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Abstract

Using thermal evaporation technique tin Sulphide (SnS) thin films have been deposited on glass slides have been
deposited at room temperature using SnS powder. The deposited films have been investigated through X- ray
diffraction measurements to determine structural properties. The deposited SnS films found polycrystalline with an
orthorhombic structure. The grain size found to increase with thickness. The surface morphology of the films has been
examined using atomic force microscopy AFM. The chemical compositions of the films have been determined using
energy dispersive analysis of x-rays (EDAX). The dielectric properties of SnS thin films deposited with different
thickness (100,200,and 300nm) are presented in this work. The dielectric permittivity € and ac conductivity o . were
measured at temperatures in the range of 293-493 K and frequencies in the range of 10 kHz-100MHz. It is found that
there are two conductivity mechanisms and hence two activation energies converts to one mechanism with the
increase of thickness. The ac activation energy Eac decreases with increase of thickness and frequency. The exponent s
shows a progressive decrease with thickness. The results are explained in terms of structural difference by the effect
of thickness and thermal treatment. Few anomalies in dielectric studies were observed near 340 and440K,
respectively. These points were related to crystalline phase transitions. Dark-conductivity and photo-conductivity

increases with increase of thickness.

Keywords: SnS semiconductor, XRD, dielectric properties, photoconductivity

1. Introduction

Tin sulfide (SnS) is an IV-VI binary semiconductor
compound whose constituent elements Tin (Sn) and
Sulfur (S) are abundant in nature. SnS in its
orthorhombic crystalline structure has direct and
indirect band gap values between 1.3-1.5 eV and 1.0-
1.1 eV, respectively and has p-type conductivity. It has
higher absorption coefficient (~10% cm-1) compare to
other materials like GaAs and CdTe. These properties
make it a better alternative absorber material for
photovoltaic applications (J. B. Li et al, 2012; P. P. Choi
etal, 2012; ].]. Scragg et al, 2012; L. Grenet et al,2012).
SnS thin films have been deposited by different
techniques such as: the vacuum evaporation of the SnS
compound (L. Price et al, 1999), two stage process (K.T.
Ramakrishna et al2002) and electrochemical
deposition (Y. Yamazaki et al, 2003). In this work, thin
films of SnS have been grown by thermal evaporation
of the prepared bulk material. A description of the
methods used for the growth of the SnS films and
details of the effect of the deposition parameters on the
a.c conductivity properties as well as on the phase and
crystalline structure in which the samples grow, will be
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reported. Moreover, we present the activation energy
value from the temperature-dependent conductivity
measurement. An analysis of the published data
indicates that little is known about the a.c conductivity
of SnS thin films. Because of this reason, an attempt has
been made to deposit SnS thin films with different
thicknesses at room temperature in the present work.
SnS that have been carried out till date, the
experimental results on dielectric study are very few,
and that too are very less informative. It is well known
that dielectric properties of every solid are very
sensitive to the local electric field distribution in the
sample. Therefore, the temperature and frequency
dependence of dielectric constant and loss can explore
useful information about structure changes, transport
mechanism and defect behavior.

2. Experimental Description

Source material, SnS was prepared by melting high
purity elements (99.99%) Sn and S in an evacuated
quartz tube at a temperature of 1173 K. Tin sulfide
films with different thicknesses (100,200,and
300nm)were deposited on corning 7059 microscopic
glass substrate by thermal evaporation technique
under high vacuum (10-5 Torr) at room temperature.
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The distance between source and substrates, rate of
deposition have been maintained as constant at 15 cm
and 8 A/s, respectively. The as-deposited thin films of
SnS were characterized for structural, and dielectric
properties. The as-deposited thin films of SnS were
characterized for morphology, structural, and optical
properties. The composition of the films was estimated
using energy dispersive analysis of x-rays (EDAX). The
structural studies of the films were carried out using x-
ray diffraction (XRD, Model: Philips X'Pert Pro) and
structure dependent parameters, namely, crystallite
size, microstrain and dislocation density have been
evaluated. The surface morphology of the SnS films
were examined using AFM at room temperature. The
optical transmittance measurements were made in the
wavelength range 400-1200 nm, using FT-IR
spectrometer. Optical Interference Fringes was used to
measure film thickness and Fizaeu fringes of equal
thickness are obtained in an optical apparatus of the
type ,the film thickness (d) is given by:

d="— e8]

Where Ax is the shift between interference fringes. A is
the (Na) wavelength (5893A°) and x is the distance
between interference fringes. The samples having

almost thickness of about t = 10nm.

The prepared thin films were then used for
dielectric measurement by coated its opposite faces
using high grade conducting layer of Silver paste. The
variation of dielectric constant (real and imaginary),
loss and ac conductivity with temperature at different
frequency (10k Hz-10MHz) was studied from room
temperature to 220 °C using Hewlett Packard model
(HP4274A & HP4275A).The results were analyzed and
discussed in detail. A thin layer of aluminum electrode
was deposited on the SnS thin films for I-V tests. [-V
characteristic curves were obtained by a Keithley616.

3. Results and Discussion

A. Surface morphology and compositional analysis

The composition analysis of the SnS films showed that
the tin and sulfur content in the films gradually varied
with the increase of thickness. The films grown at
lower thickness are sulfur rich, whereas films thickness
increases was nearly stochiometric. Fig.1 shows AFM
micrograph of SnS thin film deposited at three
thickness temperatures, 100 , 200and 300nm. AFM
images revealed the growth of randomly oriented,
worm-like grains, which are uniformly distributed over
the surface. From the micrograph it is clearly seen that
grain size is increased with increase of Ts, which is
clearly observed. The formation of bigger grains is due
to coalescence of smaller grains. The average grain size
and rms value of surface roughness were found to
increase with increase in the thickness. Availability of
thermal energy at higher thickness is responsible for

increased grain size (L. Price et al, 1999). The variation
of grain size and surface roughness, with thickness is
indicated in Table 1

t=100nm

Fig. 1 AFM pictures of SnS thin films deposited with
different thickness

Table 1 Average grain size and average roughness for
SnS thin films

. Average Average grain
Thickness(nm) roughnessg(nm) sizeg(m%l)
100 2.17 83.24
200 0.348 96.34
300 2.42.4 101.55

B. Structural studies

Fig.2 depicts XRD spectra of SnS thin films deposited at
different thickness in the range 100-300nm. The
spectra reveal the presence of traces of other phases
along with predominant SnS phase. Degree of
crystallinity was also found to increase with thickness.
The XRD spectra of films grown with lower thickness (t
<100nm) showed presence of Sn;S; phase, along with
dominant SnS phase. The films deposited with t
=200nm showed peaks mainly of SnS phase along with
minor peaks corresponding to (SnS) phase zinc blend
(ZB). No peaks are observed corresponding to SnS..
However, the films deposited with t = 300nm exhibited
only SnS phase. The less intense reflection of the peaks
could be due to the presence of other phases in the film
while the peak intensity is found to be increased in of
sample with thickness 300nm prepared at room
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Table 2 Micro structural properties of SnS thin films

Thickness nm Grain Size(D)
hkl d(A) Exp 26 FWHM (B) (nm) ex103 6x1015(lin/m?)
7.82
(040) g?g 33.39 0.0767 11.305 11'853 5.23
100 (131)(OR) 56 32.17 0.0625 13.834 207 9.95
Sn,Ss ' 34.49 0.0867 10.025 '
(111)(OR) 2.82 31.60 0.0733 11.765 1.76 ggg
200 (120)(ZB) 3.38 26.29 0.0673 12.673 1.63 3'92
(021)(OR) 3.36 25.68 0.0533 15.981 1.29 :
(111)(OR) 2.83 31.55 0.0540 15.969 1.29 3'?2
300 (200)(ZB) 2.90 k11)Z: T R [ — -
(101)(OR) 2.92 30.56 0.0480 17.941 1.15 311
temperature indicating to the better crystalinty e =30onm
,Specimen broadening intensity arises due to small ]
crystalline (grain) size and strain(lattice distortion ). =]
. . . 8 50 4
Structural parameters such as crystallite size, strain, >l
lattice parameter, dislocation density were calculated g .
from XRD pattern. The crystallite size of the film was =
calculated from the Debye Scherer’s formula, D = 10 “WWWM
0.94A/(B cosB), where (3 is the FWHM intensity in 0
radians. The strain and dislocation density values were 0 * P ederes) * °

estimated using following standard relations. Strain ()
1 . 2
= (B cos 8) / 4, dislocation density 5=¥(I|nes/m ).

Crystallite size was increased from 11 nm- 16 nm with
increase of thickness. Generally the microstrain is
indirectly proportional to crystallite size. It was
observed that lattice strain and dislocation density
decreased with increase of thickness (Table 2). This is
an essential property for the fabrication of good quality
thin film to use in optical devices. It is to be noted here
that, crystallite size estimated from Scherer’s formula
is much smaller than the grain size estimated from
AFM study. This indicated that grain is made up of
several different crystallites.

t=100nm
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Fig. 2 XRD spectra of SnS thin films deposited at
different values of thickness

3.1 Electrical properties of SnS thin films

3.1.1 A.C Conductivity

The ac conductivity can be directly related to the
imaginary part of deictic constant & as 0, = @&¢;

where gy and w are the permittivity of free space and
angular frequency respectively. The variation of ac
conductivity with frequency and temperatures (293-
493K) of SnS of different thicknesses is shown in Fig.3.
A smooth increase in the ac conductivity is observed
throughout the temperature for lower thicknesses,
while 0. decreases with temperature for higher
thicknesses. The ac conductivity patterns for lower
thickness show a frequency independent plateau in the
low frequency region and exhibits dispersion at higher
frequencies. This behavior obeys the universal power
law (A. K. Jonscher , 1983, AK. Jonscher , 1977),

o(®w)=0,+Aw’ where oo is the dc conductivity

(frequency independent plateau in the low frequency
region), A is the pre-exponential factor and s is the
fractional exponent between 0 and 1.The conductivity
spectrum for t=100nm is frequency dependent in the
hole frequency range where the deviation from oqc
(plateau region) is more prominent .The increase of
thickness the conductivity spectrum differs such that
frequency independent plateau expand to high
frequency range specially at t= 300nm , however the
increase of temperature admonished the independent
frequency plateau region . The deviation from oqc
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(plateau region) value in the conductivity spectrum (in
the low frequency region) is due to the electrode
polarization effect. The values of s were obtained by

fitting the o(w)=0,+A®’,s is tabulated in Tablel.

Generally, power law exponents (s) exceeded unity for
t=100 and 200nm. It is found that s value decreases
with the increase of thickness indicating the ideal long-
range pathways and diffusion limited hopping
(tortuous pathway) respectively (K. A. Mauritz,
1989).The value of exponent of the higher frequency
slopes (Table-3) shows that the long-range drift of
charge carriers may be one of the sources of
conduction. From the Table-3, it is clear that the dc
conductivity (oo) increases with increase in thickness.
It is clear that s value for t=300nm are less than unity
which confirmed the hopping mechanism (K. P. Singh
et al, 1998).

Table 3 Values of s ando of SnS films

Thicknes Oven
Temperature S o
s(nm) (K)
293 1.055 0.133
343 1.34 0.277
100 393 1.121 0.166
443 1.028 0.222
493 0.9757 0.055
293 1.055 -
343 1.34 -
200 393 0.838 -
443 0.6654 -
493 0.2951 0.444
293 0.6229 -
343 0.3436 0.222
300 393 0.2072 -
443 0.9879 0.1
493 0.7142 0.244

It is obvious that s decreases for with temperature for
lower thicknesses (100,200) nm which makes the
correlated barrier hopping (CBH) the most suitable
model. The CBH model is adopted when the electrons
hop over the potential barrier between two sites; the
ac conductivity is due to hopping between defect states
or dangling bonds (D*D-). In CBH, the o0ai(w) is
exponentially dependent on temperature, while s for t=
300nm decreases with t in the first stage and then
increases with increase of T; hence small poloran
(SP)is the suitable model. When the exponent s gets to
rise with the increase of temperature for high
thicknesses (300nm), this occurs when the addition of
the charge carrier to the covalent solid causes a large
degree of local lattice distortion, which forms a small
polaron (S. Ramesh et al, 2002).

The activation energy for conduction (E,) in the
entire region has been shown in figure .4. The values of
ac activation energy (Ea) for SnS films were
determined from the plot of Ln ¢ «(w) against the

reciprocal of Kelvin temperature. E,c were estimated by
fitting different regions with the Arrhenius equation

E
craczaoexp—ﬁ (B. Natesan et al, 2006) and is

illustrated in table 4 at selected frequencies (10 kHz,
100 kHz, and1MHz). The data show that each sample
reveals two conduction mechanisms. Moreover, the
values of E,c decrease with increasing frequency, while
the same decreases with thickness. For example, Exc
decreases from 0.1004 to 0.0688 eV when the
frequency increases from 10k Hz to 100 kHz and while
Eic decreases from 0.1004 to 0.1189 eV when ¢t
increases from 100 to 300nm. The decrease of E.c with
the increase of frequency results from the increase of
vibrating energy supplied from the increasing
frequency of the electric field which causes the
decrease of Ej values. This affirms the conductivity is
pure ac. The decreases of E,c can be explained as the
action of increase grain size.

—=—T=293K
—A- T=343K
—— T=493K
— T=443K
—— T=493K

t=100nm
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Fig.3 Frequency dependence of AC conductivity for SnS
film with different thicknesses and temperatures
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Table 4 E. values of SnS films

Thicknes F=10kHz F=100kHz F=1000kHz
s (nm) Eac1(eV) | Eacz(eV) Eac1(eV) Eac1(eV)
100 0.153 0.0637 0.0458 0.0193
200 0.146 0.0578 0.0442 0.0177
300 0.094 0.0445 0.0428 0.0164

F=10KHz —6—t=100nm

—B—1=200nm

-15 - —A—1t=300nm

1 AM\
471
18]
191 B\B\B\B\{]
20
-21 1 \\9\6\0

-22

In g(ohm.cm)?

1.9 2.1 23 25 2.7 2.9 3.1 3.3 35
1000/T(K)™*

Fig. 4 Plot of In ac conductivity versus 1000/T
characteristics for a film of thickness 100 nm
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Fig.5 Variation of real part of permittivity (&) with
frequency of SnS films with different thicknesses and
temperatures
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Fig.6 Temperature dependence real part of
permittivity (g) for SnS film with different thicknesses
at 10 kHz

Fig.5 and 6 show that the variations of &, with
frequency for the SnS films having different thickness
and at different temperatures respectively. In all the
cases, a strong frequency dispersion of permittivity is
observed at low frequency region followed by a nearly
frequency independent behavior abovel1000 kHz and
10MHz for t=100 and 200, 300 respectively. The
decrease of (&) with increase in frequency may be
attributed to the electrical relaxation processes, but at
the same time the material electrode polarization
cannot be ignored. The material electrode interface
polarization superimposed with other relaxation
processes at low frequencies. It is seen that with
increase of thickness, (&) value increases in the lower
frequency and nearly same in the higher frequency
region. The thickness increment may result in more
localization of charge carriers along with mobile ions
causing higher conductivity. This may be the reason for
higher (&) and strong low frequency dispersion.
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On the other hand the real dielectric constant increases
with temperature up 443K but then decreases with
further increase of temperature. Indeed ¢; increases
from 0.0997 to 0.108 when thickness increases from
100 to 300 nm.

_ —-=—T=293K
t=100nm —A-T=343K
0.4 ——-T=493K
—T=443K
== T=493K
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0.1
0.01
10000 100000 1000000 10000000 100000000

Frequency(Hz)

Fig.7 Variation of imaginary part of permittivity (&)
with frequency of SnS films with different thicknesses
and temperatures

The temperature dependence of real dielectric
constant & at different fixed frequencies over the
temperature range of 293-493K of SnS films with
different thickness is shown in Fig. 6. A broad dielectric
peak near 440K and 340K for thickness 100, 200 and
300 nm respectively is attributed to the phase
transition  temperature from zinc blend to
orthorhombic structure (David Avellaneda et al, 2009).
It is obvious that the transition temperature decreases
with the increase of thickness.

It is useful to distinguish long-range conduction
process from the localized dielectric relaxation. To
visualize this, we have plotted the imaginary part of
complex dielectric permittivity & as a function of
frequency for SnS films with different thicknesses as
representatives Fig. 7. Dielectric relaxation is a result
of the reorientation process of dipoles, which show a
peak in g; spectra. For SnS samples with higher ion
concentration, the movement of ions from one site to
another will perturb the electric potential of the
surroundings. Motion of the other ions in this region
will be affected by perturb potential. Such a
cooperative motion of ions will lead to non-exponential
decay, or a conduction processes with distribution of
relaxation time (Y. Fu, K. Pathmanathan et al, 1991). It
has been observed that (Figure 7) in the imaginary part
of dielectric spectra, a relaxation peak is observed for
the g; for lower thickness i.e. t=100nm , whereas no
well pronounce peak is observed in the dielectric
spectra for higher thicknesses. This suggests that
charge motion strongly coupled manifesting as a single
peak in the g; spectra with no corresponding feature in
dielectric spectra for higher thicknesses (P.
Jeevanandam et al, 1998).

So the conduction takes place through charge
migration of ions between coordinated sites of along
with the segmental relaxation of semiconductor. An
enhanced of conduction is a natural consequence of
thickness increment. The higher value of dielectric loss
& at low frequency is due to the free charge motion
within the materials. On thickness increment g;
increases in the lower frequency region reflect the
enhancement of mobility of charge carrier.

As the temperature increases ¢; first decreases with
rise in frequency in low frequency region followed by a
peak in the loss spectra. The loss peak for lower
thickness is shifting towards the higher frequency side
with the increase of temperature while loss peak is
shifting towards the lower frequency side with the
increase of temperature for higher thicknesses. The
appearance of peak is attributed to the relaxation
phenomena. Similar types of observations have been
reported in literature (F. Kremer et al 2003; M.
Marzantowicz et al, 2006). It is generally believed that
dielectric data is characterized by superposition of two
processes: conductivity contribution that produces an
increase of both real part € and the imaginary part €; of
the dielectric function on decreasing frequency and a
relaxation process exhibiting a maximum in g that
shifts higher frequency side with increase in
temperature. The measured dielectric loss €; spectrum
contains contribution from two sources: dipolar
orientation and diffusion of charge carrier. When
interfacial polarization occurs thickness resulted in
overall increase of & and g due to free charge
contributions. So the increase of the molecular mobility
is reflected both by increase of free charge mobility
and the shift of the peak towards the higher frequency
side with simultaneous increase of its magnitude (Fig.
6). The overall result is enhancement of conductivity
on thickness increment.
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A direct evidence of the existence of multi-relaxation
time in the as-deposited SnS films treated at
temperature in the range from 293 to 493 K is obtained
by plotting Cole-Cole diagrams as shown in Figure 8. It
has been observed that as thickness increases, s:
versus ¢ curves represent the arc of circles having
their centers lying below the abscissa axis will be
vanished. This confirms the existence of the
distribution of 7 in for lower thickness films. By
measuring the angles (am/2) the values of the
polarizability («) have been determined and were
listed in table 3. We can note that the values of «a
declares a non systematic variation with the increase
of thickness and thermal treatment temperature.
However, in general a tends to increase with thermal
treatment temperature. This is in agreement with the
concept of molecular relaxation; the increase of a value
results from the reduction of the forces as a result of
the formation of the barrier between quaternary
elements, while the decrease of a with the increase of
heat treatment results from the rise of the forces of the
intermolecular, i.e. @ increases from 0.133 to 0.277
when T increases from 293 to 343 K while a decreases
from 0.222 to 0.055 when the temperature of thermal
treatment T increases from 443 to 493 K for samples
with thickness 100nm (Srivastastava et al, 1979; El
Anwar et al, 1999).

{=100nm —=—T=293K

0.9
0.8
0.7
0.6
& os
0.4
0.3
"A
0.2

0.1

Fig.8 Cole - Cole diagrams of SnS films for different
temperatures

3.1.2 Photoconductivity of SnS thin films

The SnS thin films show n-type conductivity in the first
converts to p-type conductivity with thickness
increasing using Hall Effect. A layer of aluminum
electrode is deposited on the films in order to measure
the conductivity, and then the related parameters are
recorded by a Keithley. The halogen tungsten lamp
with a light intensity of 106mW/cm? is used as the
light source to measure the photo conductivity. The
dark conductivity oq and photo conductivity opn at
various thickness are obtained (shown in table 5). The
dark conductivity of the films increases with the
thickness increasing. It should be noticed that the
conductivity is 3.7x10-5 (Q.cm)! at thickness 100nm

increases to 9.44x10%4(Q.cm)! with thickness
increasing. The low conductivity of SnS films grown at
low thickness is due to the low grain size and the poor
crystallinity of the SnS films. When the thickness is
300nm, the preferential orientation of the film
becomes significant. The variation of the ratio of 64/0ph
is low since more photon-induced -carriers will
recombine because of the abundant internal defects in
the films deposited at low thickness, which
consequently reduces the ratio of o4/opn of the films,
which increases with increase of thickness and reach
maximum at thickness 300nm because the film has the
best crystallinity and the largest grain size compared
with the samples deposited at other thickness.

Table 5 Dark-conductivity and photoconductivity of
SnS thin films

Thickness Oph/0d
. -1 . -1 P
(nm) 0d(Q-cm) oph(Q-cm)
100 3.720x10-5 7.07x10-5 1.9
200 7.751x10-5 0.000217 2.8
300 9.442x10-4 0.00472 4.5
Conclusions

SnS thin films have been prepared at different
thickness (100 ,200, and 300nm) by vacuum
evaporation. Experimentally, the properties of the SnS
films depend on the thickness significantly. When the
thickness is 300nm, SnS thin films are polycrystalline
with orthorhombic structure and the preferential
orientation appears along the plane (111)and a
stoichiometric ratio of Sn/S approaching 1 .maximum
dark conductivity and photo conductivity of the film is
8.33x10-3(Q-cm)land 2x10-4(Q.cm)-1, respectively.
Slope values (s) of SnS films show progressive
decrease with thickness. The conductivity is pure ac for
lower thickness, while the conductivity is frequency
independent for high thickness. The increase of SnS
thickness causes the proceeding reduction of s, i.e.
increases the d.c conductivity . The increase of
thickness leads to reduces the values of polarisability
of SnS films consequently increases the intermolecular
force ,while increase of temperature reduces the force
of the intermolecular through out formation a barrier.
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