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Effect of SnCl; heat treatment on SnS thin films deposited by RF sputtering
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Abstract

In this study, the effect of SnCl; treatment on SnS thin films
was investigated. SnS thin films were grown by RF
sputtering and SnCl, treatment was applied by wet
chemical processing. While the samples grouped as SnCl.
heat treated and annealed were subjected to annealing in air
atm, the as-deposited sample was not applied any annealing
process. The as-deposited sample grew in the orthorhombic
SnS phase. Annealing of the SnS sample in air environment
led to the formation of orthorhombic SnS as well as non-
dominant SnS; and SnO, phases. It was found that applying
SnCl;, heat treatment to SnS deteriorated the crystallization
and especially the SnO; oxide phase became more
dominant. Raman spectra confirmed the presence of SnS
and SnS; phases in the samples, but no evidence of SnO;
phase was found. SEM images showed bladelike, dense
grain formation in the as-deposited and annealed samples.
However, SnCl, heat treatment completely changed the
surface morphology of the sample, causing it to transform
into a structure consisting of several domains split by deep
fractures. EDS revealed a distinct Sn-rich composition of
the as-deposited and annealed samples (Sn/S~1.2). On the
other hand, SnCl, heat treatment caused a massive loss of
sulphur in the atomic distribution of the SnS and it was seen
that the Sn/S ratio increased to around 7.5. The band gaps
of the as-deposited and annelaed samples were calculated
as 1.43 eV and 1.45, respectively. However, SnCl, heat
treatment led to an increase to 1.56 eV of the band gap.
Analysis results show that SnCl, treatment by the wet
processing causes a significant change on the
characteristics of SnS thin film. In this context, it can be
said that SnCl, heat treatment can be further improved with
optimization processes.

Keywords: SnS, SnCl, treatment, RF sputtering, air
annealing

1 Introduction

SnS semiconductor material has substituted in the
photovoltaic world as environmentally friendly, cost-
effective materials with features such as suitable band gap,
high absorption coefficient, p-type conductivity, and binary
structure [1]. In SnS solar cells, a record efficiency of 4.36%
has been achieved so far, although the theoretical cell
efficiency of about 30% is predicted [2, 3]. In order to
improve the device efficiency, it is necessary to develop
material properties such as crystallization quality, grain
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Bu c¢alismada SnCl; isleminin SnS ince filmlerine etkisi
arastirildi. SnS ince filmleri, RF sactirma ile biiyiitiiliirken,
SnCl; islemi 1slak kimyasal yontem ile uygulandi. SnCl;
1is1l islemi uygulanan ve tavlanan olarak gruplandirilan
ornekler, hava atmosferinde 1si1l islemine tabi tutulurken,
tavlanmayan 6rnege herhangi bir 1s1l islem uygulanmadi.
Higbir islem uygulanmayan 6rnek, ortorombik SnS fazinda
bliytidii. SnS o6rneginin hava ortaminda tavlanmasi,
ortorombik SnS'nin yani sira baskin olmayan SnS; ve SnO;
fazlariin olusumuna neden oldu. SnS'ye SnCly 1s1l islemi
uygulanmasinin kristallenmeyi kotiilestirdigi ve dzellikle
SnO; oksit fazinin daha baskin hale getirdigi gorildii.
Raman spektrumlari, numunelerde SnS ve SnS; fazlarin
varligint dogruladi, ancak SnO fazina dair bir bulguya
rastlanmadi. SEM goriintiileri, islem uygulanmayan ve
tavlanan 6rneklerde bicaga benzeyen, yogun tane olusumu
sergiledi. Bununla birlikte, SnCl, 1s1l islemi, numunenin
yilizey morfolojisini tamamen degistirerek, derin kiriklarla
boliinen birka¢ bolgeden olusan bir yapiya neden oldu.
EDS, islem uygulanmayan ve tavlanan numunelerin
belirgin bir Sn zengini kompozisyonunu ortaya ¢ikardi
(Sn/S~1.2). SnCly 1s1l islemi ise SnS’nin atomik
dagiliminda biiyiik bir kiikiirt kaybina neden olarak Sn/S
oranmnin 7.5 civarina yiikselmesine yol agti. Islem
gormeyen ve tavlanan drneklerin bant araliklari, sirasiyla
1.43 eV ve 1,45 olarak hesaplandi. Bununla birlikte, SnCl,
1s1l islemi, bant araliginin 1.56 eV'ye yilikselmesine neden
oldu. Analiz sonuglari, 1slak kimyasal yontem ile SnCly 1s1l
islemi uygulanmasinin SnS ince filmlerin 6zelliklerinde
ciddi bir degisime neden oldugunu gostermektedir. Bu
baglamda, SnCl; 1s1l isleminin optimizasyon siiregleriyle
daha da gelistirilebilecegi sdylenebilir.

Anahtar kelimeler: SnS, SnCl; islemi, RF sactirma,
havada tavlama

structure, defect structure, and carrier concentration which
limit cell efficiency [4]. In this context, researches on
deposition with various methods (RF sputtering, spray
pyrolysis, thermal evaporation, close space sublimation, etc.)
and optimization of deposition parameters have been carried
out [5, 6].

One of the most effective ways to improve the
characteristics of SnS thin films is post-deposition heat
treatment. This is usually accomplished by annealing the
materials in various atmospheres after growing SnS thin
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films [7, 8]. Besides, one of the most promising applications
for post-deposition process may be also chlorination
treatment. The mainstay of the chlorination step for SnS thin
films is the fact that the device performance is improved by
applying the CdCl, treatment on CdTe absorption layers. It
was observed that the application of CdCl, treatment on
CdTe increased the grain size, reduced grain boundaries and
defectivity, and improved heterojunction quality [9, 10]. In
this sense, SnCl; can be used for the chlorination of SnS thin
films instead of CdCl, used for CdTe. There is a limited
number of studies examining SnCl, treatment to SnS thin
films. Di Mare et al. showed that recrystallization and
improvement of grain quality can be provided with SnCl;
treatment at high temperatures in SnS films produced by
close space sublimation method [11]. Spalatu et al. coated a
thin SnCl; layer on the SnS films deposited by the close
space sublimation and annealed at different temperatures. It
was revealed that SnCl, treatment caused the formation of
liquid flux, assisting grain growth by favor of
recrystallization [12]. The above explanations infer that
SnCl; treatment has a significant effect on the characteristic
properties of SnS thin films. Therefore, the effect of SnCl,
treatment on SnS produced under different conditions should
be investigated.

In this study, SnS layers were produced by RF sputtering
method due to quality and controlled deposition process.
Then SnCl, treatment was applied using wet chemical
processing method. Using a detailed analysis of the structural
and optical properties of the samples annealed in air
atmosphere, the effect of SnCl, treatment on SnS thin films
was investigated.

2 Material and methods

In order to examine the effect of SnCl, treatment on the
structural and optical properties of SnS thin films, the
samples were grown on soda lime glass (SLG) substrates.
Before deposition, the glass substrates were carefully
cleaned using acetone, isopropanol, and de-ionized water,
respectively.

SnS thin films were coated on the substrates by RF
sputtering method. Details on the sputtering system are
specified in Ref. [8]. The thin films were grown using single
SnS target in high purity. The growth of the films was
performed at Ar working pressure of 6 mTorr. Also, SnS
layers were deposited at a substrate temperature of 300°C to
improve the film quality and at a rotational speed of 8 rpm
for homogeneous growth of the films. The deposition was
performed at 44 W RF power with a growth rate of 0.9 A/s.
The thickness of the SnS films was set to about 1 um. Then,
the deposited films were divided into three groups for
comparison the effect of SnCl, treatment.

i) SnS sample with SnCl; heat treatment (SnCl, treated
SnS): After growing SnS thin film by RF sputtering, SnCl,
treatment was applied to it by wet chemical processing.
Firstly, the SnCl, solution used in the treatment was obtained
by dissolving 0.62 g SnCl,.2H,0 powder in 5 mL of ethanol.
Then, the SnCl, treatment was carried out by dripping a
solution of 1 drop/cm? on the film surface, followed by
drying the sample at 60°C. Finally, the SnS/SnCl; structure

was post-annealed at 300°C for 15 min in air atmosphere
using the conventional tube furnace.

ii) SnS annealed without SnCl, (annealed SnS): After
SnS thin film was deposited by RF sputtering, it was post-
annealed at 300°C in air atmosphere for 15 minutes using a
conventional tube furnace.

iii) As-deposited SnS: no process was applied after
growing SnS thin film.

In this context, all samples used in the study are shown
schematically in Figure 1.

&

Glass

SnCl, + Post-annealing
e ——— Post-annealing

As deposited

Figure 1. Schematic representation of SnS samples used in
the study

The crystallization properties and structural parameters
of the samples were examined with X-ray diffractometer
(XRD) using CuK, radiation (A = 1.5406 A). Raman spectra
as a complementary structural analysis were measured with
confocal Raman microscope at a wavelength of 633 nm.
Morphological features were examined with the scanning
electron microscope (SEM) instrument. Atomic ratios were
determined with energy dispersive X-ray spectroscopy
(EDS). Optical properties were analyzed with the
spectroscopic ellipsometer.

3 Results and discussions

3.1 XRD spectra

In order to investigate the crystallographic effect of SnCl;
heat treatment on SnS films, the XRD spectra of the samples
are shown in Figure 2. The XRD spectrum of the as-
deposited SnS sample, which did not undergo any heat
treatment, showed the SnS phase structure crystallized in the
orthorhombic structure (Card No: 00-039-0354). Annealing
of the SnS at 300°C for 15 min led to recrystallization. In the
sample, the orthorhombic structure of SnS slightly improved
and a rather weak hexagonal SnS; phase emerged (Card No:
00-023-0677). In addition, the tetragonal SnO, phase was
formed with the effect of annealing in air atmosphere (Card
No: 00-001-0625). It can be said that this phase is taken place
as a result of the reaction of Sn atoms in SnS thin films with
oxygen molecules in air. In this context, it has also been
shown that SnO; phase can be formed by annealing in air
under suitable conditions [13].

Processing the SnS thin film with the SnCl, treatment
markedly deteriorated the crystallization of the sample.
Therefore, deconvolution operation was applied to make the
diffraction peaks clearer. According to the deconvolution
results, heat treatment with SnCl, did not change the
orthorhombic phase structure of SnS. However, it led to the
SnS; secondary phase and more strong formation of SnO,
phase, compared to the annealed SnS sample.
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Figure 2. XRD patterns of SnS samples used in the study

In addition, the presence of some recessive peaks belonging
to the ClaH402Sn compound used for the chlorination
solution was also revealed (Card No: 00-001-0521). The
reason for the formation of the Cl,H,O,Sn phase may be due
to the residual chlorination solution. On the other hand, this
may have remained on the film structure due to not using
dilute solution for chlorination and not rinsing the sample
after final annealing.

The XRD results of the samples revealed that annealing

of SnS in air atmosphere promoted the formation of strange
phases. On the other hand, the SnCl, treatment prepared the
infrastructure for the undesirable phases to become more
evident.
In order to specify the structural parameters of the samples,
the values of crystallite size (D), micro-strain (g), and
dislocation density (3) were calculated using Equation (1-3)
[14].

D= L (1)
B COSE
0
= ﬂhkl ZOS (2)
1
= ©)

this equations, the symbols K , A , Bna and 6 denote the
Scherrer constant (K=0.94), the X-ray wavelength (A=1.5406
A), the full width at half maximum (FWHM) and the
Bragg’s angle, respectively. The calculations were
performed according to (111) orientation of the
orthorhombic SnS phase. The calculation results for the
structural parameters are presented in Table 1. As seen in
Table, the crystallite size for the as-deposited sample was
determined as 15.6 nm. The crystal size was slightly reduced
in the annealed sample, while it decreased down to 12.7 nm
in the SnCl; treated sample. On the other hand, the strain
values and dislocation densities increased in the annealed
and SnCl, treated samples compared to the as-deposited
sample. All these values show that orthorhombic SnS
deteriorates the crystallization in annealed and SnCl, heat
treated samples.

Table 1. The structural parameters of the samples

Sample D (nm) £ (x10%) 8 (x10%)
As-deposited 15.6 23 41
Annealed 14.1 2.6 5.0
SnCl, treated 12.7 2.9 6.2
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3.2 Raman spectra

The Raman spectra of the SnS samples are shown in
Figure 3. In the figure, there are Raman modes at 163, 188,
224, 264, and 290 cm? in the as-deposited SnS sample
without any heat treatment. While the bands at 188, 224 and
264 cm? of these peaks belong to Ag mode of the SnS
structure; the bands at 163 and 290 cm™ are attributed to the
B2y mode of the SnS [15-17].
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Figure 3. Raman spectra of SnS samples

Annealing of the SnS sample resulted in Raman peaks
similar to the as-deposited sample, revealing the presence of
SnS phase. In addition, it can be said that the crystallization
of the SnS phase is higher than that of the as-deposited
sample with the effect of annealing in air atmosphere.
Besides, it was noted that the peak of the By mode at 161
cm® was revealed more sharply [18]. In addition, a weak
peak recorded at 316 cm™ is attributed to the A1y mode of the
SnS; phase [19, 20]. In the heat treated SnS thin film with
SnCl,, the well-crystallized SnS phase was exposed.
Besides, the Ay mode of SnS,, which appeared weakly in
the annealed sample, appeared more dominantly with a slight
shift, due to the re-crystallization process resulting from the
effect of SnCl; heat treatment. Unlike the annealed sample,
Raman modes appeared at 357, 526, and 665 cm, which are

attributed to the SnO, surface phonon modes in the SnCl;
treated sample [21].

The results of Raman spectra are considerably
compatible with XRD data. The minor differences are due to
the nature of the Raman analysis technique, collecting data
from regions close to the surface rather than deep regions.
Thus, it only gives information about the phase structures up
to a certain depth of the surface. Since XRD scans the film
through its depth, it collects data from a wider region and the
presence of different phase structures can also be detected.

3.3 SEM Images

Surface photographs of the samples are shown in Figure
4. The as-deposited SnS sample shown in Figure 4a has
rough grain morphology randomly distributed over the
substrate with a dense, bladelike grain structure [22].
Annealing of SnS in air atm (Figure 4b) did not cause a
significant change in the morphological structure. However,
annealing the SnS thin film after SnCl, treatment led to a
radical change in the surface morphology, as can be seen in
Figure 4c. The SnCl, treatment resulted in the surface
structure being composed of several domains split by deep
fractures. The reason for this interesting surface structure
may be its atomic ratios and/or the presence of the strong
oxide phase [11].

Figure 4. SEM images of the samples of a) as-deposited,
b) annealed, c) SnCl; treated

3.4 EDS Results

The EDS spectra of the samples produced to examine the
effect of SnCl, heat treatment on SnS films are shown in
Figure 5. The atomic ratios of the samples obtained using the
EDS spectra are presented in Table 2. In the table, it was
revealed that SnS without any treatment was grown as Sn-
rich (Sn/S ~1.17) and thus, sulfur loss occurred in the growth
process of the films. This may be due to the fact that the ‘Sn’
atoms with higher atomic mass have lower mobility than ‘S’
atoms at the substrate temperature of 300°C used to grow the
films, and therefore the loss of S atoms is greater compared
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to Sn [23]. Annealing of SnS in air atmosphere led to a slight
increase in the proportion of Sn (Sn/S~1.21).

The application of SnCl; heat treatment to the SnS film
caused a significant change in the atomic ratios. SnCl;
treatment gave rise to a significant loss of sulfur, resulting in
a Sn/S ratio of about 7.48. This may be due to the inclusion
of extra Sn atom in the SnS structure due to the presence of
Sn atoms in the SnCl; solution, resulting in an increment in
the Sn/S ratio. In addition, a significant amount of CI was
released due to the SnCl; heat treatment. This is because the
samples were not rinsed after the heat treatment step and the
applied experimental conditions were not sufficient to
remove the chlorine from the structure. This is also evident
in the XRD spectra.

Table 2. Atomic ratios of the SnS samples

Sample Sn (%) S (%) Cl (%)

As-deposited 54.01 45.99

Annealed 54.68 45.32

SnCl, treated 80.01 10.70 9.29
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Figure 5. EDS spectra of the samples a) as-deposited, b)
annealed, and c) SnCl; treated

3.5 Optical properties

In order to survey the optical properties of the samples,
the measurements of optical absorbance versus wavelength
were performed in the range of 400-1300 nm. Using the
absorbance measurements, the absorption coefficients (o)
were calculated using Equation (4).

o= 2.3035A (@)

where ‘A’ is absorbance and d is the thickness of the material.
Figure 6 shows the variation of the absorption coefficient
with wavelength. The absorbance graph of the samples is
also presented in the inset of the figure. The absorbance
curves show that the absorption edges of the samples are in
the near-infrared region and annealing of the as-deposited
SnS with/without SnCl, causes a slight shift to the short
wavelength region. In addition, all SnS samples exhibited a
high optical absorption coefficient (~10°cm) in the visible
region.

1.3x10°

1.2x10° 4

Absorbance (a.u.)
~

1.0x10° 4

400 500 600 700 800 900 1000 1100 1200 13p0
Wavelength (nm)

Absorption coefficient (cm™)

8.0x10°
—— As deposited
eoxio'd — Annealed
’ — SnCl, treated
5.0x10* T T T T
400 600 800 1000 1200 1300

Wavelength (nm)

Figure 6. The variation graph of absorption coefficients
versus wavelength of the samples (Inset: absorbance curves
of the samples)

The band gap of thin film material can be calculated by
Tauc method using Equation (5) [24].

(ahv)=C(hv—E,)" ®)

In this equation, Eg is the band gap, C is the
proportionality constant, hv is the photon energy 'a' is the
absorption coefficient, and ‘n’ is a value depending on the
nature of the transition. The ‘n’ value is equal to 1/2 for
direct-transition materials and 2 for indirect-transition.
However, ‘n’ was taken as 1/2, due direct-transitive nature
of the SnS films used in our study. In this context, the (ahv)?-
hv graph drawn to determine the band gap is shown in Figure
7. In the figure, band gap values are calculated with the point
in which the linear part of the curve intersects the x-axis [25].
The calculated band gap values of the sample are presented
in Table 3. As seen in Table, the band gap of the as-deposited
SnS sample without any heat treatment was calculated as
about 1.43 eV. On the other hand, annealing of the SnS film
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caused the band gap to increase slightly (~1.45 eV). The
application of SnCl, heat treatment to the SnS led to the band
gap changing significantly, increasing to 1.56 eV.

The band gap values of as-deposited and annealed SnS
samples are in agreement with previous studies [8, 26].
However, it can be said that the variation in the band gap of
the SnCl; treated sample is related to the surface morphology
and composition [27].

1.0x10"°

= SnCl, treated SnS

= Annealed SnS
8.0x10° { === As dep. SnS

6.0x10° o

4.0x10°

(ahv)y* (cm™.eV)

2.0x10°

hv (eV)
Figure 7. (ahv)?-hv graphs of the samples

Urbach energy (Eu) associates the localized states with
lattice disorder and crystal defects [28]. Ey values of the
samples can be determined using Equation (6) [29].

o= oL, eXp {h—v} (6)
EU

where ‘o’ is the absorption coefficient, ‘aw’ is constant, ‘Eg’
is the band gap, and ‘Ey’ is Urbach energy. In the In(o)-hv
curve obtained by deriving from this formula, the inverse of
the slope gives the Urbach energy value. The obtained
Urbach energy values are shown in Table 3. The table shows
that annealing of the as-deposited sample caused a slight
increase in Urbach energy. However, SnCl; treatment led to
a significant increase, due to an increment in disorder and
deterioration in crystallinity [28, 30].

Table 3. Urbach energies and band gap values of the samples

Sample Urbach energy (eV) Bang gap (eV)
As-deposited 0.68 1.43
Annealed 0.69 1.45
SnCl, treated 0.95 1.56

4 Conclusions

In this study, the impact of SnCl, heat treatment on the
structural and optical properties of SnS thin films deposited
by RF sputtering was examined. While it was determined
that the as-deposited sample without any treatment
crystallized in the orthorhombic SnS phase, annealing of SnS
at 300°C for 15 minutes in air atmosphere led to the
formation of non-dominant SnS; secondary phase and SnO;
structure together with orthorhombic SnS as a result of
recrystallization. Heat treatment of SnS with SnCl, resulted

in a significant deterioration of crystallization. The
deconvolution process applied to determine the phase
structure showed the orthorhombic SnS phase, the
intensified SnS; and SnO, phases as well as Cl,H402Sn
compound due to the residual chlorination solution. The
orthorhombic SnS phase was seen in all samples in Raman
spectra. Besides, SnS, phase was revealed in the annealed
and SnCl; heat treated samples. The SnO; phase that
appeared in the XRD spectrum was only seen in the Raman
spectrum of the SnCl, treated SnS sample. SEM images
showed the bladelike, dense, and coarse-grained structure of
the as-deposited and the annealed samples. However, it
turned out that the SnCl, treated sample had a morphology
consisting of several domains. In EDS analysis, it was
determined that as-deposited and the annealed samples were
Sn-rich (Sn/S~1.2), however, SnCl, treatment severely
affected the atomic composition, resulting in Sn/S ratio of
about 7.5. In optical calculations, the band gaps of as-
deposited SnS and annealed SnS were detected as 1.43 eV
and 1.45 eV, respectively. The band gap of SnCl; treated SnS
was calculated to be 1.56 eV with a significant increment. It
can be said that this increase is due to the obvious changes in
the grain structure and composition of the sample. In
addition, the Urbach energy associated with the structural
disorders was calculated as 0.68 eV for the as-deposited
sample, while the annealed sample did not significantly
change. However, the SnCl, process caused a significant
increase.
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