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Abstract

In this study, antimony selenide (Sb,Se;) thin films were deposited on a glass substrate through a single-step thermal evapo-
ration process, employing sintered powder as a source material. A detailed investigation of the structural, morphological,
and temperature-dependent optical properties of fabricated thin films was performed. The X-ray diffraction (XRD) pattern
indicated the presence of the Sb,Se; phase, characterized by an orthorhombic crystalline structure. Examination through
scanning electron microscopy (SEM) revealed a fully covered, void-free, and densely packed morphology on the thin film
surface. Raman spectrum of the film showed the vibrational characteristics of Sb,Se;. Transmission spectra of Sb,Se; thin
film were measured at various temperatures within the range of 10-300 K. The analysis of these measurements demonstrated
that optical bandgap energy decreases from 1.28 to 1.25 eV as increasing temperature from 10 to 300 K. The variation of
bandgap with temperature was accurately characterized by Varshni and Bose—FEinstein relations to elucidate bandgap at 0 K,
rate of change of bandgap, and Debye temperature. These findings in this study may be useful for advancing the development

of Sb,Se; film-based solar cell technology and its applications in optoelectronics.
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1 Introduction

Over the last few decades, solving the problems of envi-
ronmental pollution, energy shortage, and global warming
has been a global priority [1]. Photovoltaic technology is
one of the most promising clean and sustainable renew-
able energy sources to tackle these problems [2]. In the
photovoltaic market, crystalline silicon solar cells, copper
indium gallium selenide (CIGS), cadmium telluride (CdTe),
and perovskites solar cells are the leading materials having
remarkable device efficiencies of over 20% [3, 4]. However,
the indirect bandgap of silicon, the scarcity of gallium (Ga)
and indium (In) elements, the toxicity of cadmium (Cd), and
the instability of perovskites solar cells are the constraints
for the mass production of the PV industry [4]. Recently,
kesterite materials such as Cu,ZnSn(S,Se), (CZTSSe) have
been explored by researchers as an alternative material to

P4 M. Terlemezoglu
tmakbule @ gazi.edu.tr; terlemezoglu.m @gmail.com

Department of Physics, Faculty of Science, Gazi
Universitesi Emniyet Mahallesi, Bandirma Caddesi No: 6/8,
Yenimahalle, 06500 Ankara, Turkey

overcome these problems. CZTSSe having earth-abundant
and non-toxic elements has similar optoelectronic properties
to CIGS materials [3, 5-9]. However, due to the complex
structure of this material, undesired secondary phases are
easily formed during the fabrication process. This prevents
the commercialization and production of high-efficiency
CZTSSe solar cells. Indeed, so far, the record efficiency of
CZTSSe thin film-based solar cells is %12.6 through the
hydrazine-based solution [10]. Hence, nowadays, antimony
selenide (Sb,Se;) with a simple binary composition and high
optical absorption (> 10° cm™! in the visible region) is an
attractive candidate for solar cell absorber material. Sb,Se;
belonging to the AY BY group crystalizes in the orthorhom-
bic configuration of the Pnma (62) space group [11]. In addi-
tion, it has a direct bandgap energy of 1.0-1.3 eV which
is close to the theoretically ideal bandgap value for the
absorber layer of solar cells [2, 12]. Sb,Se; semiconductor
thin films are important not only for the photovoltaic indus-
try [13, 14] but also for comprehensive applications such as
nonvolatile electronic memory[15], optical recording mate-
rial [16, 17], thermoelectric devices [18], and switching[19].

Many methods for the fabrication of Sb,Se, thin films
have been proposed so far including radio frequency (RF)
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magnetron sputtering [2], thermal evaporation [20], electro-
deposition [21], spray pyrolysis [22], chemical bath depo-
sition [23], and spin coating [24]. Among these methods,
thermal evaporation is a cost-effective approach, and it
is suitable for large-scale mass production. Among these
methods, thermal evaporation is a preferred method for
fabricating antimony selenide thin films due to several key
advantages. Firstly, Sb,Se; has a relatively low evaporation
temperature, which makes thermal evaporation a suitable
technique to achieve controlled and uniform film thickness
without degrading the material's intrinsic properties. This
method allows for high-purity films since it involves physi-
cal vapor deposition in a vacuum, minimizing contamination
and enabling the growth of stoichiometric films which are
crucial for semiconductor applications. Additionally, ther-
mal evaporation offers excellent control over the deposition
rate and thickness, which are critical parameters for tun-
ing the optical and electrical properties of Sb,Se; films for
photovoltaic and thermoelectric applications. The simplicity
and scalability of the thermal evaporation process further
contribute to its selection for Sb,Se, fabrication, facilitating
the development of cost-effective and efficient manufactur-
ing processes for devices based on this promising material
[25-29]

This study primarily focuses on fabricating high-quality
Sb,Se; thin films in a cost-effective manner by excluding
additional deposition steps like the selenization process and
by also examining the temperature dependency of the optical
bandgap of produced thin films. For this reason, Sb,Se; thin
films were fabricated through thermal evaporation in a single
step using sintered powder. The structural and morphologi-
cal properties of deposited thin films were studied in detail.
Then, the temperature-dependent bandgap characteristics
of deposited Sb,Se; films were investigated by Varshni and
Bose-Einstein relation using transmittance spectra. This
study innovates by simplifying the fabrication of high-qual-
ity Sb2Se3 thin films, crucial for photovoltaic applications,
by using a cost-effective, single-step thermal evaporation
process without additional selenization steps. It thoroughly
investigates the structural and morphological characteris-
tics of these films and examines their temperature-dependent
optical bandgaps through Varshni and Bose—Einstein rela-
tions. This approach could significantly impact semiconduc-
tor research by offering insights into material behavior under
various temperatures and streamlining production processes.

2 Experimental details

Sb,Se; thin films were coated on 2 X2 cm?, 4 mm thick, soda
lime glass (SLG) substrates by a thermal evaporation system
in a single-step process. The stoichiometric sintered powder
which was prepared by highly pure materials Se (99.99%)
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and Sb (99.999%) was utilized as a deposition source. The
sintering process relies on the reaction of constituent ele-
ments having high purity at a temperature above their melt-
ing points within a sealed quartz crucible under vacuum
conditions. In the evaporation process, the sintered powder
was placed into a thermal boat and situated below 15 cm of
the substrate holder. The base pressure of the system was
around 1 107® Torr and deposition temperature was held
at150°C since it was observed that this substrate temperature
was the minimum required temperature value to obtain the
polycrystalline nature of deposited film. Both the thickness
of the film and evaporation rate were controlled in situ by
an Inficon XTM/2 deposition/thickness monitor. They were
adjusted to be 900 nm and 2-3 Als, respectively. Following
the deposition process, the thickness of the films was con-
firmed by the Veeco Dektak 6 M stylus profilometer.

The deposited thin films were characterized by struc-
tural, morphological, and optical analysis techniques. X-ray
diffraction (XRD) measurement was used to ascertain the
properties of the crystal structure of samples (XRD, Rigaku
Miniflex diffractometer with A =0.154 nm CuKa radiation
source). The elemental composition and surface morphol-
ogy of samples were conducted by scanning electron micro-
scope (SEM, Zeiss EVO15) equipped with energy dispersive
X-ray analysis (EDXA). Raman scattering spectrum was per-
formed in the frequency range of 100-250 cm™' (Horiba-
Jobin Yvon iHR550 imaging spectrometer). Transmittance
measurements of the samples were obtained at various tem-
peratures (Jenway 6400 model spectrophotometer) in which
the sample was placed into a closed cycle helium cryostat
(Advanced Research Systems, Model CSW-202) attached
with a temperature controller (Lakeshore Model 331).

3 Results and discussions

To elucidate the structural analysis of deposited films, XRD
and Raman spectroscopy were performed. The XRD meas-
urement of the samples was done in the 20 angle range of
10°-50°. As shown in Fig. 1, strong diffraction peaks con-
forming to a polycrystalline nature were detected in the XRD
pattern of the coated films on SLG. It was also obtained
that films crystallize in the orthorhombic structure of Sb,Se;
(JCPDS 00-015-0861), which belongs to the Pmna 62 space
group. All diffraction peaks observed in the XRD pattern
were labeled to clarify Fig. 1. The lattice parameters were
determined to be approximately a=11.1 A, b=39 A, and
c=11.6 A, aligning closely with the values reported in the
literature [30, 31].

Raman spectroscopy was employed for the characteri-
zation of the deposited film since it is a well-known, non-
destructive technique for identifying both primary and
impurity phases. Figure 2 presents the Raman spectrum of
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Fig.3 SEM micrograph (a) and EDS spectrum (b) of Sb,Se; thin films

the deposited films. In this figure, the prominent peak cen-
tered at 189 cm™! is the characteristic peak of the Sb—Se
stretching mode, labeled as A, mode. The peak centered at
150 cm™! is identified as the Bxg mode, which is character-
istic of the Sb-Sb bond in the Raman spectrum. Addition-
ally, the centered peak at 211 cm™! is associated with Se-Se
bonds, assigned to A, mode. All spectrum of deposited film
is compatible with the reported studies in the literature. [32,
33]. The dashed lines in Fig. 2 are the peak positions of the
data given in [33].

The surface morphology of the deposited films was exam-
ined through SEM imaging. Figure 3a illustrates the surface
morphology of the sample on SLG. It was clearly seen that
the surface of the deposited thin film has a dense packet
morphology with small grains. The EDS measurement pro-
vided the elemental composition analysis of the deposited
films. The atomic percentage ratios for Sb and Se were deter-
mined as 42% and 58%, respectively (as given in Fig. 3b).

The bandgap properties of Sb,Se; thin film were explored
by conducting transmission experiments at different tempera-
tures. The transmittance (T) spectra of fabricated thin films
within the high absorption range are depicted in Fig. 4. A
shift to lower wavelengths with increasing temperature was
observed in the spectra. This observed shift indicates that the
bandgap energy of Sb,Se; thin films increases as the tem-
perature decreases, which aligns with the theoretical expecta-
tions [34]. Temperature-bandgap relation in a semiconductor
material is elucidated by electron—phonon interaction [35].
The theoretical studies revealed that exciton energies increase
with decreasing temperature, and a similar correlation occurs
in the bandgap behavior. On the other hand, alternatively,
the relationship between temperature and bandgap energy is
explained by considering the interatomic distance between
atoms, resulting in a decrease in the periodic potential well
for electrons within the lattice. Consequently, the bandgap of a
semiconductor material decreases with increasing temperature.
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Fig.4 Temperature-dependent transmittance spectra of deposited
Sb,Se; thin films around the absorption edge

The absorption coefficient (o), was determined through the
relationship with transmittance as follows [36],

o« = éln(T) 1)

where d is the film thickness which was measured as 900 nm
nearly.

The absorption coefficient was determined to be in the order
of 10° cm™! in the visible region, indicating its consistency
with the values reported in the literature [37]. The optical
bandgap energy (E,) of thin films at different ambient tem-
peratures was extracted from the absorption spectra around
the absorption edge using the Tauc’s relation, expressed as
follow [34],

m

(ahv) = A(hv — E,) )

where A is constant, Av is the energy of the incident pho-
ton, and m=1/2 (or 2) for direct (or indirect) transition.
The optical bandgaps were determined by extrapolating the
linear part of the (ahv) % vs hv plot to the energy axis [38,
39]. Figure 5 represents the plots of (ahv)? vs. hv at 10 K
and 300 K. Only limit temperatures were given in Fig. 5 so
that the reader can easily see the shift of the bandgap. The
spectrum of Sb,Se; thin film at 300 K revealed the direct
bandgap of 1.25 eV, as determined by the linear fit. This
shows that produced films are well-suited for various appli-
cations, including solar cells and heterojunction diodes. At
the lowest applied temperatures of 10 K, the bandgap energy
of Sb,Se; increased to 1.28 eV. The temperature dependence
bandgap energy as a function of temperature is depicted in
Fig. 6. In the literature, various models have been used to
describe the E,-T relationship [40-43]. In this study, the
E,-T relation of fabricated films was examined using two
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Fig.5 Plots of (ahv)? vs. hv at 10 K and 300 K. The dashed line
shows the linear fit for the Tauc method

established models, namely the Varshni and Bose—Einstein
models. The empirical Varshni model characterizes the rela-
tionship between bandgap energy and temperature through
the following function [44],

2

E(D) = E0) = 1 o 3)

where E,(0), y and O, represent the bandgap at absolute zero
temperature, rate of change of bandgap with temperature and
Debye temperature, respectively.

The analysis of E, —T dependency depicted in Fig. 6
yielded the following optical values: E,(0)=1.28 eV,
y=0.205 meV/K and ®;, = 362 (+31) K. The variation
of E, T was further investigated by considering the
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Fig.6 Temperature-dependent bandgap energies of fabricated Sb,Se;
thin films. Solid lines represent the fits based on Egs. (3) and (4)
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semiempirical Bose—Einstein model, expressed as follows
[45, 46],

O
E (T)=E,(0)+ YT —1 )

1
where O represents Einstein temperature, with the rela-
tionship defined as®, = 40,/3. In Fig. 6, the fitted line
based on the Bose—Einstein model demonstrated success-
ful fitting yielding, the optical values: E,(0)=1.28 eV,
y=0.143 meV/K and ©, = 356 (+36) K. The analysis dem-
onstrated that the error rates for E,(0) and y parameters in
both models were remarkably low. Conversely, ®, and O
are the non-dominant parameters in Egs. (3) and (4), respec-
tively. Consequently, even minor variations in the bandgap
energy can significantly impact these parameters. This leads
to notably higher error rates for Debye temperature in both
models when compared to other parameters. Considering
these error rates, there is noticeable consistency observed
between the obtained values of Debye temperature. Further-
more, the obtained values for the Debye temperature are in
accordance with the previously reported study, identified as
358 K in the literature [42].

4 Conclusion

In summary, this study presents the findings regarding the
structural, morphological, and temperature-dependent opti-
cal properties of Sb,Se; thin films fabricated through a
one-step thermal evaporation process. The formation of a
single-phase nature of Sb,Se, thin films was confirmed by
XRD and Raman spectroscopy. The compositional analysis
indicated that the deposited thin films exhibit the desired
stoichiometry. The compositional analysis indicated that the
deposited thin films exhibit the desired stoichiometry. The
transmission spectra of the Sb,Se; thin films were recorded
at different temperatures ranging from 10 to 300 K. The
analysis of these measurements revealed a decrease in opti-
cal bandgap energy from 1.28 eV to 1.25 eV as the tem-
perature increased. The relationship between temperature
and optical bandgap was well described by using both the
Varshni and Bose—FEinstein expressions. According to Var-
shni model analyses, the optical parameters were determined
as E,(0)=1.28 eV, y=0.205 meV/K and ©, = 362 (+31)
K. On the other hand, the Bose—Einstein model yielded
E,(0)=1.28 ¢V, y=0.143 meV/K and ©), = 356 (+36) K.
This research could contribute to progress of Sb,Se; based
solar cell technology and its utilization in optoelectronics.
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