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Tin Sulphide (SnS) thin films have been deposited on glass slides by thermal evaporation 

using SnS powder. The improvements in the structural and optical properties of SnS thin 

films on annealing at different temperatures (200°C, 300°C, 400°C, and 500°C) in vacuum 

for one hour are presented in this work. The thin films annealed at 500°C were 

decomposed, which limits the annealing temperature below than 500°C. X-ray diffraction 

characterization showed an intensive peak at 31.8° originating from (111) reflection. 

Ellipsometry measurements were done for optical studies and optical absorption 

coefficient for as-deposited films was 2.02 x10
4  

increased to 4.90 x10
4 

(cm)
-1

 for films 

annealed to 300°C for incident photon energies 1.55eV, and direct band gap of 1.90 eV 

was indicated.  
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1. Introduction 
 

In the existing energy crisis due to depletion of energy resources and increase in demand 

for energy, the world is searching for a possible alternative to hydrocarbons. Solar cells have taken 

an interest of researchers. The solar cells can provide a source of thermal and electrical energy. 

Research into cheaper and more efficient solar cells has been underway for several decades and 

researchers are investigating the properties of different thin film materials for solar cells 

photovoltaics [1-4]. 

Tin sulphide (SnS) is an IV-VI binary semiconductor compound whose constituent 

elements Tin (Sn) and Sulphur (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
5
 cm

−1
) compare to other 

materials like GaAs and CdTe. These properties make it a better alternative absorber material for 

photovoltaic applications.  

Different deposition techniques such as chemical spray paralysis (CSP) [5], vacuum 

evaporation [6-8], chemical bath deposition (CBD) [9-10], pulsed electrochemical deposition [11], 

and RF sputtering [12] have been used for the fabrication of SnS thin films. Recently 

investigations on new photovoltaic materials have been considerable interest and researchers are 

investigating for understanding and engineering the properties of SnS thin films for photovoltaic 

applications [5-8, 13]. To improve efficiency of these devices better understanding of physical 

properties such as structural, electrical and optical properties is required. In our present work we 

have studied the effects of annealing on the physical properties of SnS thin films deposited by 
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thermal evaporation. Our goal is to develop better growth approach and understanding of this new 

non-toxic material for the fabrication of low cost solar cells. Generally, to improve structural, 

electrical and optical properties post-deposition annealing is used.  Improvement in these 

properties plays a major role in enhancing the device efficiency. Our present work is particularly 

concerned with the study of influence of annealing temperature on structural and optical properties 

of SnS thin films deposited by thermal evaporation. 

 

 

2. Experimental details 
 

2.1. Thin films deposition 

 

SnS thin films were deposited from powder material via thermal evaporation technique 

onto clean glass substrates held at the chamber ambient temperature. The deposition process was 

carried out at a pressure of ~10
-5

 mbar using a high vacuum coating unit. During deposition the 

film thickness as well as the deposition rate was controlled by means of thickness monitor having 

quartz crystal, other important controlled parameters were the source to substrate distance, and 

source temperature. The samples preparation process begins with the substrate cleaning, which 

was done in three steps; (i) the substrates were cleaned using soft electric brush using a 5% 

solution of laboratory detergent Decon 90 (Decon Laboratories Limited, Hove, UK) and distilled 

water, (ii) in the second step with ultrasonic bath using isopropyl alcohol, and (iii) finally cleaning 

of substrates was completed with drying in N2 flow. The substrates were placed on the substrate 

holder and the distance between the source and the substrate was kept same for all depositions at 

approximately 21cm. SnS powder was evaporated in the ceramic crucible that was placed in 

molybdenum (Mo) cylindrical shaped wire element for heating. The 99.995% pure SnS powder 

was obtained from Kurt J. Lesker Company. During deposition the source temperature was kept 

same for all samples by controlling the source current. The coating system was evacuated with 

base vacuum of 3x10
-6

 mbar by an oil diffusion pump with a liquid nitrogen trap and a rotary 

pump. After deposition, prepared thin films were encapsulated in evacuated Pyrex glass ampoules 

having pressure around 10
−2

 Torr and annealed at different annealing temperatures (Ta) as-

deposited, 200°C, 300°C, and 400°C for 1 hour.  

 

2.2. Characterization of thin films 

 

Both the as-deposited and annealed thin films of SnS used for study have same thickness, 

adherent to the glass substrate and dark brown in appearance. These prepared samples were 

structurally analyzed by XRD for phase identification, grain size/morphology, lattice parameter, 

microstrain and dislocation density. Also Raman spectroscopy was used for phase confirmation. 

Energy dispersive X-ray (EDX) attached to SEM was carried out for chemical compositional 

analysis and further this analysis was used to qualitatively measure the sample stoichiometry. 

Optical analysis for transmission studies and to find optical constants like absorption coefficient 

and band gap was done by using ellipsometry.  

  

 

3. Results and Discussion 
 

3.1. Crystalline structure analysis 

 

X-ray diffraction (XRD) measurement provides insight into the structural properties 

crystal analysis of the as deposited and annealed SnS films. The structural analysis of these films 

was performed using X-ray diffractometer (XRD) with a CuKα radiations (λ=1.5406 Å) with 2θ 

ranging from 21° to 56°. XRD patterns of these as deposited and annealed thin films showed 

evidence of their polycrystalline nature and is presented in Fig 1. Also these SnS thin films exhibit 

orthorhombic crystal structure with preferential orientation along the (111) direction and this peak 

fits well with JCPDS data card: 14-620. The intensity of this peak became greater and sharper with 
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increasing the annealing temperature. This results a decrease in FWHM and an increase in 

crystallite size with increasing annealing temperature. While some additional small peaks were 

grown in the samples annealed at 400°C temperature. This observed growth in peak’s intensity is 

the evidence of dependence of prepared samples crystallinity on annealing temperature. It can be 

said that the un-annealed/as-deposited thin film was poor polycrystalline and nearly amorphous, 

while turned to be crystalline after annealing. It was observed that the thin film annealed at 400°C 

has some additional diffraction peaks; same crystalline structure was also identified by other 

researchers [6]. 
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Fig.1. XRD patterns for annealed and as-deposited SnS thin film 

 

 

We obtained that the post deposition annealing caused an increase in the intensity of the 

main reflections with increasing temperature and so the layers becoming more oriented and 

perhaps more crystalline. On the other hand, for (111) plane the full width at half maximum 

(FWHM) decreases with increasing the annealing temperature, indicating an increase of the grain 

size with increasing the annealing temperature as shown in Fig 2. 

 

3.1.1. Crystallite size /morphology 

 

From the obtained X-ray diffraction data the mean crystallite size of the preferred (111) 

orientation was calculated by using Debye–Scherrer's formula [14],  

 

𝐺 = 0.9𝜆
(𝛽𝑐𝑜𝑠𝜃)⁄                                                                                            (1) 

 

where λ is the wavelength of the X-rays used for measurements; β is the full width half maximum 

of the corresponding peak and θ is the Bragg angle. The average grain size was affected due to 

vacuum annealing and was increased from 21𝑛𝑚 to 29𝑛𝑚 after annealing. This was observed that 

change in grain size is annealing temperature dependent. This effect may be attributed to the 

rearrangement of atoms and recrystallisation of the films during the annealing process. 

The number of crystallites per unit area (N) was calculated by using Eq. (2) [15] and was found to 

be decreased 3.50x10
16

 m
-2

 to 1.39x10
16

 m
-2

 on increasing annealing temperature up to 400°C. 

This decreasing trend can be attributed to the increasing size of crystallites.  

 

𝑁 =  𝑡
𝐺3⁄  (𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎)                                                                             (2) 

 

where ‘𝑡’ is the film thickness, and ‘𝐺’ is the grain size.  
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3.1.2. Dislocation Density and Microstrains 

 

As a thin film solar cell is a hetrojunction device, so it is necessary to reduce the 

dislocation density and microstrain and to improve uniformity of the SnS thin films’ surface. The 

value of the dislocation density (δ) which gives the number of defects in the film was calculated 

with the help of Williamson and Smallman’s equation [16], 

 

𝛿 =
1

𝐷2
                                                                                                                                    (3) 

Microstrains were calculated by the following relation [17], 

 

𝜀 =
𝛽𝑐𝑜𝑠𝜃

4
                                                                                                                                (4) 

The obtained values of crystallite size, dislocation density, microstrain and number of crystallites 

per unit area of SnS thin films are presented in Fig 2 and table 1. 
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Fig.2. Annealing temperature dependences of crystallite size, microstrain and dislocation density 

 

 

Table 1: Crystallite size, dislocation density, microstrains and number of crystallites  

per unit area of SnS thin films 

 

Sample 𝐺 

(𝑛𝑚) 

𝛿
× (10)15(𝑙𝑖𝑛𝑒𝑠 𝑚−2) 

𝜀
× (10)−3  

𝑁
× (1016) 𝑚−2 

As deposited 21 2.20 1.62 3.50 

200°C 21 2.30 1.66 3.50 

300°C 22 2.07 1.58 3.21 

400°C 29 1.21 1.20 1.39 

 

Further texture coefficient is an important factor for exact structural characterization of a 

material and this is one of the basic structure parameters in all polycrystalline materials.  Texture 

coefficient was determined in order to find preferential orientation of crystallites in deposited 

polycrystalline SnS thin films after annealing. Using the following equation [18] texture 

coefficient was calculated from the x-ray diffraction results:  

 

𝑇𝑐(ℎ𝑘𝑙) =  
𝐼(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄

𝑁−1 ∑ 𝐼(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄𝑛
                                                             (5) 
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Where,  hklTc  is the texture coefficient of (ℎ𝑘𝑙) plane, 𝐼(ℎ𝑘𝑙) is the intensity measured for 

(ℎ𝑘𝑙) plane, I(ℎ𝑘𝑙) is the intensity of (ℎ𝑘𝑙) plane taken from standard data in JCPDS data card 

fitting in the x-ray diffraction pattern of material,  𝑛 is the diffraction peak number and  𝑁 is the 

total reflection number. For a film to have a preferential orientation at any (ℎ𝑘𝑙) plane, the texture 

coefficient must be at least one [18]. The values of the texture coefficient for all of the planes of 

SnS thin films were calculated. From these calculated values of the texture coefficient, it was 

found that the preferential orientation was along (111) plane. This denotes that the number of 

grains along this plane is more than the other planes. 

 

3.2. Raman Analysis 

 

Raman scattering measurements were carried out at room temperature on prepared and 

annealed SnS gradient layers. The 24 vibrational modes for orthorhombic structure of SnS are 

represented as [19]: 

 

𝛤 = 4𝐴𝑔 + 2𝐵1𝑔 + 4𝐵2𝑔 + 2𝐵3𝑔 + 2𝐴𝑢 + 4𝐵1𝑢 + 2𝐵2𝑢 + 4𝐵3𝑢                         (6)  

 

SnS has 21 optical phonons including 12 Raman active modes (4𝐴𝑔 + 2𝐵1𝑔 + 4𝐵2𝑔𝑎𝑛𝑑 2𝐵3𝑔), 

seven infrared active modes (3𝐵1𝑢 + 1𝐵2𝑢𝑎𝑛𝑑 3𝐵3𝑢) and two inactive (2𝐴𝑢) [19]. The Raman 

spectra of the nanostructured SnS thin films exhibits a strong and large peak located at 225 cm
−1 

and other at 307 cm
−1

. The obtained Raman spectra of the SnS thin films annealed at different 

temperatures is presented in Fig 3. The main change observed in the Raman spectra of all the SnS 

films due to annealing is that the intensity of the 307 cm
-1

 shoulder increases and the intensity of 

the 225 cm
-1

 increased for films annealed to 300°C, while decreased for film annealed to 400°C.  
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Fig.3. Raman spectra of the SnS thin films annealed at different temperatures 
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3.3. Compositional Analysis 

 

Elemental composition of SnS thin films was determined by using a computer controlled 

digital scanning electron microscope attached with the EDX system. The variation of S to Sn 

atomic ratio of as-deposited and annealed SnS films is shown in figure. The S to Sn atomic % ratio 

decreased from 1.53 to 1.27 on increasing Ta from as-deposited to 400°C. The same behavior was 

also observed by other researchers [20] and deficiency of sulfur at higher Ta was attributed due to 

high vapour pressure of sulfur. The Dependence of S/Sn % and number of crystallites on annealing 

temperature is given in the Fig 4.  
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Fig.4. Dependence of S/Sn % and number of crystallites on annealing temperature 

 

 

3.4 Optical studies 

 

3.4.1. Transmission Analysis 

 

The optical transmission spectra of prepared films were acquired with an ellipsometer 

operated in air at room temperature and using normal incidence in 200nm-1700nm spectral range. 

For the interference minima and maxima with normal incidence of optical radiation for certain 

film the wavelength satisfy the following relation [21],  

 

2𝑛. 𝑑 = 𝑚. 𝜆                                                                                  (7)    

 

Where ‘m’ is an integer number and semi integer number for interference maxima and minima 

respectively. Optical transmission spectra were obtained for as-deposited and annealed SnS films 

and dependency of transmission on annealing temperature was studied. The % optical transmission 

of the as-deposited and annealed SnS films is displayed in Fig 5 (A). There was no light 

transmission for wavelengths from 200 to 500 nm for as-deposited films and films annealed at 

200°C, while to 600nm for films annealed at 300°C and 400°C. In the weak absorption region 

better interference patterns were observed for annealed films, which confirmed the formation of 

uniform and smooth films and indicated that the air/layer and layer/glass interfaces are smooth 

[22]. The blue shift observed in all the annealed thin films may be due to the creation of new 

bonds. The wave like nature is considered occurs from interference fringes caused by the 

substrate-film and film-air interference [10]. Fig 5 (A) showed that the post-deposition annealing 

treatments influence the optical properties of these SnS films intensely. From these transmission 

spectra the observed average optical transmittance found to be dependent upon annealing 

temperature. For the as-deposited thin films transmission is about 17 % at 650 nm which reduces 

to about 3% after annealing these thin films in the vacuum at 400°C.  
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Fig.5. Transmission spectra of samples depending upon annealing temperature 

 

The effect of vacuum annealing on optical studies of SnS films in the present work 

showed a shift of the fundamental optical absorption edge towards the UV from 450 to 650 nm 

may be due to an increase in the concentration of free carriers shown in Fig 5 (B). This may be due 

to improvement in crystallinity. 

 

3.4.2. Absorption coefficient and energy band gap 

 

The optical absorption coefficient “ ” of SnS thin films was calculated using the 

Lambert’s formula using the % transmission (%T) value measured for a particular wavelength and 

film thickness (t) using the relation [23, 24]  

 

 
t

T 100/%ln
                                                                       (8) 

 

For this equation it is assumed that the reflection in the short wavelength region is 

negligible. The observed variation of absorption coefficient for these as-deposited and vacuum 

annealed SnS films is shown in Fig 6. The results showed that the absorption coefficient of as-

deposited SnS films was increased from 2.02 x10
4 
to 4.90 x10

4 
(cm)

-1
 with annealing to 300°C and 

was decreased on further higher annealing to 400°C, for incident light with 800nm wavelength. 

The absorption coefficient of annealed SnS films was also observed >3 x10
4 

(cm)
-1

 by other 

researchers [10, 25]. 
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Fig.6. Absorption coefficient Vs annealing temperature 
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In polycrystalline materials direct and indirect transitions depend on band structure of the material. 

From the obtained optical absorption spectra the value of band gap can be obtained by using Tauc 

relation [26], 

 

𝛼ℎ𝜈 = 𝐵(ℎ𝜈 −  𝐸𝑔)
𝑛

                                                                          (9) 

 

 where ˛ 𝐵 is a constant,  𝛼 is the absorption coefficient, 𝜈 is the frequency of incident light, ℎ  is 

Plank’s constant and 𝑛 has the values of 1/2, 2, 3/2 and 3 depending for allowed direct, allowed 

indirect, forbidden direct and forbidden indirect transitions, respectively. The optical band gap (Eg) 

of these as-deposited and annealed SnS films was determined using (αhν)
2
 versus incident photon 

energy (hν) plots and by extrapolating the plots onto α = 0, the x-intercept gave the value of band 

gap.  
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Fig.7. Determination of the optical gaps in terms of Tauc’s relation 

 

 

The obtained optical band gap of the as-deposited films was 1.78eV and increased to 

1.90eV for the films at 300°C. The band gap determined for films annealed at 300°C was 1.90 eV 

which was decreased to 1.85 eV for films annealed further at 400°C. This decrease in the band gap 

may attribute to the structure of thin films at 400°C. The band gap values of as-deposited and 

annealed at higher annealing temperatures are higher than the range of 1.30–1.83 eV which is the 

value of direct energy band gap of SnS thin Films [10]. The observed increase in direct band gap 

for the annealed films can be explained with their crystalline structure and increased grain size of 

films, as revealed by XRD patterns and explained also by other researchers [27]. These obtained 

results illustrated the similarity to other’s works. These detected differences in the Eg values can be 

attributed mainly to the film growth conditions during this work, which lead to produce different 

grain sizes and lattice parameters. Therefore, the band gap of these films is slightly higher related 

to bulk SnS. Different obtained optical parameters are given in table 2 and presented in Fig 8. 
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Table 2: Optical parameters of as-deposited and annealed films 

 

Annealing Band gap (eV) α (cm)
-1 

at 800nm
 

As-deposited 1.78 2.02 x10
4
 

200˚C 1.85 2.68 x10
4
 

300˚C 1.90 4.90 x10
4
 

400˚C 1.87 3.06x10
4
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Fig.8. Dependency of band gap energy on annealing temperature 

 

 

4. Conclusions 
 

In this paper we have reported the influence of annealing temperature on prepared SnS 

films by thermal evaporation and annealed at various temperatures range as-deposited, 200°C, 

300°C and 400°C in vacuum environment by encapsulating in Pyrex glass ampoules. Both XRD 

and Raman analyses of as-deposited and annealed SnS thin films indicated no degradation of the 

film structure and showed improvement of crystalline structure. Annealing at 300
o
C   of thermally 

evaporated SnS thin films results an absorption coefficient of 3.06x10
4 

cm
-1

 and optical energy 

band gap of 1.90 eV. On the basis of these results, it can be accepted that thin layers of SnS absorb 

much of the radiation and that they are adequate to be used as an absorber layer in photovoltaic 

devices like thin film solar cells. 
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