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Abstract

The substitution of Sb in binary SnSe structure may lead to tailoring the physical properties of both SnSe and SbSe, promising
absorber layers for thin film solar cells. The resulting Sn—Sb—Se structure could be an outstanding material for photovoltaic
applications. In this study, Sn—Sb—Se thin films were deposited by thermal evaporation, and the effect of annealing on the
films' structural, optical, and electrical properties were reported. XRD measurement shows that annealing at 300 °C yields
the best crystalline quality, and structural parameters were calculated using XRD data. SEM and AFM measurements indicate
deformation in the film surface after annealing at 400 °C. UV—-Vis spectroscopy measurement provides a high absorption
coefficient which indicates a direct band gap. The band gap and activation energies of the as-grown sample were found as
1.59 eV and 106.1 meV, respectively. The results of SEM, AFM, XRD, Raman, UV-Vis spectroscopy and temperature-
dependent photoconductivity measurements were discussed throughout the paper.
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1 Introduction

The growing energy demand and environmental issues, such
as the limitation of natural sources and efforts to reduce
greenhouse emissions, make renewable energy popular [1].
As well as other renewable energy sources (i.e., wind, geo-
thermal, etc.), solar energy has an essential role in satisfy-
ing the energy demand [2]. Therefore, the photovoltaic (PV)
industry seeks promising materials to benefit from solar
energy efficiently. Several materials are used for PV applica-
tions, such as silicon (Si), CdTe- CdSe/S, and chalcopyrites
(CIGS) or CZTSe/S [3-8]. Besides many advantages, these
materials have disadvantages such as natural limitations,
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expansiveness, non-abundancy, toxicity, instability, or phase
formation difficulties [9-11]. As a result, cheap, stable, abun-
dant, and less toxic materials gain importance for the future
of the PV industry. Therefore, tin (Sn), antimony (Sb), and
selenium (Se) based materials such as SnSe, SbSe, and CuS-
bSe are considered promising absorber layers for PV applica-
tions as well as their thermoelectric and infrared applications
[12—-17]. SbSe thin films have an orthorhombic structure and
p-type conductivity [18, 19]. These films have a direct band
gap in 1.10-1.55 eV interval [16, 18]. Moreover, Chen et.al.
reported that it has an indirect band gap E, jgiree=1.04 €V,
and a direct band gap E, 4;..=1.17 eV [20]. Therefore, SbSe
is properly used in PV applications due to the ideal band gap
value, high absorption coefficient (~ 10° cm_l), and ease of
fabrication using thermal evaporation, magnetron sputtering,
spin coating, and chemical bath deposition, and laser pulse
deposition methods [18, 21]. Similarly, SnSe thin films have
an orthorhombic structure, high chemical stability, and p-type
conductivity [22]. SnSe thin films also have a high absorp-
tion coefficient (~ 10> cm™") and direct band gap in 1-1.5 eV
interval [22, 23]. Moreover, Shikha et al. indicate that the
direct band gap of SnSe thin films is in 1.50-1.91 eV interval
[24]. Various coating methods such as chemical vapor deposi-
tion, thermal evaporation, chemical bath deposition, vacuum
evaporation, and sol-gel methods are applicable to fabricate
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SnSe thin films [25, 26]. SnSe may have an indirect band gap
By indirect =0.93-1.30 eV depending on the deposition tech-
niques [27].

In this study, we aimed to tailor the physical properties
of SnSe and SbSe thin films and obtain the optically and
electrically better absorber layers for photovoltaic applica-
tions. Sn—Sb-Se thin films were deposited by the thermal
evaporation method from SnSbSe bulk crystal grown by
a vertical Bridgman method in our previous study [28].
Thermal evaporation was considered the more stable way
of coating by considering the evaporation temperatures of
Sn, Sb, and Se elements. The SnSbSe powder, obtained
from previously grown SnSbSe bulk crystal, evaporated in
a vacuum chamber, and deposited at room temperature on
soda-lime glass substrates cleaned by a chemical process
and ultrasonic vibration. During the deposition, the depo-
sition rate was kept between 0.9 and 1.2 Als to get rid of
pinholes and obtain a uniform coating. The thickness of
coated Sn-Sb—Se thin films was measured by DEKTAK pro-
filometer as approximately 250 nm. To observe the effect
of annealing on the physical properties of Sn-Sb—Se thin
films, one of the films was kept as 'as grown,' and the oth-
ers were annealed at 100 °C, 200 °C, 300 °C and 400 °C
in nitrogen (N) environment for 30 min. To determine the
surface properties, SEM images of Sn—Sb—Se thin films were
obtained by Zeiss EVO 15 SEM. The atomic percentages
of Sn, Sb, and Se atoms in each film were determined by
EDAX measurement. The crystal structure of Sn—Sb—Se
thin films was analyzed by XRD measurement using Rigaku
Miniflex (Cu:Ka, A=1.54 A) to calculate interplanar dis-
tance, dislocation density, stress and strain. The surface
morphology and Raman spectra of the films were obtained
by Veeco Multimode V atomic force microscopy (AFM)
and Horiba-Jobin Yvon i550 spectrometer, respectively.
The transmission measurements were carried out by Perkin
Elmer—Lambda 45 UV-VIS Spectrometer to investigate.
Then, indium (In) contacts were coated on each sample by
thermal evaporation, and copper wires were attached to these
contacts using silver paste for conductivity measurement.
Conductivities of Sn—Sb-Se thin films were analyzed by
NanoMagnetics Instruments- cryostat and Keithley 2401
Sourcemeter. Activation energies and resistivities were cal-
culated using conductivity data, and the effect of annealing
temperature on crystal structure, surface morphology, band
gap, conductivity, and activation energy of Sn-Sb—Se thin
film were reported.

2 Results and discussion
Figure 1 represents the EDS graphs of Sn—Sb—Se thin

films. Only characteristic X-ray peaks of Sn, Sb, and Se
elements were obtained in this figure. The unnamed peaks
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are the satellite peaks of Sn, and there is no contribution
of other elements in EDS graphs [29]. This result indicates
the purity of the samples.

Atomic percentages of Sn, Sb, and Se elements in as-
grown and annealed Sn-Sb-Se thin films are given with
+2% detection error in Table 1. The increment in anneal-
ing temperature makes Sn-Sb—Se thin films Sn abundant
and Se deficient. Since Se is the most volatile element
in the structure, it may re-evaporate from the substrate
during heat treatment depending on the high annealing
temperature, and Se deficiency increases [30]. In addition,
the increase in the atomic percentage of Sb at 100 ‘C can
be attributed to the preferential sublimation of Sn and Se
atoms from the single SnSbSe crystal source. As a result,
the Sb atoms become more concentrated in the remaining
thin film. However, it is observed that the atomic percent-
age of Sb remains almost constant for temperatures of 200
°C, 300 C and 400 °C, which is an interesting observation.
This phenomenon can be explained by the difference in the
vapor pressures of Sn, Sb and Se atoms at different temper-
atures. At 100 °C, the vapor pressure of Sn and Se atoms is
higher than that of Sb atoms, which leads to a preferential
sublimation of Sn and Se atoms and an increase in the
atomic percentage of Sb. However, at higher temperatures,
the vapor pressures of Sn and Se atoms decrease, and the
vapor pressure of Sb atoms increases, resulting in a more
uniform distribution of Sb atoms in the thin film.

SEM measurement was carried out to analyze the sur-
face structure of as-grown and annealed Sn-Sb—Se thin
films. Figure 1 indicates the SEM images of samples,
and no crack appears on the film surface. Either as grown
samples or the samples annealed at 100 °C, 200 °C and
300 °C have a smooth surface with no seen grains at this
magnification. The small grain size of the surface structure
may indicate high resistivity [31]. Furthermore, the SEM
image of a sample annealed at 400 °C given in Fig. le
exhibits a rough and deformed surface. The deforma-
tion at this annealing temperature may be attributed to
the increased thermal stress on the structure due to the
increasing annealing temperature.

The sample annealed at 300 °C has peaks at around 31.37
and 32.33° which correspond to (251) and (351) orientations
with orthorhombic lattice structure according to ICDD Card
No: 01-077-1672. The intensity of XRD peak belonging to the
sample annealed at 400 °C is less than the sample annealed at
300 °C since 400 °C annealing deforms the structure, as seen
in Fig. 2. As Kumar et al. indicates that SnSe thin films have
better crystalline quality at 300 °C and the XRD peak becomes
less intense after 325 °C [32]. Similarly, the Sn-Sb—Se crys-
tal structure reaches its best form after annealing at around
300 °C. The interplanar distance (d), average grain size (D),
the strain of lattice (€), and dislocation density (d) of the
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Fig. 1 The EDS graphs,SEM
and AFM images of Sn-Sb—

Se thin films: as grown (a),
annealed at 100 °C (b), at

200 °C (c), at 300 °C (d) and at
400 °C (e)
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Table 1 The stoichiometry of as-grown and annealed samples

Samples Sn% Sb% Se%

as grown 8.43 +0.17 16.83 +0.34  74.74 +1.49
annealed at 100 °C ~ 11.69+0.23  2591+0.53  64.40+1.29
annealed at 200 °C ~ 13.02+0.26  32.49+0.65  54.50+1.09
annealed at 300 °C ~ 17.26 +£0.35  31.49+0.63  51.25+1.03
annealed at 400 °C ~ 20.09+0.40  30.64 £0.61  49.28 +0.99

samples having crystalline structure were calculated by using
the following formulas and tabulated in Table 2.

niA = 2dsinf €Y
_ Ki
PcosO @
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Table 2 indicates that annealing at 400 °C yields more
considerable interplanar distance and grain size as well as
smaller strain and dislocation density. Despite the better
structural parameters, a less intense peak is observed at this
annealing temperature because of the deformed surface.

AFM measurement was carried out to investigate sur-
face morphologies of as-grown and annealed Sn-Sb—Se thin
films. Figure 1 shows that as-grown sample and the samples
annealed at 100 °C and 200 °C have rough surfaces. Because
annealing affects the grain size and shape, the surface rough-
ness decreases as the annealing temperature increases. The
sample annealed at 300 °C has the smoothest surface since
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Fig.2 XRD graphs (a) and Raman spectra (b) of as-grown and
annealed Sn-Sb—Se thin films

Table 2 Structural parameters of samples having the crystalline struc-
ture

d(A) D(mm) e § (x 10"%cm™2)

(x1072lin™> m™)

Samples

annealed at 277 3574 10.0 7.8
300 °C

annealed at 2.85 49091 7.25 4.0
400 °C

the sample reaches the best crystalline quality at this tem-
perature. However, the surface deformation due to high
annealing temperature is clearly seen in Fig. le.

Figure 2 represents the Raman spectra of Sn-Sb—Se thin
films as well. The dotted lines in this figure correspond to
peak positions at 106.9, 157.1, and 165.3 cm™'. The peak
at 106.9 cm™' may belong to B;, mode of SnSe structure
[25]. The peak at 157.1 cm™! may be attributed to A; mode

of SnSe and A,, mode of SbSe due to Sb-Sb interactions
[33, 34]. The peaks at 165.3 cm~! and 197 cm™! corre-
spond to c(bb)c vibration modes [35, 36].

Equation 5 is known as Beer-Lambert law, and it allows
to express the absorption coefficient as a function of trans-
mittance as given in Eq. 6, where d is the film thickness
[37]. Inserting the absorption coefficient into Eq. 7 leads
to calculating the optical band gap using ‘(ahv)? vs. hv’
and “(ahv)"? vs. hv' graphs for allowed direct and indirect
transitions, respectively [38].

I=1Ie™ )
a= —1lnT 6

=-7 (6)
(ahv)'/" = Afho — E,| ©)

Transmission measurements of Sn-Sb—Se thin films
point out the absorption coefficient at 10* order, and only
a direct optical band gap is observed after plotting both
‘(ahv)? vs. hv” and ‘(ahv)"? vs. hv’ graphs.

Figure 3 shows the Tauc plots of Sn—Sb—Se thin films.
The band gap energy of each sample is determined by
applying linear fits on a region where absorption starts.
The energy band gap values are tabulated in Table 3.

As grown and 100 °C annealed samples have the same
direct band gap energies, 1.59 eV and this shows that
annealing at 100 °C could not create a change in lattice
structure as verified by XRD graph in Fig. 2. Annealing
at 200 °C causes a lattice expansion which yields a decre-
ment in band gap energy. The band gap energies exhibit an
increasing trend at 300 °C and 400 °C due to the shift of
the absorption edge to the higher energies. This phenom-
enon is known as Burstein-Moss effect [39].

Temperature-dependent photoconductivity conductivity
measurement of as grown Sn-Sb-Se thin film is given as
Arhenius plot in Fig. 4. This measurement was analysed
using Wilson's exponential law, given in Eq. 8, exhibits the
conductivity and temperature relation [40]. In this equa-
tion, E, ¢, and k represent activation energy, conductiv-
ity, and Boltzmann constant, respectively. This equation
leads to calculate the activation energy from temperature-
dependent conductivity data.

AE

0 =o04e (8)

Using Eq. 8, activation energies of as-grown sample
and the samples annealed at 100 °C, 200 °C, 300 °C and
400 °C are calculated as 106.1, 122.3, 126.5, 158.7, and

@ Springer
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Fig.3 Transmission spectrum (a) and (ahv)? vs. ho graph (b) of Sn—
Sb-Se thin films

Table 3 Band gap energy (E,) values of as-grown and annealed Sn—
Sb—Se thin films

Samples Band gap
energy (eV)
as grown 1.59
annealed at 100 °C 1.59
annealed at 200 °C 1.49
annealed at 300 °C 1.60
annealed at 400 °C 1.67

151.0 meV, respectively. Furthermore, the temperature-
dependent conductivity measurement carried out under
illumination has intensities 20, 35, 55, 80 and 100 mW/
cm?, and it is observed that conductivity tends to increase
under illumination.

@ Springer
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Fig.4 Arrhenius plot of as-grown Sn—Sb—Se thin film

3 Conclusion

The deposition and characterization of Sn—Sb—Se thin
films were reported in this paper. Thin film deposition was
done out by thermal evaporation on the glass substrate.
Then, samples were annealed at 100 °C, 200 °C, 300 °C
and 400 °C for 30 min. Thickness measurement showed
that the film thickness for each sample was approximately
250 nm, and film thickness was almost uniform through the
film surface. The stoichiometry of as-grown and annealed
samples were given, and the effect of annealing tempera-
ture on stoichiometry was discussed. SEM and AFM
measurements exhibit that annealing at 400 °C resulted in
deformation in the film surface, and the samples annealed
at a temperature less than 400 °C have smooth surfaces.
XRD measurement indicated that as-grown sample was
amorphous and 100 °C annealing temperature did not pro-
vide enough thermal energy to construct a uniform crystal
structure. Annealing at 300 °C showed better crystallinity.
Bj;,, A;, and A,, Raman modes were observed in Raman
spectra. In addition, as-grown sample has 1.59 eV direct
energy band gap, and the absorption coefficient is meas-
ured at ~10* cm™! order. The effect of annealing on the
band gap energies was investigated. Also, activation ener-
gies were reported in 250-330 °K intervals as a result of
temperature-dependent photoconductivity measurement.
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