the graphical dependences, the 
value of the lattice deformation (ε) for all samples is 
of the order of zero (<10−4) (for example, Fig. 4 shows 
a graphical construction for the case Sb/Se = 0.77). 
The values of the coherent scattering region (L) 
ranges from 27 to 44 nm.

Raman spectroscopy was employed to further 
examine the vibrational properties and phase evo-
lution of the SbxSey thin films deposited at 450 °C. 
Raman scattering is a non-destructive technique that 
probes the inelastic scattering of monochromatic 
light by phonons in a material. The positions, shapes, 
and intensities of the Raman peaks provide direct 
information about the bonding structure, chemi-
cal composition, crystalline quality, and presence 
of secondary phases in nanomaterials. This makes 
Raman analysis particularly useful for distinguish-
ing between different Sb–Se, Sb, and Se phases that 
may coexist during non-stoichiometric growth of 
SbxSey thin film.

The Raman spectra of SbxSey films as-deposited 
with various chemical composition are illustrated in 
Fig. 5. The phase transition dependence on chemical 
composition of samples is observed. It is noted that 
Sb–Se, Sb-O, Sb, and Se have the following peaks 
in Raman spectra: Sb2O4 – 72, 141, 198, 255, 400, 
463 cm−1; cubic Sb2O3 – 82, 189, 254, 373, 450 cm−1; 
rhombohedral Se6 – 67, 72, 102, 129, 221, 246 cm−1; 
orthorhombic Sb2Se3 – 79, 120, 151, 189, and 210 
cm−1; trigonal Sen – 140, 234–237 cm−1; -monoclinic 
Se8 – 111, 252 cm−1; and rhombohedral Sb – 109, 150 
cm−1 [19]. It has been reported that peak positions at 
188 cm−1 also belong to Sb2Se3 obtained via a simple 
PEG-400 polymer chain-assisted growth route in the 
temperature range of 160–180 °C [20]. For Se-poor 
condition, two antimony peaks at around 110 cm−1 
and 150 cm−1 are reported [21], which is consistent 

(4)� ⋅ cos � =
K�

L

+ 4� ⋅ sin �,
with our thin films with atomic ratio of Sb/Se = 1.26 
and Sb/Se = 1.1. In addition, intensities at 103 cm−1 
and 153 cm−1 were detected in films deposited by a 
low-temperature vacuum evaporation process [22]. 
However, there is a peak at 189 cm−1 for the film 
with chemical composition Sb/Se = 1.1 correspond-
ing to Sb2Se3 as a result of the increase of Se in the 
film composition as compared to the film with Sb/
Se = 1.26. In the literature, the peaks at 190 cm−1 
and 210 cm−1 are usually caused by Sb–Se vibra-
tion mode [20, 23–25]. As the chemical composition 
changes to Sb/Se = 0.95, together with the appear-
ance of the 189 cm−1, others peaks are detected at 
102 cm−1 and 210 cm−1, which is assigned to rhom-
bohedral selenium and Sb2Se3, respectively [20]. The 
peak at about 103 cm−1 is assigned to Se6 ring of 
rhombohedral Se [21]. Due to the subsequent chang-
ing of chemical composition from Sb/Se = 0.95 to Sb/
Se = 0.72, there are peaks at 67–72 cm−1, 102 cm−1, 
151 cm−1, 190 cm−1, 210 cm−1. It should be noted that 
the intensities at 67–72 cm−1 and 210 cm−1 are also 
observed in the composition of 0.95 and 1.1. When 
the atomic ratio changes to Sb/Se = 0.66, the sample 
shows a dominant intensity at 189 cm−1 with less 
intensities at 67–72 cm−1, 102 cm−1, 151 cm−1, 210 
cm−1. Overall, the Raman spectra showed that the 
film deposited at 450 °C of the substrate tempera-
ture has peaks at 110 cm−1 and 150 cm−1, which are 
related to rhombohedral antimony under Se-poor 
condition. When Se increases in the film compo-
sition, there are detected decreasing of antimony 
intensities and antimony selenide phases emerged 
at 189 cm−1, 210 cm−1 under Se-rich condition dur-
ing deposition process suggesting good film quality.

The bandgap of a semiconductor material is one of 
the crucial part characteristic, which can be obtained 
by measuring the optical specular reflectance and 
transmittance of the films (Fig. 6ab). The absorption 
coefficient (α) of all SbxSey thin films deposited at 
various Sb/Se ratios was converted from transmis-
sion (T) and reflection (R) spectral data in 400–3000 
nm spectral region with the following equation [26]:
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There d- thickness of the films.
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The optical bandgap of the films was calculated 
using the Tauc equation [27] for direct bandgap 
semiconductors:

where hν is the photon energy and A is a constant 
dependent on the effective mass. Figure 6c presents 
the Tauc plots for the SbxSey thin films, revealing 
bandgap values between 1.07 and 1.26 eV. The highest 
bandgap corresponds to the stoichiometric ratio, while 
the lowest occurs in antimony-rich compositions (Sb/
Se = 0.95). Compared to pure Sb2Se3 (bandgap ~ 1.15 
eV) [28], the SbxSey films exhibit a slight variation in 
bandgap, likely due to structural changes from disor-
dered to ordered atomic arrangements and absorption 
at rhombohedral Se. These findings align with prior 
studies, confirming that the optical and structural 
properties of SbxSey films strongly depend on the Sb/
Se ratio [29].

The electrical conductivity of Sb2Se3 thin films 
enriched with antimony and close to stoichiometric 

(6)(�h�)
2
= A

(
h� − E

g

)
,

Table 3   Electrical properties 
of SbxSey thin films with 
different compositions

Sb/Se 0.66 0.72 0.77 0.95 1.1 1.26

Conductivity type p p p n n n
Electroconductivity (Ω cm)−1 3.45 10–5 3.06 10–5 6.6 10–6 3.9 10–1 1.87 101 4.7 102

Activation energy (meV) 140 151 220 32 29 Not defined

Fig. 3   The XRD data of SbxSey thin films with different chemi-
cal compositions

Fig. 4   Williamson–Hall plots of Sb2Se3 thin film for Sb/
Se = 0.77

Fig. 5   Raman spectra of SbxSey thin films with various chemical 
composition
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composition was determined using the temperature 
dependence of conductivity based on the Arrhenius 
equation:

where σ is the specific conductivity in the dark, σ0 is a 
pre-exponential factor, Ea is the activation energy for 
conductivity, k is the Boltzmann constant, and T is the 
absolute temperature.

Figure 7 presents the Arrhenius plots for SbxSey 
thin films grown at a substrate temperature of 450 
°C with varying Sb/Se ratios. As evident from the 

(7)� = �
0
exp

(
−
E
a

kT

)

graph, within the Sb/Se range of 0.95 ≤ Sb/Se ≤ 1.26, 
the electrical conductivity of the SbxSey thin films 
varied within a narrow range. A change in the con-
ductivity type of charge carriers was also observed 
depending on the Sb/Se atomic concentration ratio. 
The samples exhibited n-type conductivity within 
the compositional range 0.95 ≤ Sb/Se ≤ 1.26 and 
p-type conductivity in the range 0.66 ≤ Sb/Se ≤ 0.77. 
Notably, a conductivity-type inversion was observed 
at Sb/Se = 0.77, which corresponds to a composition 
close to stoichiometric Sb2Se3.

The specific conductivity of SbxSey thin films is 
highly dependent on the Sb/Se ratio. Figure 7 shows 
the dependence of sample conductivity on the Sb/Se 
ratio. It can be seen that in thin films.

with Sb/Se ratios in the range 0.66 ≤ Sb/Se ≤ 0.77, 
the conductivity values vary around 10–5 (Ω·cm)−1. 
The slight decrease in electrical conductivity 
observed with increasing Sb content in the p-type 
samples can be attributed to the reduced concen-
tration of acceptor energy levels associated with 
defect states such as antimony vacancies (VSb) and 
antisite defects (SeSb). At Sb/Se = 0.95, the conduc-
tivity increases sharply from 10–5 (Ω·cm)−1 to 10–1 
(Ω·cm)−1, and continues to increase steadily up to Sb/
Se = 1.26, reaching approximately 2.5 × 102 (Ω·cm)−1. 
Furthermore, we established that the type of charge 
carriers undergoes conversion depending on the Sb/
Se ratio. The samples showed p-type conductivity at 
Sb/Se ≤ 0.77 and n-type conductivity at Sb/Se ≥ 0.95. 
From this behavior, we infer the presence of a 

Fig. 6   a Transmission; b Reflection spectra; and c Tauc plots of SbxSey thin films deposited at different Sb/Se ratios

Fig. 7   Arrhenius plots of SbxSey thin films
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“turning point” at Sb/Se = 0.77, which corresponds to 
the p-type conductivity of Sb2Se3 thin films (Table3). 

The activation energy was derived from the tem-
perature dependence of the electrical conductivity 
of SbxSey thin films with varying compositions. The 
activation energy was determined at T > 180 K, since 
the region of lower temperatures corresponded to the 
“freeze-out” regime (Fig. 7). The purpose of deter-
mining the activation energy was to identify the types 
of defects present in the SbxSey thin films, as certain 
defects in Sb2Se3 thin films can lead to a reduced 
open-circuit voltage. According to the literature, the 
dominant acceptor defects in Sb2Se3 thin films are VSb 
and SeSb, while the donor defects include VSe1, VSe2, 
VSe3, SbSe1, SbSe2, and SbSe3 [29, 30]. For thin films 
with Sb/Se = 0.95 and 1.1 ratios, the activation energy 
was approximately 30 meV. For thin films with Sb/
Se = 1.26 ratio, the value of the activation energy can-
not be determined due to the lack of a slope for the 
temperature dependence of electrical conductivity. 
This is probably due to the noticeable manifestation 
of the metallic conductivity mechanism due to the 
high antimony content. In films with excess antimony, 
selenium vacancies (VSe) and antisite defects (SbSe) are 
likely dominant. For thin films with Sb/Se ratios from 
0.77 up to stoichiometric composition, the activation 
energy varied from 0.14 eV to 0.22 eV. Activation ener-
gies in the range Ea = 0.14 ÷ 0.22 eV, as reported in the 
literature [31], correspond to acceptor defects such as 
VSb1, VSb2, and SeSb2, as well as donor defects such as 
VSe2 and SbSe1. For films close to the stoichiometric 
composition, the dominant defects are considered to 
be VSb1 and SeSb2.

4 �Conclusion

This study systematically investigated the synthe-
sis, structural, morphological, optical, and electrical 
properties of SbxSey thin films deposited via chemi-
cal-molecular beam deposition at a substrate temper-
ature of 450 °C with varying Sb/Se ratios. The results 
demonstrated that the chemical composition signifi-
cantly influenced the structural, morphological, opti-
cal, and electrical properties of the films. EDS analy-
sis confirmed a shift toward stoichiometric Sb2Se3 
(Sb/Se = 0.66) with increasing selenium content. SEM 
and AFM revealed that films with higher Sb content 
(Sb/Se ≥ 0.95) exhibited non-uniform grain distribu-
tion and increased surface roughness, while films 

closer to stoichiometry showed denser and more 
uniform morphologies. XRD and Raman spectros-
copy confirmed the presence of orthorhombic Sb2Se3 
phases, with peak intensities enhancing as selenium 
content increased. The intensity of preferred (hk1) 
orientations increased with higher selenium content, 
suggesting improved crystallinity for stoichiometric 
compositions.

Optical analysis revealed bandgap values between 
1.07 and 1.26 eV, with the highest bandgap corre-
sponding to the stoichiometric ratio. Electrical meas-
urements indicated a transition from p-type to n-type 
conductivity at Sb/Se = 0.77, with conductivity increas-
ing sharply in Sb-rich compositions. Activation energy 
analysis suggested the dominance of selenium vacan-
cies (VSe) and antisite defects (SbSe) in Sb-rich films, 
while acceptor defects like VSb and SeSb were promi-
nent near stoichiometry. These findings highlight the 
critical role of composition in tailoring the properties 
of SbxSey thin films for optoelectronic applications, 
providing valuable insights for optimizing their per-
formance in devices such as solar cells and sensors.
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