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electron spectroscopy confirmed that the films were stoichiometric in nature even after vacuum annealing. X-ray
diffraction, Raman analysis and electron microscopy showed that the films were polycrystalline in nature with
ortho-rhombic structure and preferred orientation. The only variation due to film thickness and annealing tem-
perature was the grain size. Thus, this provided a chance to investigate the variation in optical properties as a
function of the grain size. The energy band-gap and refractive index were estimated using UV-visible absorption
spectra. The variation in band-gap with grain size showed blue-shift typical of electron quantum confinement.
The effect of crystal ordering on refractive index was also evident by the linear increase of the refractive index

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In recent years various reports have appeared discussing the proper-
ties of ternary compounds formed from elements belonging to the IV-VI
group, such as Sny_4Pb,S. These reports suggest that ternary materials
are the most suited for solar cell applications [1,2]. The properties of
these materials strongly depend on their crystal structure which in
turn depends on the value of ‘X’ In this study, we have studied tin
sulphide (SnS) not only since they show similar properties but also be-
cause of their low melting point which makes it easy to obtain stoichio-
metric thin films by thermal evaporation. Tin sulphide (SnS) have
shown potential as a holographic or optical data storage medium [3,4].
Also, due to its high absorption coefficient (of the order ~10*cm~"!) and
band-gap ~1.3-1.6eV [5], SnS films have been used as photo-voltaic de-
vices [6,7]. SnS exists in various crystallized states like orthorhombic
[8], tetrahedral (Zinc blende like) [9] or a highly distorted rock-salt
(Nadl) structure [10]. However, due to the nature of the tin and sulphur
bonding, it forms two-dimensional sheets [11], giving rise to a layered
structure with strong intra-planar forces and weak van der Waal forces
between the adjacent planes [12,13]. They are hence ideal candidates
for obtaining layered films. Films of SnS have been fabricated using vari-
ous techniques such as thermal evaporation [14], RF sputtering [15],
chemical vapour deposition [16], electro-deposition [17], spray pyrolysis
[18] and sulphurisation of metallic precursors [19]. It was found that the
optical properties of SnS strongly depended on the deposition method
used [20-24]. While the maximum band gap (1.78 eV) was reported in
films obtained by wet chemical method [8], the lowest band-gap
(1.12eV) was reported for films made by chemical bath deposition [20].
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It is known that deposition techniques influences the film's grain
size, crystal structure, chemical composition and residual strain which
in turn affect the optical properties of the film. In light of the increasing
importance of SnS and its potential applications, it becomes important
to study the film structure with its band-gap. Thus, in this manuscript
we report our studies on vacuum evaporated SnS thin films that were
vacuum annealed after fabrication and try to establish a relation be-
tween their structural and optical properties.

2. Experimental details

SnS films of varying thicknesses were fabricated by thermally evap-
orating powdered SnS at vacuum better than ~5.32 x 10~ 3Pa in a Hind
High Vac (12A4D) thermal evaporation coating unit. The depositions
were made on glass microscopy slides maintained at room temperature.
SnS powder of 99% purity supplied by Himedia (Mumbai) was used as
the starting material. The thickness of the grown films were measured
by a Veeco Dektak Surface Profiler (150). The samples were then
subjected to post-annealing temperatures under vacuum for 30 min at
373K and 473 K. The structural, morphological, compositional and opti-
cal characterizations were done systematically for both the grown and
vacuum annealed films. We report and compare here the structural,
morphological, compositional and optical properties of annealed sam-
ples of five different thicknesses, 270, 480, 600, 650 and 900 nm. The
structural analyses were done using Bruker D8 Diffractometer in the
6— 26 mode with Cu target giving X-Ray at 1.5418 A (kay, line) operating
at 40 kV. In support of the X-Ray Diffraction (XRD) studies, structural
analysis was also done with Technai G? T30U Twin Transmission Elec-
tron Microscope (TEM) at an accelerating voltage of 200 kV. The sam-
ples were etched off the glass substrate with the help of a surgical
blade and dusted on gold grids. The Raman spectra of the films were
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obtained with Renishaw Invia Raman Microscope using Argon laser
beam in the reflection mode. The surface morphology of the samples
and their chemical composition was examined with Field Emission
Gun-Scanning Electron Microscope (FEG-SEM JSM7600F) operating at
10kV and its Energy-dispersive X-Ray Spectroscopy (EDX) attachment.
Chemical composition of the samples was also examined using
Shimadzu's X-Ray Photo-electron Spectroscopy (XPS) (ESCA750 spec-
troscope) with Al ka X-ray source. The beam energy used for the analy-
sis was 1.49 keV. The binding energy has been referenced with respect
to Carbon XPS spectra. Deconvolution of peaks and fitting Gaussian
peaks for estimation of area under the graph was done using standard
software, Origin 6. The optical properties of the samples were carried
out using Systronics UV-VIS Double beam Spectrophotometer (2202).

3. Results and discussion

The Raman spectra were collected from back scattered Ar?™* laser.
Analysis of all our samples was done maintaining constant beam area,
exposure time (30 s) and power (15 mW). All Raman spectra were
collected using low power laser since studies on SnS as an optical data
storage medium have shown changes induced in it by photo-thermal
absorption of light. Fig. (1) shows representative Raman spectra of a
900 nm thick film, before annealing (rt) and after annealing at 373 K
and 473 K respectively. All the samples without exception showed
two prominent peaks around 170 cm™! and 238 cm™'. The ~170 and
238 cm~ ! Raman peaks are associated with those of single crystal SnS
[8]. Our peak positions are slightly displaced from these positions.
These displacements are usually due to the restricted ordering introduced
by grain boundaries in polycrystalline samples [25]. The 170cm ™! or the
B, mode's peak corresponds to interaction along the inter-layer ‘b’ axis,
while the 238cm ™! peak is the A, mode that corresponds to the symmet-
ric Sn—S bonding stretching mode in the a-c plane [26]. It is clear from
Fig. (1) that the relative contributions from B,z and Ag do not change on
annealing.

Fig. (2) exhibits the X-Ray diffractograms of thin annealed (473 K)
SnS films of different thicknesses. Three prominent peaks were seen at
26 ~31°, 37° and 43°. The Miller indices of the remaining prominent
peaks are also indicated in the figure. These peak positions matched
with those reported in ASTM Card No. 83-1758. Two of the peaks,
(040) and (131), were also present in the electron diffraction (Selected
Area Electron Diffraction, SAED) pattern obtained from TEM. The SnS in
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Fig. 1. A representative Raman spectra of a 900 nm thick SnS film before and after anneal-
ing at temperatures indicated.
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Fig. 2. XRD patterns of SnS films of thicknesses (a) 270, (b) 480, (¢) 600, (d) 650 and
(e) 900 nm after annealing at 373 K. SAED patterns also showed spots arranged in
rings typical of polycrystalline material. The two circles superimposed for easy visu-
alization correspond to the (040) and (131) peaks of XRD.

our samples thus, exists with orthorhombic unit cell structure [5] with
the (040) peak having the maximum intensity. While there are many
references in the literature that show (040) peak as the most intense
[27,28], others have reported (111) peak to be the most intense [8,29].
This indicates a preferred orientation of the crystallites on the substrate.
TEM micrograph of Fig. (3) clearly shows the layered and oriented
nature of our SnS films. The planes visible are the (040) planes with
inter-planar distances matching the expected ‘b/4’. This again under-
lines how growth technique and conditions influence the character of
the SnS films.

The lattice parameters ‘a’, ‘b’ and ‘c’ of SnS in single crystal state are
given as 4.148, 11.48 and 4.177 A, respectively. We have evaluated the
lattice parameters from the (040), (200) and (131) peak's position
using the relation

sin®6; = Ah? + Bk; + CI.

The lattice parameters of the annealed samples were found to be
4,07 +0.002, 11.36 £ 0.01 and 4.45 & 0.002 A. The error indicated was
calculated from the X-Ray diffractometer’s step size used (26 = 0.02°).
They were found to be different from those of SnS in single crystal
state. While there is a marginal variation in ‘a’ and ‘b’ a significant in-
crease was seen in ‘c’. Albanesi et al. [ 13] have done systematic analysis
to understand the effect of changing unit cell size on SnS band-gap.
Their study suggested an increase in volume of the unit cell would
lead to a lowering in SnS band-gap. We shall return to this when we
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Fig. 3. TEM micrograph shows the layered structure of SnS thin film with parallel planes of
(040). Lattice parameter ‘b’ can also be evaluated from the width of 10 parallel planes
enclosed by arrows.

discuss the results of our optical studies. While there is a significant
change in the lattice constants (namely ‘c’) as compared to that of single
crystal, we find that they do not change with film thickness or annealing
temperature. Fig. (4A) shows all three lattice parameters remaining un-
affected with film thickness. Since points coincide, each point in this
graph represents samples annealed at 373 K and 473 K. The difference
in lattice constant present (Cops) With respect to that given in the
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Fig. 4. Graphs show the variation in (A) lattice constants with film thickness (annealed)
films. Diameter of representing points is of the order of error in the determination of lat-
tice parameters. (B) Grain size with annealing temperature. Bars indicate the +£1.5 nm
error in determination of grain size. These results were obtained from the X-ray diffraction
patterns.

ASTM (castv) implies that the grains are in a state of stress with the
peaks shifting left compared to those reported in the ASTM, hence we
conclude tensile residual stresses are acting within the grains [30].
However, cps is constant for all the samples hence the same tensile
residual stress exists in all the samples. This tensile residual stress
thus appears as a background in our study.

While the lattice parameters remain unaltered, the grain size
changes with annealing. The grain size reported was calculated using
the Full Width at Half Maxima (FWHM) of the diffraction peaks in
Scherrer's formula [22,31]. From Fig. (4B), it is clear that there is a per-
sistent increase in grain size with annealing, however this effect is
more pronounced in thinner films. The grain size increases from
12 nm to 25 nm in the 270 nm films while this increase in grain size
with annealing temperature is impeded for thicker films (Fig. 4B).

SnS are layered compounds with zig-zagged molecules of SnS
forming layers. These layers stack one on top of the other along the
‘b’ axis [32] with weak van der Waal ‘inter-planar’ forces acting be-
tween the layers. The layers themselves because of the zig-zagging
have finite thickness and along the ‘b’ axis have strong ‘intra-planar’
forces acting within it. Ehm et al. [33] have shown that application of
pressure decreases inter-planar distances along ‘b’ axis without
disturbing intra-planar spacing. As stated above, the Raman By,
peak represents vibrations along the ‘b’ axis. Fig. (5) shows the var-
iation in Raman peak position of annealed samples. While the A,
peak remains fixed at 226.5cm™ !, the B,g peak shows a systematic
shift to a higher wavenumber with increasing film thickness. It
would appear that thinner films with larger grain size have vibra-
tions taking place at lower wave-number than thicker films with
smaller grains. The Raman peak'’s position and its FWHM is a rich
source of information. While it does give information on the struc-
ture, the corroborative XRD study showing no variation in lattice
parameters implies variation in Raman spectra is indicative of some-
thing else. Literature on Raman Analysis has shown variation of
FWHM to be a measure of phonon confinement [34,35] with shift
in peak position related to grain size [25,36-39] and nature of defect
on the grain boundaries [34]. A shift to higher wavenumber is indic-
ative of smaller grain size. Hence, the results of XRD and Raman anal-
ysis put together suggest that annealed SnS thin films have large
grains with grain size decreasing as the annealed film thickness
increases. This is best understood from Fig. (6).

The results shown in Fig. (4B) are also reflected in the Scanning Elec-
tron Microscope's micrographs (Fig. 7). The film of 480 nm thickness
showed significant increase in grain size and grain density when
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Fig. 6. The B, peak position of Raman spectra varies with grain size. The graph shows shift
of Raman peak to lower energy level with increasing grain size. The filled circles represent
data of samples annealed at 373 K while the unfilled circles represent those that were
annealed at 473 K.

annealed at higher temperature as compared to the 900 nm thick film.
Comparing the 900 nm thick films annealed at 373 K and 473 K respec-
tively, we do not find such improvement in grain size or density as was
inferred from the XRD analysis. Also, the elongated flake like grains
lying parallel to the substrate corroborates the preferred (040) orienta-
tion observed in TEM and XRD.

Fig. (8) shows EDX of 900nm thick film annealed at 473 K. Even after
annealing at 473 K no oxidation is evident (Si and O is from glass sub-
strate). This is evidently due to the fact that annealing was done in
vacuum (6.65Pa). Besides showing the lack of oxidation, we also inves-
tigated the chemical composition of our samples using XPS. XPS analysis
becomes important because sulphur with tin can exist either as SnS or

SnS;. Fig. (9) shows the Sn (3ds/,) and S (2p) XPS peaks of a 480 nm
thick annealed sample. These are representative of all our annealed
samples. While a single Gaussian peak fits to the sulphur peak, the
shoulder in the Sn peak suggests a second state of Sn. The small Gauss-
ian peak at this shoulder indicates a free tin while the dominant second
Gaussian peak is of tin in bonding with sulphur. The amount of sulphur
in bonding with tin can be evaluated with the knowledge of area under
the curves/peaks (A) using [40]

g A\ (Osy

g, (Os> (ASn) M
where ns and ng, are the number of sulphur and tin atoms in bonding
per cm® area. The ease with which the elements release electrons is
given by photoelectric cross-section factor, 0. 0s and Os;, are the sensitiv-
ities or cross-sectional factors of sulphur and tin respectively. We have
used the cross-section values of sulphur's 2p,, and tin's 3d;, peaks as
given by Band et al. [41]. We obtain ns/ns, =~ 1.1 from the area under
the peaks of sulphur and tin (in bonding) Fig. 9. Within experimental
error we may conclude our samples are of SnS. At this point, it should
be understood that the XPS scans were obtained for the surface from
where sulphur might have escaped giving some free Sn. Hence, within
the surface, we may safely conclude that our studied annealed samples
are compositionally stoichiometric SnS.

Based on the above results, it would be interesting to study the
optical properties of these samples. Since the lattice parameters and re-
sidual tensile stress on the grain's bulk remain the same with only grain
size and to an extent grain density varying in the samples, the study
should reveal the contribution grain size has on the properties like band
gap, E,.

The optical absorption and transmittance spectra of all the samples
were obtained in between wavelength range 300-900 nm. The absorp-
tion spectra were typical with absorption increasing near band-edge.
The band-gap can be evaluated using the absorption coefficient (o)

2 900nm, 373K

Fig. 7. SEM micrographs show grain size improvement in thinner film (480 nm) when annealed at higher temperature. However, the 900 nm films show no variation in grain size on

annealing.
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Fig. 8. EDX spectroscopy of a larger area of 900 nm thick film, vacuum annealed at 473 K,
show no oxidation of the sample. The minimal silicon and oxygen present are from the
substrate.

obtained from the UV-visible spectra. The band-gap is obtained
using the relation [42]

ahv = (hV—Eg)"
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Fig. 9. XPS spectra of tin and sulphur of a 480 nm thin film annealed at 373 K.
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Fig. 10. The band-gap (direct and indirect) of annealed SnS films was found to be a func-
tion of grain size. The filled circles represent data of samples annealed at 373 K while the
unfilled circles represent those that were annealed at 473 K. The calculations based on
Eq. (2) are represented by the continuous line.

where ‘n = 1/2’ and ‘n = 2’ are for direct and indirect allowed tran-
sitions respectively. On extending the best fit line on the linear part
of the curve between («hv)'/™ and hv, the point where the line cuts
the ‘X-axis’ gives the energy band-gap of the sample. Using this
method, we have evaluated both direct and indirect band-gaps for
all the samples. Both theoretical [13,43] and experimental
[7,8,23,28,44,45] works are divided on the nature of band-gap in
SnS. Xing et al [45] hence have concluded that it has both direct
and indirect band-gaps. It is for this reason, we have evaluated
both direct and indirect band-gaps for all our samples.

As discussed earlier, the lattice parameters remained unchanged for
annealed films, hence it can be conclusively said that the band-gap var-
iation here is not caused by the lattice defects. The band-gap of SnS films
strongly depends on the deposition process and the film parameters like
the film thickness. SnS amorphous film of thickness 1000 nm grown on
a glass substrate by spray pyrolysis has a band-gap of 1 eV [18]. While
film grown by vacuum evaporation was found to be nano-crystalline
with band-gap varying between 1.15 and 1.3 eV. The variation in
band-gap was found to be related to the distance between the source
and the substrate [29]. Films grown on ITO substrates by pulsed
electro-deposition were polycrystalline in nature with band-gap being
1.34 eV [27]. Polycrystalline films grown by chemical bath deposition
on glass substrates of 290 nm thickness also possess low band-gap
(1.15 eV) [20]. While the films grown with RF sputtering technique
are also nano-crystalline, they have very high band-gaps varying from
1.3 to 1.7 eV [15]. A recent study [46] on SnS polycrystalline thin films
grown by thermal evaporation reports SnS band-gap between 2.15
and 2.28 eV. Clearly, polycrystalline SnS films have higher band-gaps



246 P. Jain, P. Arun / Thin Solid Films 548 (2013) 241-246

2.2

2.0

Refractive Index (n)

10 15 20 25 30
Grain Size (nm)

Fig. 11. The variation of SnS film's refractive index at A = 850 nm with grain size. The filled
circles represent data of samples annealed at 373 K while the unfilled circles represent
those that were annealed at 473 K.

compared to their amorphous counterparts. There are comments in
literature that higher contents of sulphur (SnS,) would lead to higher
band-gaps. However, XPS results show that our samples were stoichio-
metric SnS.

Fig. (10) shows the grain size dependence of the band-gap. Both the
band-gaps decrease with the increasing grain size. This study shows
that on annealing, thinner films have larger grains. The large grain size
gives the annealed samples a lower band-gap. Thicker films however,
have smaller grains and an enhanced band-gap. The band-gap of a sam-
ple is broadly affected by its chemical composition, crystal structure,
grain size and defects. Of all these contributing parameters, except for
grain size, all other parameters remain constant. While the larger vol-
ume of the unit cell leads to a background low E, (~1.8eV) as explained
by Albanesi [13], decreasing grain size contributes to an increase in Eg of
the vacuum annealed SnS samples. The band-gap's variation with grain
size due to quantum confinement has the quantitative form [47]

2.2
nano bulk oL
E, " =E,  + M2 (2)

where ‘1’ is the radius of the nano-particle and ‘M’ is the effective mass
of the system. The solid line of Fig. (10) shows a good fit of Eq. (2) to our
experimental data points. The result again reiterates influence of both
the lattice parameters (via E2"') and grain size on the band-gap of SnS.

The variation in grain size also affects the film's refractive index. We
have calculated the refractive index of our films using Swanpoel's
method [48]. Fig. (11) shows the variation in the film's refractive
index for N = 850 nm with grain size. The refractive index increases
with increasing grain size, showing some dependency on range of crys-
tal ordering. These results show that the optical properties of SnS such
as band-gap and refractive index are strongly dependent on the grain
size. The grain size is controllable by film thickness and annealing tem-
perature giving us control to tailor the properties of SnS films as per our
requirement.

4. Conclusion

Thin films of SnS were fabricated by thermal evaporation on micros-
copy glass slides at room temperature. These films when annealed in
vacuum at 373 K and 473 K developed a tensile strain along the lattice
‘ac’ plane. The magnitude of this tensile strain was independent of the
film thickness and annealing temperature. Thus, the contribution of
this tensile strain remained as a constant background throughout this
study. The film thickness and annealing temperature, however, play
an important influencing role on the sample's grain size. We conclude
from our results that the band-gap, Eg (direct and indirect), of nano-
crystalline SnS films invariably depends on the grain size due to

quantum confinement. Also, the refractive index of the films decreases
with decreasing grain size.
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