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Tin sulfide thin films were grown into vacuum evaporated onto soda lime and conducting
glass substrates varying the substrate temperatures in the range of 150 to 350 °C. The
samples were characterized for structure, morphology, optical, and opto-electronic
properties. All the thin films showed at Herzenbergite structure with cells parameters close
to the powder of SnS. The band gap varied from 1.19 to 1.26 eV as the substrate
temperature increased. The grain size showed a very significant dependence on substrate
temperature; the average grain size measured for films deposited were 23 to 52 nm. The
Raman technique shows that the structure is SnS with traces of the Sn,S; and SnS,
compounds. The EDS analysis shows the Sn/S ratio in the range of 1.01-1.1.
Photosensitivity measurements revealed that films deposited at 300°C have better
photoresponse, and the photoconductivity increased after annealing the films, the
resistivity values varied of 10° to 10° Q-cm with the increase of substrate temperature.
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1. Introduction

Energy is a topic of considerable current interest because of it's importance in the
technological advancement of countries and at the same time in the deterioration of the
environment. The use of renewable energy has attracted attention for it has a low impact on
environmental pollution. In particular the photovoltaic has been the target of a lot research due to
the necessity to find photovoltaic materials environmentally friendly, abundant in the earth crust,
quick and easy to obtaining. Tin mono sulfide has particularly generated interest due to
physicochemical properties. Several binary phases of tin sulfides are known SnS, SnS,, Sn,Ss,
SnsS, and Sn,S [1], the binary compounds that had been shown good characteristics for
application as optoelectronic materials are SnS and SnS,. The SnS thin films had a band gap that
has been reported of the order of 1.65 up to 1.1 eV close to the optimum for solar cells production
(1.1-1.6 eV) and high optical absorption coefficient>010 > cm™ [2-6] and nontoxic material.
Among the theoretical studies, it had been indicated that the solar conversion efficiencies higher
than 25 % could be achieved using an SnS semiconductor [7, 8]. Generally this compound
crystallizes in the Herzenbergite orthorhombic structure with preferential orientation in the (111)
plane and lattice parameters: a=4.3291 A, b=11.1923 A and ¢=3.9838 A [9]. In order to obtained
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SnS thin films the following methods have been used; Hot Injection Technique [10], Spray
Pyrolysis [11, 12], Electron Beam Evaporation [13], Evaporation [14], Chemical Bath Deposition
[15, 16], SILAR method [17,18], and Electrodeposition [19]. Due to the increasing interest of SnS
thin films, the present work attempts to find out conditions of growing SnS thin films with better
properties in order to be applied on photovoltaic and solar cell using vacuum evaporation and
controlled deposition conditions with attention given to its optical, structural and electrical
properties. In this work we report some results on the physical and chemical properties of thin
films of SnS obtained by the evaporation technique. It is expected that better understanding of this
material, and their optimized device design, will lead to obtained a good solar cells with nontoxic
elements.

The evaporation technique is cheap, fast, films are grown of 2-6 um in 10 to 15 minutes,
in this technique, and there exists controls in the polycristallinity, band gap and phase of the SnS
films [20, 21]. In the present work we show the characteristics of the deposited SnS polycrystalline
thin films obtained by evaporation technique varying the substrate temperature in order to show
the future use as absorbent material in solar cells or in new absorbent materials such as
Cu,ZnSnS,. In the table I we observed the different techniques of preparation and properties of the
SnS thin films material.

Table |
Technique GS/nm  [Sn/S] Eg eV  Tg/°C Tann, Structure  RMS/nm  Reference
Atm/°C
SC - - 1.08 RT - - - [22]
CvD - 0.89 1-2.3 100 200, air MP - [23]
EV - 1.002 1.4- RT 160-300, HZ - [24]
2.33 vac.
EBE - - 1.23- 300 - HZ 51 [25]
1.38
EV - - 1.38- 27,150 150, vac. A, PC - [26]
2.33
EV - - - 27-300 - PC - [27]
EV 70 1.06 1.35- 300 100-400, HZ 4.3 [21]
1.42 vac.
EV 168- 1.05 1.35- 300 - HZ 7.83-14.9 [28]
220 1.86
CEV - - 1.3- 200- - MP - [29]
1.6 400
EV 178- - 1.35 275 - HZ 5.19- [30]
192 13.14
CEV 50-90 0.96- 1.37 RT- 200, vac. MP - [31]
1.26 300
EV 75-175 0.875- 1.32- RT- - MP - [20]
1.10 1.68 325
EV 30-140 1.01- 1.37- 300 100, vac. HZ - [32]
1.10 1.60
EV 119- 0.92- 0.94- 300 - HZ 8-72 [33]
217 1.78 1.36
CBD - - 1.12- RT-35 125-550, HZ - [34]
1.7 N,

SILAR - 1.13 1.43 RT - HZ - [35]
TD 15 - - 280 - - - [36]
EV 18-41 1.01- 0.6- 20-300 - HZ 3-8 [37]

1.42 2.4
EV - 1-1.033  1.45- 100- - MP - [38]
1.65 400
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Technique GS/nm  [Sn/S] Egev  Tg/°C Tann, Structure  RMS/nm  Reference

Atm/°C
EV - 0.9-1.6 1.5- 100- - MP - [39]
1.7 400
CBD - - 0.82- 75 - HZ - [40]
1.22
HI 2.7-4.8 ~1 1.1- 120 - HZ - [41]
1.72
SP 9-12 1.18- 1.3- 300- - HZ - [42]
1.47 2.3 500
CBD 20-24  ~1.49 0.62- 60 - HZ - [43]
1.97
EV 32 ~1.06 1.92 300 - HZ 2.5-11 [44]
EV 30-50 0.97- 1.33- 250 200-400 HZ - [45]
2.92 1.53
EV 23-52 1.01- 1.19- 150- - HZ 10-90 Present
11 1.26 350 Study

GS: Grain Size, Atm:Atmosphere, SC: Single Crystal, CVD:Chemical Vapor Deposition, EV: Thermal
Evaporation, EBE: Electron beam evaporation, cEV: Co evaporation, CBD: Chemical bath deposition,
SILAR:, TD: Thermal decomposition, HI: Hot Injection, SP: Spray Pyrolysis, MP: Mixture of phases, HZ:
Herzenbergite, VAC: Vacuum, A: Amorphous, PC: Partially Crystalline

2. Experimental procedure

SnS thin films were grown on soda lime glass and SnO,:F coated glass substrates by the
vacuum evaporation technique using 99.999 % pure tin sulfide powder (SnS). The base pressure of
the evaporation chamber was 1x10°° Torr, the powder sample was evaporated at a film deposition
rate of 15 A/s, the rate of the deposition was maintained constant at 15 cm, we applied a constant
current of the 36 A and a voltage of the 2.25 V. The substrates were first cleaned with detergent
and preserved in a chromic solution prepared with potassium dichromate and sulfuric acid for 12
h, after this the substrates were washed and exhaustively rinsed with deionized water, dried with
nitrogen gas under pressure and stored in pure ethanol. Prior to loading in the vacuum chamber the
substrates were dried under pressured nitrogen. The structural studies were performed using a
Rigaku XRD system at a glazing incidence angle of 0.05. The Raman spectra technique was also
used in a Labram Dilor. The morphological features were investigated using a Hitachi S5500
FESEM. The optical properties of the films were studied using a Lambda Il UV-VIS
spectrophotometer, and the Photoconductivity measurements were performed with a homebuilt
system. In order to measure the photoconductivity two indium electrodes each of 3x9 mm area
separated at a distance of 2 mm were vacuum evaporated on the film surface. Spectroscopic
ellipsometry (SE) data in the photon energy range of 1.5 to 5.0 eV at the angle of incidence of 70°
were acquired with an Uvisel system (Horiba-Jobin Yvon, Inc.). Transmittance spectra at normal
incidence were obtained with a Perkin Elmer instrument in the range of 500 to 1100 nm.

3. Results and discussion
3.1. Properties of the films deposited at different substrate temperatures.

The deposited films were smooth, highly adherent to the substrate and free of pinholes
when the substrate temperature was in the range of 150 to 350 °C. However, the films deposited
below 150 °C showed poor adherence, the films deposited at temperatures above 350 °C were very
thin and did not completely covered the substrate, which is why results are not presented. In the
Figure 1 we are shown the Raman spectra of the films of the SnS grown at different substrates
temperatures. The spectra show bands in 62.02, 92.38, 157.87, 184.84, 220.11 and 257.57 cm™.
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Only the films grown at substrate temperature of 150 °C show 308.57 cm™ additional vibrational
band. In the literature we can find the Raman vibrational modes of the SnS as 96, 163, 189, 220,
288 cm™ for Sn,S; 52, 60, 71, 183, 234, 251, 307 cm™ and SnS, 215, 315 cm™ [46, 47] with
oxidations states for the tin of the 2+, 3+ and 4+ respectively. Using the Raman spectra we find the
presence of the SnS phase, additional vibrational modes at 62.02, 68.35 and 308.57 cm™? can be
due to the presence of traces of Sn,S; and SnS; respectively.
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Fig.1 Raman spectra of the SnS thin film recorded in the wave number spectral range
of 50 to 400 cm™. In the figure show +*SnS and /75n,S; compounds.

Fig. 2 shows the diffraction patterns of the films grown at different substrate temperatures.
The tin sulfide films exhibited orthorhombic structure similar to that of the mineral Herzenbergite.
The strongest peak at 31.8° indicates that the SnS film is preferentially oriented along the (111)
plane. The X-ray pattern of the films deposited at all these substrate temperatures showed only the
presence of SnS phase. The films grown at all the substrate temperatures reported in this work
showed the presence of only one principal phase (SnS) on contrary to what was reported by
Devika et al [20, 21], where SnS, and Sn,S; phases were also observed. By Raman result only
traces of the Sn,S; and SnS, we can observe. In the Devika work, grown the SnS by the evaporated
technique and varied from room temperature to 325 °C at 10 A/s with a constant voltage of the 32
V with current of the 75 A. Others authors that have been grown SnS by different techniques, Hot
Injection Technique [10], Spray Pyrolysis [11, 12], Electron Beam Evaporation [13], Evaporation
[14], Chemical Bath Deposition [15,16], SILAR method [17,18] and Electrodeposition [19] are
obtained principally SnS phase.
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Fig.2 X-ray diffraction patterns of the SnS thin films grown at different substrate temperatures.

The average crystalline size of the SnS films was calculated from the predominant XRD
peak (111) using the Scherer equation D = Bckﬁ where k = 0.90 the shape factor which is a

constant, D is the crystallite size, 4 is the wavelength of the incident radiation, & is the Bragg angle
taken in radians and £ is the FWHM in radians. > = (FWHM)?—b? where b is the line breadth
estimated using a powder sample of lanthanum hexaboride . The grain size increased with the
substrate temperature, which is evident from the decrease in the full width at a half maximum
(FWHM) of the (111) peak. Fig 3 shows the grain size plotted against substrate temperature. The
grain size increased from 22 to 50 nm when the substrate temperature increased from 150 to
350°C.
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Fig. 3 Grain sizes of the SnS films versus substrate temperatures.

The lattice parameters for the orthorhombic phase were evaluated using the standard
equation (1)

1 _h?  k* 1P
a-atpta @)
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Where h, k, and I are the lattice planes and d is the interplanar distance and using the XRD data for
the films deposited in the range of 150-350 °C, these values are shown in the table II, we can
observe that the unit-cell parameter for the powder of the SnS with a/c = 1.086. According with
this table, the lattice parameters exhibit a more pronounced change as the temperature of substrate
increases. The closest value of the unit-cell parameters to the value of the powder is the SnS thin
film with the substrate temperature at 250 °C with a ratio of a/c= 1.081 and the farther is for the
SnS thin film grown at 350 °C substrate temperature with a ratio a/c= 1.254.

Table Il. The unit-cell parameters of the SnS as a function of the substrate temperature

Ts/°C al A b/ A c/ A alc

Powder 4.3255 11.1982 3.9842 1.086
150 4.1755 11.0534 4,072 1.025
250 4,259 11.2831 3.9409 1.081
300 4.5958 11.1944 3.7097 1.239
350 4.6332 11.4769 3.6947 1.254

The texture coefficient was determined in order to find the preferential orientation of the
crystals in the polycrystalline SnS thin films. This factor can be compute from X-ray diffraction
results using the following relation (2):

-1
Im 1 I'm
Tenry = (ﬁ ¥y (ﬂ» (2

Lo(hkl) lo(hk

Where Iy is the measured relative intensity of the reflection from the (hkl) plane, lonay is that
from the same plane in standard reference sample listed in the PDF#39-0354 database, N is the
number or reflection peaks from the film. For a film to have a preferential orientation at any (hkl)
plane, the texture coefficient must be at least one [48, 49]. From the results of the textured
coefficient calculations for different planes, it was found that the preferential orientation of
deposited films with different substrate temperatures was the (111) plane the figure 4 shows the
graph of the texture coefficient versus the planes of the XRD patterns of the thin films grown at
different substrates temperatures.
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Fig. 4 Texture coefficient of the SnS films grown varying substrate temperatures.

The strain was calculated using the FWHM’s that can be expressed as a linear
combination through the following equation (3):

Bcost 1 7 sinf

A s+ A (3)
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Where B is the measured FWHM in radians, 0 is the Bragg angle of the diffraction peak, A is the x-
ray wavelength, € is the effective particle size, and n is the effective strain. In the figure 5 we
observed a strain versus substrate temperature of the SnS thin films, the lower strain is for the thin
films grown at a substrate temperature of the 250°C and increase as the substrate temperature
increase. The SnS thin film grown at 150°C exhibit the highest value of the strain, this could be
due to the low temperature of the substrate and consequently the low mobility of atoms to have a
better arrangement in the polycrystal.
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Fig. 5. Strain versus SnS thin films substrate temperature

The SEM studies on SnS thin films show the clear dependence of surface morphology on
the substrate temperature. Images of the films deposited at 150, 250, 300 and 350 °C substrate
temperatures are shown in Fig. 6. In general the films exhibit very compact and uniform surfaces
with elongated grains. The grain growth is significantly is promoted by substrate temperature,
which is in agreement with the trend observed in the XRD data.

Fig. 6. SEM images as a function of substrate temperature of the SnS at a) 150, b) 250, c) 300 and d) 350°C.
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The EDS analysis of SnS thin films showed that the tin and sulfur composition in the
films, in general varied with the increase of the substrate temperature. The Fig 7 shows the
variation of Sn and S atomic ratio versus substrate temperature, which indicates the loss of sulfur
content in the films with the increase of temperature. The film grown at 150 °C is Sn rich deficient
in sulfur with Sn/S atomic ratio of 1.068, with the increase of the substrate temperature to 250 °C
this film is very close to the stoichiometric with Sn/S atomic ratio of 1.015, at higher substrates
temperatures the films become nonstoichiometric (see Fig. 6) this change in the stoichiometry is
probably due to the re-evaporation of the sulfur because of its high vapor pressure at this substrate
temperature and vacuum characteristics.
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Fig 7 EDS characterization of the SnS films grown by varying the substrate temperature.
Inset; atomic percentage of Sn and S versus substrate temperature

The optical properties of the films were studied from the transmittance spectra of the films
recorded in the wavelength range 300 to 2500 nm. The variation of the refractive index (n),
extinction coefficient (k) and band gap (E,) of the films with respect to the deposition temperature
is shown in Fig. 9. The values of n, k, and o were estimated using the equations (4) to (7) given
below.

ahv=A(hv — Ej)" 4)
Where n is 2 and 2/3 respectively for direct allowed and forbidden transitions, and n is ¥ for

indirect allowed transitions and 1/3 for indirect forbidden transitions. The plot of the (ahv)** vs hv
with the linear portion we obtained the band gap see inset of the figure 8.

n= [N+ @2 = ngndy2] ©
2,2 o
Here N = @ + 2"0”1 (T;nax TTnTm) (6)

Where n; is the refractive index of air, n, the refractive index of the substrate, Tmax and Tinare the
maximum and minimum transmission respectively at a given wavelength. The extinction
coefficient k of the as deposited SnS films was evaluated using the equation (7).

k=2 )
Where « is the absorption coefficient and A the wavelength. The results are presented in the
table 111
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Table 111. Refractive index as a function of substrate temperature

T,/°C n k
150 3.057 0.0341
250 3.100 0.0201
300 3.005 0.0655
350 3.360 0.0114

The average value of the refractive index as a function the substrate temperature is 3.13,
and increase as the temperature of substrate increase. The extinction coefficient of the as deposited
films of the SnS was evaluated using equation (7), initially increased with the increase of the
substrate temperature with a maximum value of the 0.0655 at T,=300 °C, for the substrate
temperature of the 350 °C the value decrease at 0.0114. Similar results were reported by EI-Nahass
et. al. [14] by thin films of the SnS thermally evaporated.

The band gap increased from 1.19 to 1.25 eV when the substrate temperature increased
from 150 to 300 °C. The observed increase in band gap in the temperature range 150 to 300 °C can
be explained as due to the increase in grain size (Fig. 3). This can be either due to a change in film
stoichiometry, or recrystallization leading to grain fracturing, or formation of traces of the other
phases of tin sulfide such as SnS, and Sn,S;, The shift in energy band gap with deposition
conditions has been observed by other researchers. These researches attribute the change in the
optical absorption edge to the low presence of other phases of tin sulphide i.e. Sn,S; (E4=2.0 eV)
and SnS; (E,=2.44 eV). The inset of Fig. 8 shows the compute of the gap of the SnS thin film for a
substrate temperature of 300 °C.

R
o/”°/

3500 T ™ T 7

1.261
1.24 4
1.221

1.20:
?

1.184

30004 1 -

2500 |

Eg (eV)

(ehvy” (@’ ek '

20004

1.161

1500

1.14 1

' Eg=1.24ev | 4

1.12 10001.0 15 20 25 30

hv (eV)
150 200 250 300 350
Substrate temperature (°C)

1.10

Fig. 8. Shows band gaps of the SnS thin films versus substrate temperature.
The Inset is the Tauc plot in the case of the substrate temperature of the 300 °C

Fig. 9 shows the experimental and best fit of transmittance (a) and ellipsometric spectra.
The best fit was obtained considering an air-roughness-SnS film-glass substrate system. A
generalized Lorentz harmonic oscillator model represented the SnS film dielectric function. The
roughness was the modeled with the Bruggeman effective medium approximation using a 50%-
50% mixture of voids and SnS. The film thickness determined from the fitting procedure was 480
nm and a roughness 16 nm. In Fig. 9(a) and (b) it can be observed that the fitted spectra give a
very good description of the measured spectra.
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The absolute values shown by g in Fig. 9(c) are lower but comparable to the reported for
SnS single crystal [50]. The arrows drawn in Fig. 9(c) locate interband transitions, which are also
in agreement with those for single crystal [50] and theoretical calculations [51,52]. The refractive
index reported of thermally evaporated SnS films is about 3 at wavelengths larger than 1000 nm
[53], and films deposited by chemical bath show an even lower refractive index [54].

40 1 v 1 v 1 v 1

@)

30 -

20 -

T (%)

10F -

2l
8l
2l
20l

Y (degrees)
A (degrees)

16|

12}

20}
15
10k

Re{e) o1t

10+

2 3 4
Photon Energy (eV)

Fig. 9. (a) Experimental and best fit spectra of normal incidence transmittance (a),
ellipsometric angles ¥and 4 (b). (c) Averaged dielectric function &g, EQ. (1) of SnS film

The conductivity of the films is measured in the dark and under illumination by applying a
constant potential of 10 V. After applying the bias, the films are kept in the dark for sufficient time
to stabilize the current. Once the current is stabilized a program is initiated to monitor the current
on-line at regular intervals before, during, and after a light pulse. Fig. 10(a) shows the conductivity
measured in the dark and under illumination, and Fig. 10(b) is the resistivity value computed using
the data in (a). All the films are photosensitive and show a noticeable dependence on the substrate
temperatures. Films deposited at lower temperatures have exhibit transient current in the dark after
illumination indicating the presence of trap states in the band gap of the material.

The photosensitivity S of a material is defined as S = (I,-13)/14, where 1, is the current under
illumination and Iy is the current measured in the dark. The computed values of the photosensivity
and resistivity are shown in the Fig. 10(b). It can be observed from Fig.1 to Fig. 9 that the band
gap, photoresponse, film resistivity, and photosensitivity are strongly dependent on the film
deposition temperature, and at 300 °C all these parameters shows a very significant deviation, the
deviation could be attributed at the increase in the tin concentration for a sample of T,= 350 °C.
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Fig. 10: (a) Photocurrent response and b) resistivity values of SnS at deposited
at different substrate temperatures and photosensitivity

4. Conclusions

Thin sulfide thin films can be grown by physical evaporation of powder of SnS at
deposition temperatures from 150 up to 350 °C. The Raman studies showed a SnS phase with
traces of Sn,S3; and SnS,. XRD studies confirmed the Herzenbergite, orthorhombic structure with
lattice parameters a/c equals to 1.086 and 1.081for the powder and for the substrate temperature of
250 °C respectively. All samples were preferentially oriented (111) plane. The average crystallite
sizes estimated from XRD data were 22 to 49 nm. The strain was minimum for the sample grown
at 250°C substrate temperature. The atomic ratio Sn/S from EDS-SEM was for the film growth at
250 °C closer to the stoichiometry with ratio equal to 1.015. The optical band gaps of SnS films
were 1.19 up to 1.25 eV. The films exhibited photoresponse and with the resistivity values in the
dark were 2x10° up to 1x10° Q-cm.
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