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Abstract: Tin monosulphide (SnS) thin films capped by PVA have been successfully deposited on glass substrates for cost effect-
ive photovoltaic device applications by a simple and low-cost wet chemical process, chemical bath deposition (CBD) at different
bath temperatures varying in the range, 50–80 °C. X–ray diffraction analysis showed that the deposited films were polycrystalline
in nature, showing orthorhombic structure with an intense peak corresponding to (040) plane of SnS. These observations were
further confirmed by Raman analysis. FTIR spectra showed the absorption bands which corresponds to PVA in addition to SnS.
The scanning electron microscopy and atomic force microscopy studies revealed that the deposited SnS films were uniform and
nanostructured with an average particle size of 4.9 to 7.6 nm. The optical investigations showed that the layers were highly ab-
sorbing with the optical absorption coefficient ~105 cm–1. A decrease in optical band gap from 1.92 to 1.55 eV with an increase of
bath temperature was observed. The observed band gap values were higher than the bulk value of 1.3 eV, which might be due to
quantum confinement effect. The optical band gap values were also used to calculate particle size and the results are discussed.
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1.  Introduction

Recent investigations on photovoltaic devices emphasize
the  importance  of  semiconducting  metal  chalcogenide  thin
film solar cells at low cost. The IV–VI group semiconductors are
highly attractive for their novel properties suitable for optoelec-
tronic applications and can be synthesized by using simple tech-
niques  in  thin  film  form.  Tin  monosulphide  (SnS)  belongs  to
this  group  of  materials  that  has  three  stable  binary  phases,
SnS,  SnS2 (both  layer  structures)  and  Sn2S3 (ribbon  structu-
re)[1]. Tin monosulphide (SnS) has a direct optical band gap of
1.3  eV[2],  which  is  close  to  the  optimum  value  of  1.5  eV  and
also an indirect band gap of 1.09 eV. Further, SnS attracts the at-
tention  of  many  researchers  because  of  the  natural  abund-
ance of its constituent elements, low toxicity, low cost, and dir-
ect  energy band gap with  high optical  absorption coefficient
(> 104 cm–1) and high hole mobility (~ 90 cm2V–1s–1)[3–6]. Hence
SnS is a potential candidate as an absorber layer in photovolta-
ic devices[7, 8]. Various physical and chemical methods are used
to deposit SnS layers on glass substrates. These include spray
pyrolysis[9],  thermal  evaporation[10],  electron  beam  evapora-
tion[11],  magnetron  sputtering[12] and  liquid-phase  deposi-
tion[13]. As physical methods involve complicated instrumenta-
tion  and  are  highly  expensive;  therefore,  chemical  methods
are preferable. In terms of experimental requirements, chemic-
al bath deposition is a very simple technique that offers low pro-
cessing  temperature,  easy  composition  control,  good  homo-
geneity and therefore has physical significance in the produc-
tion  of  large  area  devices  at  low  cost[14, 15].  Therefore,  in  the
present study, we have chosen chemical bath deposition tech-
nique to grow SnS nanocrystals. Excessive research reports are

available in literature on the deposition of SnS films using CBD
at  different  deposition  conditions[16–20] and  also  the  effect  of
various dopants added to SnS films using CBD[21–24].

It  is  known  that  due  to  high  surface  to  volume  ratio  and
quantum size effects, the nanostructured materials offer great
advantages than the bulk materials.  Various reports are avail-
able  on  synthesis  of  SnS  nanoparticles  using  different  tech-
niques[25–28]. Using SnS nanoparticles, different researchers fab-
ricated solar cells, which showed efficiencies upto 0.5%[29]. Cap-
ping is a prominent method to achieve better surface states of
the  nanoparticles.  Capping  provides  surface  passivation,
which leads to a change in the surface states and reduction in
the crystallite size[30, 31]. Polymer capped thin films have great-
er stability than uncapped films. Polymer capped semiconduct-
or layers had enhanced and tunable optical, and electrical prop-
erties for their potential applications in various fields such as sol-
ar  cells,  field  effect  transistors,  optical  switching,  light  emit-
ting diodes and photodetectors[32–35].  Many materials  such as
polyvinyl alcohol, polyacrylic acid, polyacrylonitrile, polyethyl-
ene glycol, polymethyl methacrylate and polyvinylpyrrolidone
have been used as capping agents[36, 37]. Among all these poly-
mers,  there  is  currently  a  great  interest  in  polyvinyl  alcohol
(PVA)  for  researchers  due  to  its  superior  properties  such  as
good film forming ability, bio-degradability, non-toxicity, hydro-
philicity,  low  cost,  chemical  resistance  and  transparency  over
the whole visible spectrum[38–40]. PVA stabilizes the SnS nano-
crystals  preventing  them  from  coagulation,  but  do  not  alter
the intrinsic characteristics of SnS.

Few works on synthesis of various semiconducting nano-
structures  capped  by  PVA  are  reported[41–43].  Simultaneously
few reports are available in literature of  solar  cells  fabricating
using different semiconductors capped by PVA. Neetu et al.[44]

fabricated  ZnO  based  quantum  dot  sensitised  solar  cell  via
chemical  route  using  CdS  quantum  dots  capped  by  PVA
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showed  1.3%  efficiency.  Phukan et  al.[45] synthesized  CdSe
quantum dots dispersed in PVA matrix using heat induced ther-
molysis technique as a window layer and the cell showed an effi-
ciency of 2.43%. Recently, solar cells fabricated using chemical
bath deposition technique with PbS capped by PVA as an ab-
sorber  layer  and  CdS  capped  by  PVA  as  a  window  layer  by
Saikia et al.[46] showed an efficiency of 1.67% under 1 Sun illu-
mination. From these investigations, it is evident that PVA cap-
ping agent had been effectively used in photovoltaic  devices
and  attention  of  further  development  on  these  economical
photovoltaic devices in both material and cost wise reduction
had  been  encouraged  in  research  studies.  To  the  best  of  our
knowledge,  there  is  no  previous  literature  reported  on  PVA
capped SnS thin films deposited by chemical bath deposition.
Table 1 shows the reported literature[11, 47–54] on SnS thin films
deposited  using  different  methods.  A  critical  analysis  of  the
literature indicated that deposition of SnS films in all the meth-
ods, except CBD was carried out at high temperatures. Further,
the  optical  absorption  coefficient  reported  for  SnS  films

formed by MOCVD and CBD (uncapped SnS layers) methods is
of  the order  104 cm–1.  A  higher  optical  absorption coefficient
for  the  films  is  highly  desirable  to  use  such  films  as  an  ab-
sorber layer in a solar cell to maximize the absorption of solar ra-
diation. Further, deposition of thin films at lower growth tem-
peratures  is  very  crucial  in  the  cradle-to-grave  life  cycle  cost
analysis of any device developed using thin films,  particularly
in the case of  a  solar  cell.  Therefore in  the present  work,  PVA
capped SnS layers were grown using the simple CBD process
and  a  detailed  investigation  of  structural  and  optical  proper-
ties were made with the aim to improve the optical behaviour
of the grown layers. The effect of varying bath temperature on
these properties was analyzed and reported.

2.  Experimental details

2.1.  Chemicals

In the present study, stannous chloride (SnCl2,  2H2O) was
used as the source material for tin and thioacetamide (C2H5NS)
for  sulphur.  Tartaric  acid  (C4H6O6)  was  used  as  a  complexing

 

PVA capped SnS films preparation process

PVA

(50 mL)

SnCl2

(20 mL)

C4H6O6

(10 mL)

100 mL

C2H5NS

(20 mL)

Heater-

cum-stirrer

Heater-

cum-stirrer

Tb = 80 °C

Tb = 70 °C

Tb = 60 °C

Tb = 50 °C

SnS/PVA films

Heater-

cum-stirrer

5
 m

in

 

Fig. 1. (Color online) Schematic diagram of preparation of PVA capped SnS films.

Table 1.   Data of the SnS thin films deposited on glass substrates at different deposition temperatures reported in literature.

Deposition method Deposition
temperature (°C) Phase Sn/S ratio α (cm–1) Band gap

(eV) Ref.

CBD (uncapped) 40–80 SnS – 104 1.41–1.30 [47]
Sulfurization 150–450 SnS (300–350 °C), SnS + Sn2S3 (150–

200 °C), SnS + SnS2 (400–450 °C)
– – 1.2–1.6 [48]

Thermal evaporation 200–400 SnS 0.96-1.10 – 1.36 [49]
RF sputtering 150–300 SnS – – 1.67–1.44 [50]
MOCVD 430–470 SnS 0.92–1.32 104 1.3–1.1 [51]
Spray pyrolysis 250–450 SnS (250–400 °C), SnS + Sn2S3 (450 °C) 1.29–1.11 – 1.70–1.46 [52]
Electron beam evaporation 300 SnS – – 1.38 [11]
CVD 200–400 SnS 2.77–1.15 – – [53]
Spin coating 150–400 SnS (200 °C), SnS + SnS2 (300 °C), SnS +

Sn2S3 (400 °C)
1.31–1.03 – 1.88–1.26 [54]

CBD (PVA capping) 50–80 SnS (70–80 °C), SnS + Sn2S3 + SnS2 (70–
80 °C)

0.46–0.95 105 1.92–1.55 Present work
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agent  and  polyvinyl  alcohol  (–CH2CHOH–)n (average  M.W.  =
1 60 000) as capping agent to prepare SnS thin films.

2.2.  Method

The PVA capped SnS thin films were prepared using chemic-
al bath deposition as shown in Fig. 1. Initially, 2 g of PVA was dis-
solved in 100 mL water, contained in a beaker and stirred at 80
°C  by  using  a  magnetic  stirrer,  which  has  a  facility  to  control
the  temperature  until  a  viscous  transparent  solution  was
obtained and then allowed to cool  to the room temperature.
Fresh solutions of 0.1 M stannous chloride (SnCl2, 2H2O), 0.2 M
thioacetamide (C2H5NS) and 0.5 M tartaric acid were prepared
using  double  distilled  water  such  that  the  precursor  ratio  of
S/Sn was maintained as 2. Initially, 20 mL of stannous chloride
and 10 mL of tartaric acid were added to 50 mL of previously
prepared PVA solution in  a  glass  beaker  and stirred well  by a
magnetic stirrer at a rate of 200 revolutions per minute.  After
5  min,  20  mL  of  thioacetamide  was  added  to  the  solution
Lsuch that the total  volume of the solution becomes 100 mL.
Now,  cleaned  glass  substrates  were  immersed  vertically  into
the solution to deposit  SnS films.  The deposition of  SnS films
were carried out for a fixed time of 90 min at different bath tem-
peratures  that  varied  from  50  to  80  °C.  The  deposited  films
were cleaned using distilled water and dried in a hot air oven.
The visual  observation of  the  deposited layers  indicated dark
brown  colour  and  the  films  were  well  adherent  to  the  glass
substrate surface without any visible pinholes and cracks.

The deposited SnS layers were characterized using appro-
priate  techniques.  The  X-ray  diffraction  patterns  of  the  layers
deposited  on  glass  substrates  at  different  bath  temperatures
were recorded using Burker  (D8 Advance)  X-ray diffractomet-
er,  using CuKα (λ =  1.5408 Å)  radiation at  room temperature.
The Raman spectra were recorded in the backscattering config-
uration at room temperature with unpolarized light using DI-

POLAR  XY  800  Raman  spectrometer.  FTIR  absorption  spectra
for  the  deposited  experimental  films  were  recorded  using
Thermo  Nicolet  FTIR  spectrophotometer.  The  morphology  of
the layers was observed by using a Carl Zeiss EVO 50 scanning
electron microscope (SEM). Solver Nano NT-MDT atomic force
microscope (AFM) was used to investigate the surface rough-
ness  of  the  films.  The  optical  transmittance  measurements
were carried out using JASCO V-770 UV-VIS-NIR spectrophoto-
meter, using unpolarized light.

3.  Results and discussions

3.1.  Structural analysis

3.1.1.    X-ray diffraction studies
X-ray  diffraction  analysis  was  undertaken  to  investigate

the  structural  properties  of  the  deposited  SnS  layers. Fig.  2
shows  the  typical  X-ray  diffraction  patterns  of  SnS  films
capped  by  PVA  at  different  temperatures  that  varied  in  the
range of 50–80 °C. The XRD spectrum indicated many peaks in
all the deposited films with an intense (040) peak observed at
2θ = 32.0°. In addition, all the observed peaks were broad, indi-
cating nanocrystalline nature of the grown layers. The films de-
posited  at  bath  temperatures  <  70  °C  exhibited  secondary
phases such as Sn2S3 and SnS2 in addition to SnS. The peaks ob-
served at 2θ = 15.02° and 2θ = 28.39° corresponds to (001) and
(100) planes of SnS2 and the peak at 2θ = 27.73° corresponds
to (203) plane of Sn2S3 respectively that matches with the sta-
ndard  data  reported  in  JCPDS  card  no.  83-1705 and  75-2183.
Also  the  peaks  observed  at  2θ =  26.02°,  31.50°,  39.40°  and
44.88°,  51.42°  53.89°  56.73°  corresponds to  (120),  (111),  (041),
(141),  (151),  (231)  and  (042)  planes  of  SnS  phase  with  or-
thorhombic crystal structure as reported in JCPDS card no. 39-
0354. Kalandragh et al.[28] also reported (040) as the preferred
orientation  for  SnS  nanocrystals  produced  by  ultrasound-as-
sisted  method.  The  intensity  of  secondary  phases  decreased
with the increase of  bath temperature and finally  they disap-
peared at higher bath temperatures ≥ 70 °C. Thus the layers de-
posited at 70 and 80 °C exhibited only the planes correspond-
ing to SnS phase. The intensity of (040) peak increases with in-
crease  of  deposition  temperature,  which  shows  an  improve-
ment in crystallinity of SnS films with deposition temperature.

Various structural parameters such as the average crystal-
lite  size,  dislocation  density,  strain  and  number  of  crystallites
per unit area were evaluated using X-ray diffraction data. The in-
terplanar spacing dhkl was calculated using the Bragg’s diffrac-
tion principle,
 

nλ = 2d sinθ, (1)

where n is an integer, λ is the wavelength of X-rays (1.5408 Å)
and θ is the Bragg’s diffraction angle.

The  average  crystallite  size  (D)  of  the  layers  was  calcu-
lated using Debye-Scherrer formula[55],
 

D =
Kλ
βcosθ

, (2)

βwhere K is the shape factor, which is equal to 0.94 and  is the
full width at half maximum of the predominant peak.

The  calculated  crystallite  size  varied  with  bath  temperat-
ure  in  the  range,  11–22  nm,  indicating  an  increasing  trend
with  bath  temperature.  From  this,  it  can  be  understood  that

 

•(040)

•(041)

•(141) •(231)

•(151) •(042)

Tb = 80 °C

Tb = 70 °C

Tb = 60 °C

Tb = 50 °C

#39-0354

#83-1705

#75-2183

10 20 30 40
2θ (°)

50 60

•(120)

•(120)

•SnS

•(111)

Δ(001)

ΔSnS2

Δ(100)
⊕
(203)

⊕
Sn2S3

 In
te

ns
ity

Fig. 2. (Color online) X-ray diffraction patterns of SnS films grown at dif-
ferent bath temperatures.
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with  the  increase  of  bath  temperature,  there  will  be  an  in-
crease  in  kinetic  energy  of  the  reactants,  which  in  turn  in-
creases the formation of nuclei on the surface of the substrate.

The dislocation density (δ) was determined using the fol-
lowing relation[56],
 

δ =
1

D2 , (3)

Fig. 3 shows the change of crystallite size and dislocation
density  with  bath  temperature.  It  can  be  seen  from  the  Fig.
that values of δ varied in the range, 7.8 × 1015–2.0 × 1015 m–2

with the increase of bath temperature from 50 to 80 °C. A min-
imum  value  of δ was  observed  for  the  layers  grown  at  80  °C
due  to  improved  crystallinity.  This  is  because  of  the  fact  that
the dislocations  present  at  lower  bath temperatures  received
more thermal energy at higher bath temperatures and hence
moved  from  inside  the  crystallites  to  their  grain  boundaries
and neutralized.

εThe lattice strain ( ) can be calculated by using the follow-
ing relation[57],
 

ε =
β

4tanθ
, (4)

where the symbols have usual meaning.
The  evaluated  strain  values  (shown  in Fig.  4)  decreased

from 1.18 × 10–2 to 5.9 × 10–3 with the increase of bath temper-
ature.  This  indicates  that  the  strain  in  the  layers  deposited  at
lower bath temperature was higher due to the presence of crys-
tal imperfections and dangling bonds. At higher temperatures
there was a decrease in the lattice strain due to an increase in
crystallite size and a decrease in dislocation density as the high-
er growth temperatures could annihilate the defects. The num-
ber of crystallites per unit area (N) was calculated using the rela-
tion[58],
 

N =
t

D3 , (5)

where t is the thickness of the films, ~ 90 nm as determined
from SEM cross-section. Fig. 4 also shows the variation of num-
ber of crystallites with the increase of bath temperature. The
number of crystallites per unit area varied between 6.2 × 1016

and 8.4 × 1015 with the raise of bath temperature from 50 to
80 °C.  This  is  because of  the fact  that higher temperatures

could provide higher thermal energy so that small crystallites
coalesce together to form big ones, leading to the formation
of large crystallites.

In  XRD  peaks,  the  observed  broadening  is  considered  to
be due to the sum of contributions by the crystallite size and
strain distribution present within the sample. Thus the crystal-
lite  size  estimated  from  Scherrer’s  equations  could  be  differ-
ent  from the actual  crystallite  size.  Therefore,  those contribu-
tions  of  size  and  strain  must  be  separated  by  a  more  elabor-
ated analysis, such as Williamson-Hall (W-H) plot. The average
crystallite size and residual strain were described using the fol-
lowing equation[59]

 

βhkl cosθ =
kλ
D
+4εsinθ. (6)

Fig. 5 shows the W-H plots of the deposited SnS layers at
bath  temperatures  varied  from  50  to  80  °C.  The  intercept  of
the linear fit on the y-axis gives the average crystallite size and
the  slope  of  the  linear  fit  gives  the  corresponding  residual
strain  value.  The  estimated  average  crystallite  size  varied  in
the range, 4–11 nm and the strain values varied in the range,
2.24 × 10–2 to 6.9 × 10–3 nm with bath temperature were giv-
en  in  the Table  2.  Thus  the  average  crystallite  size  increases
and the strain decreases with increase in bath temperature as
was already discussed earlier. The calculated structural paramet-
ers  of  SnS  films  prepared  via  chemical  bath  deposition  tech-
nique at different bath temperatures are listed in Table 2.

Further,  Rietveld  refinement  analysis  confirms  the  exist-
ence  of  orthorhombic  SnS  phase  present  in  the  deposited
films. Fig. 6 shows the Rietveld refinement of deposited single
phase SnS layers grown at 80 °C bath temperature fitted using
Expo-2014 software. The good quality of fitting is represented
by  GOF  (goodness  of  fit)  of  the  Rietveld  refinement,  which  is
1.482,  indicating  well  resolved  individual  peaks.  The  refine-
ment  analysis  shows  orthorhombic  crystal  structure  to  the
SnS layers, shown in the inset of Fig. 5. The lattice parameters
calculated  using  refinement  software  were a =  4.091  Å, b =
11.102  Å, c =  3.970  Å.  The  estimated  values  of  expected Rp

factor  and  the  weighted  profile  (RWP)  factor  are  5.780  and
7.635.  Therefore,  the  crystalline  structure  of  SnS  did  not  alter
by the surface modification.

3.1.2.    Raman analysis
The Raman analysis was carried out for further phase con-
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Fig. 3. (Color online) Change of crystallite size and dislocation density
with bath temperature.
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firmation on the deposited layers as it is more sensitive to struc-
tural and compositional changes in the material. Fig. 4 shows
the deconvoluted Raman spectra of the synthesized films de-
posited  at  different  bath  temperatures  that  varied  in  the
range, 50–80 °C. At lower bath temperatures (< 70 °C ), the spec-
tra showed five characteristic peaks of tin monosulphide that
appeared  at  94,  166,  178,  219  and  225  cm–1.  In  addition  to
these, other peaks related to Sn2S3 phase (307 cm–1) and SnS2

phase (312 cm–1) were also observed. Films deposited at high-
er  bath  temperatures  (≥ 70  °C)  showed  the  Raman  modes
corresponding to tin monosulphide phase at 94, 166, 178 and

225 cm–1.  In  general,  SnS with orthorhombic crystal  structure
had 21 optical phonon modes. Among these modes, 12 are Ra-
man active (4Ag, 2Bg, 4B2g and 2B3g), 7 are infrared active (3B1u,
3B3u and  1B2u),  and  2  are  inactive  (2Au)[60].  The  observed  Ra-
man  modes  at  94,  219  and  225  cm–1 were  assigned  to  Ag

[52]

whereas the mode present at 166 cm–1 was assigned to B3g
[61]

and  the  mode  at  178  cm–1 was  assigned  to  B2g
[52].  The  ob-

served Raman modes are  in  good agreement with the repor-
ted data on SnS layers[52, 60–63]. This high intense Raman mode
at  94  cm–1 peak  is  transverse  optic  (TO)  mode  that  corres-
ponds  to  the  rigid  shear  modes  of  a  layer  with  respect  to  its
neighbours in the a, b directions[60].

In  all  the  deposited  layers,  Raman  mode  appeared  at  94
cm–1 had the highest intensity compared to other modes. A sim-
ilar  trend  of  Raman  spectra  with  94  cm–1 as  an  intense  peak
was observed by Sall et al.[52] in SnS films prepared by chemic-
al spray pyrolysis.  Arulantham et al.[63] also observed a strong
Raman  mode  at  94  cm–1 in  SnS  thin  films  prepared  by  nebu-
lizer spray pyrolysis technique. Further, the relative intensity of
Sn2S3 and SnS2 peaks decrease with the increase of bath tem-
perature from 50 to 80 °C whereas the intensity of SnS peaks in-
creases gradually. Thus the layers formed at higher bath tem-
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Fig. 5. (Color online) W-H plots of SnS layers with bath temperature.
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Fig. 6. (Color online) Rietveld refinement of SnS layers capped by PVA
at 80 °C bath temperature.

Table 2.   Structural parameters of PVA capped SnS layers formed at different bath temperatures with respect to (040) plane.

Tb (°C) FWHM (°) dXRD (Å) dJCPDS (Å)
D (nm)

δ (1015 lines/m2)
ε (10–3)

N (1015)
Scherrer’s formula W-H plot Scherrer’s formula W-H plot

50 0.76048 2.828 2.835 11 4.0 7.8 11.8 22.4 62.4
60 0.72434 2.827 2.835 12 4.3 7.0 11.1 22.2 53.8
70 0.40719 2.825 2.835 21 10 2.2 6.1 7.8 9.7
80 0.38693 2.823 2.835 22 11 2.0 5.9 6.9 8.4
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peratures  ( ≥ 70  °C)  had  shown  pure  SnS  phase  without  any
secondary  phases,  supporting  the  XRD  observations.  More-
over, the intensity of Raman peaks increases with the increase
of bath temperature, which might be due to an improvement
in the crystallinity of the layers as noted in the XRD spectra.

3.2.  FTIR analysis
The  Fourier  transform  infrared  spectral  measurements

were  made  for  further  confirmation  of  the  interaction
between  PVA  and  SnS  nanocrystals  by  identifying  the  ab-
sorbed  functional  groups  on  the  crystallite  surface  of  the
grown  layers. Fig.  8 shows  the  FTIR  transmission  mode  spec-
tra of the deposited PVA capped SnS layers deposited at differ-
ent bath temperatures that varied in the range, 50–80 °C. The
spectra  showed  characteristic  bands  of  O–H,  CH2,  C–H,  C=C
and C–O groups.  The characteristic  band at  3757 cm–1 is  due
to  O–H  stretching  vibration  of  hydroxyl  groups  of  PVA.  The
band at 2938 cm–1 corresponds to CH2 asymmetric stretching
vibration. The band at 1707 cm–1 is attributed to C = C stretch-
ing  vibration.  The  band  at  1518  cm-1 is  generally  ascribed  to
C–H bending vibration and the band at 1030 cm–1 assigned to
C–O stretching of acetyl groups present in PVA. From these char-
acteristic  bands,  it  is  confirmed  the  presence  of  PVA  used  in
the synthesis  of  experimental  SnS layers.  In  addition to  these
bands, the spectra showed a strong band at 2355 cm–1, which
represents  the  characteristic  band  of  SnS[64] confirming  its
presence in the layers.

3.3.  Surface morphology and topography

3.3.1.    Morphological studies
Fig.  9 shows  the  SEM  micrographs  of  SnS  thin  films

capped by PVA grown at different bath temperatures varying
from 50 to  80 °C.  The morphology of  SnS layers  deposited at
higher  bath  temperatures  is  different  from those  synthesized
at lower bath temperatures. Layers formed at a bath temperat-
ure  of  50  °C  had  a  sponge-like  structure  of  SnS  nanocrystals
and the layers deposited at  60 °C had an uneven distribution
of grains due to the presence of  voids.  Large size and closely
packed  spherical  shaped  crystals  were  noticed  in  the  films
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Fig. 7. (Color online) Deconvoluted Raman spectra of SnS layers grown at different bath temperatures.
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formed at 70 and 80 °C bath temperatures.  This is because of
an improvement in the crystallinity of the layers formed at high-
er temperatures due to secondary nucleation. In fact at higher
temperatures, the bonds between -OH group and the nanocrys-
tals  became  weak  and  hence  an  interaction  occurs  between
more  number  of  particles,  which  leads  to  an  increase  in  the
size of the particles[65]. This result is in consistent with XRD and
Raman observations.

3.3.2.    Topographical analysis
AFM  analysis  was  carried  out  to  study  the  surface  topo-

graphy of PVA capped SnS layers. Fig. 10 shows the 2-dimen-
sional AFM images along with 3D images of the prepared SnS
films. AFM studies shows the gradual change in surface rough-
ness  and  morphology  of  the  experimental  films  with  varied
bath temperature. The average surface roughness of SnS films
capped by PVA was evaluated using the AFM data that varied
in the range, 2.6–3.2 nm, where the films formed at lower tem-
peratures  had  slightly  higher  roughness  and  vice  versa.  It  is
also  observed  from  the  topographical  analysis  that  the
particles  grew  in  irregular  shape  with  a  smaller  size  at  lower
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Fig. 10. (Color online) 2D and 3D AFM micrographs of SnS layers formed at different bath temperatures (a) 60 °C, (b) 70 °C, and (c) 80 °C.

 

2 μm EHT = 20.00 kV
WD = 9.5 mm

Signal A = SE1

(a) (b)

(c) (d)

Date: 10 Aug 2017 Date: 10 Aug 2017
ZEISS ZEISS

Mag = 10.00 KX

EHT = 20.00 kV
WD = 9.0 mm

Signal A = SE1 Date: 10 Aug 2017
ZEISS

Mag = 10.00 KX

EHT = 20.00 kV
WD = 9.5 mm

Signal A = SE1

Date: 10 Aug 2017
ZEISS

EHT = 20.00 kV
WD = 9.5 mm

Signal A = SE1

mag = 10.00 KX

mag = 10.00 KX

2 μm

2 μm2 μm

 

Fig. 9. (Color online) SEM images of SnS layers grown at different bath temperatures (a) 50 °C, (b) 60 °C , (c) 70 °C, and (d) 80 °C.
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bath temperatures (< 70 °C).  This is mainly due to insufficient
thermal energy for the atoms and hence they could not move
over the surface to form larger crystallites. However, at higher
bath temperatures ( ≥ 70 °C),  there is  an improvement in the
particle size due to secondary nucleation and the layers exhib-
ited spherically shaped grains. This behaviour was already ob-
served in the XRD, Raman and SEM studies. The observed aver-
age particle size obtained by AFM analysis increased from 4.9
to 7.6 nm with bath temperature.

3.4.  Compositional analysis

The  elemental  compositions  of  the  PVA  capped  SnS  thin
films as a function of bath temperature was studied using EDS
technique. Table  3 shows  the  compositions  of  Sn  and  S  ele-
ments present in the films prepared at various bath temperat-
ures.  The analysis showed the presence of Sn and S elements
in the deposited films. With the increase of bath temperature
from 50 to 80 °C, the Sn/S ratio of SnS films grown in this work
varied  in  the  range,  0.46–0.95.  At  lower  bath  temperatures
(Tb ≤ 60 °C), the films showed sulfur rich composition, which in-
dicates a less reaction of sulfur with Sn source in the reaction
bath.  As  the  bath  temperature  was  increased  to  70  °C  and
above,  the composition ratio of  Sn and S was increased from
0.89  to  0.95.  This  is  because  of  an  enhancement  of  reaction
rate at higher bath temperatures. Films prepared at Tb = 80 °C
showed the film composition close to stoichiometry (Sn/S ra-
tio of approximately 1.0),  which indicates the successful reac-
tion in the bath.

3.5.  Optical studies

The optical transmittance spectra of PVA capped SnS lay-
ers  grown  at  different  bath  temperatures  as  a  function  of
wavelength recorded in  the range,  300–2500 nm is  shown in
Fig.  11.  The  spectra  showed  a  decrease  in  optical  transmit-
tance with  the increase  of  bath temperature,  which indicates
high absorbance in the layers formed at higher bath temperat-
ures.  Therefore,  the absorption edge was shifted towards the

red region with the increase of bath temperature. The optical
absorption coefficient (α) in the absorption region was determ-
ined using the formula[47],
 

α =
− ln(T )

t
, (7)

where T is the transmittance and t is the thickness of the film.
The evaluated value of absorption coefficient for all layers

was ~ 105 cm–1,  indicating that  the films were highly  absorb-
ing and therefore they may be useful as an absorber layer for
photovoltaic  device  fabrication.  A  plot  of  absorption  coeffi-
cient (α) versus hυ for deposited films formed at different bath
temperatures  is  shown  in Fig.  12.  It  is  evident  from  the  plot
that  the  absorption  coefficient  directly  varies  with  temperat-
ure and hence the layers formed at 80 °C has maximum absorp-
tion coefficient. The energy band gap of the films is calculated
using the expression[66],
 

αhυ = A(hυ−Eg)1/2, (8)

where A is constant and hυ is photon energy. The Tauc plots
of (αhυ)2 versus hυ for the layers deposited at different bath
temperatures are shown in the inset of Fig. 12. By extrapolat-
ing the linear portion of the curve onto the energy axis, the
energy band gap was determined and an enhancement in the
energy band gap has been observed for all the grown layers.
The calculated energy band gap values for layers deposited
decreased from 1.92 to 1.55 eV with the increase of bath tem-
perature,  which  are  higher  than  that  of  bulk  value  of  SnS
(1.3 eV). The observed blue shift in energy band gap values for
the films deposited at bath temperatures (< 70 °C) is due to
the presence of  secondary  phases  that  had higher  energy
band gaps. Whereas for the films deposited at bath temperat-
ures (≥ 70 °C), the observed increase in band gap is attributed
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Table 3.   Atomic weight (at.%) composition determined using EDS at
different bath temperatures.

Bath temperature (°C) Sn (at.%) S (at.%) Sn/S

50 30.24 65.50 0.46
60 36.36 60.66 0.59
70 46.15 51.53 0.89
80 48.26 50.28 0.95

Table 4.   Comparison of particle size of SnS nanocrystals capped by
PVA estimated using XRD, AFM and optical measurements.

Tb (°C)
Particle size
from XRD
analysis (nm)

Particle size from
AFM micrographs
analysis (nm)

Particle size from
optical measure-
ments (nm)

50 4.0 – 5.1
60 4.3 4.9 5.3
70 10 5.3 6.1
80 11 7.6 8.4
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to the quantum confinement effect. A similar behaviour is also
noted in the literature by Jana et al.[14] in PbS/PVA nanocrys-
tals, Ojha et al.[67] in ZnS/PVA nanoparticles and also by Elash-
mawi et al.[45] in CdS/PVA nanorods.

Using energy band gap values, the average particle size at
a particular  growth temperature can be estimated using Brus
equation[68],
 

En = Eg+
h2

8R2

[
1

me∗
+

1
mh
∗

]
− 1.8e2

εR
(eV) , (9)

ε

ε

where En is the energy band gap of deposited SnS films, Eg is
the energy band gap of bulk SnS, me

* is the effective mass of
excited electron, mh

* is the effective mass of excited hole, h is
the Plank’s constant, e is the charge of an electron,  is the
dielectric constant of SnS and R is the radius of the nanopar-
ticle.  In  the  present  investigation,  the  different  values  are
taken as Eg  = 1.3 eV, me

*  = 0.5m0,  mh
*  = 0.109m0

[31]  and  =
12.4[69]. The particle size determined by using Eq. (8) for films
formed at  different  bath temperatures  varied in  the range
5.1–8.4 nm, where the particle size increases with the increase
of bath temperature.  The particle size evaluated from XRD,
AFM and optical measurements are compared and given in
Table 4.

4.  Conclusions

Tin  monosulphide  thin  films  have  been  successfully
grown  using  PVA  as  the  capping  agent  for  the  first  time  by
chemical  bath  deposition  technique.  The  layers  were  formed
on glass substrates at different bath temperatures that varied
in the range, 50–80 °C. XRD studies revealed that all the depos-
ited films had (040) peak as the preferred orientation that cor-
responds  to  SnS.  Layers  formed  at  lower  bath  temperatures,
<  70  °C  showed  secondary  phases  of  Sn2S3 and  SnS2,  which
disappeared  when  the  temperature  was  increased  to  70  °C.
The Raman spectra supported this behaviour and showed re-
levant modes of different phases observed at different temper-
atures. XRD and Raman studies indicated an increase in crystal-
lite size with increase of bath temperature. FTIR spectra clearly
proved  that  the  deposited  SnS  layers  were  capped  by  PVA.
SEM analysis exhibited an increase of grain size with bath tem-
perature whereas AFM studies indicated a decrease in surface
roughness and an increase in particle size with the increase of
bath temperature. The optical studies showed a direct optical
absorption  in  the  films.  Optical  band  gap  enhancement  has
been  observed,  where  the  energy  band  gap  decreased  from
1.92  to  1.55  eV  with  the  increase  of  bath  temperature.  The
single phase nanocrystalline PVA capped SnS layers may find ap-
plication in the development of photovoltaic devices.
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