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ABSTRACT 

 

 

 

 

Tin (ΙΙ) sulfide (SnS) has caught many researcher’s attentions as alternative 

material for solar cell absorber layer due to its abundance in nature, high absorption 

coefficient (α >10
4
 cm

-1
) and ideal energy bandgap (in the range of 1.3 – 1.5 eV) that 

make SnS a suitable candidate for solar cell absorber layer. Aluminum doped SnS 

(Al:SnS) thin films were deposited onto glass substrates using thermal evaporator 

machine and annealed at 200
o
C for 2 hours under vacuum environment. The effects 

of doping at different weight percentages and annealing processes were investigated 

thoroughly using X-Ray diffraction (XRD) unit, scanning electron microscope 

(SEM), atomic force microscope (AFM) and ultra-violet visible (UV-Vis) 

spectrophotometer. From the XRD pattern, it was confirmed that Al:SnS thin films 

were successfully deposited using thermal evaporation technique. All the thin film 

samples were polycrystalline SnS oriented along the (111) direction with 

orthorhombic structure. XRD results also showed that doping and annealing 

processes increased the crystallite size of the thin film samples. Based on the SEM 

and AFM data, uniform thin film surfaces were obtained from samples that 

underwent the annealing process. UV-Vis spectral analysis indicated that the energy 

bandgaps for all samples were in the range of 1.32 to 1.49 eV, which were suitable 

for solar cell applications. From the four point probe measurement, it was found that 

SnS samples with lower resistivity were achieved when the samples were doped with 

aluminum. As conclusion, doping percentage and annealing process play vital role in 

producing high quality and suitable Al:SnS thin films for solar cell absorber layer. 
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ABSTRAK 

 

 

 

 

Stanum (ΙΙ) sulfida (SnS) telah menarik perhatian ramai penyelidik sebagai 

bahan alternatif bagi lapisan penyerap sel solar kerana lambakan semulajadinya, 

pekali penyerapannya yang tinggi (α > 10
4
 cm

-1
) dan juga jurang tenaganya yang 

ideal (dalam julat 1.3-1.5 eV) yang menjadikannya calon yang sesuai sebagai lapisan 

penyerap sel solar. Saput tipis SnS berdop aluminium (Al:SnS) telah diendapkan 

pada substrat kaca menggunakan mesin penyejat haba dan disepuhlindapkan pada 

suhu 200
o
C selama 2 jam dalam persekitaran bervakum. Kesan dopan dengan 

peratusan berat berbeza dan proses penyepuhlindapan telah dikaji secara menyeluruh 

menggunakan unit pembelauan sinar-X (XRD), mikroskop elektron pengimbas 

(SEM), mikroskop daya atom (AFM) dan spektrofotometer ultra lembayung-boleh 

nampak (UV-Vis). Daripada corak XRD, disahkan bahawa saput tipis Al:SnS telah 

berjaya diendap menggunakan teknik penyejatan haba. Kesemua sampel saput tipis 

adalah polihablur SnS berorentasi sepanjang arah (111) dengan struktur ortorombik. 

Keputusan XRD turut menunjukkan bahawa proses dopan dan penyepuhlindapan 

telah meningkatkan saiz kristal sampel saput tipis. Berdasarkan data SEM dan AFM, 

permukaan saput tipis yang seragam diperolehi daripada sampel yang telah menjalani 

proses penyepuhlindapan. Analisis spektrum UV-Vis menunjukkan bahawa jurang 

tenaga semua sampel berada dalam julat 1.32 hingga 1.49 eV. Daripada pengukuran 

prob empat titik, didapati sampel SnS dengan kerintangan yang lebih rendah telah 

diperolehi apabila sampel didopkan dengan aluminium. Sebagai kesimpulan, 

peratusan dopan dan proses penyepuhlindapan memainkan peranan penting dalam 

menghasilkan saput tipis Al:SnS yang berkualiti tinggi dan sesuai untuk dijadikan 

lapisan penyerap sel solar.  
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1   Introduction 

 

 

 In this chapter, the general information that is related to this project would be 

presented and discussed. This research was done to investigate the effect of 

aluminum (Al) doping and annealing process towards the changes of tin (ΙΙ) sulfide 

thin film properties. This chapter consists of the background of study, problem of 

statement, objectives of study, scope of study and significance of study for this 

research. 
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1.2 Background of Study 

 

 

 Cadmium telluride (CdTe) or copper indium gallium diselenide (Cu 

(In,Ga)Se2 or CIGS) based absorber layer are the most advanced and promising 

materials that are used for solar cell applications, due to its high conversion 

efficiencies of solar energy into electricity (Barkhouse et al., 2012; Meyers, 1988; 

Paudel et al., 2012; Pawar et al., 2014). However, these two materials are considered 

as very rare materials in nature, and it is harder for mass scale solar cell production in 

the near future. Besides that, cadmium based material are also classified as toxic 

material and banned in several Europe country (Aberle., 2009; Henry et al., 2013; 

Ramakrishna Reddy et al., 2006). This has encouraged researchers to find alternative 

materials for absorber layer in thin film solar cell application. One of the most 

promising material candidates for thin film solar cell is tin (ΙΙ) sulfide (SnS). This is 

due to, it have direct energy band gap in the range of 1.2–1.5 eV and high absorption 

coefficient (α >10
4
 cm

-1
) (Miles et al., 2009; Nwofe et al., 2012; Schneikart et al., 

2013; Zhang et al., 2011). Furthermore, tin and sulfur are considered as non-toxic 

material and abundant in nature. It is theoretically estimated that the conversion 

efficiency for tin (ΙΙ) sulfide thin film solar cell is more than 24％ (Zhang et al., 

2011).  

 

 The properties of tin (ΙΙ) sulfide thin film can be easily controlled by doping 

with a suitable metallic material, such as silver (Ag) (Devika et al., 2006), bismuth 

(Bi) (Manohari et al., 2011), antimony (Sb) (Sinsermsuksakul, et al., 2014) and 

copper (Cu) (Zhang & Cheng, 2011). Doping process help researcher to obtain a 

much higher absorption coefficient and less resistivity tin (ІІ) sulfide thin film for 

solar cell application. Post annealing process also plays vital role for producing high 

quality thin film, by structural recrystallization, grain size growth and abate the 

surface morphology. In this study, investigation on the characteristics of the 

aluminum doped tin (ΙΙ) sulfide (Al: SnS) thin film are done. The influence of Al 

doping concentration and the effect of post annealing process toward the thin film 

samples were analyzed thoroughly.  
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A solar cell is an electrical device that converts solar energy into electrical 

energy. Solar cell is an off-grid device that is able to generate electricity without any 

external voltage source.  Solar cell has been discovered since the year 1839 by 

French physicist Edmond Becquerel (Fraas, 2014). Since then, solar cell has 

undergone a lot of improvements and development. This is due to the growth of 

understanding the true cost of fossil fuels and with the widespread demand for 

renewable and environmentally acceptable energy resources. Nowadays solar cell 

has been used widely in many fields. Solar cell has been installed in home and it also 

has been used by NASA to power up their space station and robots in the outer space. 

Solar cell has enabled human to do a lot of things and discovers things beyond this 

world. 

 

 

 

 

1.3 Problem of Statement    

 

 

 Recent investigation in photovoltaic studies are more focusing on finding 

new absorber materials for replacing cadmium (Cd), arsenic (As), selenium (Se) and 

silicon (Si) based material with less toxicity, abundant in nature, cost efficient and 

have comparable energy  conversion efficiencies (Reddy et al., 2006) . In this 

direction, tin (ІІ) sulfide (SnS) based material has caught many researcher attention 

as a potential absorber layer. With its high absorption coefficient (α > 10
4
 cm

-1
) and 

near optimum direct energy band gap for solar cell application (Eg~ 1.4 eV) making 

it a suitable candidate as an absorber layer for photovoltaic cell (Tariq et al., 2014; 

Miles et al., 2009; Nwofe et al., 2012).  

 

However, with its high resistivity and low conductivity compared to others 

absorber materials such as cadmium telluride (CdTe) and copper indium gallium 

selenide (CIGS), new approach is needed to overcome this problem. By introducing 

dopant materials to SnS, is considered as the best option. It has been reported that 

SnS are being doped with antimony (Sb), copper (Cu) and bismuth (Bi) to improve 



   4 
     

  

their electrical and optical properties (Manohari et al., 2011; Sinsermsuksakul et al., 

2014; Zhang & Cheng, 2011).   

 

One of the suitable dopant materials for SnS is aluminum (Al). Based on the 

study reported by Zhang et al., they stated that Al as dopant materials (5 wt% to 15 

wt%) has decreased the resistivity from 650 to 4.55 Ω·cm, and improve the optical 

properties of the SnS thin films. Nonetheless, the effect of high doping concentration 

and post annealing process were not yet been reported. Hence, higher Al doping 

concentration and annealed thin film samples are produced for this study.    

 

 

 

 

1.4 Objectives of Study 

 

 

The objectives of this study are: 

i. To fabricate undoped and aluminum doped tin (ΙΙ) sulfide thin film at 

different doping weight percentage (0, 5, 10, 15 and 20 wt%) by using 

thermal evaporation method and then annealing at 200
0
C for 2 hours in 

vacuum environment using tube furnace. 

ii. To examine the structural characteristic of undoped and aluminum doped tin 

(ΙΙ) sulfide thin film. 

iii. To determine the optical characteristic of undoped and aluminum doped tin 

(ΙΙ) sulfide thin film. 

iv. To investigate the electrical characteristic of undoped and aluminum doped 

tin (ΙΙ) sulfide thin film. 
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1.5 Scope of Study  

 

 

In sequence to achieve the given objectives, the works had been focused on the 

following tasks. 

i. Thermal evaporation technique was utilized to fabricate undoped and 

aluminum doped tin (ΙΙ) sulfide thin film samples with different doping 

weight percentage.  

ii. All thin film samples were annealed for 2 hours in vacuum environment 

using tube furnace. 

iii. The structure and crystal phase of undoped and aluminum doped tin (ΙΙ) 

sulfide thin films were identified using X-Ray diffraction (XRD) instrument. 

iv. The surface morphology of the undoped and aluminum doped tin (ΙΙ) sulfide 

thin film samples were studied using scanning electron microscope (SEM) 

and atomic force microscope (AFM). 

v. UV-Vis Spectrophotometer was used to explore the optical properties of 

undoped and aluminum doped tin (ΙΙ) sulfide thin film. 

vi. The electrical characteristic of undoped and aluminum doped tin (ΙΙ) sulfide 

thin film such as resistivity and conductivity were investigated by utilize four 

point probe technique.  

 

 

 

 

1.6 Significance of Study 

 

 

 This study may help other researchers to understand the effect of doping 

concentration and post annealing process towards the structural, optical and electrical 

characteristics of undoped and aluminum doped tin (ΙΙ) sulfide thin film samples. 

The data obtained from this research are vital for gaining new knowledge and 

identify the changes of resistivity, conductivity, surface morphology, absorption 

coefficient and energy band gap when tin (ΙΙ) sulfide thin film are doped with 

aluminum dopant and undergoes post annealing process. 
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APPENDIX A 

 

Literature Review 

 

Author (Year) Experiment Result 

Reddy et al., (2006) Material 

 Tin (ΙΙ) sulfide. 
Deposition 

 Thermal evaporation. 

XRD  

 The peak intensity (040) increased with the increase of the 
substrate temperature. 

EDAX  

 Existence of Sn and S elements. 

SEM  

 Grain size increased with the increase of the substrate 
temperature. 

UV-VIS Spectroscopy 

 Energy bandgap decrease when undergoes annealing process. 

Yuying et al., (2007) Material 

• Tin ( II ) Sulfide. 

• Sb, Sb2O3, Se, Te, In, In2O3, 
Se and In2O3. (Dopant) 

Deposition 

• Thermal evaporation.  

Resistivity 

• Resistivity decrease as doping concentration increase  
(0.1 - 1.3 wt%) 

• Resistivity increase as doping concentration increase  
(1.3 – 2.5 wt%) 

Photocurrent and dark current 

 Value of Gphoto/Gdark increase with increase of doping 
percentage. (0.1- 1.5 wt%). 

 Value of Gphoto/Gdark decrease as doping concentration keep 

increase (1.5 – 12.5 wt%). 

 

 

 
8
9
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Author (Year) Experiment Result 

Ogah et al., (2009) Material 

 Tin (ΙΙ) sulfide. 
Deposition 

 Thermal Evaporation. 

XRD  

 The 3 predominant peaks for SnS are (111), (040) and (131). 
EDS  

 Substrate temperature increase, tin concentration decrease. 

 Source temperature increase, tin concentration increase.  
SEM  

 Pinhole free and densely packed columnar grains. 
UV-VIS Spectroscopy. 

 Eg for  300 °C  = 1.45 eV, 350 °C  = 1.65 eV  (substrate temp) 

Zhang et al., (2011) Material 

 Tin (ΙΙ) sulfide. 

 Aluminum. (Dopant) 

Deposition 

 Thermal Evaporation. 

XRD  

 The intensity of SnS (111) increased with the increase of 
doping concentration. 

SEM  

 Grain density increase as Al doping increase. 

UV-VIS Spectroscopy 

 Energy band gap decreased with increased of doping 
concentration. (1.50eV – 1.29eV) 

Hall Effect 

 Decrease in resistivity with increasing Al concentration 
percentage.  

 P-type conductivity  thin film (RH positive) 
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Author (Year) Experiment Result 

Zhang & Cheng, 

(2011) 

Material 

 Tin (ΙΙ) sulfide. 

 Copper. (Dopant) 

Deposition 

 Thermal Evaporation. 

XRD 

 The 3 predominant peaks for SnS are the (111), (101) and 
(002). 

UV-VIS Spectroscopy 

 Energy band gap decrease as Cu doping concentration 

increase. 

Electrical Properties 

 Carrier concentration increases as doping concentration 
increased.   

 The resistivity decreases with the increase of doping 
concentration. 

 SnS:Cu exhibit p-type conductivity. 

Ali et al., (2013) Material 

 Tin, Sn 

 Antimony, Sb 

 Sulphur  
Deposition technique 

 Sputter coater. 

EDS 

 Confirms the combinatorial deposition of SnSbS thin film. 
XRD 

 The existence of SnS, Sn2Sb2S5, SnSb2S4, and Sb2Sn5S9 phase. 

Photoconductivity 

 High annealing temperature, photoconductivity increases. 

Lane et al.,(2014) Material 

 Tin (ΙΙ) sulfide. 
Deposition 

 Thermal Evaporation.  
Annealing Process. 

 Temp: 200°C, 300°C, 400°C. 

 Duration: 1 Hour. 

XRD 

 Predominant peak for SnS is (111). 

 Peak intensity increase as annealing temperature increase. 
UV-VIS Spectroscopy. 

 Absorption coefficient increase, with annealing temp.  

 Optical bandgap, Eg  range from 1.78 eV – 1.90 eV. 
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APPENDIX B 

 

 

Correction Factor Graph 
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APPENDIX C 

 

 

JCPDS-ICDD PDF Card No. 0014-6200 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Name     : Tin (ІІ) Sulfide 

Crystal System    : Orthorhombic 

Lattice Type        : 

 

 

a = 11.18 Å 

b = 3.98 Å 

c = 4.32 Å 

Lattice Type        : 

 

 

α = 90
0
 

γ = 90
0
 

β =90
0
 

Radiation             : Cu Kα1 

Wavelength         : 1.54  Å 

2θ                        : 10
0 
- 80

0
 

Main Peaks         : ( hkl ) D (Å) 2θ (
0
) 

 (111) 2.84075 31.47 

 (113) 2.108 42.846 

 (131) 2.311 38.924 

 (151) 1.786 51.092 

 (212) 1.455 63.903 
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APPENDIX D 

 

Calculation of Crystallite Size (FWHM) 

 

 

 
 

The value of full width half maximum for each graphs were calculated as follow,  

 

           

 

The FWHM values for all samples are summarized in table below. All values 

obtained by using origin plot. 

 

Sample Doping Concentration  

(wt%) 

FWHM (rad) 

As-deposited Annealed 

0 0.0098 0.0061 

5 0.0089 0.0028 

10 0.0053 0.0042 

15 0.0066 0.0084 

20 0.0115 0.0152 
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Crystallite Size Calculation for As-Deposited Samples 

 

Scherrer’s equation was utilized to calculate the crystallite size. 

 

  
  

     
 

 

a) Crystallite size calculation for as-deposited SnS sample.  

 

  
  

     
 

              

              
      

 

b) Crystallite size calculation for as-deposited 5 wt% Al;SnS sample. 

  

  
  

     
 

              

              
      

 

c) Crystallite size calculation for as-deposited 10 wt% Al;SnS sample.  

 

  
  

     
 

              

              
      

 

d) Crystallite size calculation for as-deposited 15 wt% Al;SnS sample.  

 

  
  

     
 

              

              
      

 

e) Crystallite size calculation for as-deposited 20 wt% Al;SnS sample.  

 

  
  

     
 

              

              
      

 

 

Crystallite size for all as-deposited samples.  

 

Sample Doping Concentration (wt%) Crystallite Size (nm) 

0 16 

5 18 

10 30 

15 24 

20 14 
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Crystallite Size Calculation for Anneal Samples 

 

Scherrer’s equation was utilized to calculate the crystallite size. 

 

  
  

     
 

 

a) Crystallite size calculation for anneal SnS sample.  

 

  
  

     
 

              

              
      

 

b) Crystallite size calculation for anneal 5 wt% Al;SnS sample. 

  

  
  

     
 

              

              
      

 

c) Crystallite size calculation for anneal 10 wt% Al;SnS sample.  

 

  
  

     
 

              

              
      

 

d) Crystallite size calculation for anneal 15 wt% Al;SnS sample.  

 

  
  

     
 

              

              
      

 

e) Crystallite size calculation for anneal 20 wt% Al;SnS sample.  

 

  
  

     
 

              

              
      

 

 

Crystallite sizes for all anneal samples.  

 

Sample Doping Concentration (wt%) Crystallite Size (nm) 

0 26 

5 57 

10 38 

15 19 

20 11 
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APPENDIX E 

 

Calculation of Direct Band Gap for As-deposited Samples 

 

 

a) Undoped tin (ІІ) sulfide. 

 

 

 

 

 

Linear fit equation for band gap calculation of as-deposited undoped tin (ІІ) sulfide 

When y = 0, 

                           

  
           

           
 

         

The value of direct band gap for as-deposited undoped tin (ІІ) sulfide is 2.23 eV. 
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b) 5 wt% aluminum doped tin (ІІ) sulfide. 

 

 

 

 

 

Linear fit equation for band gap calculation of as-deposited 5 wt% aluminum doped 

tin (ІІ) sulfide. 

When y = 0, 

                             

  
            

            
 

         

 

The value of direct band gap for as-deposited 5 wt% aluminum doped tin (ІІ) sulfide 

is 1.51 eV. 
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c) 10 wt% aluminum doped tin (ІІ) sulfide. 

 

 

 

 

 

Linear fit equation for band gap calculation of as-deposited 10 wt% aluminum doped 

tin (ІІ) sulfide. 

When y = 0, 

                             

  
            

            
 

         

 

The value of direct band gap for as-deposited 10 wt% aluminum doped tin (ІІ) 

sulfide is 1.20 eV. 
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d) 15 wt% aluminum doped tin (ІІ) sulfide. 

 

 

 

 

 

Linear fit equation for band gap calculation of as-deposited 15 wt% aluminum doped 

tin (ІІ) sulfide. 

When y = 0, 

                           

  
           

           
 

         

 

The value of direct band gap for as-deposited 15 wt% aluminum doped tin (ІІ) 

sulfide is 2.08 eV. 
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e) 20 wt% aluminum doped tin (ІІ) sulfide. 

 

 

 

 

 

Linear fit equation for band gap calculation of As-deposited  20 wt% aluminum 

doped tin (ІІ) sulfide. 

At y = 0, 

                           

  
           

           
 

         

 

The value of direct band gap for as-deposited 20 wt% aluminum doped tin (ІІ) 

sulfide is 2.19 eV. 
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APPENDIX F 

     

Calculation of Direct Band Gap for Annealed Samples 

 

 

a) undoped tin (ІІ) sulfide.  

 

 

 

 

Linear fit equation for band gap calculation of annealed undoped tin (ІІ) sulfide. 

At y = 0, 

                             

  
            

            
 

         

The value of direct band gap for annealed undoped tin (ІІ) sulfide can be written as 

2.23 0.01eV. 
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b) 5 wt% aluminum doped tin (ІІ) sulfide. 

 

 

 

 

 

Linear fit equation for band gap calculation of Annealed 5 wt% aluminum doped tin 

(ІІ) sulfide. 

At y = 0, 

                             

  
            

            
 

         

 

The value of direct band gap for annealed 5 wt% aluminum doped tin (ІІ) sulfide is 

1.25 eV. 
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c) 10 wt% aluminum doped tin (ІІ) sulfide. 

 

 

 

 

 

Linear fit equation for direct band gap calculation of Annealed 10 wt% aluminum 

doped tin (ІІ) sulfide. 

At y = 0, 

                             

  
            

            
 

         

 

The value of direct band gap for annealed 10 wt% aluminum doped tin (ІІ) sulfide is 

1.68 eV. 
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d) 15 wt% aluminum doped tin (ІІ) sulfide. 

 

 

 

 

Linear fit equation for direct band gap calculation of Annealed 15wt% aluminum 

doped tin (ІІ) sulfide. 

At y = 0, 

                             

  
            

            
 

         

 

The value of direct band gap for annealed 15 wt% aluminum doped tin (ІІ) sulfide is 

2.30 eV. 
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e) 20 wt% aluminum doped tin (ІІ) sulfide. 

 

 

 

 

 

Linear fit equation for band gap calculation of Annealed 20 wt% aluminum doped tin 

(ІІ) sulfide. 

At y = 0, 

                           

  
           

           
 

         

 

 

The value of direct band gap for annealed 20 wt% aluminum doped tin (ІІ) sulfide is 

2.19 eV. 
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APPENDIX G 

     

Electrical Conductivity Calculation for As-Deposited Samples 

 

  

It is given that, conductivity is    
 

 
   

 

a) Conductivity calculation for as-deposited SnS sample.  

  
 

 
 

 

      
              

 

b) Conductivity calculation for as-deposited 5 wt% Al:SnS sample.  

  
 

 
 

 

      
              

 

c) Conductivity calculation for as-deposited 10 wt% Al:SnS sample.  

  
 

 
 

 

     
                

 

d) Conductivity calculation for as-deposited 15 wt% Al:SnS sample.  

  
 

 
 

 

     
              

 

e) Conductivity calculation for as-deposited 20 wt% Al:SnS sample.  
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APPENDIX H 

     

Absorption Coefficient Calculation for absorption coefficient (α) vs photon 

energy (hν) graph 

 

  

It is given that, absorption coefficient is    
      

 
   

 

Where,    A = Absorbance 

  D = Thickness of the samples (m) 

 

Example;  

 

  
      

 
     

             

             = 7615445.25 

 

* All absorbance data are calculated in Microsoft Excel and plotted on absorption 

coefficient (α) vs photon energy (hν) graph. 

 

   

 


