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The effect of film thickness on the structure and optical properties of thermally evaporated SnS film has been
studied. SnS films with different thicknesses in the range 152–585 nm were deposited onto clean glass sub-
strates at room temperature. X-ray diffraction study revealed that SnS films of thickness ≥283 nm are crys-
talline, whereas films of lower thickness exhibit poor crystalline with more amorphous background. The
crystalline nature of the lower film thickness has been confirmed using transmission electron microscope
and the corresponding electron diffraction pattern. The thicker film samples showed nearly stoichiometric
chemical composition; however, thinner samples are deficient in S and rich in Sn. The optical property of
the deposited films has been investigated in the wavelength range 350–2500 nm. The refractive index in-
creases notably with increasing film thickness. The refractive index for the investigated film thicknesses
are adequately described by the effective-single-oscillator model. The static refractive index and the static di-
electric constant have been calculated. Analysis of the optical absorption coefficient revealed the presence of
direct optical transition and the corresponding band gap values were found to decrease as the film thickness
increases.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Recent investigations on photovoltaic materials have shown con-
siderable interest in SnS thin films [1–3] and other optoelectronic de-
vices like holographic recording system [4], solar control device [5]
and near-infrared detector [6].

SnS belongs to the IV–VI compounds whose constituent elements
are abundant in nature. It crystallizes in an orthorhombic structure as
a deformed sodiumchloride structure and is a layeredmaterial that pre-
sents interesting semiconducting properties [7]. It has different optical
band gap values ranging from 1 to 2.33 eV depending on the resulting
structure obtained by different techniques and the occurring type of
electron transitions [8–10].

For photovoltaic applications p-type SnS being the absorbermaterial
requires an n-type wide band gap transparent semiconductor as the
heterojunction partner [3]. Essentially among all known transparent
semiconductor, non-stoichiometric or doped oxides and sulfides such
as SnO2, ZnO, CdS and ZnS, the p-type SnS may be the best choice for
n-type material as a heterojunction partner. The performance of such
heterojunction partners is strongly limited by the thickness and various
characteristic properties of deposited SnS films. The change of material
properties particularly with film thickness could be due to the variation
of the crystal size. The influence of the crystal size on the physical prop-
erties has arousedmuch interest in semiconductor devices. The structure
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of the deposited films changes with the change of the film thickness,
which will in turn affect the optical transmittance and the electronic
properties of the deposited films [11–13]. A study of properties in rela-
tion to the film thickness has great importance in order to obtain films
that are capable to assure stable and efficient device performance.

In the present work, we study the effect of film thickness on the
structure and optical properties of thermally evaporated SnS films
deposited onto glass substrates.

2. Experimental technique

SnS thin films of different thicknesses were deposited from the
pre-synthesized ingot material via thermal evaporation technique onto
clean glass substrates at room temperature. The deposition process was
carried out using a high vacuum coating unit (Type Edwards, E306A) in
a vacuum pressure of ~2×10−4 Pa. The deposition rate (3–7 nm·s−1)
and the thickness of the deposited films were controlled during deposi-
tion process by means of quartz crystal thickness monitor (Type
Edwards, FTM4).

The structural characteristics of the deposited films were examined
using an X-ray diffraction (XRD-Philips X'pert) operating at 40 kV and
30 mA, with CuKα radiation of wavelength λ=0.15406 nm. The mea-
surementswere conducted at 2θ diffraction angles from10° to 80°, with
a step size of 0.04°. The microstructure and chemical composition of
thinner film sample was investigated using transmission electron mi-
croscope (TEM) (Type JEOL JEM-1230) operating at 120 kV, interfaced
with energy dispersive X-ray spectrometry unit. For this task, thin film
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of thickness ~100 nm (suitable for TEM investigation) was deposited
onto clean glass substrate. The film was stripped from the glass sub-
strate by immersing the substrate covered with film gently on the
surface of double distilled water in a glass dish. The film was then
floated onto the water surface and fished onto a microscopic copper
grid. On the other hand, the chemical composition for thicker film
sample was examined using energy dispersive X-ray spectrometry
unit (Type INCA x-sight Oxford England) interfaced with a scanning
electron microscope ( Type JOEL JEM-850) operating with an accel-
erating voltage of 30 kV, with an estimated average precision of 3%
in atomic fraction in each element.

A double beam spectrophotometer, with automatic computer data ac-
quisition (Type Jasco, V-570, Rerll-00, UV–VIS–NIR) was used at normal
light incidence to record the optical transmission and reflection spectra
of the deposited films over the wavelength range 350–2500 nm. The
measurements were made at room temperature on various parts of the
depositedfilms, scanning the entire sample, and a very good reproducibil-
ity of the spectra was generally achieved.
3. Results and discussions

3.1. Structural characterization of the deposited films

3.1.1. X-ray diffraction analysis
The XRD patterns of as-deposited SnS films (of different film thick-

nesses) deposited onto glass substrates at room temperature are shown
in Fig. 1. The XRD pattern revealed that the as-deposited SnS films of
thicknesses 283 and 470 nm show a prominent peak at 2θ=31.66° cor-
responding to the (111) plane that matched well with the orthorhombic
structure as compared to the JCPDS card no. 39–0354.With an increase of
thickness to 585 nm, thefilm showed another reflection peak observed at
2θ=30.62° corresponding to (101) plane. The intensity of the (111) dif-
fraction peak becomes more intense and sharp with the increase of the
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Fig. 1. X-ray diffraction patterns of as-deposited SnS films of different thicknesses.
film thickness, which indicates an improvement in the crystallinity of
the deposited films. In general, an increase of film thickness increases
the probability of crystallization [14]. On the other hand, as-deposited
SnS films of thickness 152 and 225 nm did not indicate clearly whether
the films are amorphous or crystalline due to the absence of any observ-
able peaks in such patterns. Further analysis was performed using the
transmission electron microscope and electron diffraction to identify
clearly whether SnS films of thinner thicknesses are amorphous or
crystalline.

Fig. 2 shows the TEM micrograph and the corresponding elec-
tron diffraction pattern of as-deposited SnS film of thickness
100 nm. The transmission electron micrograph revealed that the
as-deposited SnS films showed needle-like crystallites which are
tightly bonded together forming a continuous dense network.
The corresponding electron diffraction pattern showed continues
faint rings confirming the crystalline nature of the as-deposited
SnS films. Therefore, the absence of any observable peaks in the
XED patterns for SnS films of thickness lower than 283 nm was at-
tributed to crystal size effect.

3.1.2. Chemical analysis of the deposited SnS films
Fig. 3 shows the energy dispersive X-ray spectrum of representative

SnSfilm corresponding to lower (100 nm) film thickness. The spectrum
showed peaks corresponding to the elements Sn and S, beside other
peaks observed at 0.93, 1.1, 8.05, and 8.98 eV coming from the copper
grid. However, the spectrum for the sample of thickness 585 nmdepos-
ited onto glass substrate (not given here) showed only sharp peaks re-
lated to Sn and S in addition to Si peak observed at 1.74 eV coming from
the glass substrate. The variation of Sn to S atomic ratio of SnSfilmswith
respect to lower and higher film thickness are listed in Table 1. It is
clearly seen from the data reported in Table 1, that the compositional
ratio of the as-deposited SnS film of thickness 585 nm was nearly stoi-
chiometric. However, SnS film of lower film thickness (100 nm) was
found poor in S and rich in Sn, which indicates non-stoichiometric com-
position. This finding could be attributed to the long Sn–S bond in the
crystal structure, which is responsible for the release of sulfur in the
case of as-deposited thinner SnS films [1].

3.2. Optical properties of SnS films

Fig. 4 shows the transmittance and reflectance spectra obtained
for SnS with different film thicknesses. It is seen that the transmit-
tance spectra for SnS films of thickness 470 and 585 nm exhibited
sharp fall (sharp absorption edge) around 580 nm, indicating a
good homogeneity in the grain shape and size, and low defect con-
centration in the films. However, the transmission spectra for the
samples of thickness t=152, 250 and even for 255 nm showed
strange shape with no sharp band edge i.e. exhibit a cut off on the
T spectrum at short wavelengths. This behavior was attributed to
the poor crystallinity and/or optical homogeneity of these films.
The strange shape of the optical transmission spectra at shorter
wavelength side has been also observed for thermally evaporated
SnS films [15,16]. The growth of thin films by thermal evaporation
process goes mainly through the composition of islands, network
and continuous stages where, the crystallite sizes of the deposited
films increase with increasing film thickness. Therefore, the increase
of the film thickness in the present work enhances the film crystalli-
zation, and hence the optical homogeneity. It was also observed that
in the near-infrared spectral region when the transmission increases
the reflection decreases, indicating that some light attenuation oc-
curs due to scattering process.

The optical properties of the deposited SnS filmsmay be represented
by the refractive index, n, and extinction coefficient, k, which are the
real and imaginary parts of the complex refractive index N=n-ik, re-
spectively. In the case of normal light incident the values of n and k
were computed using a film thickness, t, and both recorded values of



Fig. 2. TEM and the corresponding electron diffraction patterns of as-deposited SnS film of thickness 100 nm.
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transmission and reflection spectra in the investigated wavelength op-
tical range according to the Murmann's exact equations [17,18]:
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Fig. 3. Energy dispersive X-ray spec
H ¼ k ns þ noð Þ n2 þ k2−nons

� �
;∝ ¼ 4πnt=λandβ ¼ 4πkt=λ

where no=1 is the refractive index of air, ns is the refractive index of the
substrate, t is the film thickness, and λ is the wavelength of the incident
beam. Murmann's exact equations require initial guessed value of the
film refractive index, ni and extinction coefficient, ki. The guessed
value of ni was calculated from the experimental value of R at longer
wavelength (2500 nm) using the relation; ni=(1+√R) ⁄ (1-√R)
and the guessed value of ki is estimated using the equation; exp
((4πkit) /λ)=(1-R) /T. Initial values of ni and ki (especially ni)
must be properly chosen for a physically meaningful solution to be
obtained.

Therefore, using the experimental values of the transmission Texp
and reflectance Rexp, one can solve Murmann's exact equations, namely
fr(n, k)=R(n, k) – Rexp=0 and ft=T(n, k) – Texp=0, simultaneously to
obtain accurate values of the film refractive index, n and extinction co-
efficient, k using a special iterative computer program [19].

Fig. 5 shows the spectral variation of the refractive index as a func-
tion of wavelength for SnS films for different thicknesses. The figure de-
picts that the refractive index n attains a peak in the absorption region
(below 950 nm), which shifts towards higher wavelengths as the film
thickness increases. Beyond the observed peaks the refractive index
for different film thicknesses decreases with increasing wavelength
and becomes fairly flat above 1500 nm, showing normal dispersion be-
havior. In addition, the magnitude of refractive index increases notably
with increasing the film thickness. The lower value of refractive index
for thinner filmsmight be due to the poor packing density of the depos-
ited layers [20,21].
trum of film thickness 100 nm.
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Table 1
Chemical composition (at %) results and Sn/S ratios of SnS films of two representative
film thicknesses, with a precision of 3% in atomic fraction in each element.

Element Film thickness

t=585 nm t=100 nm

Sn 51 58
S 49 42
Sn/S 1.04 1.38
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Fig. 5. Spectral variation of the refractive index vs. wavelength for SnS films with dif-
ferent thicknesses.
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The data of the dispersion refractive index, n (λ), may be analyzed
using the single-effective-oscillator Wemple and DiDomenico model
[22]. The model suggests that the data could be described by:

n2 νð Þ ¼ 1þ EoEd
E2o− hνð Þ2 3

where ℏ=h/2π (h is Planck's constant), (ℏω) is the photon energy, Eo is
the oscillator energy and Ed is the dispersion energy or the oscillator
strength.

The oscillator energy, Eo is an “average” energy gap and can be relat-
ed to the optical band gap Eg in close approximation by Eo≈2 Eg [23]. On
the other hand, the dispersion energy, Ed, is ameasure of the strength of
interband optical transitions and can be considered as a parameter hav-
ing very close relation with the charge distribution within the unit cell
and thereforewith the chemical bonding. This parameter follows a sim-
ple empirical relationship of the form [22]:

Ed ¼ βNcNeZa 4

where β is a constant whose value depends on the chemical bonding
character of a material, Nc is the coordination number of the cation
nearest-neighbor to the anion, Za is the formal chemical valency of the
anion, and Ne is the total number of valence electrons per anion.

Therefore, plotting n2−1
� �−1 against photon energy, (hν)2 and

fitting a linear function to smaller energy data as shown in Fig. 6 al-
lows the determination of the oscillator parameters, Eo, and Ed. The
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Fig. 4. Transmission and reflection spectra of as-deposited SnS films of different
thicknesses.
calculated values of Eo, and Ed, static refractive index, ns(0)=
(1+Ed/Eo)1/2 as well as the static dielectric constant, εs=ns

2(0) for
different SnS film thickness are listed in Table 2. It is clearly seen
from the data reported in Table 2 that, the oscillator energy Eo varies
in a reverse manner to the calculated values of Ed and ns(0). The ob-
served decrease in the values Eo with increasing SnS film thickness
can be attributed to the observed red shift of the optical transmission
spectra in the short wavelengths spectral region (see Fig. 4). The cal-
culated values of the oscillation parameter Eo are in a agreement with
the corresponding values reported in Ref. [24]. On the other hand,
the observed increase in the values of Ed with increasing film thick-
ness can be attributed to the variation of the coordination number
of the cation nearest-neighbor to the anion which mainly depends
on the chemical composition of the deposited films and/or to the in-
creased crystalline nature of the thicker film samples. It is worth
mentioning here that the Eo value gives quantitative information
on the overall band structure of the material. This is in fact quite dif-
ferent from the information coming from the value of the optical gap,
Eg calculated from the fundamental absorption edge (as will be men-
tioned below).

The lowwavelength absorptiondata for the as-deposited SnSfilms are
related to the fundamental absorption which refers to the band-to-band
transition, i.e. to the excitation of an electron from the valence band to
the conduction band. The absorption coefficient, α calculated using the
above mentioned relations for different film thicknesses are shown in
Fig. 7. It is seen that the absorption coefficient of the investigated film
thickness range varies between 3×103−4×104cm−1.
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Table 2
Optical parameters of SnS films of different thicknesses.

Film thicknesses
[nm]

Ed
(±0.5 eV)

Eo
(±0.3 eV)

ns(0) εs Eg
W.D

[eV]
Eg
dir.

(±0.05 eV)

155 15.48 4.17 2.172 4.726 2.08 1.68
225 15.71 3.86 2.252 5.072 1.93 1.62
283 16.44 3.59 2.359 5.566 1.79 1.62
470 16.53 3.34 2.438 5.946 1.67 1.43
585 17.98 3.25 2.555 6.529 1.63 1.36
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Fig. 8. a and b show the plots of (αhν)2vs. (hν) for SnS films of different thicknesses.
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The optical band gaps, Eg, values are calculated by assuming a di-
rect transition between the edges of the valence and the conduction
bands, for which the variation of the absorption coefficient, α, with
photon energy is given by [24,25]:

αhνð Þ ¼ A hν−Eopt:g

� �1=2
: 5

By plotting (αhν)2 versus (hν) and extrapolating the linear region
of the resulting curve as shown in Fig. 8 a, b, Eg can be obtained. It is
seen that the optical band gap of SnS films decreased from 1.68 to
1.36 eV with increase of the film thickness from 152 to 585 nm. The
decrease in optical band gap energy with the increase of the film
thickness can be likely attributed to an improvement in the crystallin-
ity of the deposited films as indicated from the XRD analysis. The es-
timated band gap value for different film thicknesses is also listed in
Table 2.

4. Conclusions

SnS films with different thicknesses have been prepared onto clean
glass substrates by thermal evaporation technique. The X-ray study re-
vealed that SnS films of thickness ≥283 nm are crystalline, whereas
films of lower thickness exhibit poor crystalline with more amorphous
background. The crystalline nature of the lower film thickness has been
confirmed using transmission electronmicroscope and the correspond-
ing electron diffraction pattern. The chemical composition of thicker
films samples showed nearly stoichiometric pattern, however, thinner
samples are deficient in S and rich in Sn. The refractive index increases
notably with increasing film thickness. Analysis of the refractive index
dispersion on the basis of the Wemple and DiDomenico model showed
that a reduction in the values of the oscillator energy Eo has been
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Fig. 7. Spectral variation of the absorption coefficients vs. photon energy for SnS films
of different thicknesses.
observed as the film thickness increases in a reverse manner to the
values of Ed and also with the static refractive index ns (0). Analysis of
the optical absorption coefficient revealed the presence of direct optical
transition. The calculated optical band gap values of the deposited SnS
films have decreased from 1.68 to 1.36 eV with increasing the film
thickness from 152 to 585 nm.
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