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and Table 5.12 respectively. The corresponding J-V plot is described in 

Figure 5.22 and Figure 5.23.  

 

 

Figure 5.22  Illuminated J-V characteristics obtained 
after annealing for CZTS(0.5) device 

 
Table 5.11  Output parameters obtained after annealing for CZTS(0.5) 

device 
 

Cell name    Voc (mV) Jsc (mA/cm
2
) FF (%) Eff (%) 

BZBE(0.5)    731     0.903 47 0.31 

AZBE(0.5)    397     0.945 32 0.12 

AZAE(0.5)    470     1.600 24 0.01 
 

 

Figure 5.23 Illuminated J-V characteristics obtained 
after annealing for CZTS(1.5) device 
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Table 5.12 Output parameters obtained after annealing for CZTS(1.5) 
device 

Cell name Voc 

(mV) 

 Jsc 

(mA/cm
2
) 

FF 

(%) 

Eff 

(%) 

BZBE(1.5) 852 0.876 53 0.40 

AZBE(1.5) 614 0.910 43 0.24 

AZAE(1.5) 146 1.040 27 0.04 

 

From Table 5.11 and Table 5.12, it is clear that in both the cases 

similar trend is followed with the post-deposition annealing. The effect 

due to post-deposition annealing is quite convincing. We could see that 

in both devices, the annealing before the ZnO:Al deposition and electrode 

deposition (BZBE) resulted in an improvement in both Voc and Jsc values 

compared to similar unannealed devices (Table 5.10 and Table 5.7). This 

increase in Voc and Jsc might be due to the proper junction formation and 

increased production of carriers resulting from the annealing. This 

annealing effect is more pronounced in the case of devices fabricated 

using CZTS (1.5:1:0.7:12) that enhanced the efficiency to 0.4 % which 

is the highest efficiency reported so far with this configuration. For the 

devices fabricated by annealing after ZnO:Al layer deposition and before 

electrode deposition (AZBE) there was increase of current density with 

voltage drop. The reason for this voltage drop is probably due to the 

higher diffusion of copper into the SnS:Cu layer causing enhancement  

of the formation of more impurity phases. At the same time, with 

annealing, more free carriers are also generated resulting in an increase 

in current. But in the case of annealing after the complete fabrication 

(AZAE), the results (Table 5.11 and Table 5.12) show a drastic decrease 

in voltage with good enhancement in current density. Here the decrease 
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in voltage might be due to the diffusion of silver from electrode into the 

layers below which gives a recombination path for the carriers formed. 

Because more carriers are being formed due to annealing, the current is 

increased.  Thus from the studies we selected devices with BZBE CZTS 

(1.5:1:0.7:12) composition as better one with SnS:Cu n-layer, to obtain 

maximum efficiency. 

5.9 Conclusion 

In the present study, trial work on CZTS/SnS:Cu heterojunction 

solar cells were carried out. Front and back contacts are made using Ag 

and ITO respectively. Initially, trials were carried out to optimize a 

suitable structure for the device and “ITO/CZTS/SnS:Cu/Ag was found 

to be the best. Later, the improvement of cell parameters were tried by 

introducing a top layer with ZnO:Al to get ITO/CZTS/SnS:Cu/ZnO:Al/Ag. 

The best cell had Voc = 361 mV, Jsc = 0.866 mA/cm2, Fill factor  = 31 % 

and efficiency= 0.099%. 

As the next step, thickness required for the top layer, p-layer and 

n-layer were optimized for improving the device performance. This is 

explored simply by varying the time required for spraying the respective 

precursor solutions. The best device fabricated has the cell parameters Voc 

= 618 mV, Jsc = 0.930 mA/cm2, Fill factor = 41 % and efficiency = 0.224 %.  

To achieve further improvement in cell parameters, studies on 

ratiovariation and post-annealing treatment were tried and this could 

improve the cell parameters Voc = 852 mV, Jsc = 0.879 mA/cm2, Fill 

factor = 53 % and efficiency = 0.40 %.  This study confirms the 
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possibility of preparing cells with compound semiconductors with eco-

friendly and earth-abundant elements; moreover, these elements can be 

retrieved back from cells after their lifetime through simple chemical 

process. 
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Chapter6 

 SUMMARY AND FUTURE PROSPECTUS 
 

 

With the growing energy demands of the current world, the need 

for photovoltaic device is inevitable. Advantages of solar energy like 

being a renewable energy source and surplus availability every day (as 

long as sun exists) makes it a better choice form other alternative energy 

sources. Solar energy is utilized for diverse applications other than 

producing electricity; it is a good source to generate heat, power 

satellites, distil water etc.  Out of these, we mainly focus on solar cells 

which help to reduce the conventional electricity bills. It requires very 

low maintenance cost since there is no moving part, and more than that, 

each day the technological development for improvement for 

effectiveness of solar panels are going on. With all these advantages, like 

two sides of a coin, there are some disadvantageous also; but is 

negligible on comparing this with any other alternative energy resource. 

Some are initial purchasing cost of solar panel, dependence on weather 

conditions and unable to charge during night time, large space 

requirement for fixing panels, pollution due to use of toxic and 

hazardous products during cell manufacturing. Presently almost 90 % of 

solar panels are based on various types of silicon and hence, this 

material is considered as the „king‟ among all photovoltaic materials. 

But the purification processes are very expensive and efficiency of panel 
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goes hand in hand with this purification. The Czochralski process of 

purification also results in significant wastage of silicon material. 

Moreover, due to indirect band gap and less absorption coefficient more 

than 100 microns of material is required to absorb light. Hence bulk 

amount of material is required for device fabrication. Comparing these 

drawbacks, thin films are more advantageous since all the manufacturing 

processes of  Si wafer modules like Si purification, crystal growth, 

wafering, cell processing, cell encapsulation etc. can be effectively  

„bundled‟ into one process in the case of the thin film. Also, the material 

cost can be reduced effectively as the thickness required is lesser by two 

or three orders than that required for Si wafer. But lot of improvement 

work has to be done to enhance efficiency. This includes choosing of 

materials, its deposition conditions, storing conditions etc. Hence 

choosing of thin film material for photovoltaic has to be done very 

carefully; it has to be earth abundant, non-toxic and stable. The method 

used for deposition also has similar importance and should be cost 

effective and simple. Tin chalcogenides are good choice which satisfies 

all the criteria. Thus the present thesis mainly focuses on complete 

characterization of n-type tin monosulfide material (SnS) and its device 

fabrication using economically viable technologically simple process 

viz.,  “chemical spray pyrolysis” (CSP). This n-type SnS can replace the 

toxic CdS which are currently used in solar cells. The idea of thesis was 

to first optimize preparation conditions of n-type SnS, then to optimize 

the deposition conditions of CSP technique for proper film deposition 

and finally to fabricate solar cell using this sprayed SnS:Cu as n- layer 

and CZTS as p- layer.  



Summary and Future Prospectus 

185 Optimization of opto-electronic properties of spray deposited n-type tin monosulfide 
thin film for photovoltaic application 
 

First, n-type SnS thin films were fabricated using tin chloride and 

thiourea in 1:2 ratio. The solvent quantity (HCl) for dissolving tin 

chloride is reduced in order to obtain the n-nature for SnS films 

prepared. From the structural and optoelectronic properties studied, 5 ml 

of HCl is found to be optimum. All these studies were done on “standard 

sample” which is prepared using “one day aged” tin chloride solution. 

Further improvement in material properties were obtained by In- situ 

doping with copper chloride and this is done by adding required 

percentages of 0.02 M CuCl2.2H2O. Doping percentage is varied and 

obtained 4 % of doping as the best. 

As next step, deposition parameters of CSP were optimized in 

order to obtain good SnS:Cu films. Deposition parameters like substrate 

temperature, spray rate, cationic molarity and anionic molarity, which 

have significant influence on the properties of the material, were studied. 

Substrate temperature and spray rate are optimized to be 375 
o
C and               

2 ml/min, respectively. The cationic to anionic ratio is optimized as 1:2 

with molarity of tin and sulfur as 0.1 M and 0.2 M respectively. 

As next step, various post-deposition techniques were investigated 

to further improve the material properties. Effects on material properties 

due to various type of annealing is checked and found air annealing at 

deposition temperature is more suitable and economic. Then the 

annealing time is varied systematically and found 30 minutes of 

annealing as best. The effectiveness of “inversion method” for preparing 

SnS:Cu with (111) orientation, which is very much suited for device 

fabrication, is checked. Ability of material to withstand variations in 
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precursor preparation temperature and also material stability with time 

were checked. Order of resistivity, which is found to be increasing with 

time, is brought back to its initial value by applying post-deposition 

annealing treatment. Hence n-type SnS:Cu thin films with required 

optoelectronic properties were synthesized, optimized and its effect on 

various environmental parameters were studied 

The final chapter of this thesis deals with trials on fabrication of 

solar cells. Solar cells were fabricated using this eco-friendly SnS:Cu as 

n-layer and CZTS as p-layer. Through various modifications in device 

layers and cell configuration, performance of device was enhanced. For 

the deposition of these layers, automated CSP technique was employed. 

The figure below represents initial optimization done to fix device 

configuration and required thickness. 
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Thus CZTS/SnS:Cu hetero-junction solar cell were fabricated 

using Ag and ITO as front and back contact respectively. Molarity of 

SnCl2 is reduced to 0.05 M for device layer. A suitable structure for the 

device “ITO/CZTS/SnS:Cu/Ag is selected for this study. Later, top 

layer of ZnO:Al is introduced to improve the cell parameters and 

structure is modified as ITO/CZTS/SnS:Cu/ZnO:Al/Ag. The best cell 

had Voc = 361 mV, Jsc = 0.866 mA/cm
2
, fill factor = 31 % and 

efficiency = 0.099 %. Now thickness required for each layer was 

optimized by varying spraying time of respective precursor solutions. 

The best device fabricated with these optimized thickness has cell 

parameters Voc = 618 mV, Jsc = 0.930 mA/cm
2
, fill factor = 41% and 

efficiency = 0.224%. 

Enhancement in efficiency could be achieved further by reducing 

oxygen content present in the prepared film by varying the Sn:S ratio 

and also by various post-deposition annealing treatment at various stages 

of device fabrication. Annealing processes are named as BZBE 

(annealed before electrode deposition and ZnO:Al deposition), AZBE 

(annealed after ZnO:Al layer deposition and before electrode deposition) 

and AZAE (annealed after complete fabrication of device).  The diagram 

below gives a brief outline of variations done. 
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Out of various annealing given, the BZBE annealing on cells with 

SnS:Cu (1:4 (4 %)) and CZTS (1.5:1:0.7:12) is found to be best.                 

This annealing could improve the cell parameters as Voc= 852 mV,              

Jsc= 0.879 mA/cm
2
, Fill factor = 53 % and efficiency = 0.40 %. This is the 

highest efficiency reported so far with this material and configuration. The 

possibility to deposit many solar cells with each batch of preparation, 

reduces the consumption of energy for a single solar cell fabrication.  

Future prospects  

SnS:Cu being a new material, a lot more investigation into 

material properties can be done further for better improvement of film 

properties. For example, SnS is having small grain size around 12-18 nm 

and has high resistivity around few hundred Ohm.cm at near 

stoichiometric compositions. Doping can help in overcoming this 
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limitation and very few works has been done in this direction. In the 

present work, only copper doping is attempted. The effect due to various 

other dopants like sodium, indium, zinc etc should be studied.  

All the material studies and optimization in the present work is 

done on n-type SnS prepared using tin chloride solution dissolved in 5 

ml of solvent HCl. Similar studies can be carried out by further 

decreasing the amount of tin precursor solvent HCl. Structural and 

optoelectronic properties for these films can be studied and these films 

can be used for device fabrication. 

Diffusion of silver (electrode) towards bottom layer is the main 

challenge for SnS:Cu based solar cells, especially when prepared using 

CSP technique. For the present study, we used ZnO:Al top layer to 

prevent this diffusion. Various other top layer materials can be tried and 

continuous monitoring of diffusion should be done with XPS for 

comparing. In this way the leakage current can be minimized and can 

enhance the Voc further. 

Lower value of Jsc is another issue. To improve this, series 

resistance of the cell should be further minimized. This can be achieved 

by altering resistivity of both n and p layer. Resistivity of SnS can be 

manipulated easily by doping it with various dopants. With CSP technique 

this can be achieved very easily by incorporating the dopant salt with the 

precursor solution for SnS. Apart from this, type of in-situ doping, ex-situ 

doping can also be tried by depositing a dopant metal layer at top of the 

SnS layer followed by annealing. Similar modifications can be tried on p-

layer and conducting top layer also. By doing so, device will have a 
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conducting layer near the electrode and a resistive layer near junction. 

This will help in effective carrier separation and carrier collection. 

Fabrication of heterojunctions with other organic and inorganic 

materials can be tried. As an initial step, to show its possibility, devices 

were fabricated using organic polymer material (P3HT:PCBM) with 

structure ITO/SnS:Cu/Polymer/Ag and  also with inorganic material 

CZS with structure ITO/CZS/SnS:Cu/ZnO:Al/Ag; efficiencies of ~ 0.08 %  

and 0.04 % respectively were achieved in these cases (Table 6.1). 

 

Figure 6.1  Illuminated J-V characteristics obtained for                
(a) Polymer based solar cell (b) CZS based solar cell  

(a) 

(b) 
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Table 6.1  PV parameters obtained from both organic and inorganic 
material based solar cell 

Cell   Name Voc 

(mV) 

Jsc 

(mA/cm
2
) 

Fill factor 

(%) 

Efficiency 

(%) 

Polymer 304 1.03 26 0.08 

CZS 176 0.79 29 0.04 

 

Similarl, devices can be fabricated using alternative transparent 

conducting oxide materials like ZnO, SnO2, FTO using spray technique. 

This can replace the imported ITO coated glass we used presently and 

can reduce cost of solar cells further. Possibility of solar cell fabrication 

using other earth-abundant non-toxic material can also be checked, 

which can be an alternative of this SnS:Cu material. Materials like 

Sn2S3, SnS2, CZS, CuS etc. gain attention in this aspect. Studies on 

optimizing deposition conditions and material characterizations for cell 

fabrication can be pursued. Here is the table (Table 6.2) showing the 

highest efficiencies so far published by progress in photovoltaics. 

 

Table 6.2 PV parameters obtained for various thin films reported to 
have highest efficiency 

Cell   Name Voc 

(mV) 

Jsc 

(mA/cm
2
) 

Efficiency 

(%) 

CdTe (Thin Film) 887 32 22 

CZTSS (Thin Film) 513 35 13 

CZTS (Thin Film) 730 21 11 

 

On comparing the open circuit voltage and fill factor they 

obtained, we could say that we have almost reached near to these using 

our easy fabrication technique and also with thinner n and p-layers. But 
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the efficiency is very low due to very low Jsc we obtained and hence 

further enhancement of Jsc is required to bring about the complete 

potential of this material. The present work is a preliminary study and 

hence there is more room for further improvement. This thesis is only a 

small step for achieving this greater goal and lots of focused and 

determined efforts should be put forth to make this initiative a reality. 

 

…..….. 

 




