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Fabrication of SnS thin film by rapid thermal processing: effect of annealing
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Abstract

In this study, the effect of sulfurization temperature on properties of SnS thin films was investigated. The SnS thin films
were fabricated by two-stage method includes deposition of SnS films by magnetron sputtering using a single SnS target,
followed by annealing/sulfurization treatment in Rapid Thermal Processing (RTP) system at 225, 300 and 375 °C
temperatures. Several characterization techniques such as XRD, Raman spectroscopy, EDX, optical transmission and Van
der Pauw were used for analyses of the films. The EDX analyses showed that all the samples had almost stoichiometric
(S/Sn~1) chemical composition. However, the amount of sulfur in the samples increased slightly as the sulfurization
temperature increased. XRD pattern of the films exhibited constitution of orthorhombic SnS structure regardless of
annealing temperature. The SnS; secondary phase was observed in addition to orthorhombic SnS phase in the sample
annealed at highest reaction temperature (375°C). Raman spectroscopy measurements of the films verified constitution
of orthorhombic SnS structure. The band gap of the films exhibited distinction from 1.42 to 1.81 eV regarding to annealing
temperature. The electrical characterization of the most promising SnS thin film sulfurized at 300°C had resistivity and
charge carrier concentration values 1.07x10* Q.cm and 1.70x10%* cm®, respectively. Based on the all characterizations, it
can be deduced that SnS thin film sulfurized at 300°C exhibited more outstanding structural and optical properties for
potential solar cell applications.
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Bu ¢alismada, siilfiirleme sicakliginin SnS ince filmlerin ozellikleri tizerine etkisi arastirildi. SnS ince film ornekleri, RF
sagtirma metodunda tek hedef SnS sag¢tirma kaynagi kullanilarak ile SnS filmlerinin biriktirilmesi ve devaminda 225, 300
ve 375°C sicakliklarda Hizl Isil Islem (RTP) sistemiyle tavlama/siilfiirleme islemi kullanilmasiyla iki asamada iiretildi.
Filmlerin analizleri icin XRD, Raman spektroskopisi, EDX, optik ge¢irgenlik ve Van der Pauw gibi ¢esitli karakterizasyon
teknikleri kullamildi. EDX analizleri, tiim numunelerin neredeyse stokiyometrik (S/Sn~1) kimyasal kompozisyona sahip
oldugunu gésterdi. Ancak siilfiirleme sicakligi arttikca numunelerdeki siilfiir miktarinin hafifce arttigi goriildii. Filmlerin
XRD spektrumlari, tavlama sicakhigindan bagimsiz olarak ortorombik SnS yapisimin olusumunu gésterdi. En yiiksek
sicaklikta (375°C) tavlanan SnS érneginde ortorombik SnS fazinin yaninda SnS- ikincil faz olusumu gézlendi. Filmlerin
Raman spektroskopi él¢iimleri, ortorombik SnS yapisinin olusumunu dogruladi. Filmlerin bant araliginin, siilfiirleme
sicakligina bagl olarak 1.42 ile 1.81 eV arasinda degistigi belirlendi. Sergiledigi ézellikler ile one ¢ikan ornek olan
300°C de siilfiirlenen SnS ince filminin elektriksel karakterizasyonu, ozdireng ve yiik tasiyict konsantrasyonunun sirasiyla
1.07x10* Q.cm ve 1.70x10% cm™ oldugu belirlendi. Gergeklestirilen tiim karakterizasyonlara dayanarak, 300°C'de
stilfiirlenen SnS ince filminin potansiyel giines hiicre uygulamalar i¢in daha iistiin yapisal ve optik ozelliklere sahip
oldugu sonucuna varildi.

Anahtar kelimeler: Hizli isil islem (RTP), RF miknatissal sactirma, Siilfiirleme sicakligi, Kalay siilfiir (SnS)
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1. Introduction
1. Giris

SnS thin films have been studied as a potential
photovoltaic material to overcome some problems
encountered in CdTe, Cu(ln, Ga)Se; (CIGS) etc.
thin films that are mostly used in thin film solar cell
industry. They suffer from scarcity of In and Ga,
toxicity of Cd (Banai et al., 2016; Candelise et al.,
2012; Reddy et al., 2010; Tao et al., 2013;
Zakutayev, 2017; Zayed & Philippe, 2009). Unlike
CdTe and CIGS, SnS has earth-abundant and
environmentally friendly raw materials (Fu, 2018;
Koteeswara Reddy et al., 2015; Norton et al.,
2021). SnS is a binary semiconductor compound
that has a direct transition band structure with a
band gap between 1.2-1.7 eV (Noguchi et al., 1994;
Sorgenfrei et al., 2013), high absorption coefficient
(>10* cm™) and p-type conductivity (Vidal et al.,
2012; Zhao et al., 2016). All aforementioned
properties make this compound very suitable
material for photovoltaic applications. Although
the SnS semiconductor compound has suitable
properties for photovoltaic applications and
theoretical limit higher than the 30%, the maximum
experimental efficiency is still too low (Shockley
& Queisser, 1961; Sinsermsuksakul et al., 2014).
The divergence between theoretical and record
efficiency value might be accredited to chemical
composition, crystalline quality, buffer layer etc.
(Di Mare et al., 2017).

The SnS thin films could be prepared by several
techniques such as evaporation (Johnson et al.,
1999; Noguchi et al., 1994), sputtering (Guang-Pu
et al., 1994; Hartman et al., 2011), e-beam
evaporation (Gedi et al., 2017; TanuSevski &
Poelman, 2003), close space sublimation (Paudel et
al.,, 2015; Zhan et al., 2012), chemical bath
deposition (Nair et al., 1991; Ristov et al., 1989),
spray pyrolysis (Reddy et al., 2001; Sajeesh et al.,
2010), chemical vapor deposition (Kevin et al.,
2015; Ortiz et al., 1996), -electrodeposition
(Ghazali et al., 1998; Zainal et al., 1996). Among
these methods, the sputtering method is one of the
most preferred method in fabrication of SnS thin
films since it provides uniform, high quality,
controllable film thickness and mass production
ability (Arepalli & Kim, 2018; Arepalli et al., 2019;
Son et al., 2020).

It is possible to change morphology, phase-purity,
crystallinity and the optical properties of SnS thin
films by alteration of deposition parameters such as
working  pressure, RF  power, substrate
temperature, etc. (Arepalli & Kim, 2018). Arepalli
et al. investigated the effect of working pressure (6

405

mTorr to 50 mTorr) on properties of SnS thin films.
They observed that that the film deposited at 30
mTorr had a more desired grain-growth and surface
morphology (Arepalli et al., 2018). Baby et al.
showed that the RF power played an active role in
the formation secondary phases (such as Sn;Ss) in
SnS thin films. It was seen that the grain structure
changed from elongated shape to spherical shape,
the sample had non-uniform chemical composition
and the band gap shifted by varying the RF power
(Baby & Mohan, 2019). In another study, impact
of the substrate temperature was investigated. The
substrate temperature was increased from room
temperature to 420°C. It was seen that large-
grained surface morphology obtained by increasing
substrate temperature and the best sample prepared
by substrate temperature of 350°C (Arepalli &
Kim, 2018).

Another important parameter in fabrication of SnS
thin film is annealing/sulfurization process which
has significant effect on quality of SnS films. This
process can be performed by utilizing either
Conventional Thermal Processing (CTP) or Rapid
Thermal Processing (RTP). The latter one offers
much faster heating rate and much shorter
annealing time than the CTP system. In this way,
the grain growth processes can complete more
quickly than the decomposition reactions
(Fairbrother et al., 2014).

The SnS thin films can be produced either by
deposition of Sn layer followed by sulfurization
process or using single source of SnS. The latter
strategy is sometimes more proper for fabrication
of SnS samples because it offers more homogenous
film coating and more facile control of film
composition.

Arepalli et al. deposited SnS specimens at room
temperature utilizing SnS target by RF sputtering.
They investigated effect of deposition pressure on
properties of SnS thin films without post-annealing
process (Arepalli et al., 2019). Son et al. also
followed similar strategy for preparation of SnS
samples. They changed the working pressure
during the deposition process and obtained the
highest efficiency by 0.58% with working pressure
of 2.0 Pa. It should be noted that no post-annealing
process was applied to deposited films (Son et al.,
2020). Rana et al. produced SnS specimens by
sputtering employing single source then they
annealed the deposited film at 400°C for 1 h in
sulfur atmosphere. They found that the
sulfurization process improved the crystal
structure, resulted in higher carrier concentration,
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lower mobility and lower band gap (Rana et al.,
2018).

In this study, to the best of our knowledge, this is
the first study that examines effect of sulfurization
process on properties of SnS samples carried out by
RTP method. In this context, SnS samples were
fabricated by sputtering method using single SnS
target, followed by post-sulfurization process at
225°C, 300°C and 375°C temperatures.

2. Material and method
2. Materyal ve metot

SnS thin film samples were fabricated by RF
magnetron sputtering method employing single
target of SnS. Before the deposition process, all
glass substrates were exposed to cleaning process
using acetone, isopropyl alcohol and de-ionized
water in ultrasonic cleaner. Then, they were dried
utilizing N2 gas. SnS films were deposited at 3x10°
% working pressure applying 40 W of RF power.

The thickness of films was calibrated to 500 nm.
More details on deposition of SnS thin films can be
found elsewhere (Olgar et al., 2021).

The sulfurization process was carried out using the
RTP furnace. The RTP system carried out the
sulfurization process is shown schematically in
Figure 1. For the sulfurization process, SnS thin
films were placed inside the cylindrical quartz box
with a interior volume of 7.6 cm®. Then, 50 mg of
high purity sulfur pieces (99.9995%) were loaded
on one side of the quartz box. Finally, the cap of
the quartz box was closed to ensure sufficient
sulfur pressure inside the box and then was inserted
into the RTP vacuum chamber. In order to examine
the effect of the post-sulfurization temperature, the
treatment was performed at 225°C, 300°C and
375°C temperatures for 5 min in Ar+H>
atmosphere. The ramping rate of heating process
was fixed to 3°C/s. After the sulfurization process,
the samples were allowed to cool naturally.

| I‘"I.Heater

=1

Thermocouple

Cap

Quartz box

Sample

-~ ] —
Crucible Holder

[*— 2. Heater

Figure 1. Schematic representation of the RTP furnace employed for the sulfurization process
Sekil 1. Siilfiirleme islemi icin kullanilan RTP firtmimin sematik gosterimi

The samples were labeled according to their
sulfurization temperatures, as presented in Table 1.
For example, the S-300 sample represents the SnS
thin film sulfurized at 300°C. The ‘as dep.” is
abbreviation of “as-deposited” that is no
sulfurization process applied for this sample.

Table 1. Sulfurization temperatures of SnS thin
films

Tablo 1. SnS ince filmlerinin siilfiirleme
sicakliklar

Sample Sulfurization Temperature

As dep. -

S-225 225°C

S-300 300°C

S-375 375°C

X-ray diffraction measurements (XRD) was
utilized to investigate structural properties of the

406

prepared  samples.  Raman  spectroscopy
measurements have been utilized using 633 nm
laser source for verification of SnS phase and
distinguishing of secondary phases. The energy
dispersive X-ray spectroscopy (EDX) was used for
determination of chemical composition of the
films. The optical transmission measurements were
carried out by spectroscopic ellipsometer (600-
1200 nm). Electrical properties of the samples were
characterized by Van der Pauw method.

3. Results and discussion
3. Bulgular ve tartisma

The chemical composition of as-deposited (As
dep.) and sulfurized SnS samples are shown in
Table 2. As shown in Table 2, all of the SnS
samples had approximately stoichiometric (S/Sn
~1) chemical composition regardless of the
sulfurization process and temperature. Although no
remarkable difference was observed in the
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chemical composition of the samples, increasing
the temperature above the 225°C slightly enhanced
sulfur content of the samples (see Table 2). It can
be said that sulfurization process at above the
225°C may help diffusion of S atoms in the
structure and enhanced the sulfur composition of
the films due to sulfurization process.

Table 2. Atomic composition and atomic ratio of
SnS thin films

Tablo 2. SnS ince filmlerinin atomik kompozisyon
ve atomik orani

Sample Sn (%) S (%) S/Sn
As dep. 50.70 49.30 0.97
S-225 50.80 49.20 0.97
S-300 49.80 50.20 1.01
S-375 49.30 50.70 1.03

The XRD patterns of the as-deposited and
sulfurized SnS specimens are displayed in Figure
2. When the XRD pattern of as deposited SnS thin
film was examined, it could not be seen a
prominent pattern due to amorphous structure of
this sample since no annealing process was applied.
Contrary to as-deposited sample, when XRD
patterns of sulfurized samples were investigated, it
was seen that distinct diffraction peaks were

observed at around 20 = 26.5°, 31.6°, 39.1°, 44.7°
and 51.0° that correspond to the orthorhombic
crystal structure of SnS phase (JCPDS 98-010-
6028) (Arepalli og Kim, 2018; Nwofe et al., 2013).
It was observed all samples displayed diffraction
peaks of orthorhombic crystal structure of SnS
irrespective of the sulfurization temperature. In
addition to SnS phase, it was observed that the S-
375 sample had a weak diffraction peak at around
20=15°. This peak may be attributed to the
hexagonal SnS; phase, Formation of this phase
might be due to more sulfur content of this sample
(see Table 2). Since SnS thin films can decompose
during the sulfurization process, Sn and S atoms
may move towards the film surface at different
velocity due to differences in the vapor pressure.
Due to S inclusion from the sulfurization process,
some S atoms may condense on Sn atoms and it
causes formation of the SnS; phase between the
grain boundaries (Naidu et al., 2017). The similar
situation was reported in some studies in the
literature (Naidu et al., 2017; Patel et al., 2013).
Formation of SnS, phase in the structure of SnS
thin film is undesirable situation since this phase
has a detrimental effect on the performance of solar
cell that reduces the open circuit voltage (Voc) of
the device by forming a diode that behaves as a
barrier for charge collection (Wang et al., 2018).
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Figure 2. XRD spectra of SnS thin films a) as-deposited and sulfurized at b) 225°C, ¢) 300°C, d) 375°C
Sekil 2. a) Siilfiirlenmeyen ve b) 225°C c) 300°C d) 375°C de siilfiirlenen SnS ince filmlerinin XRD

spektrumlart
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In order to examine impact of the sulfurization
temperature on structural properties of SnS thin
films in more detail, the crystallite size, dislocation
density and strains were calculated and presented
in Table 3. For this calculation, the full-width at
half-maximum (FWHM) values of preferential
peak stems from (111) diffraction plane located at
around 26 =31.6° extracted from the XRD patterns
(see Figure 2). The crystallite size (D), dislocation
density (8), and strain values (¢) were calculated
using the following relations respectively (Chopra,
1969; Patterson, 1939):

KA
- [Bcos6 @)
5= @
= @ 3)

where K is Scherrer constant (0.94), A is the
wavelength of Cu-K, irradiation, f is the full width
at half maximum (FWHM) and 9 is the diffraction
angle.

Table 3. Structural parameters of grown SnS
samples
Tablo 3. SuS drnekierinin yapisal parametreleri

Sample D (nm) 8 x10° (nm?) gx10°3
As dep. - - -
S-225 11.34 7.77 3.17
S-300 11.81 7.16 3.05
S-375 13.26 5.68 2.71

As displayed in Table 3, when sulfurization
temperature increased from 225°C to 375°C the
crystallite size enhanced from 11.34 nm to 13.26
nm, the dislocation density decreased from
7.77x10° nm? to 5.68x10° nm2and strain values
decreased from 3.17x103to 2.71x103. It might be
said that arising the sulfurization temperature
contributed to enhance the crystallite size and
decrease dislocation density and strain in the
samples. When taking both XRD patterns and
calculated structural parameters into
considerations in a body, although the S-375
sample has more promising structural properties,
formation of secondary phase (SnS;) at
corresponding annealing temperature indicated
that the 300°C temperature is more suitable for SnS
sample preparation in terms of secondary phase-
free structure. The sulfurization temperature above
the 300°C may adversely affect crystal structure of
SnS samples in terms of phase purity.
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Raman spectra as deposited and sulfurized SnS
samples at different temperatures are displayed in
Figure 3. A distinct Raman spectrum was not
observed for as-deposited SnS thin film as seen in
XRD pattern of the same sample. As the
sulfurization was applied to as-deposited samples,
apparent Raman peaks were observed at 226 cm™®
and 289 cm that are attributed to the orthorhombic
SnS structure (Chandrasekhar et al., 1977). The
peak at 226 cm™ corresponds to Ay mode and the
289 cm* corresponds to the Bg vibration modes of
orthorhombic SnS phase (Baby og Mohan, 2018;
Chandrasekhar et al., 1977). lrrespective of
sulfurization temperature, all samples verified
formation of SnS phase, however when the
sulfurization temperature increased above to the
300°C, formation of a weak Raman peak at around
312 cm was observed. This peak can correspond
to the Aig mode of SnS; phase (Gurnani et al., 2018;
Lee et al., 2017; Smith et al., 1977). These results
are consistent with the XRD data of the samples.

% SnS <
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Figure 3. Raman spectra of SnS thin films a) as-
deposited and sulfurized at b) 225°C, ¢) 300°C,
d) 375°C

Sekil 3. a) Siilfiirlenmeyen ve b) 225°C ¢) 300°C
d) 375°C’de siilfiirlenen SnS ince filmlerinin
Raman spektrumlar:
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Optical properties of SnS samples were
investigated by taking optical transmission
measurement. The absorption coefficient () and
optical band gap (Eg) were determined from
following formulas respectively (Tauc et al., 1966):

(3)
a=—In| =
d T

(ahv)= A(hv -E, )1/2

(4)
()

where d represents thickness of the film, T is
transmittance, A is constant and hv is the energy of
the photon. The optical band gaps were determined
by taking interception on the horizontal axis of
(ahv)?-(hv) curve (see Figure 4). In this regard, the
calculated band gap values are listed in Table 4. It

was seen that the as deposited sample had 1.81 eV
band gap value and the sulfurized samples had
values varied from 1.42 eV to 1.71 eV due to
sulfurization process and temperature. The
obtained band gap values are consistent with
literature (Ceylan, 2017; Hasan og Shallal, 2014;
Jain og Arun, 2013; Javed et al., 2020; Sousa et
al., 2014). It was determined that as the uprising
the sulfurization temperature up to 300°C, the band
gap decreased up to 1.42 eV that is nearly optimal
band gap for SnS phase reported in the literature.
However, the band gap of the films increased from
1.42 eV to 1.67 eV by increasing the sulfurization
temperature from 300°C to 375°C that is higher
than the optimal band gap value. The distinction in
optical band gaps may be ascribed to crystalline
quality, stoichiometric deviations and grain
structure (Guo et al., 2017; Jain og Arun, 2013).
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1.9 2.0

hv (eV)

Figure 4. Plots of (ahv)? - (hv) of SnS thin films for estimation of optical band gaps
Sekil 4. Optik bant araliklarimin belirlenmesi icin SnS ince fimlerinin (ahv)® - (hv) grafikleri

Table 4. The band gap values of as deposited and
sulfurized SnS thin films

Tablo 4. Siilfiirlenmeyen ve siilfiirlenen Sn Since
filmlerinin yasak enerji degerleri

Sample Eq (eV)

As dep. 1.81

S-225 1.71

S-300 142

S-375 1.67
Electrical characterization of the samples

demonstrated that all samples showed p-type
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conductivity regardless of the sulfurization
temperature. The electrical properties (resistivity
and carrier concentration) of SnS samples are
summarized in Table 5. As summarized in the
Table 5, it was found that the resistivity of the
samples were about 10* Q.cm and carrier
concentration values were about 10 cm that are
compatible with the reported studies in the
literature (Chalapathi et al., 2020; Park et al.,
2015). When taking electrical properties of the
samples into consideration, it was observed that the
sulfurization process and temperature has no
remarkable impact on electrical properties of the
films.
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Table 5. Electrical properties of as-deposited and
sulfurized SnS thin films

Tablo 5. Siilfiirlenmeyen ve siilfiirlenen SnS ince
filmlerinin elektriksel ozellikleri

Sample Resistivity Carrier
(Q.cm) concentration
(cm™)

As dep. 1.35 x10* 1.70 x10*
S-225 1.32 x10* 2.22 x10*
S-300 1.07 x10* 1.70 x10%
S-375 1.12 x10* 1.12 x10%

4. Conclusion
4. Sonuclar

In this study, the effect of sulfurization temperature
on structural, optical and electrical properties of
SnS thin films was investigated. The SnS samples
were prepared by two-stage process includes
sputter deposition of SnS thin film using single
target followed by the sulfurization process carried
out at 225, 300 and 375°C temperatures employing
RTP method. The EDX results showed that all
samples had nearly stoichiometric (S/Sn~1)
composition,  however  higher  annealing
temperature (> 300°C) gave rise to excess of sulfur
content in the structure. The XRD patterns showed
that orthorhombic SnS phase formed in all samples
regardless of the sulfurization temperature.
However, the SnS; secondary phase also formed in
S-375 sample in addition to SnS phase. In addition,
increasing the sulfurization temperature enhanced
crystallite size, reduced the dislocation density and
decreased strain in the lattice of the samples. The
Raman spectra confirmed formation of SnS phase
in all samples and SnS; phase only in S-375 sample
that is consistent with XRD data of the samples.
Optical band gap values decreased from 1.81 eV to
1.42 eV with sulfurization process. Electrical
characterizations showed that all samples had
resistivity values about 10* Q.cm and carrier
concentration values about 10 c¢cm. Considering
the all characterization results, it can be concluded
that higher sulfurization temperatures (>300°C)
yielded more proper structural, optical and
electrical properties in SnS thin films. The
sulfurization of SnS thin films at 300°C presented
more promising properties amongst other samples
for potential photovoltaic application.
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