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a b s t r a c t

Theoretical investigations were made into the band gap, band structure and optical properties of tin
sulphide (SnS) crystal with C2mb symmetry. The SnS crystal with this symmetry though has many
properties similar to the well documented SnS crystal with Pnma symmetry, it does exhibit some
uniqueness in band structure. The purpose of this study was to verify and confirm the recent experi-
mental results of p-SnS thin films with C2mb symmetry. The p-type conductivity in SnS films is obtained
due to Tin vacancies. These defects invariably gives rise to residual stress in the crystal. Theoretical in-
vestigations allow to address the question as to which of the two factors, stress or vacancies with stress,
influences the electrical and optical properties more. Results of our calculations confirm that reported p-
SnS films were oriented such that the incident light of UVevisible spectroscope fell perpendicular to the
‘ab’ plane and that shallow levels appear just above the valence band edge along with a spread in the
conduction band edge on introduction of defects in the lattice. The spread in conduction band edge and
appearance of shallow levels manifest themselves as Urbach spread or tail in UVevisible absorption
spectra, which results in a decrease in band-gap with increasing number of Tin vacancies. Calculations
also show that while optical properties are essentially due to the Tin vacancies, the residual stress also
affects the p-SnS optical properties. The theoretical results are in good agreement with the experimental
results.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, tin sulphide (SnS) has been gaining importance
due to its potential as a solar cell photo-absorption layer [1,2]. This
is due to the high absorption coefficient that it exhibits in its thin
film state [3]. The fact that this IVeVI group material is abundantly
found and is not toxic are additional attractions [1,4,5]. A lot of work
has been done, reporting the characterization of SnS films fabri-
cated by different methods, for example by thermal evaporation
[6,7], RF sputtering [8,9], chemical vapor deposition [10,11], elec-
trodeposition [4,12] and spray pyrolysis [13,14] etc. Based on these
studies, we now know that SnS in crystalline state is a layered
chalcogenide compound with strong anisotropic behavior [1,15,16],
whose properties such as band-gap, refractive index etc also
run).
depend on the film thickness, grain size, lattice parameters etc
[17e19]. For example, the optical band-gap of SnS films lies be-
tween 1.1 and 2.1 eV depending on the fabrication method used,
which in turn effects grain size, crystal orientation and lattice
constants [5,17,20,21].

There are studies which have reported SnS band structure, its
band edge positions and thermodynamical stability purely by
theoretically considerations using Density Functional Theory (DFT),
including Van der Waal's corrections with G0Wo approximation
[22]. Experimental verification of such theoretical results using X-
ray Photoelectron spectroscopy (XPS) and inverse photoemission
spectroscopy measurements for SnS, SnS2, Sn2S3 have been re-
ported [23]. Other studies based on theoretical considerations have
shown that the spin-orbit interactions in SnS produce slight split-
tings of bands, specially in the conduction band [24]. These studies
have also reported the density of states, complex dielectric con-
stants and absorption coefficient of SnS in orthorhombic phase.
Green functions and Linear Combinations of Atomic Orbitals (LCAO)

mailto:arunp92@sgtbkhalsa.du.ac.in
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2018.02.262&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2018.02.262
https://doi.org/10.1016/j.jallcom.2018.02.262
https://doi.org/10.1016/j.jallcom.2018.02.262


C.I. Zandalazini et al. / Journal of Alloys and Compounds 746 (2018) 9e1810
have been used to determine the ideal vacancies in SnS, specifically,
Sulphur vacancies (Vs) and Tin vacancies (VSn) [25]. This study re-
ported that a Tin vacancy resulted in two localized levels,
at �12.6 eV and þ0.31 eV. The �12.6 eV defect energy level, within
the valence band, corresponds to an energy level of electron in ‘s’
orbital, while the þ0.31 eV defect level lies within the forbidden
gap. Jahangir et al. [25]. Showed that a Sulphur vacancy also creates
a defect level within the forbidden gap at 0.37 eV. Vidal et al. [26]
with DFT calculations have addressed the issue of Sn interstial
defects too. However, these studies have not been directed to
address most of the experimental observations, especially those
related to samples with defects. Considering Tin Sulphide's com-
mercial importance as a potential active layer in solar cells it be-
comes essential to address these gaps in our knowledge about SnS.

Tin Sulphide exists in many crystalline states. The orthorhombic
structure (a[bzc) with Pnma 62 space group has received the
maximum attention [24]. Ab-initio studies have been done on the
influence of high pressure were performed for several ortho-
rhombic IV-VI compounds in the Pnma symmetry GeS, GeSe, SnS
and SnSe [27], while phase transitions were observed in SnS and
SnSe crystals at high temperatures [28,29] and in a SnS crystal
under pressure [30]. Ab-inito calculations by Gashimzade et al. [31]
have shown the existence of the second order phase transition
(Pcmn to Cmcm) near the pressure of 16 GPa. In this state, SnS unit
cell contains eight atoms organised in two adjacent double layers
caused by zig-zag bonds between Sn and S atoms. These layers are
perpendicular to the direction of the unit cell's largest axis. SnS
with orthorhombic unit cell (c[azb) can also exist with C2mb 39
space group symmetry [32]. This structure too consists of double
layers in parallel planes (similar to Pmna-62) however, with greater
intra-plane packing (i.e. the thickness of the double layer is less
Fig. 1. Different views of the C2mb 39 ortho-rhombic structure of SnS with (a) showing stru
planes, respectively.
than that found in unit cells with Pnma symmetry) and Sn atoms
barely protrude from the planes of Sulphur (see Fig.1). In this study,
we make theoretical calculations of the band structure of SnS and
its optical properties and compare them with the results reported
by Gupta et al. [15]. The study reported experimental results of SnS
thin films whose X-Ray Diffraction data matched those given in
ASTM Card 79-2193 (C2mb-39). However, residual tensile stress
were found to exist in the reported samples. Also, it showed that
the reflecting plane's orientation changed with increasing film
thickness. The films orientationwas found to move from ‘ab’ planes
parallel to the substrate in thin films to an orientation where these
planes became perpendicular to the substrate (thicknesses >
1000 nm). This meant that when light is incident perpendicular to
the thinner films, it would be incident perpendicular to the ‘ab’
plane of the SnS unit crystal (i.e. perpendicular to plane [001] and
along ‘c’ axis shown in Fig. 1 (b)). Similarly, incident light would
probe the direction along to the ‘ab’ plane in thicker samples (i.e.
perpendicular to plane [100] shown in Fig. 1(c)). Thus providing an
interesting scope for investigating the anisotropic behavior of the
SnS crystal. We have looked into the anisotropic optical properties
of p-SnS here (dielectric function ‘ε2’, refractive index ‘n’ and
extinction coefficient ‘k’). Further, these films were found to have p-
type conductivity. This type of conductivity arises due to Tin va-
cancies. Defects such as vacancies also give rise to residual stresses
within the film which in turn effects the material's band gap and
optical behavior such as refractive index, extinction coefficient etc.
Hence, experimentally, it is impossible to isolate the contribution of
the two, i.e. of residual stress and vacancies. However, theoretically,
we are at a liberty to investigate the contributions of each
individually.

It is in this direction that this study is based. In this manuscript,
cture and Brillouin zone, while (b) and (c) shows the projection on the [001] and [100]
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we have made theoretical calculations of the band-gap, density of
states (DOS), band structure and optical parameters (dielectric
function, refractive index and extinction coefficients) for five situ-
ations. The first calculations were made for SnS with lattice pa-
rameters given in ASTM Card 79-2193, followed by calculations for
lattice parameters of experimentally reported 450 nm and 870 nm
thick SnS films [15] (henceforth referred as CI and CII, respectively).
Nomenclature used for all the samples are listed in Table 1. The
lattice parameters of the films were different from that given in the
ASTM Card, indicating that residual stress existed in the films. The
same calculations made for CI and CII were repeated by removing
tin atoms, thus simulating vacancies in the crystal.
2. Theoretical methodology

All calculations in this study were done in the framework of the
density functional theory (DFT) using generalized gradient
approximation (GGA), within the parameterization of
PerdeweBurkeeErnzerhof (PBE) [33], for the exchange and cor-
relation potential as implemented in the ABINIT software package
[34]. The eigenvalues and eigenfunctions of the KohneSham [35]
equations were solved self-consistently using the Projector
Augmented Wave method (PAW) with atomic datasets available
[36] for the expansion of the wave function, with a cutoff energy of
25 Ha, and a Monkhorst and Pack [37] grid to sample the Brillion
zone (864 and 108 k-point for a unit cell and super cell systems,
respectively). The cut-off energy of 25 Hawas found to be adequate
for this and similar systems [27,38]. These parameters yielded a
convergence of the total energy better than 10�5 Ha. As stated
earlier, we carried out calculations of the electrical and optical
properties for three SnS systems, namely pure/bulk, stressed, and
stressed with Sn vacancies. In the case of the pure system, we
performed the calculations of band structures, DOS, and optical
properties using a unit cell (8 atoms) with lattice parameter of
C2mb-39 symmetry given in ASTM Card 79-2193. We have also
done calculations with/without spin-orbit coupling. For the
stressed systems, we considered supercells of 64 atoms (8 unit
cells) using the experimental lattice parameter, which were kept
fixed during the process of self-consistent calculations. Vacancies in
the crystal were simulated removing one Sn atom in these stressed
supercells (i.e. 1.6% of vacancies). In the theoretical scheme, the
vacancy implies considering a supper-lattice of 8 unit cells and
removing one Sn atom from the lattice point common to all eight
unit cells. In order to perform a detailed analysis of the optical
transitions in SnS-stressed and SnS with stress and vacancy sys-
tems, we used a scissors approximation for correcting the differ-
ences between DFT calculations and experimental band gaps. Thus,
theoretical band gaps were increased by 0.78 eV (in CI calculations)
and by 0.70 eV (in CII calculations). All the calculations on supercell
systems were performed without spineorbit coupling.
Table 1
Lists the names given to various samples under study. For samples 2-5, th
unless specifically mentioned (as in Figs. 6 and 7).

S.No. Sample Description

1. Lattice parameter as in ASTM Card 79-
2. 5.690Å, 5.773Å, 11.778Å of 450 nm fi

3. 5.702Å, 5.750Å, 11.679Å of 870 nm fi

4. CI with Sn vacancies
5. CII with Sn vacancies
3. Results and discussions

3.1. Electronic structure of bulk SnS

Fig. 2(a) and (b) shows the DOS and band structure, respectively
of bulk SnS. The partial DOS indicate an important contribution of
s-cation states to the top of the valence band (see in top of Fig. 2(a))
which hybridized with the p-cation and p-anion contributions
define the main physical properties. Similar behavior was also
found in Pnma-62 group symmetry [24]. In Fig. 2(b), we have dis-
played the calculated band structure in the directions Q/P/G/Z
and Z/T/Y/S/R, with and without the inclusion of the spin-
orbit coupling (SOC). The band-gap (Eg), with and without the
spin-orbit coupling calculations does not introduce significant
changes (the differences being less than 1% between the two
methods of calculations). The band-gap using non-SOC calculations
was 0.98 eV, while with the SOC interaction band-gap evaluated
was 0.97 eV. Even more, the whole band structures in the different
directions of the BZ remain the same, as can be seen in Fig. 2(b) and
(c). Our calculations allow a comprehensive assessment of hybrid-
ization along the different directions of SnS. It is remarkable that in
both calculations (SOC and non-SOC) the band structures coincide
at the high symmetry points (Q, P,G, etc), with only a slight splitting
in the conduction band. This however, does not relocate the band
gap in the BZ. This behavior is significantly different from that re-
ported for SnS in the Pnma (62) space group [24], where it was
found that the spin-orbit coupling not only introduces splittings of
energy levels in some regions of the band structure but also re-
locates the band gap in the BZ. This could be attributed to the fact
that there are no heavy element atoms present in this structure.
Also, the inter-layer separation between ‘ab’-planes in SnS with
C2mb symmetry is greater than that compared to the crystal with
Pnma symmetry. This large inter-layer separation leads to a lower
hybridization between the states of different planes. Due to this the
band state hybridizations are strongly associated with the layered
symmetry rather than with the spin-orbit interaction [27]. As
mentioned, SnS-Pnma structure consists of double layers stacked
onto each other along the a-axis, with each atom coordinated by
three bound neighbors in the layer (bonds lengths being of the
order of 2.6 to 2.7Å) and one in the adjacent layer (inter-layer
separation being 3.5Å) [24,30], while in the SnS-C2mb structure
the distance between an atom and its first neighbors is 2.72.9Å and
the inter-layer separation being 9.1Å(this leads to the unit cell
volume of C2mb is approximately double that corresponding to the
Pnma symmetry). This large inter-layer separation leads to a lower
hybridization of states between the different planes, reducing the
spin-orbit interaction. With regards of the band gap energy, our
calculations show that the maximum of the valence band (VBM)
occurs at V1, V2 and V3 sites, defining a direct band-gap of
0.98 eV at Z (V2/C2), in competition with other two gaps, a direct
gap between V1/C1 on G (1.06 eV), and an indirect gap between
V3/C2, where V3 is located at about 3/4 from the Z point on the
Z/T direction of the BZ (see Fig. 2b). In fact, in previous studies
[27], it was demonstrated that SnS in the Pnma space group, and
e incident light is assumed to be incident perpendicular to ‘ab’ plane

Name

2193 (5.673Å, 5.750Å, 11.760Å) Bulk
lm with residual stress CI
lm with residual stress CII

CI-V
CII-V



Fig. 2. (a) Shows the total DOS and local DOS of bulk SnS, (b) shows band structure of
bulk SnS with and without spin-orbit coupling in different path in the Brillouin zone
and (c) shows the same (Fig. 2b) on a reduced energy scale.
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their related IV-VI orthorhombic compounds, exhibit several direct
and indirect gaps which are close in energy and compete to form
the band gap. However, there are almost no reports on the band
structures in SnS with the C2mb symmetry [32], hence our present
studies not only investigates the influence of the defects in SnS but
also contributes to the knowledge of the bulk C2mb-SnS system in
itself.
3.2. Electronic structure of SnS, stressed and vacancies with stress

3.2.1. Density of states
Fig. 3(a) shows the density of state calculated for the samples CI

and CII. The states have been translated to fix the Fermi energy level
at 0 eV. The DOS of the two cases seem very similar, however,
zooming into the figure around the conduction band edge (Fig. 3 b)
one can appreciate the difference.

Fig. 3(b) is a highly magnified plot of the DOS which compares
the calculation results for CI and CII samples with that of CI-V and
CII-V samples. As indicated by the arrows, the conduction level
moves to higher energy levels with introduction of vacancies in the
samples. In practical samples a 1.6% tin vacancy is not distributed
uniformly throughout the crystal/grain. Hence, mixed phase exists
in the crystal. This results in a smearing or spread of the energy
levels (shown by shaded regions in Fig. 3(b)). This spread contrib-
utes to an exponential tailing in the absorption spectra. This is
called the Urbach tail. From the DOS diagram of Fig. 3(b), we find
the spread to be 0.02 eV and z0:015 eV for CI and CII samples,
respectively. This suggests that the constant 1.6% vacancy simulated
in our theoretical calculations results in the same amount of spread.
In other words, the Urbach tail manifests due to defects such as
vacancies and its magnitude reflects number/concentration of de-
fects present. Similar suggestions of structural disorder giving rise
to band tail or Urbach energy has been made in literature [39e41]
and references therein. However, most of these studies have not
tried to isolate the contribution of stress and defects. There are
some scattered reports where amorphous solids [42e44] with
defects have been studied in an attempt to avoid contributions
arising from lattice parameters. Also, since the material in study
were amorphous in nature, a semi-classical model was used to find
the band-gaps from Joint Density of States [45]. As an end note, it is
important to state here that experimentally the Urbach tail was
found to increase from 0.084 to 0.235 eV for film thickness 450 (CI-
V) and 870 nm (CII-V), respectively. Thus, indicating that the va-
cancy concentration was not constant as we had adopted in our
theoretical calculations but increases with increasing film
thickness.

Based on our results (see Table 2 and Fig. 4), we can conclude
that in samples with vacancies (CI-V and CII-V), the Sn or cationic
vacancies lead to appearance of energy levels into the forbidden
gap near the valance band edge (see the shallow level SL in Table 2).
This shallow acceptor state is created from the p-orbital of the
anion hybridized with the s-orbital and the p-orbital of the cation
states. As can be seen in Fig. 4(a) for sample CI-V, such hybridization
occurs between the first and second nearest neighbors pairs of
vacant site, i.e. S and Sn atoms, respectively. With reference to the
cationic spectra, we can explain the C1 and C2 structures of Tani-
guchi et al. [46] as originated from a cooperative effect produced by
relatively flat bands in different regions of the BZ, like that shown in
Figs. 4 and 5 also for CI-V sample, together with the rest of the
mixed bands about each energy in the whole BZ. As listed in Table 2
for stressed systems, our first peak in CI sample is at 1.91 eV, 0.08 eV
above the conduction bandminimum (CBM) (1.88 eV, 0.10 eV above
the CBM, for CII), while our second peak is also well defined at
2.10 eV, 0.27 eV above CBM (2.06 eV, 0.18 eV above the CBM, for CII).
Maintaining the same distortion of these systems (i.e, the same
lattice parameter), the removal of cations causes a shift towards
higher energies of the peaks C1 and C2 (see Fig. 4 and Table 2). The
effect of the vacancy on the electronic properties is more noticeable
in the system CI-V, which presents greater tensile stress along the
‘ab’ axis. The latter could be one of the causes for which the en-
ergies involved in the optical behavior of the CI-V system are
greater than those associated with the CII-V system (see Table 3).



Fig. 3. (a) Compares the total DOS of CI and CII, (b) shows the spread in conduction band edge when Sn vacancies are introduced (as determined from total DOS calculations).

Fig. 4. Calculated density of states of the CI and CI-V, total-DOS (Left) and local-DOS
(right). The first and second neighbors of the vacant site are indicated with S (49)
and Sn (27) atoms, respectively. The Fermi energy (EF ¼ 0 eV), is at the bottom of the
impurity band (vacancy states).

Table 2
Lists the main peaks of total-DOS of all samples (stressed and with vacancies). Also,
to facilitate discussions, we present the composition of each peaks (atom and states)
in decreasing order. We name SL as shallow level, V2 through V14 for the valence
bands peaks and C1 through C12 for conduction band peaks of the DOS as they are
shown in figure (Fig. 4).

Peak DOS energy (eV) Contributing States

CI CI-V CII CII-V main minor

SL e 0.06 e 0.04 p-S; s-Sn p-Sn
V2 �0.15 �0.13 �0.17 �0.15 p-S; s-Sn p-Sn
V3 �0.27 �0.23 �0.28 �0.25 p-S s-Sn, p-Sn
V4 �0.38 �0.40 �0.38 �0.38 p-S; s-Sn p-Sn, d-Sn
V5 �0.51 �0.45 �0.48 �0.46 p-S p-Sn, d-Sn
V6 e �0.61 e �0.62 p-S; s-Sn p-Sn, d-Sn
V7 �0.67 �0.69 �0.67 �0.71 p-S; s-Sn p-Sn, d-Sn
V8 �0.90 �0.92 �0.97 �0.93 p-S; s-Sn p-Sn, d-Sn
V9 �1.39 �1.36 �1.37 �1.36 p-S s-Sn, p-Sn
V10 �1.53 �1.50 �1.57 �1.53 p-S s-Sn, p-Sn
V11 �1.61 �1.58 �1.61 �1.60 p-S; s-Sn, p-Sn d-Sn
V12 �1.73 �1.73 �1.72 �1.72 p-S s-Sn, p-Sn
V13 �1.81 �1.78 �1.78 �1.78 p-S; s-Sn, p-Sn d-Sn
V14 �1.89 �1.85 �1.92 �1.91 p-S; s-Sn, p-Sn d-Sn
C1 1.91 1.98 1.88 1.91 p-Sn s-Sn; p-S, d-S
C2 2.10 2.15 2.06 2.10 p-Sn s-Sn; p-S, d-S
C3 2.33 2.37 2.28 2.28 p-Sn s-Sn; s-S, p-S, d-S
C4 2.52 2.55 2.47 2.47 p-Sn s-Sn; s-S, p-S, d-S
C5 2.64 2.68 2.58 2.60 p-Sn s-Sn; s-S, p-S, d-S
C6 e 2.80 2.74 2.74 p-Sn s-Sn; s-S, p-S, d-S
C7 2.98 3.00 2.93 2.93 p-Sn s-Sn; s-S, p-S, d-S
C8 3.34 3.33 3.27 3.27 p-Sn s-Sn; s-S, p-S, d-S
C9 3.45 3.43 3.34 3.35 p-Sn s-Sn; s-S, p-S, d-S
C10 3.52 3.54 3.43 3.47 p-Sn s-Sn; s-S, p-S, d-S
C11 3.63 3.66 3.55 3.54 p-Sn s-Sn; s-S, p-S, d-S
C12 3.88 3.90 3.80 3.80 p-Sn s-Sn; s-S, p-S, d-S
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3.2.2. Energy bands
SnS has an orthorhombic layered structure as shown in Fig. 1(a).

While covalent to ionic bonds are present between Sn and S atoms
in the ‘ab’ plane, Van der Waal's forces are present between adja-
cent layers along the ‘c’-axis. In Fig. 5 we plot the calculated band
structure in the directions P/G/Z/T/Y of the CI and CI-V
supercells, as representative of the systems with stress and stress
with defects, respectively. All calculations on supercell systems for
this figure were performed without spin-orbit interaction, since
SOC has a negligible effect (as discussed in sections above). As can
be seen in Fig. 5, the competition between transitions to form the
band-gap is also observed both in stressed systems and systems
with vacancies, but contrary to what was found in the system
without defects (Fig. 2(b)), in all the samples with defect, the band-
gap occurs in the G� point (0.04 eV lower than at Z-point). It is
observed that the VBM associated to V3 in the pure system (see
Fig. 2(b)), shows a displacement towards the Z point in the system
with defects, now being located at about 1/2 from the Z point of the



Fig. 5. The band structure of CI (stressed) and CI-V (CI with vacancy).

Fig. 6. The (a) refractive index (n) and (b) the extinction coefficient (k) of CI stressed sample (450 nm films) determined using the SE ellipsometry data (shown by circles) compared
to that evaluated theoretically, as a function of light wavelength.
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Z/T direction of the BZ (see Fig. 5). We notice that the directions
involving ‘ab’-plane (i.e. directions P/G, Z/T, or Z/Q in Fig. 6(b))
are the most hybridized, where spreading and crossing of bands is
increased. The bands over the G/Z and T/Y line, corresponding
to the largest lattice parameter ‘c’ (see Fig. 1(a)), i.e. along the axis
perpendicular to the cleavage plane of the crystal, however, are less
symmetrical with fewer hybridization. Also, as can be seen in Fig. 5,
even though systems with vacancies have band structure charac-
teristics similar to that of the stressed system (for example the band
gap is maintained in Gpoint andmaintains or has similar crossing of
bands, etc.), the main difference is the spreading of bands vs. en-
ergy in samples with vacancies, mainly in bands in the directions
G/Z and T/Y (along the axis with Van der Waal's forces).

In the following section we shall investigate the contribution of
stress and vacancy on the optical properties of SnS thin film.

3.3. Optical properties of SnS samples with stress and vacancies

We have determined the imaginary part of the complex
dielectric function ε2ðuÞ, using the standard tetrahedron-method
corrected by the “scissor” operator as mentioned above. The real
part of the diagonal dielectric functions was computed from ε2ðuÞ
using the Kramers-Kroning relations [47]. In order to achieve a
comprehensive understanding of the optical behavior of the sys-
tem, along with the complex dielectric function, the refractive in-
dex, nðuÞ, extinction coefficient and kðuÞ were calculated for
polarized light incident along the three main axes of the crystal. All
the four systems presented a triaxial anisotropy (different proper-
ties along the ‘a’, ‘b’ and ‘c’ axis) for different ranges of incident
photon energy. However, since the perturbations in ab-plane di-
rection (see ‘ab’ directions in Fig. 1(b)), are almost the same in all
ranges of energy (a consequence of azb), we have taken the
average value of the calculated optical property along ‘a’ and ‘b’ axis
and have indicated the average when light is ‘incident perpendic-
ular’ to the ‘ab’ plane in Fig. 6(a).

Fig. 6 (a) and (b) compares the refractive index and the extinc-
tion coefficient of CI-V determined experimentally using the
Spectroscopic ellipsometry data [48] as a function of incident light's
wavelength to that evaluated theoretically. The theoretical calcu-
lations were made for light incident perpendicular and parallel to
‘ab’ crystal plane. The strong anisotropic behavior of SnS along
these two directions is clearly evident. As can be seen from Fig. 6(a)
and (b) the experimental data for both refractive index and
extinction coefficient are in good agreement with the values ob-
tained theoretically for the case of light incident perpendicular to
the ‘ab’ plane. We hence conclude that our theoretical calculations



Fig. 7. Calculated (a) dielectric function (imaginary parts) for CI and CI-V, (b) Band
structure and total DOS which includes the transitions associated with the peaks of
interest.

Table 3
Optical transitions of perturbations perpendicular to the ‘ab’ plane, from ε2 and DOS
calculations.

Peak DOS ε2

CI-V CII-V CI-V CII-V

P1 (V11-SL) 1.64 1.64 1.65 1.58
P2 (V9-SL) 1.41 1.40 1.47 1.40
P3 (V8-SL) 0.98 0.97 0.93 0.85

Fig. 8. Graph shows the experimentally observed variation in band gap with film

C.I. Zandalazini et al. / Journal of Alloys and Compounds 746 (2018) 9e18 15
confirm the experimental results of ‘ab’ plane being parallel to the
substrate as was reported by Gupta et al. [15]. Considering the
above conclusion, all the results discussed hereafter are for orien-
tation where light is incident perpendicular to the ‘ab’ plane only.

The imaginary part of the dielectric function shows typical
response of a semiconductor with some fine structure (see
Fig. 7(a)). The systems with vacancies shows greater anisotropy as
compared to those with just stress. For both directions of pertur-
bation, as a consequence of the cationic vacancy the absorption
edge shows a red shift. Also, for energies higher than 3 eV, the
optical properties showalmost no change due to vacancies defect. A
similar behavior was observed in deformed SnS when subjected to
pressure [27]. A very sharp peak (P3) around 0.9 eV (perturbation
parallel to ‘ab’ plane) is seenwith two peaks (P2 and P1) around 1.4
and 1.6 eV (perturbation perpendicular to ‘ab’ plane). We have
identified these peaks arising due to transitions from the shallow
level (SL) appearing due to Sn-vacancy to V11, V9, and V8 peaks
levels associated with p-S and s-Sn orbitals (see Table 1). The
energy values (Table 3) corresponding to transitions for all systems
were evaluated from the DOS and band structure diagram
(Fig. 7(b)). Since the present study is focussed on the photo-voltaic
application of SnS, we have restricted our analysis to the visible
region of the spectrum (300 � l � 1000 nm) or up to an energy
range of 3 eV. It is important to note that the appearance of the
shallow level above the valence level and upward shift in conduc-
tion level (as seen by change is DOS level, Fig. 3(b)), both contribute
to the Urbach tail and change the samples band-gap. It is given as

EgðnewÞ ¼ Eg þ ðnew CBÞ � ðnew VBÞ
Since the spread and shift in the conduction band level (CB) is

not significant (z0:02 eV), the equation clearly suggests a red-shift
in band-gap with increasing thickness of p-SnS films due to
increasing Sn defects. The result of this study clearly suggests that
an increase in Sn vacancies results in a decrease in band-gap (red
shift). A red-shift of band-gap with film thickness was also
observed experimentally by Gupta et al. [15] andwas explained due
to size effect. Hence, the red shift reported experimentally maybe a
commulative effect of increasing grain size and Sn vacancies (see
Fig. 8).

In Fig. 9(a) and (b), we compare the theoretically evaluated
refractive index and extinction coefficient of CI and CII stressed
samples (those having no vacancies). There seem to be an insig-
nificant variation in the two cases. Considering that the tensile
stress induces a mere 0.01e0.02Å elongation in the ‘a/b’ lattice
parameter, this lack of variation in the theoretically simulated
refractive index is hence not surprising. The variation of refractive
index with incident light's wavelength seen in Fig. 9(a) for
l>450 nm is typical of Cauchy's dispersion relation. Cauchy
dispersion relation is valid only in the transparent region of the
material, the zero (approx) value of extinction coefficient in the said
wavelength region confirms the transparent nature of SnS unit cell
experiencing only stress. However, Gupta et al. [15] using their
experimental ellipsometry data have shown that the variation of
SnS refractive index follows the Tauc Lorentz (TL) dispersion rela-
tion. This variation in dispersive relation is due to the vacancies
present in the film. Fig. 9(c) and (d) compares the theoretical
evaluation of the refractive index and extinction coefficients of CI-V
thickness.



Fig. 9. The refractive index (n) and the extinction coefficient (k) of CI and CII samples (a and b) along with that of CI-V and CII-V (c and d).
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and CII-V samples, respectively (having 1.6% tin vacancies). Notice
that the difference in refractive index between the two samples is
more pronounced now, especially for l � 500 nm. Also, the trans-
parent region is curtailed (extending only between
500 � l � 700 nm) due to appearance of appreciable absorption
peaks for l � 700 nm. Considering that the number of Sn vacancies
in CI-V and CII-V were maintained same for calculations, the tran-
sition peak positions (P1 and P2) that appear due to defects, were
found to be sensitive to the residual stress present. A red shift in P1
and P2 is evident due to the lattice deformation of ‘a’ and ‘b’ (see
Fig. 9(c) and d). P1 and P2 peaks were absent in Gupta et al.
experimental data (Fig. 6). This might be due to the low Sn va-
cancies present in the sample and the UVevisible spectrometer
insensitive to the variations.

We hence believe that the residual stress effects the band-gap
and optical properties of SnS thin films, however, the optical
properties of SnS are more strongly influenced by the number of
defects/vacancies. To further investigate this idea, we analyse the
theoretical refractive index data using the Wemple-
Dedomomenico (WDD) model. Although a large number of
dispersion relations are available for the transparent region like
Cauchy's, Sellmeier etc., WDD was selected as it gives an insight
into the structural properties via its two fitting parameters (Eo and
Ed) as will be seen in the following paragraphs.

3.3.1. Wemple-Dedomenico model
The Wemple-Dedomenico (WDD) model [49] quantifies the

dispersive behavior of the material assuming that all the valance
electrons of the material behave as oscillators with only single
dominant oscillator. The WDD single oscillator model can be used
to study the variation of refractive index with wavelength in the
transparent region (550 � l � 700 nm), i.e. the region where the
incident light's energy (E) is less than the material's band-gap
(E < Eg). The WDD dispersion relation is given as [49]

n2 ¼ 1þ EdEo
E2o � E2

(1)

where Eo is the oscillator energy and Ed is the dispersion energy.
While Eo quantifies the material's band-gap (it is proportional to
Eg), Ed is related to the charge distribution in the unit cell and hence
depends on the material's structure. Ed is given as

Ed ¼ bNcZaNe (2)

where ‘Ne’, ‘Za’ and ‘Nc’ are the effective number of valence elec-
trons per anion, the anion valency and the coordination number or
the number of nearest neighboring cations, respectively. ‘b’ is a
constant which is equal to 0.26 eV for ionic bonding and 0.37 eV for
covalent bondings. Fig. 10(a) and (b) shows the WDD model fitting
made on the theoretically obtained refractive index data for the
stressed and stressed with vacancy samples, respectively. The two
plots are in different wavelength regions depending on the trans-
parent region or kz0 region obtained. The values of Eo and Ed
evaluated from the theoretical data for CI, CI-V, CII and CII-V along
with those obtained from experimental SE data in the wavelength
range 550 � l � 700 nm are listed in Table 4. Notice that the Ed
values for sample CI-V sample is comparable not only with the
experimental value but also with the Ed (theoretical) value of CII-V
sample. This, we believe is due to the fact that theoretical compu-
tation of the refractive index for both, CI-V and CII-V samples, were
made by assuming 1.6% Sn vacancy in SnS unit cell. Similarly, CI and



Fig. 10. (a) and (b) shows the WDD model fitting made on samples CI, CII and CI-V, CII-V, respectively.

Table 4
Coefficients of Wemple-Dedomenico model obtained from Theoretical estimation of
refractive index and that from experimental Spectroscopic Elliptical (SE) data.

Sample WDD Constants from
Theory

WDD Constants from SE
data

Ed (eV) Eo (eV) Ed (eV) Eo (eV)

CI 41.00 7.750 e e

CII 39.34 5.475 e e

CI-V 24.60 3.510 22.65 3.344
CII-V 17.05 3.240 11.61 2.725
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CII samples, also returned comparable values of Ed, with magni-
tudes higher than those obtained for samples with vacancies. In
their work, Gupta et al. [15] had concluded that Ne and Za of Eq (2)
are constant for SnS and any variation in Ed values is due to changes
in bNc. The variation in bNc product is due to change in charge
distribution in the unit cell due to defects present in the films.
Clearly, from Table 4, it is clear that a decrease in Ed is indicative of
an increase in defect/vacancy concentration. Hassanien et al. [50]
have worked on the same lines but did not comment upon their
listed data of dispersion energy, Urbach tail and Se concentration in
Cd50S50�xSex thin films. For first principle calculations, we have
assumed a linear (with negative slope) relationship between Ed and
vacancy concentration, the experimental sample of CII-V is pro-
jected to have 2.11% Sn vacancy. Based on the relationship between
Urbach tail and Ed reported by Gupta et al. [48], it would further
imply that the magnitude of band spread or Urbach tailing is a
direct measure of vacancies present in the sample.

Thus, our calculations allow us to reproduce and predict the
experimental results having only considered systems with an iso-
lated vacancy, thus providing only that percentage of defects
similar to the experimental one. This suggests that the effects
associated with possible interactions between vacancies, would
play a minor role compared to the effects of the imperfection itself
within the lattice, although subsequent work could be needed to
confirm it.
4. Conclusion

Theoretical calculations of the band-gap, density of states, band
structure and optical properties were made for tin sulphide with
C2mb-39 symmetry in bulk state and film state with residual stress
and defects. It was found that even on including spin-orbit coupling
in our calculations, it does not change the position of band-gap (at
G� point and induce only slight splitting in conduction band. This
observation is contrary to what is observed in SnS with Pnma space
group symmetry, where the spin-orbit interaction relocates the
band gap in the Brillion Zone. Since spin-orbit coupling shows no
major manifestation for SnS with C2mb-39 symmetry, all the cal-
culations reported here were done without the spin-orbital in-
teractions. These calculations were done to confirm and verify the
experimental results in literature on p-SnS films. The tin vacancies
responsible for p-type conductivity of SnS thin films also result in
stress in the crystal lattice which in turn leads to spreading of band
edges (or Urbach tail) within the forbidden band-gap. The Urbach
tail was found to be increasing with film thickness. Band-gap of the
as-grown films as calculated from absorption spectra using the
Tauc's method was found to be the function of grain-size, lattice
parameter and defects present in the films. Increasing grain-size
and band edge spreading causes red-shift in the band-gap values.
Thus, in terms of photon absorption for solar cell applications,
increased band-spreading and grain size with thickness helps in
lowering of band-gap and bringing it closer to optimum value
required for solar cell application of 1.5 eV. Experimentally, the
effects of stress and that of defects can not be isolated. However,
theoretically we were at liberty to test the same. Calculations were
made for samples with stress (CI, CII) and those stressed with va-
cancies (CI-V, CII-V). A spread in conduction band edge was
observed for CI and CII samples after introduction of defect in the
lattice, indicating the band spreading is a direct measure of the
number of defects present in the lattice. To study the effect of de-
fects, calculations were done by simulating absence of one Tin atom
from a SnS unit cell (corresponding to 1.6% vacancies). Band-gap
was found to decrease with inclusion of defects in the sample. In-
clusion of Tin vacancy in crystal lattice creates a shallow defect level
near the valance band edge in both the samples. The appearance of
shallow defect level in both the samples (CI-V, CII-V) suggests a
direct proportionality between the Urbach tail and defect
concentration.

The theoretical calculations confirm the anisotropic properties
of tin sulphides. It also confirms that the experimental results re-
ported in discussed literature were of samples with the ‘ab’ crystal
plane parallel to the substrate. Another interesting observation in
theoretical results was the appearance of two absorption peaks at
wavelength of 700 nm and 900 nm corresponding to the transition
from valance band to shallow level only in when light is incident
perpendicular to the ‘ab’ plane. A red shift was observed in CII-V
samples as compared to CI-V sample, indicating that these peaks
which arise due to defects are also sensitive to the stress present in
the sample. Theoretically obtained refractive index matched to that
obtained experimentally using spectroscopic ellipsometry. Fits of
WDD model in transparent region of theoretical refractive index
match those done with the experimental data. The decrease in



C.I. Zandalazini et al. / Journal of Alloys and Compounds 746 (2018) 9e1818
dispersion energy (Ed) shows an increased amount of vacancies for
thicker samples (CII-V). From first principle calculations, assuming
a linear relation between Ed and Tin vacancy concentration, the
experimental 870 nm thick sample is predicted to have 2.11%
vacancies.

Thus, the calculations of various properties of SnS are in total
agreement with the experimental results.
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