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SbaSes thin films were obtained by chemical-molecular beam deposition on soda-lime glass from high purity Sb
and Se precursors at 400 °C, 450 °C and 500 °C substrate temperature. Due to the precise control of the Sb/Se
ratio, SbySes thin films with stoichiometric composition were obtained, which was confirmed by energy-
dispersive X-ray microanalysis. The effect of substrate temperature on morphology, structure and optical
properties of SbySes thin-films were studied by scanning electron microscopy, atomic force microscopy, X-ray
diffraction, Raman spectroscopy and from the analysis of absorption and transmission spectra of the films.
Average diameters and lengths of SbySes rods deposited at different substrate temperature were the range of
0.5-2 pm and 1-4 um respectively which was grown at different slope and compactness to the substrate. The
optical bandgap of the films was determined from the transmission and reflection spectra and 1.16, 1.21 and
1.26 eV band gap energies were observed for 500, 450 and 400 °C substrate temperature SboSes thin films

respectively.

1. Introduction

Over the last years, as the interest in SbaSes chalcogenide thin films
became stronger, researchers devoted to the synthesis of this compound
have doubled in the recent decade. Studies showed that this binary
compound has good electrochemical, optoelectric properties. The direct
bandgap of this material for a single-junction solar element is between
1.1 and 1.3 eV [1] and strong absorption of sunlight o > 10° cm ™ in the
visible spectra [2], carrier mobility ~ 10 cm?V~!s™! for minority car-
riers and based on the transient absorption spectroscopy, a carrier life-
time ~ 60 ns [3]. In addition, the elements that make up these materials
have a relatively low cost, with amphibious Sb and Se with contents of
0.2 and 0.05 ppm (parts per million), respectively, resistance to external
influences and nontoxicity [4]. According to the electrochemical prop-
erties, SbySes has been suggested as an anode material for lithium-ion
batteries [5] and higher initial hydrogen storage capacity material [6].
SboSes binary compound is used in optical recording material [7], in
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thermoelectric devices [8], solar cells and photoelectrochemical cell [9]
applications due to excellent optoelectronic properties. At present, the
efficiency of thin film solar cells based on SbySes is 10.57 % [10].
However, the theoretically calculated efficiency of SbaSes solar cells can
exceed 31 % by the ideal Shockley-Queisser limit [11]. The efficiency of
SbsSes solar cell is highly dependent on the physical properties of the
base layer as well as the growth method. Among Sb,Ses thin-film growth
technology, the most common are rapid vacuum thermal evaporation
[12], ionic layer adsorption and reaction methods [13], magnetron
sputtering [14], chemical bath deposition [15], pulsed laser deposition
[16], but all these methods required additional processes to improve the
physical properties, such as selenization and subsequent annealing
(structural, morphological and optical) of the absorbing layer. In our
method, we can obtain different compositions of thin films without
additional procedures by changing the temperature of the precursors
during growth. Recently, we described fabrication of SbySes films by
chemical-molecular beam deposition (CMBD) method [17] and
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discussed their characteristics in [18]. Structure, morphology and op-
tical properties of SbySes films fabricated at substrate temperatures of
400 °C, 450 °C and 500 °C are discussed in this paper.

2. Experimental

SbsSes thin films were deposited on soda-lime glass (SLG). The SLG
substrates were cleaned using detergent, deionized water, acetone, and
ethanol in an ultrasonic cleaning bath and N, gas drying in sequence.
SbySes films were deposited by CMBD processes using two different
quartz crucibles each loaded with Sb (99.999 % purity) or Se (99.99 %
purity) beads. Quartz crucibles were positioned to heat treatment from
special temperature-controlled molybdenum heaters, and Sb and Se
granules were melted and evaporated from the crucibles at atmospheric
pressure with gaseous hydrogen at a flow rate of 20 cm® /min. The SLG
substrates were placed at the top of reaction camera by molybdenum
holder mask which was further detailed our previous works [17,18]. We
put an additional thermocouple to the substrate for monitoring the exact
temperature. At 400, 450 and 500 °C substrate temperatures Sb,Ses thin
films were obtained at Sb 900-960 °C and Se 400-500 °C with a 30 min
evaporation time. We limited Sb,Ses thin films substrate temperature
from 400 °C to 500 °C since to keep away from thermal damage the SLG
substrates (<540 °C) and poor quality crystallization of SbySes thin films
at temperature below 400 °C. It should also be noted that when heated
above 500 °C, there is a deficiency of selenium in films, which leads to
an increase in the number of defects and a deviation of the phase
composition of films from stoichiometry. As a consequence, when using
such films in photovoltaics applications, it leads to an increase in the
number of recombination centers and decrease open-circuit voltage
[19].

The reactor was naturally cooled down after film deposition. The
average 2 pm thickness of the thin films was determined using a
metallographic vertical microscope MIM-7 (POCC).

The morphological, structural and optical properties of SbySes thin
films were analysed by various techniques. The chemical compositions
of different substrate temperature samples were determined by energy
dispersive X-ray (EDX) analysis using an Aztec Energy Advanced X-Max
80 (Oxford Instruments) spectrometer with an accelerating voltage of
20 kV and an estimated penetration depth of about 1.6 microns. The
surface morphology, average grain size and topography of the films were
investigated by using a LEO-1455 VP (Carl Zeiss) scanning electron
microscope (SEM) operating voltage used for imaging is 20 kV and a
Solver Nano (NT-MDT) atomic force microscope (AFM). The AFM in-
strument was used in the semi-contact mode, with a scanning probe of
10 nm tip radius, at a resonance frequency of 236 kHz. The crystal
structure was performed by using an Ultima IV (Rigaku) X-ray diffrac-
tometer in the grazing incidence diffraction geometry at 1° of incident X-
rays with CuKa radiation source (A = 1.54178 A). X-ray diffraction
(XRD) analysis was carried out with the use of the database of the Joint
Committee on Powder Diffraction Standard (JCPDS) and Crystallog-
raphy Open Database (COD). Regarding structure analysis, Raman
spectra were measured at room temperature, using a Nanofinder HE
(LOTIS TII) confocal spectrometer with spectral resolution was better,
than 2.5 cm ™. A solid-state laser, with a radiation wavelength of 532
nm, was used to excite. The power of laser radiation incident on the
samples was reduced to 60 pW, to avoid thermal damage. The size of the
area, on which the laser radiation was focused on the surface of the
samples, was about 0.7 pm in diameter. The optical properties of the
films were acquired by a spectrophotometer Photon RT (Essent Optics)
in the wavelength range of 400-3000 nm with spectral resolution better
than 5 nm using unpolarized light at room temperature.

3. Results and discussions

Firstly, we characterized the chemical compositions of samples by
EDX analysis and the stoichiometric ratio SbySes films deposited at
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400 °C, 450 °C and 500 °C substrate temperature were obtained. An
example of a typical EDX spectrum is shown in Fig. 1.

The surface morphology and grain size of rods were investigated by
using SEM results. The structure of SbeSes thin films is an array of
randomly arranged rods (Fig. 2), which, depending on the temperature
of the substrate. Average diameters and lengths of SboSe;3 rods deposited
at different substrate temperature were the range of 0.5-2 um and 1-4
um respectively which was grown at different slope and compactness to
the substrate.

The crystal structure is formed by (Sb4Seg), ribbons stacked in par-
allel in the [001] film depth direction through strong covalent Sb-Se
bonds [20,21]. In general, the surface morphology of pure SbaSes
demonstrates from fine to coarse grain structures during grain growth as
the substrate temperature increases.

To further study the morphology of SbySes thin films, AFM mea-
surements were performed. Fig. 3 shows the AFM images of SbySes thin
films. All AFM parameters for the different substrate temperature SboSes
thin films are given in Table 1. Studies conducted using AFM showed
that the thin films have a highly developed surface relief. The value of
the average surface roughness Sa is in the range of ~0.1-0.4 pm. The
average and root mean-square roughness of thin films surface increases
with the increase of substrate temperature, while the surface skewness
decreases from the characteristic values of the normal distribution (zero
skewness reflects symmetrical height distribution) to a value of 0.44.
These AFM results indicated that the grain size of thin films enlarges
with the substrate temperature increases. The roughening of the surface
can be explained by a complex process. When the substrate temperature
raises the critical radius of nucleus of grains is growing and it is
explained by Gibbs free energy [22]. This, as well as structural features
of (Sb4Seg), ribbons, lead to the fact that at temperatures within
350-400 °C the growth of crystallites with an orientation of type (hk0)
prevails parallel to the substrate, and when heated, the proportion of
crystallites growing at an angle to the base increases [23,24].

XRD analysis was carried out by Rigaku Ultima IV diffractometer.
The results showed that all thin films have noticeable peaks that are in
good agreement with the standard JCPDS map (No. 15-0861) of the
SbsSes orthorhombic phase. Thin films deposited at substrate tempera-
tures of 450 °C and 500 °C crystallite peaks with the preferred orien-
tation (hkl) are dominant, which are attributed to vertically oriented
ribbons. Among the orientations (hk1), the preferred orientations (211)
and (221) became more intense. (hk1)-Oriented grains, consisting of
(Sb4Seg),, ribbons, have a certain angle of inclination with the substrate,
which has the best carrier transport ability. At 400 °C substrate tem-
perature, dominant peaks had (hkO) orientation (Fig. 4a). The most
intense peak for this sample with orientation (061) was not considered,
since it is not possible to resolve it from the peak with orientation (360).
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Fig. 1. A typical EDX spectrum.of Sb,Ses thin films deposited at 500 °C sub-
strate temperature.
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Fig. 2. Surface morphology of Sb,Se; thin films deposited at different substrate temperatures.
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Fig. 3. AFM images of Sb,Ses thin films deposited at different substrate temperatures.

Table 1
Surface roughness parameters of SboSes thin films deposited at different sub-
strate temperatures.

Tsubstrate 400 °C 450 °C 500 °C
Roughness average Sa, um 0.16 0.37 0.43
Root Mean Square Roughness Sq, um 0.22 0.48 0.55
Skewness Ssk 0.93 0.94 0.44
Kurtosis Ska 4.97 4.25 3.08

According to JCPDS map (No. 15-0861), the difference between the
peaks is less than 0.3°. Orientation of crystallites of thin films is critically
important for ensuring efficient charge transfer in a photoactive layer,
since due to structural features, a strong directional anisotropy of elec-
trooptical properties [24-26]. Zhou et al. found that in SbySeg thin films,
the high current part corresponds to the grain position of the film, while
the low current part corresponds to the grain boundary, which indicates
that carriers in SbaSes thin films are mainly conducted through grains
[27].

Raman scattering spectra were measured (Fig. 4b). to obtain addi-
tional information about the structural properties of SbySes films ob-
tained by CMBD at different substrate temperatures with a
stoichiometric composition of Sb/Se = 0.66. As can be seen from Fig. 4,
the Raman spectra for all films show peaks characteristic of SbySes:78,

83,100, 122,129, 153, 190, 211, 237 em ! [28]. The peaks at 153, 237
cm’l, which are characteristic of Sb and trigonal Se, are also observed.
But, the Raman peak at about 153 cm ™! is assigned to the characteristic
of both Sb and Sb,Ses [29,30]. Thus, the Raman results allow us to speak
about the formation of the main phase SbySes and the secondary phase
Sb, Se on the films. The emergency of secondary phases is a result of the
flux deviations from appropriate proportion of Sb and Se contents from
separate sources on the deposition process.

The absorption coefficient (a) of SbySes thin films was determined
via transmission (T) and reflection (R) spectra (Fig. 5a) [18]. As widely
known, the absorber layer bandgap for band-to-band direct allowed
transitions can be determined by the dependence of the absorption co-
efficient on the photon energy in the Tauc plot which is described in the
equation as below:

(ahv)’ = A(hv — E,) @

1.16,1.21 and 1.26 eV band gap energies were observed for 500, 450
and 400 °C substrate temperature SbySes thin films respectively
(Fig. 5b). These values of band gap are nearly similar with pure SboSes
thin film (1.15 eV) [31]. A slight change in the band gap for three
different substrate temperature SbySeg thin films is an accordance with
the change of thickness of the rods in relation to the bulk.
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Fig. 4. X-ray patterns (a) and Raman spectra (b) of SbySes thin films obtained at different substrate temperatures.
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Fig. 5. Dependence of the absorption coefficient spectra o (a) and optical band gaps on the quantum energy (b) of Sb,Ses films obtained at different substrate

temperatures.
4. Conclusion

In this study, we have grown SbySes thin films with different sub-
strate temperature from separate sources of Sb and Se by the CMBD
method and investigated the effect of substrate temperature to the
morphological, structural and optical properties of them as the absorber
materials for the photovoltaic absorber applications. From the SEM and
AFM analysis, it was observed that the size of grains on films and
average surface roughness enlarged slightly with the increase of sub-
strate temperature. Thin films deposited at substrate temperatures of
450 °C and 500 °C crystallite peaks with the preferred orientation (hk1)
were dominant, which are attributed to vertically oriented ribbons,
while at 400 °C substrate temperature, dominant peaks had (hk0)
orientation. The Raman spectra for all films showed the peaks of Sb-Se
bonding. An analysis of the dependency functions (ahv)? = f(hv)
showed suitable direct bandgap for different substrate temperature
Sb,Ses thin films.
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