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ABSTRACT 
 

ALROMAIHI, LATIFA, KHALED., Masters : June : [2018:], Material Science and Technology 

Title: Single Step Electrodeposition of CZTS Absorber Layer for Solar Cells Application  

Supervisor of Thesis: Prof. Talal, M. Altahtamouni. 

 

Nowadays, one of the most critical issues in photovoltaic (PV) industry is the 

fabrication of an efficient and low cost solar cells. The solar energy have to be more 

efficient and cost effective than other electricity sources in order to be a major source of 

electricity. Different types of photovoltaic materials have been developed over the past 

century and the latest technology is based on thin film solar cells. Copper indium gallium 

selenide (CIGS) thin film based solar cells have achieved more than 20% power conversion 

efficiency. However, these materials are toxic, rare and expensive. Copper zinc tin sulfide 

(CZTS) is a very promising material and a good alternative for CIGS thin film. CZTS 

materials are cheap, non-toxic and abundant. Also, It has an ideal band gap of 1.5 eV and 

a high absorption coefficient.  

Single step electrodeposition technique was used to deposit CZTS thin film on 

fluorine doped tin oxide (FTO) coated glass substrate. In order to identify the suitable 

deposition potential, a set of CZTS thin films were deposited at different potentials.  The 

used potentials were -1.10 V, -1.20 V, -1.25 V, -1.30 V, and -1.35 V ( vs. Ag/AgCl). XRD 

and Raman analysis were used to confirm the presence of CZTS kesterite phase. There was 

a dependence for the intensity and FWHM of the (112) planes peaks which affect the 

crystallite size. The sample deposited at -1.35 V had the highest crystal size and the best 
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crystalline quality. The EDS and XPS measurements were performed and the best 

stoichiometry was achieved in the sample deposited at -1.35 V.   

The influence of sulfur amount in the sulfurization process on the CZTS thin films 

was also investigated. So,  a set of CZTS films was electrodiposited using -1.35 V and 

sulfurized  using 5 mg, 15 mg, 25 mg, 35 mg, and 50 mg of sulfur powder. The best CZTS 

thin film stoichiometry and crystalline quality was achieved using 35 mg sulfur according 

to XRD, Raman and EDS analyses. Uv-visible and Photoluminescence (PL) measurements 

were used to study the optical properties of the electrodeposited films. The sample 

electrodeposited at -1.35 V using 35 mg sulfur exhibited a 1.50 eV optical band gap and 

104 cm-1 absorption coefficient. These results confirm the suitability of these films to be 

utilized as absorber layers in thin film solar cell structures. 
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CHAPTER 1: INTRODUCTION 
 

1. Solar energy 
 

Nowadays, the world is facing a growth in  global population and human 

modernization, which  increases the demand for energy consumption.1 The fossil fuel such 

as coal, oil, and gas have been the main source of energy for human society, but it raised 

many issues and concerns. The fossil fuel has produced environmental pollution and 

climate changes due to the emission of greenhouse gases. Moreover, these fossil fuels are 

limited and will run out in the future. The development of renewable and clean energy 

sources such as solar energy, water, wind and biomass is important to address these energy 

concerns.2,3 Solar energy is the most powerful and promising renewable energy source, and 

it is predicted that it will play an essential role over the next 60 years in electrical energy 

production.4 

2. Photovoltaic (PV) technology and material 

Photovoltaic (PV) is a term represents a clean technology which covers the 

conversion of sunlight directly into electricity. The development of photovoltaic devices 

can be divided into four generations.1 The first generation is based on the single crystal Si 

which has a high efficiency, but it has a high cost. Thin film technology represents the 

second generation and it comes to overcome the high cost of crystal Si, however it reduces 

the efficiency of the solar cell. 2-3 The third generation contains various advanced 

technologies such as quantum dots 4 and dye sensitized solar cells5. Finally, the fourth 

generation covers  inorganic hybrid materials such as perovskites6. In 2015, only 1% of the 

world’s electricity was provided from PVs.7 
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3. Thin film solar cell 
 

Thin film solar cells are mainly constructed of materials that strongly absorb 

sunlight. It reduces the demand for the row material were the thickness of the cell is varying 

from 1–3 µm. 3  There are many advantages of thin film solar cells such as  the faster and 

cheaper  manufacturing process. The absorption coefficient of thin film absorber materials 

is ~100 times higher than that of  crystalline silicon.3 The advantage of this is that a 100 

times thinner layer of thin film material is required to absorb an equivalent amount of 

energy as crystalline silicon reducing manufacturing costs and price. In addition, thin film 

solar cells can also be fabricated on flexible substrate for instance metal foils or 

polyimides.8 Another advantage is the adjustable band gap of the thin film materials, which 

can be done by varying the composition. Therefore, a large range of the solar spectra can 

be used and a higher efficiency is achieved.9 Thin film PV devices have been recognized 

as a promising strategy to achieve high efficiency with low cost and thus satisfying the 

actual requirements of increasing electrical demand. 

4. CZTS thin film solar cell 

4.1.CZTS material 
 

Recently, thin film technologies are based on CdTe or CuInGaS(Se)2 (CIGS)  light 

absorbers.6 CIGS based solar cells has achieved high power conversion efficiency of more 

than 20%.10 However, gallium, indium, and tellurium  are expensive and rare elements. 

The use of cheaper, nontoxic, and abundant elements is important to develop an 

environmental friendly and economical materials. The elemental row materials prices and 

annual production is shown in figure 1.11 



  
   

3 
 

 

Figure 1: The annual production and the price of the elements used in thin film solar 

cells.  

 

 

 

 

CZTS is a suitable alternative for CIGS were Zn, Sn and S are used to substitute In, 

Ga, and Se respectively.  It is a quaternary compound semiconductor belongs to I2-II-IV-

VI4 group and it was fabricated for the first time in 1974 by Schefer and Nitsche.12 

Cu2ZnSn(Se, S)4 is considered as a new light absorbing material for solar cell applications. 

This material has a tuned band gap were Cu2ZnSnSe4 has 1.0 eV and Cu2ZnSnS4 has 1.5 

eV, and it can be tuned by controlling the amount of chalcogens in the material.13  
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CZTS material can be found in three types of crystal structures: kesterite, stannite and 

primitive mixed CuAu (PMCA). The kesterite and stannite are the same in structure and in 

Sn atom position. However, the difference between them is in the space distribution of Cu 

and Zn atoms within the unit cell as shown in figure 2.14,14 

 

 

 

 

 

Figure 2:The three crystalline structure of CZTS.  
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The stannite and PMCA crystal structures are a CuAu like structure while the 

kesterite is derived from CuInS2 (CIS). The kesterite structure shows more 

thermodynamically stable results when compared to the other phases. However, the 

challenge is in determining the phases, where their structures are similar and synchrotron 

light or neutron needed to identify them. There are a lot of arguments about CZTS 

structures. The first principles show that Cu2ZnSnS4 is most stable in kesterite structure, 

while some reports found it is in stannite structure.15   

The theoretical efficiency of CZTS solar cells devices is 30%.16 But, the thin film 

solar cells require a CZTS materials with a single phase kesterite material to reach a high 

efficiency.16 Figure 3 expresses the isothermal section at 670 K of phase diagram  for Cu2S-

SnS2-ZnS system. The stable region of CZTS phase is in the center of the phase diagram, 

and the pure phase has a small compositional range at this temperature. A secondary phases 

forms outside of this region besides CZTS primary phase. The formation of the impurity 

phases can affect the properties of the material which leads to a low performance of the 

cell. The creation of these phases can play an important role in the recombination centers 

and the charge collection barriers that lower the performance of the cell.  The experimental 

results proposed that the zinc-rich and copper poor CZTS thin film with Cu/(Zn+Sn) = 0.8 

and Zn/Sn = 1.2 is the best composition to achieve a good  performance solar cell.17-20 
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Figure 3: Isothermal section of the Cu2S-SnS2-ZnS system at 670 K.  

 

 

 

  

4.2.Structure of CZTS absorber layer for solar cells 

Thin film solar cell involves a front and back metals considered as an electrical 

contacts, a window layers, p-type thin film absorber layer, and n-type buffer layer. Figure 

4 shows the  structure of solar cell were CZTS thin film act as an absorber layer. The CZTS 

thin film (1~2 µm thick) is deposited on a substrate such as  FTO coated glass which acts 
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as a back electrical contact. CdS is an n-type semiconductor and acts as a buffer layer which 

is coated by chemical bath deposition. Finally, the window layer and a contact are 

deposited by sputtering.21-22 

 

 

 

 

 

Figure 4: A schematic structure of CZTS thin film-based solar cells. 
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4.3.Working principle of CZTS absorber layer for solar cells 

In solar cell device, the crucial part is the p-n junction which is made between the 

p-type and n-type layers. The p-type is a conducting layer for holes, while the n-type 

conducting layer is for electrons. When an electron of the absorber layer absorbs a photon 

with an energy equivalent or higher than the energy of the band gap, the electron is excited 

and generates an electron-hole pair or exciton.23 A difference in chemical potential between 

electron and hole will exist, and a separation between them will be generated at the p-n 

junction.  The charge carriers will drift in opposite directions and the electrons and holes 

will be injected in the external circuits to generate current. If the photons has a less energy 

than the energy of the band gap it will not be absorbed and it will be considered as a loss 

due to their failure to create electron-hole pair. The photons with higher energy can be 

absorbed but a portion of the energy could be lost as heat.23 The process at the p-n junction 

is showed in figure 5 .24 
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Figure 5:(a) A schematic of p-n junction between layers (b) The band schematic of a p-n 
junction.  

 

 

 

 

In this work, we use single step electrodeposition technique to deposit CZTS 

absorber layer for solar cell application. Then, we report the effect of sulfur amount in the 

sulfurization process on the CZTS thin film. This thesis is represented in five chapters. The 

first chapter is an introduction to solar energy, solar cells generations and CZTS thin film 

solar cells. The second chapter is the literature review which covers the previous efforts 

which are done on CZTS material. The experimental tools and the characterization 

technique were  explained in the third chapter. In the fourth chapter the results are presented 

along with the related discussion. The conclusion and the future work will be in the fifth 

chapter.  
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CHAPTER 2: LITERATURE REVIEW 

1. Solar cells generations  
 

Solar cells technologies are divided into four main generations and its shown in 

figure 6. The solar cells first generation is constructed on crystalline silicon, which 

demonstrate a performance around 15-25%. In 2014, Masuko et al. accomplished the a 

maximum efficiency of 25.6% by using crystalline silicon heterojunction.25-26 This type of 

solar cells rule the market due to their excellent performance. However, This type is very 

rigid and it also required a lot of energy in the production process.  

The second generation of solar cells is the amorphous silicon26, CIGS27 and CdTe28. The 

performance of these materials is 10-20%, but its came to avoid the high cost of crystalline 

silicon solar cells. These types of solar cells has a low materials consumption and low 

production cost. In addition, the second generation of solar cells are fixable and can be 

produced. However, the vacuum processes and the high temperature treatments cause a 

large energy consumption. The highest efficiency achieved for amorphous silicon is 14.6%.  

In 2010, the highest efficiency of 20% for CIGS was achieved  by Philip et al.. In their 

work, they demonstrate a high reproducibility by analyzing the main characteristic of solar 

cell from the performance level. 29 On the other hand, CdTe achieved an efficiency of 

16.5% by Xuanzhi Wu by developing a two manufacturing processes.30 

The third generation contains many advanced technologies such as quantum dots4 

and dye sensitized 5 solar cells and these solar cells achieved about 5-15% energy 

performance. Michael Gratzel reached 12% current conversion efficiency using the dye 

sensitized solar cells31, while Yuh- lang  et al. reach 4.22% for quantum dot. 32 

Finally, the fourth generation is the inorganic hybrid materials such as perovskites6 and 
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this type of solar cells obtained 22.7% efficiency by Sang et al. in 2018. 33 

 

 

 

 

 

 
 

Figure 6: The four generations of solar cells. 
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2. CZTS Thin film  
 

CZTS (Cu2ZnSnS4), CZTSe (Cu2ZnSnSe4)34 and CZTSSe (Cu2ZnSn(Se, S)4)35 thin 

films have been a place of interest in the last years. These materials achieved a power 

conversion efficiency of 9.2%36, 11.6% and 12.6 %, respectively. CZTS is an ideal material 

for solar cell applications because of its suitable band gap (1.4-1.6 eV) and the high 

adsorption coefficient (104 cm-1). The photovoltaic response of CZTS material was first 

reported in 1988 by Ito and Nakazawa. It was based on the creation of a junction between 

CZTS absorber layer and a buffer layer on a stainless steel substrate. They fabricated the 

film by argon beam sputtering technique and the device recorded an open circuit voltage 

of 165 mV. The band gap of CZTS  was determined and it was 1.45 eV, which is an ideal 

value for an absorber layer in solar cell applications. 37  

These thin films can be fabricated using different techniques which can be 

classified into two main categories38-39: vacuum based method and non-vacuum based 

method. The vacuum based method such as sputtering40-45, pulsed laser deposition44, 46-47 

and evaporation19, 48-50. These methods can produce a high uniform CZTS thin films which 

make the film controllable and reproducible. However, they need high-energy consumption 

and long deposition time. The non-vacuum based methods established to overcome these 

problems and provide a low cost and a rapid production of CZTS thin films. This technique 

includes chemical vapor deposition51-52, spray pyrolysis53-58, spin coating59-60 and 

electrodeposition61-64. In this paper, a review will be done on CZTS thin films synthesized 

by electrodeposition technique. The study will include the CZTS material properties, 

crystal structure and electrodeposition preparation technique. Many critical factors 
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influence the formation and composition of CZTS thin films such as the applied potential, 

electrolyte PH, and sulfurization temperature and sulfurization time.  

3. Electrodeposition technique: 

CZTS thin film have been fabricated using different deposition methods and 

electrodeposition is one of them. This technique is one of the most attractive methods in 

solar cell absorber layer production. As compared to non-vacuum based technique, the 

highest efficiency of 8.1% was achieved using electrodeposition. Electrodeposition is an 

environmentally friendly and low cost method and it is applied for the growth of many 

absorber layers such as CIGS and CdTe.  The fabrication of the CZTS thin film using 

electrodeposition can be done by one of two ways, which are (i) the stacked elemental layer 

or binary alloys; (ii) single step co-electrodeposition. Figure 7 below shows the two 

methods of electrodeposition technique.  

 

Figure 7: The two methods of electrodeposition technique 

Electrodeposition method

Stacked elemental layer or 
binary alloys

Single step co-
electrodeposition 
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3.1. Stacked elemental layer (SEL) or binary alloys 
 

 

 

 

 

Figure 8: A schematic diagram of the stacked binary alloys. 

 

 

 

Figure 9: A schematic diagram of the stacked binary alloys 
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In this method, copper, zinc and tin are subsequently deposited from an electrolyte 

solution.  The first electrodeposition of CZTS thin film was reported by Scraag et al. with 

0.8% efficiency.65 The deposited film was Cu/Sn/Zn metal stacks on Mo substrate followed 

by sulfurization at 550 °C for 2 h. They related the low efficiency to the formation of voids 

near the CZTS and Mo interface, and the formation of secondary phase as a result of zinc 

deficiency. They enhanced the deposition process by using Cu/Sn/Cu/Zn sequential stack, 

and using KCN etch to eliminate the CuxS phase which gives higher efficiency of 3.2%.66-

67 

Sequentially electrodeposition of CZTS thin film was reported by IBM group in 

2012 with an efficiency of 7.3%. The group sequentially deposited Cu/Zn/Sn stacks 

followed by annealing at a low temperature between (210-350 °C) under N2 atmosphere. 

The annealing step is done in order to produce a homogeneous and highly crystalized 

metallic layer.68-69 The final step is the annealing of the alloys for 5-15 min at 550-590 °C 

in a sulfur atmosphere to allow the formation of CZTS material. The results show the 

presence of various secondary phases when the sulfurization temperature is below 580 °C. 

At a temperature higher than 580 °C, ZnS and Cu2SnS3 secondary phases reacts and CZTS 

formed. The highest efficiency of 7.3% was found by fabrication of CZTS thin film solar 

cell that were sulfurized at 585 °C for 12 min. 22, 70 

In 2014, Lin et al. reported the synthesis of CZTS absorber layer by using stacked 

elemental layer technique. CZTS absorber layers were obtained by the sulfurization of the 

metallic layer Cu-Sn-Zn in an inert atmosphere. The film was preheated for 20 min at 350 

°C before the sulfurization and it was found that the film exhibits no secondary phases, 
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uniform and densely packed surface with no crevices or voids. The solar cell with an 

Al:ZnO/CdS/CZTS/Mo structure were fabricated from a metallic precursor was  preheated 

for 20 min at 350°C and it shows a conversion efficiency about 5.6%.71 

The highest efficiency for pure CZTS-based solar cell that are fabricated using 

sequential electrodeposition technique in 2015 by Feng Jiang et al. 69 They produced the 

CTZ precursor by using stacked elemental layer followed by heating for 200 min and 

sulfurization at high annealing temperature. The efficiency of the solar cell was determined 

to be 8.1%.69 

In order to prepare the stacked metals, different orders of three metals can be used. 

The reports show that the Cu/Sn/Zn is the ideal sequence of deposition that gives a high 

performance CZTS thin film solar cell.22, 71 The sequence results in a good metal exchange 

and stabilization of metal layers.72  

In stacked binary alloy method the precursor alloys Cu-Sn and Cu-Zn are 

electrodeposited on a substrate. The sulfurization of the precursor will result in the 

formation of CZTS thin film. Yuan et al. 73 reported this method for the first time where 

CZTS thin films fabricated by the sulfurization of sequentially electrodeposited stacked 

binary alloys Cu-Sn and Cu-Sn. The sulfurization was done using 0.05 Mpa sulfur at 580°C 

for 30 min. The solar cells device with the structure of ITO/i-ZnO/CdS/CZTS/Mo/Glass 

showed an efficiency of 3.67%. The high series resistance and recombination rate were a 

limiting factors for the efficiency. 73 
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3.2.Single step co-electrodeposition method 

 

 

 

 

 

Figure 10: A schematic diagram of single step electrodeposition method. 

 

 

 

 

In this method the precursor film Cu/Zn/Sn is deposited from a deposition path 

contains Cu, Zn and Sn cations. The deposition is followed by sulfurization process using 

sulfur source for instance pure S vapor, S2+N2 and S2+Ar.  

In 2009, Ennaoui et al. 74 introduced the single bath electrodeposition of CZTS thin 

films. The deposition of Cu/Zn/Sn precursor layer on Mo glass substrate was done by using 

an  alkaline electrolyte bath contain Cu (II), Zn (II) and Sn (IV) metal salts. The precursor 
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was then annealed at 550 °C for 2 hours in Ar-H2S atmosphere. The results showed that 

CZTS thin film with Cu/(Zn+Sn)= 0.97 and Zn/Sn = 1.08 has the best efficiency of 3.4%.74 

Using the same electrodeposition method, Araki et al.75 (2009) reported the 

synthesis of CZTS thin films . The Cu/Zn/Sn film was annealed in sulfur atmosphere for 2 

hours at 600°C. The Zn rich film gives the highest efficiency of 3.16%. The 

electrodeposition electrolyte was prepared by using copper (II) sulfate, zinc sulfate, tin (II) 

chloride and tri-sodium citrate. After annealing, the co-electrodeposited film didn’t show 

any phase separation.75 In addition, Li et al. fabricated CZTS thin film using co-

electrodeposition of Cu/Zn/Sn precursor  with 3.62% power efficiency.76 

Rakhshani et al.77 electrodeposited CuZnSn metallic alloy film on Mo substrate 

from  Zn rich electrolyte. The precursor films were sulfurized in sulfur atmosphere then 

characterized using different characterization techniques. X-Ray Diffraction and Raman 

spectroscopy were used to identify the crystal structure of the film, while the uniformity of 

the films were observed by scanning electron microscopy. The results proved the formation 

of Cu3Sn, Cu6Sn5 and Cu5Zn8 phases in the precursor thin film. The XRD and Raman 

results after the sulfurization confirmed the conversion of precursor films to Cu2ZnSnS4. 

A heterojunction diodes between CdS/ Cu2ZnSnS4 were fabricated and the diodes showed 

a good ideality factor of 1.3-1.9, current rectification factor of ~120, and reverse biased 

saturation current of ~30-60 µA/cm2. 77 

In 2010, Power et al. demonstrated a single step co-electrodeposition where the 

electrodeposition of S is done with the metals. The electrodeposition was done at room 
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temperature using CuSO4, ZnSO4, SnSO4, and Na2S2O3 (sulfur source) in an electrolyte 

solution bath. The deposition of the film followed by  annealing for 1hour at 550 °C in Ar 

atmosphere. The band gap of the film was found to be 1.5 eV.78 Some reports showed that 

to fabricate a high quality CZTS thin film additional sulfur source is necessary in the 

annealing process such as S powder or H2S.79  

S.G. Lee et al.80  fabricated a CZTS absorber layer for solar cell application by 

using the single step electrodeposition technique. The film was deposited at 1.05 V 

followed by annealing at high temperature in sulfur atmosphere. The XRD analysis of as-

deposited samples showed an amorphous structure, but the CZTS thin film was obtained 

after the sulfurization of the as- deposited films from 450 to 580 °C. The as-deposited 

samples showed voids along with agglomerated particles, while after sulfurization, the 

samples become more uniform and dense. The band gaps of the samples after sulfurization 

were found in the range from 1.9 to 1.5 eV. 80 

MG et al. (2016)  synthesized a high quality CZTS thin film using single step 

electrodeposition method.81The thin film was deposited from an electrolyte containing 

CuCl2, ZnCl2, SnCl4 and Na2S2O3 on FTO coated glass substrate. The deposition potentials 

of the films was -1.1 V vs. Ag/AgCl reference electrode. The CZTS layers were annealed 

for 15 minutes at 400°C . The XRD results  revealed the presence (112), (220) and (312) 

planes which are related to the CZTS kesterite phase. From UV-visible Spectroscopy and 

Photoluminescence, the band gap of the films were estimated to be ~ 1.49 eV. Upon the 

heat treatment, the grain size has been increased and the current density-Voltage 



  
   

20 
 

measurements revealed a Schottkey behavior. C-V measurements were used to estimate 

the flat band potential and carrier concentration CZTS thin films and it was 0.30 V and ~ 

2.4 x 1016 cm-3 respectively.  

In 2017, Aiyue Tang et al. reported a novel green electrolyte which is designed for 

the synthesizing of CZTS thin films with high S content. The one-step electrodeposition 

was done using K4P2O7 and C7H6O6S which are added to act as a complexing agent in the 

electrolyte. The results showed that the as-deposited film had a high S content which satisfy 

the stoichiometry. The as-deposited film was annealed at high temperature and a 

continuous and uniform CZTS thin film was obtained. The produced CZTS thin film had 

a pure kesterite structure and a suitable band gap of 1.53 eV. The study showed that the 

presence of K4P2O7 prevented the excessive deposition of Cu2+ and Sn2+,while the 

C7H6O6S promoted the reduction of Zn2+.82 

There are different parameters that affect the properties of the formed CZTS thin film 

such as the pH of electrolyte solution, deposition potential and the concentration of the 

complexing agent. Also, the sulfurization process is affected by the sulfurization 

temperature and time. 

4. Effect of electrodeposition potential 
 

The effect of potential is very important as the electrolyte have various reduction 

species which needs to be reduced at a specific potential. The effect of electrodeposition 

potential was reported by different groups where they investigated the effect of deposition 

potential on the as-deposited film to understand the growth behavior and improve the film 
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quality.83-84 

Ananthoju et al. 85  examined the compositional, structural and the optical properties of 

the CZTS films. The films were deposited at different potentials of -1.0, -1.2, -1.4, -1.6, -

1.8 and -2.0 V with respect to Ag/AgCl. After the deposition, the films were sulfurized at 

550 °C for 30 min in argon atmosphere. The results showed that the deposition at -1.4 V 

vs. Ag/AgCl resulted in the best film quality. XRD and Raman spectroscopy analysis of 

the film showed a highly pure crystalline CZTS kesterite phase. EDS and XPS showed an 

ideal stoichiometric compound for the film deposited at -1.4 V. 85  

5. Effect of electrolyte pH 
 

Different groups studied the effect of pH on the quality of CZTS thin film using 

different complexing agents and glass substrates. In 2013, M. Coa et al. 86  investigated the 

effect of pH value on the formation of CZTS thin film. Mo-glass was used as a substrate 

and Na2EDTAwas used as a complexing agent. The best results were obtained in pH 

between 3.5-4.0 where the produced film consists of kesterite phase CZTS. The band gap 

was  of ∼1.48 eV and 0.30% conversion efficiency was achieved.86  

Two studies were performed using tri-sodium citrate as a complexing agent but on 

different substrates.  In the first study Hong Zhang et al. used co-electrodeposition method 

to prepare CZTS thin film from electrolytes with different pH values. They used FTO glass 

as a substrate and it was found that the pH value influence the reduction potential of the 

used metals which leads to off-stoichiometric in the deposited films. When the bath pH 

value is about 5, the XRD and Raman analysis show that the final CZTS thin films have a 
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better crystallinity and less secondary phases. CZTS thin films fabricated at pH = 5 had a 

stoichiometric composition and a bandgap energy around 1.49 eV.87 The other study was 

reported by Amrut Agasti et al. 88 where Mo-coated glass was used as a substrate. The co-

electrodeposition of the precursors were performed using electrolytes of pH varying from 

4 to 8. The CZTS thin film deposited at pH = 6 showed a dense morphology with phase 

purity and suitable band gap (1.45 eV).88 

Lately, The deposition of CZTS thin film on indium tin oxide (ITO) substrate at 

different pH was reported by R. Sani et al. With the increase in the pH of the electrolyte 

the deposition potential were found to move in the anodic direction. The analysis shows 

that the deposited CZTS thin film formed at pH = 2.5 is closer to the required stoichiometry 

of 2:1:1:4. 89 

6. Effect of complexing agent concentration  
 

In electrodeposition of CZTS thin film, it is necessary to add a complexing agent 

to the electrolyte in order to narrow the potential gap among the elements. The presence of 

the complexing agent in the electrolyte throughout the electrodeposition of the precursor 

improves the quality of the film and the life time of the deposition bath. The tri-sodium 

citrate is the most attractive complexing agent, and many groups reported the effect of its 

concentration in the electrolyte. 

Power et al. 90 (2010) investigated the effect of tri-sodium citrate concentration on 

the structural and compositional properties of CZTS thin films. CZTS thin film 

electrodeposited on Mo-coated glass substrate using an electrolyte with pH (4.5-4) at room 
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temperature. The as-deposited film prepared without using tri-sodium citrate showed a 

well-covered surface morphology with some cracks on the surface. Whereas the films 

prepared using the tri-sodium citrate revealed non uniform and porous surfaces, but the 

morphology changed after annealing. The films were uniformly distributed over surface of 

the substrate. The analysis shows that best stoichiometric can be found by using 0.2 M tri-

sodium citrate. 90 

Jeon et al. 91 (2011) explored the morphological, structural and compositional 

characteristics of CZTS thin films deposited using single step electrodeposition. The results 

showed that with increasing the complexing agent volume in the solution, the grain sizes 

of CZTS thin films became smaller. The best stoichiometric were observed by using the 

volume of 25 mL tri-sodium citrate and the XRD analysis confirmed the kesterite structure. 

91 

Remarkable comparison between three complexing agents which are tri-sodium 

citrate, ethylenediamine tetraacetic acid and tartaric acid has been reported by Mkawi et al. 

in (2014). The effect of these complexing agents on the properties of CZTS thin film were 

studied. From the cyclic voltammetry, it was found that tri-sodium citrate is a suitable 

complexing agent due to its ability to align the deposition potentials of Cu, Zn, and Sn. The 

analysis of the films confirmed the suitability of tri-sodium citrate. The fabricated solar 

cells achieved a conversion efficiency of 2.9%.92  
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7. Effect of sulfurization temperature and time  

The sulfurization process can affect the properties of the produced CZTS thin film. 

The sulfurization temperature and sulfurization time considered as an important parameters 

that influence the morphological, structural and compositional characteristics of CZTS thin 

film.  

In 2009, Araki et al. investigated the influence of sulfurization temperature on CZT 

thin film deposited on Mo coated substrate by staked elemental layers method. The 

deposited films were sulfurized at different temperatures 300, 400, 500 and 600°C  in 

nitrogen gas atmosphere. The results showed that CZTS  kesterite phases were detected by 

the sulfurization of precursor at temperature above 400°C. The open circuit voltage and the 

short-circuit current were measured for the CZTS thin film sulfurized at 600°C and found 

to be 262 mV and 9.85 mA/cm2, respectively. While the efficiency of the cell was 0.98%.75, 

93 

Lately, Mkawi et al. reported the effect of the temperature used in the sulfurization 

process of the CZT precursor on the properties of the CZTS thin film. The thin films were 

fabricated by electrochemical deposition technique, while the sulfurization temperature 

were controlled between 250 and 400°C. XRD and Raman measurements proved the 

presence of the kesterite phase of CZTS. It was observed that there is an increase in the 

grain size and crystallinity of the CZTS films with increasing the temperature in the 

sulfurization process . There was a variation in the absorption coefficients and the band 

gaps of the films due to the difference in the sulfurization temperature, where it was in the 
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range of 3–4.1x 10
4 cm

-1
and 1.4–1.53 eV, respectively. The fabricated photovoltaic device 

with CZTS thin film sulfurized at 400°C revealed a maximum efficiency of 2.04 %. This 

efficiency was attributed to the higher crystallinity of the film and larger grain size of CZTS 

compared with those sulfurized at lower temperatures.94 The same group investigated the 

effect of the sulfurization temperature on CZTS thin film but by using a higher temperature 

range. The sulfurization temperatures were 460, 500, 540 and 580 °C and it was found that 

CZTS thin film sulfurized at  580 °C exhibited the best characteristics with an efficiency 

of 2.69%.95 

The effect of sulfurization time on CZTS thin film was studied in 2013 by Guan et 

al. The effect of sulfurization time on structure, composition and other properties of these 

CZTS thin films were investigated. The sulfurization times were 20, 40, 60, 80 and 100 

min. The results indicate that a secondary phase exists in the CZTS thin films  sulfurized 

for 20-40 min. The band gap  ranges from 1.49 to 1.56 eV. The best result was achieved 

by sulfurization for 80 min. The film exhibited a single kesterite structure and an ideal band 

gap 1.55 eV with a high absorption coefficient 10
4 cm

-1
. 96 

A present study on the effect of  sulfurization time was conducted by Aldalbahi et 

al. CZTS thin films were prepared by electrodeposition technique. The effect of 

sulfurization time 75, 90,105 and 120 min on the properties of CZTS thin film was studied. 

The film sulfurized for 120 min exhibited the best results where the analysis confirmed the 

formation of CZTS kesterite phase and the  stoichiometric composition.. The band gap of 

the films were between 1.37–1.47 eV. 97 
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However, the effect of sulfur amount on CZTS thin film deposited on FTO coated 

glass substrate by using single step electrodeposition technique  has not been reported yet. 
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CHAPTER 3: EXPERIMENTAL TECHNIQUE 

 

1. Fabrication techniques 
1.1. Electrodeposition: 

Electrodeposition is a non-vacuum technique that is low in cost, environmentally 

friendly, and it scales well from small area deposition in laboratory to large area. Therefore, 

electrodeposition considered as a prospective technique toward industrial level for 

commercial mass production. The electrodeposition method works at room temperature 

and does not require an excessive amount of energy. On the other hand, vacuum technology 

involve the use a high energy in order to create the vacuum condition.20  

Electrodeposition is an electrochemical process that uses electric current to reduce 

metal cation dissolved in an electrolyte to form a metal coating on an electrode. Figure 11 

shows a schematic diagram of an electrochemical cell consists of three electrodes. The 

working electrode which is the cathode,  The counter electrode which is the anode and the 

reference electrode. The electrodes are dipped in an electrolyte bath containing a certain 

concentration of metal ions and connected to a potentiostat to monitor and control the 

applied voltage. The voltage is applied at the cathode and measured with respect to the 

reference electrode. In the electrodeposition process the metal ions are reduced at the 

cathode-electrolyte interface and combined with the growing metal film. 
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Figure 11: Schematics of a three electrode electrodeposition cell connected to a 

potentiostat. 

 

 

 

 

The reduction of the metal ion Mez+
 in the solution is represented by the following 

reaction, 

𝑀𝑒𝑧+ + 𝑧𝑒− ® 𝑀𝑒	 	 	 (1)	 	  

If a complexing agent L is used in the solution the reaction will be represented as follows, 

[𝑀𝑒𝑥𝐿𝑦]𝑧+ + 𝑧𝑒− ®  𝑥𝑀𝑒 + 𝑦𝐿	 	 (2)	 	  
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The role of the complexing agent is based on the decrease of the effective 

concentration of metal ions and enables the tailoring of the redox potential by binding to 

the metal ions. These reactions occur at the electrode-electrolyte interface. When the 

cathode is immersed in the electrolyte an equilibrium occurs between the metal ions in the 

solution and the metallic atoms at the electrode. This equilibrium produces a voltage drop 

between the cathode and the electrolyte, generating a separation of charges and forming a 

double layer. An interface charge layers are formed under these equilibrium conditions and 

two types of processes can happen upon applying a potential. The first type is the Faradaic 

processes, where the electrons are transferred across the electrode-electrolyte interface to 

enable the oxidation or reduction reactions based on Faraday’s law. The second type is the 

non-faradic processes, in this process the structure of the double layer can change due to 

adsorption or desorption of ions or molecules which is dependent on the applied potential. 

In faradaic processes, Nernst equation is used at equilibrium : 

𝐸𝑒𝑞 = 𝐸𝜊 + ./
01
ln𝑎 (𝑀06)	 			 	 (3)	 	  

where 𝐸𝑜 is the standard electrode potential, R is the gas constant, F is the Faraday 

constant, a is the activity of metal ions, and z is the numbers of electrons involved in the 

reaction. The equilibrium is dynamic at this value of electrode potential and the overall 

current is zero. To reduce the metal ions in a solution, a potential more negative than the 

Nernst potential must be applied to generate a driving force.98 
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1.2.Cyclic voltammetry  

Cyclic voltammetry is an important and basic electroanalytical technique used to 

analyze redox systems on a working electrode surface. The reduction and oxidation 

processes can be estimated by analyzing a signal current changes as a function of potential. 

In electrodeposition of metals or metals alloys this technique is used to distinguish the 

reduction potentials of the metals cation in the electrolyte bath.  The scan rate is the rate of 

voltage change over time during the experiment. The potential is measured between the 

reference and the working electrodes, while the measurements of current is between the 

counter and the working electrodes. This records are then plotted as current versus the 

applied potential.99 

A cyclic voltammetry graph is shown in figure 12 and it is obtained by measuring 

the current at the working electrode throughout the potential scans. The figure represents 

the cyclic voltammetry plot resulting from an electrode reduction and oxidation based on 

the following reversible reaction of the metal ion M+ 

M+ + e− ⇌ M	 	 	 	 (4)	 	  
 

By scanning the potential negatively, a reduction reaction occur and the resulting 

current is the cathodic current ipc and the corresponding peak potential is called the cathodic 

peak potential Epc. The oxidation reaction will occur when the potential is scanned 

positively, where ipa and Epa are the anodic current and the anodic peak potential, 

respectively.100-101 
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Figure 12: A schematic of cyclic voltammetry. 

 

 

 

 

1.3.Chronoamperometry 
 

Chronoamperometry is an important electrochemical technique where the change 

in current  at the working electrode is recorded as a function of time under applied potential. 

This technique is used to study the nucleation and electrodeposits material. In addition, it 

can be used to identify the changes in surface area during electrodeposition processes.  

Chronoamperometry is considered as a time dependent method, where a fixed 

potential is applied to the working electrode. In this technique, the current is measured as 

a function of time, according to the diffusion of the analyte from the solution to the surface 

of the sensor.  Therefore, chronoamperometry can be used as a measuring technique of 
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time- current dependence for a process with a diffusion controlled occurring at the 

electrode surface.  

In this work, Gamry Reference 3000 potentiostat/Galvanostat /ZRS was used to 

perform the electrochemical tests. The device is shown in figure 13.  

 

 

 

 

 

Figure 13: Gamry reference 3000 device 
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2. Characterization techniques 

Various measuring techniques were used to determine the properties of the prepared 

film. X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and Raman were 

used to determine the crystallinity of the film and to check the formation of the required 

structure. The surface topography, morphology and the film thickness were determined 

using scanning electron microscope (SEM). The film stoichiometry was determined by 

energy dispersive X-ray spectroscopy (EDX) . UV-visible spectroscopy and 

photoluminescence (PL) spectroscopy were used in the measurement of the band gap. 

 
2.1.  X-ray diffraction (XRD):  

 
             X-ray diffraction is one of the most important techniques in crystal structure 

studying among the various science fields such as chemistry, physics and material science. 

The crystalline properties of a material such as crystalline structure and lattice constants 

can be determined using this characterization method. XRD setup  consists of x-ray source, 

sample holder, goniometer and a detector, shown in figure 14.  
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Figure 14: X-ray diffraction schematics 

 

 

 

 
 
              The XRD principle is based on Bragg’s law where the x-rays wavelength is related 

to the crystal lattice spacing and diffraction angle. In the XRD, the X-rays are focused at 

the sample and the diffracted rays are detected. These rays are interfering out of a definite 

crystalline planes in a certain direction (diffraction angle) as shown in figure 15. Bragg’s 

law is given as follows: 

nλ = 2dhkl sin(θ)		 					 	 	 (5)	 	  

where n is reflection order, λ is the x-ray wavelength, dhkl is the spacing between the 

planes, hkl are Miller indices and θ is scattering angle. 
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Figure 15: X-Ray diffraction principle.  

 

 

 

 
X-rays are usually produced by a cathode ray tube then it is filtered in order to 

generate monochromatic radiation. The x-rays are formed under vacuum where electrons 

are produced using a high current by a heated filament. The free electrons are accelerated 

by high voltage toward the anode and the interactions between them generate x-rays. The 

produced x-rays will be concentrated and directed toward the sample. When the conditions 

satisfy Bragg’s law, the interaction between the incident x-ray and the crystalline material 

will produce a constructive interference and diffracted rays. Finally, the diffracted rays are 

detected and counted. 102-103 
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In addition, the crystallite size and lattice strain can be determined from the XRD 

analysis. The main sources of diffraction peak broadening are broadening from the 

instrument, crystallite size and lattice strain in the material  due to  crystal imperfections 

and defects. XRD is a  powerful tool to measure the crystallite size and strain in the 

material.104-105 In Williamson-Hall (W-H) analysis the contributions of both of the strain 

and crystallite size towards line broadening are considered.  The instrumental broadening 

is corrected using the following formula 

β;<= = >(β;<=)?@ABCD@EF − (β;<=)HIBJDC?@IJA=F KL/F	 	 (6)	 	  

 

Where βhkl are the FWHM of the diffraction peaks, (βhkl)instrumental found from measuring 

the broadening of a standard single crystal. The crystallite size broadening can be found 

from Scherrer formula  

βBHN@ =
<O

P QRBS
 	 	 	 (7)	 	  

Where λ is the wavelength of the incident x-ray, k is the shape factor, D is the average 

crystallite size, and θ is  Bragg’s angle. The broadening from the strain is given by  

βBJDAHI = 4ϵ tan θ 	 	 	 (8)	 	  

Where ε in the formula is the strain. If the contribution of crystallite size and strain to line 

broadening is independent of each other, then the total FWHM of the peak is  

β;<= =
<O

P QRBS
+ 4ϵ tan θ											 (9)	 	  

And from the above equation, W-H equation can be written as  

β;<= cos θ =
<O
P
+ 4ϵ Sin θ	 	 (10)	 	  
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After the plotting of plot βhklcosθ/ λ vs. 4sinθ/λ plot The crystallite size and lattice strain 

can be determined from the slope and intercept of the linear fit plot.106 

 The X-Ray diffraction instrument used in this thesis is XRD; PANalytical 

EMPYREAN X-Ray diffraction instrument which has tube current equal to 40 mA and 

voltage equal to 45 kV.  

2.2. Raman spectroscopy 
 

Raman spectroscopy is considered as a non-destructive technique that provides a 

valuable information about a material’s atomic structure and composition through the 

analysis of the shift of the incident photon caused by phonon coupling. Raman scattering 

occurs from the inelastic scattering of monochromatic laser beam due to the   interaction 

with the molecular vibrations  and produces a scattered light. The scattered light will have 

energy  different  from the energy of the  incident light and this shift in energy will give 

information about the vibrational modes in the system as shown in figure 16. 
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Figure 16: A schematic shows the principle of Raman spectroscopy 

 

 

 

 

In Raman analysis the sample is focused with a laser beam which leads to produce 

an electromagnetic radiation. These radiations is then collected by a lens and sent to a 

monochromator. The elastic scattered radiation with a wavelength corresponds to the laser 

line is then filtered out by a notch filter, edge pass filter or a band pass filter. The rest of 

the light is detected by a detector device. 

The Raman setup used in this work is Thermo Scientific Dispersive Raman Microscope 
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(DXR) with 532 nm laser beam shown in figure 17.  

 

 

 

 

 

 

Figure 17: Raman spectroscopy device. 
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2.3. X-ray Photoelectron Spectroscopy (XPS)  
 
              XPS is considered as a non-destructive technique.. This technique  gives 

information about the surface elements, and it is considered as a quantitative analysis of 

the surface.107 

               Figure 18 shows the principle behind this technique where an X-ray is used to 

knock out the electrons from their atomic orbitals at the sample surface. This phenomenon  

called  photoelectric effect. The  knocked out electrons  are detected via a spectrometer 

where it measures the intensity of the photoelectrons as a function of binding energy. 108 
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Figure 18: Schematic of photoelectric process at electron energy levels.  

 

 

 

 

Figure 19 shows a typical schematic of XPS device. The  photo-ejected electrons 

are inelastically scattered through the sample, while the other electrons undergo prompt 

emission with no energy loss while leaving the surface into the surrounding vacuum. The 

kinetic energy of the ejected electrons will be found by an electron analyzer when they 

present in the vacuum. Finally, an energy spectrum will be generated. 
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Figure 19: A schematic of XPS working principle.  

 

 

 

 

This analysis technique was performed using X-ray photoelectron spectroscopy (AXIS 

Ultra DLD (XPS) including (SAM, ISS, MS &UPS)). 
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2.4. Scanning electron microscopy (SEM)		
 

The surface morphology and topography of a film can be analyzed  using SEM. 

The functionality of optical and electron microscopes is similar, but the difference is using 

electron beam instead of light. SEM has a higher resolution in the nanometer range and a 

smaller wavelength.109 

The SEM principle is based on electron beam generated at the electron gun by a 

filament and accelerated to an anode. Then the electrons are focused with  magnetic or 

electrostatic lenses and scanned over the sample surface. The electron beam will interact 

with the surface atoms differently according to the chemical composition and the 

morphology of the sample.  Figure 20 shows the variety of signals which are possible to 

produces as a result of the interaction between the electron and matter. Finally, the 

produced backscattered or secondary electrons are collected by a detectors and a picture is 

formed.108 
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Figure 20: Types of electrons produced by an electron beam.  

 

 

 

 

 
The surface morphology of the samples were determined using (SEM, Nova NanoSEM 

450) instrument. 
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2.5. Energy Dispersive X-ray Spectroscopy (EDS/EDX) 
 

EDX is an important tool to define the elemental content of a sample and it is based 

on the unique electromagnetic emission spectrum for each element. Electrons or X-rays 

are focus on the sample and excite an electron in inner shell to create an electron hole. 

The difference between the higher and lower energy shells released in the form of an X-

ray. The principle of EDX is shown in figure 21. The amount of energy and emitted X-

rays can be measured using a specific detector. 110-112 

 

 

 

 

 

Figure 21: Schematic diagram shows the principle of EDS. 
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2.6. Photoluminescence (PL) spectroscopy 
 

PL is one of the characterization techniques used in the mesurments of the optical 

properties of the materials. It is classified as a nondestructive technique and its used in a 

wide range of research applications such as photovoltaic materials.  

It is based on the capability of a material to absorb a photon and re-emitting other lower 

energy photons. When a valance electron exited to the conduction band a hole will be 

created in the valance band. Once the excited electron moves to a lower energy level and 

recombines with the hole, a photon will be emitted as represented in figure 22. In the energy 

conversion principle the characteristic photon (hv = Eg) represent the band gap of the 

material  where (ΔE = Eg = Ec – Ev).113 
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Figure 22: Energy diagram of PL process. 

 

 

 

 

The device consists of a laser source, sample stage, monochromator to controls the 

wavelength and a detector. The PL measurements were done using Dong Woo Maple II 

system. The laser source wavelength used in this thesis is 532 nm shows in figure 23. 
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Figure 23: Photoluminescence (PL) spectroscopy device.  

 

 

 

 
2.7.  UV-visible spectroscopy 
 

UV-visible spectroscopy is an analytical technique used for the quantitative 

determination of different substances. The electromagnetic spectrum is shown in figure 24 

where the visible region is from 400 to 800 nm, while the ultraviolet region is ranging from 

200 to 400 nm.  

In the UV-visible spectroscopy, a beam of light is separated to its component 

wavelengths by diffraction grating or a prism. The monochromatic beam is split by half-

mirrored into identical intensity beams. One beam passes through the reference sample, 
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while the other beam passes through the sample to be studied. The intensities of these 

light beams are then measured by a detector and the results are compared. 114 

 

 

 

 

 

Figure 24: Electromagnetic spectrum.  

 

 

 

 
The band gap can be calculated from the absorption spectra.  For allowed  transition 

in a material, the absorption coefficient near the band edge can be represented as: 

α = <(;_`ab)c

;_
 	 	 	 (11)	 	  

where hν is the photon energy, Eg is the band gap, p is ½ for the direct allowed transition 

and 3/2 for the indirect allowed transition, and k is a constant given by 
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k = @e

fIQ?g
∗;e

(2mD)
k
Fl 		 	 (12)	 	  

Where me* and mr  are effective and reduced mass of charge carriers. Therefore, the graph 

of (αhν)2 vs hν is linear near the band edge for  direct band gap materials.  The band gap 

can be calculated using the slope and the intercept of the linear part of the graph. The 

absorption coefficient of the material is related to the absorbance by the equation  

I = IRe`oJ	 	 	 	 (13)	 	  

Where I and Io represent the intensity of the light after and before the transmission through 

the material,  and they are related by the following equation to the absorbance 

A = log	(rs
r
).		 	 	 	 (14)  	
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CHAPTER 4: RESULT AND DISCUSSION 
 

 
1. Electrodeposition of Cu2ZnSnS4 thin films 

In this thesis, the chemicals were purchased and then used without any purification 

process. The single step electrodeposition of CZTS thin films was done using an 

electrodeposition bath consists of  the CZTS precursors 0.02 mol/L Cu2SO4, 0.01mol/L 

ZnSO4 and 0.02 mol/L SnCl2. 0.01 mol/L Na2SO4 was used as a sulfur source, while 0.2 

mol/L tri-sodium citrate was added to the solution as a complexing agent. The pH of the 

electrolyte solution was adjusted using 0.01 mol/L tartaric acid and maintained in the 

range of 4.0-5.0. Figure 25 shows the prepared solution in volumetric flask.  
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Figure 25: A volumetric flask contains the prepared solution.  

 

 

 

 

Fluorine doped tin oxide (FTO) coated glass substrates with dimensions 15x20x3.2 

mm are used in this work . The FTO substrates were cleaned by three steps of 

ultrasonication.  The first step is ultrasonication using a soup solution of detergent and 

deionized water. The second step is  ultrasonication using  acetone and isopropyl alcohol, 

and finally the ultrasonication using deionized water. Each of these steps was done for 10 

min. The electrodeposition of CZTS films was done on 15x 15 mm active area of the FTO- 

coated substrates. The experiments were done using a potensiostat/galvanostat Gamry 
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reference 3000 employing three electrode cell configurations. The films were deposited by 

amperometry technique using Ag/AgCl as a reference electrode, Pt as a counter electrode 

and FTO coated substrate as a working electrode. The  substrate was immersed in the 

electrodeposition bath at  room temperature, and at fixed potentials for 4 min. The 

individual electrochemical reaction of Cu-Zn-Sn-S  corresponds to the following Nernst 

equations:115-116 

𝐶𝑢F6 + 2𝑒` ⟶ 𝐶𝑢												𝐸wx = 0.14	𝑉 − ./
F1
ln[𝐶𝑢F6](𝑣𝑠. 𝐴𝑔	/	𝐴𝑔𝐶𝑙)	 	 (15)	  

𝑍𝑛F6 + 2𝑒` ⟶ 𝑍𝑛												𝐸�� = −0.96	𝑉 − ./
F1
ln[	𝑍𝑛F6](𝑣𝑠. 𝐴𝑔/𝐴𝑔𝐶𝑙)	 														(16)		

𝑆𝑛F6 + 2𝑒` ⟶ 𝑆𝑛												𝐸�� = −0.38	𝑉 − ./
F1
ln[𝑆𝑛F6](𝑣𝑠. 𝐴𝑔	/	𝐴𝑔𝐶𝑙)																		(17)	

	 	

Where ECu, EZn, and ESn are the Nernst potentials of the metals vs. Ag/AgCl reference 

electrode. The concentration of ions in the electrolyte are [Cu2+], [Zn2+], and [Sn2+]. While 

T is the temperature in kelvin (K), F is the faraday constant, and R is the ideal gas constant. 

From the above Nernst equations, the reduction potential of Cu, Zn, and Sn are 0.14 V, -

0.96 V, and -0.38 V, respectively.117-119 There are  very large differences in their standard 

potentials, therefore it’s hard to electrodeposit the CZTS precursor from a single 

electrolytic solution. Tri-sodium citrate was added to the electrodeposition bath in order to 

narrow the potential gap between the metals .64, 120-123  

Figure 26 shows the cyclic voltammetry curve which was performed in a potential 

window range from 0 V to -2 V with respect to the reference electrode Ag/AgCl. From 

the plotted curve, a reduction peak is shown at around -1V (vs. Ag/AgCl). So, a 
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minimum -1 V potential was chosen for the chronoamperometric deposition of CZTS 

films. Since the electrolyte solution contains  several reduction species with different 

reduction potentials. Therefore, the assignment of the reduction potential is a very 

important task.  

 

 

 

 

 

Figure 26: Cyclic Voltammetry curve of CZTS electrolyte with 10 mV/s scan rate. 
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After the deposition of the films they were washed with deionized water and dried 

at room temperature.  The sulfurization process was accomplished in tubular furnace with 

continuous argon flow at 550 °C for 30 minutes. Sulfur powder was used in the 

sulfurization process and it was loaded into a quartz tube. The excess sulfur powder was 

removed after the sulfurization by the dipping of the films in isopropyl alcohol. The furnace 

used in this work is (GSL 1500X-OTF) and the device is shown in figure 27. 

 

 

 

 

 

 

Figure 27: The tube furnace  used in the sulfurization process. 
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2. Effect of deposition potential on the prosperities of CZTS thin films. 

 

The effect of the deposition potential is studied in this chapter. We investigated the 

effect of deposition potential on the structural, compositional and morphological properties 

on CZTS thin film. The electrodeposition of these films was performed at  fixed potentials 

of -1.10 V, -1.20 V, -1.25 V, -1.30 V, and -1.35 V. 

 

2.1.Structural properties  

The XRD measurements were performed using PANalytical diffractometer, a copper 

anode was used to generate the X-rays. The Kα wavelength is 1.54 A°, and the scans were 

done with 45 kV, a current of 40 mA, a step size of 0.0131 and the scan speed was 37.995 

s/ °. The 2𝜃 scan ranged from 20° to 80° for all samples. XRD analysis was done in order 

to investigate the formation of CZTS kesterite phase after sulfurization. Figure 28 shows 

the XRD of the sulfurized CZTS samples which were deposited at different potentials. The 

figure shows that the major characteristic peaks of the kesterite phase of CZTS were found 

in all deposited samples, which can be indexed as (112), (200), (220), and (312) planes. 

These peaks are also correlate well with the ICCD values of CZTS kesterite phase (ICDD 

Ref. No: 00-026-0575). 66 The peaks at 2𝜃 = 26.56°, 33.77°, 37.81°, 42.78°, 51.64°, 61.74°, 

and 65.77° represent the XRD peaks of the FTO substrate and match well with the (JCPDS 

46-1088).  
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Figure 28 : XRD analysis of the CZTS thin films deposited at different deposition 
potentials. 
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The growth orientations and the lattice parameters of the CZTS thin films deposited 

at different potentials were calculated using the XRD data and Scherrer formula and listed 

in table 1.  

 

 

Table 1: The calculations of the lattice parameters from (112) and (220) XRD peaks of 
CZTS thin films deposited at different potentials. 

 

Deposition 

potential 

(V) 

Peak 

Position 

(degree) 

Index 

of 

plane 

 

Inter 

planar 

distance 

(A) 

FWHM 

of (112) 

plane 

(degree) 

Lattice 

Parameters 

(A) 

Crystallite 

size 

(nm) 

-1.10 28.62 (112) 3.115 0.18 a = 5.400 45.53 

 47.57 (220) 1.909  c = 10.77  

-1.20 28.57 (112) 3.120 0.175 a = 5.411 46.82 

 47.46 (220) 1.913  c = 10.78  

-1.25 28.54 (112) 3.123 0.169 a = 5.414 48.48 

 47.44 (220) 1.914  c = 10.80  

-1.30 28.53 (112) 3.124 0.165 a = 5.418 49.659 

 47.4 (220) 1.915  c = 10.80  

-1.35 28.53 (112) 3.124 0.157 a = 5.417 52.19 

 47.41 (220) 1.915  c = 10.80  
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It is clear that there is a variation in the full width at half maximum (FWHM), the 

intensity of the (112) plane, and the crystallite size among the samples with different 

deposition potentials. As the potential varied from -1.1 to -1.35, the FWHM of the (112) 

plane decreases and the intensity increases indicating the enchancment of the crystalline 

quality of the films with increasing the negative potential. In addition to that, the crystallite 

size increases with increasing the negative potential.  We could not increase the negative 

potential further because of the peel off of the films after -1.35 V potential. 

The tetragonal Cu2SnS3 and cubic ZnS are possible secondary phases  and have  

similar XRD peak positions and lattice parameters as CZTS crystal structure. 

Consequently, it is very difficult to differentiate these phases using the XRD technique, 

therefore the actual CZTS kesterite phase is verified by Raman spectroscopy. These 

secondary phases have different Raman shifts compared to CZTS Raman shifts.  

Figure 29 represents the Raman spectra of all sulfurized CZTS thin films  deposited 

at different potentials. The major peaks of CZTS are located at 288 cm-1, 338 cm-1, and 368 

cm-1.64 These peaks were found in the samples deposited at -1.30 V and -1.35 V which 

confirm the presence of CZTS kesterite phase. The peak at 338 cm-1 was the highest in the 

intensity while the other two peaks appeared with low intensity. These peaks  correspond 

to A1 phonon mode of CZTS kesterite phase.120  The samples deposited at -1.1 V, -1.2 V, 

and -1.25 V exhibit    peaks around 294-299 which corresponds to tetragonal Cu2SnS3.121 

The presence of this secondary phase is correlated with the EDS results that show a poor 

zinc films stoichiometry. The intensity of the peak at 338 cm-1 is highest for the sample 

deposited at  -1.35 V; which indicates an  improved  crystallinity of the sample.  
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Figure 29: Raman analysis of CZTS thin films deposited at different potentials. 
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2.2.Compositional and morphological analysis     

 
The XPS measurements were performed in order to classify the elemental 

composition of the CZTS thin films. The XPS analysis of Cu 2p, Zn 2p, Sn 3d, and S 2p 

were performed. The peaks separation gives  information about the state of the metals. 

Figure 30 shows the XPS spectra of Cu 2p for all CZTS samples deposited at different 

potentials, the separation between the Cu 2p3/2 and Cu 2p1/2 ranges between  19.8 and 19.9 

eV in all CZTS samples ,which is in good agreement with the standard separation (19.9 

eV) of Cu (+1) state.124  Figure 31 shows the XPS spectra of Zn 2p. The peak separation 

of about 23 eV between Zn 2p3/2 and Zn 2p1/2  indicates the presence of Zn(+2) state. Figure 

32 shows the XPS spectra of Sn 3d . Peak separation ranges between 8.4 and 8.5 eV, 

observed between Sn 3d5/2 and Sn 3d3/2, indicates the Sn (+4) state. In addition, figure 

33 shows the XPS spectra of  S 2p for all CZTS samples deposited at different potentials.  

The S 2p peaks are positioned at 161.7 and 162.9 eV, which are consistent with the binding 

energy of sulfur in sulfide state of CZTS.125 
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Figure 30 : XPS analysis of Cu in CZTS thin films deposited at different potentials. 

 



  
   

63 
 

 

Figure 31: XPS analysis of Zn in CZTS thin films deposited at diffenet potentials . 
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Figure 32: XPS analysis of Sn in CZTS thin films deposited at different potentials. 
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Figure 33: XPS analysis of S in CZTS thin films deposited at different potentials. 
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The stoichiometry of the essential elements after sulfurization was identified using 

EDS analysis. The ideal atomic percentage of Cu:Zn:Sn:S in the kesterite CZTS phase is 

2:1:1:4 and that of the CZTS films deposited at different potentials is presented in figure 

34. At  potentials more positive than -1.30 V the components of the films are not deposited 

with appropriate stoichiometry on the FTO substrate. As the deposition potential becomes 

more negative, the zinc atomic percentage is increased, while the atomic percentage of 

copper is decreased. As shown in table 2, the best stoichiometry was achieved at -1.35 V 

deposition potential with the ratios of Cu / (Zn+Sn) < 0.9 and Zn / Sn > 1 which is in 

agreement with the literature for high absorption performance.126 The EDS spectrum of the 

sample deposited at -1.35 V is shown in figure 35.  

A specific reduction potential is necessary to be offered to reduce the Zn species in 

the electrolyte, and this will increase the Zn atomic percentage in the produced CZTS 

film.123 Hence, It is clearly shown that the deposition potential affects the composition of 

the deposited CZTS thin films. 
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Figure 34: EDS composition plot of sulfurized CZTS samples deposited at different 

potentials. 
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Table 2: The atomic percentage of CZTS thin films deposited at different potentials. 

 
Deposition potential Cu Zn Sn S Cu/(Zn+Sn) Zn/Sn  

-1.10 V 34 4 14 47 1.88 0.28  

-1.20 V 30 6 13 49 1.57 0.46  

-1.25 V 24 4 15 55 1.26 0.26  

-1.30 V 22.5 11.5 13 52 0.91 0.88  

-1.35 V 21 13 12 53 0.84 1.08  
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Figure 35 :The EDS spectrum of the CZTS sample deposited at -1.35V. 
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3. Effect of Sulfur amount on CZTS thin films 
 

3.1.Introduction  

The determination of the sutaible parameters to prepare a highly crystalline and 

pure CZTS thin film is very important task. The sulfurization process is on of these 

parameters which  needs to be studied and optimized. There are different parameters that 

affect the sulfurization process such as the sulfurization time, sulfurization temperature, 

temperature ramping rate, and the sulfurization atmosphere. Most ofthese parameters have 

been studied and reported, but till now there is no study about the effect of the amount of 

sulfur used during sulfurization process. In this chapter, the effect of sulfur amount 

incorporated into the Cu-Zn-Sn precorsor throughout the sulfurization process have been 

studied. The ideal composition of sulfur is 50 atomic percentage for the pure kesterite phase 

CZTS.  

A set of identical CZTS thin film samples has been deposited at -1.35 V (vs. 

Ag/AgCl) for 4 min. The samples were sulfurized in a quartz tube furnace under Ar 

atmosphere for 30 min at 550 °C. Different sulfur amounts were used ( 5 mg, 15 mg, 25 

mg, 35 mg, and 50 mg).  
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3.2.Structural properties  

 
The structural properities were investigated using XRD and Raman analysis. The 

XRD  scans were performed to insight the surface phases of CZTS thin film after 

sulfurization. Figure 36  shows the XRD results of CZTS thin films sulfurized using 5, 15, 

25, 35, and 50 mg  of sulfur.   

The highest intensity  peak is located at (2𝜃 = 28.50° ). Weak intensity peaks are 

locatedat (2q = 32.90°, 47.31°, 56.03°, 69.24°, and 76.37°). The films sulfurized using less 

than 35 mg sulfur, shows a low intensity of peaks, while the film sulfurized using 50 mg 

sulfur shows the peaks of CZTS kesterite phase along with a clear secondary phase at 

(2q =30.20, and 31.90 ) which corresponds to SnS secondary phase and matches with the    

(ICDD ref. No. 00-039-0354). 
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Figure 36: XRD analysis patterns of the CZTS thin films sulfurized using different 

amounts of sulfur as labeled. 
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Figure 37 shows the raman spectra of CZTS films sulfurized using diffent amounts 

of sufur. The film sulfurized using 35 mg of sulfur shows three peaks related to CZTS 

kesterite phase. The highest intensity peak was observed at 338 cm-1 beside two weak peaks 

at 288 cm-1 and 367cm-1. The other films sulfurized using 25 mg,15 mg, and 5 mg of sulfur 

exhibite same peaks as 35 mg sample but with lower intensities and broader peaks.. The 

film sulfurized using 50 mg sulfur showed Raman peak at 239 cm-1 which corresponds to 

SnS phase and confirms the XRD results.127 Therefore, the Raman and XRD analyses 

suggest that the film sulfurized using 35 mg sulfur has a better kesterite phase than the 

other films. 
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Figure 37: Raman spectra of CZTS thin films sulfurized using different amounts of 
sulfur as labelled. 
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3.3.Compositional and morphological analysis     
 

To confirm the CZTS samples composition and to confirm that Cu, Zn, Sn, and S were 

presented, EDS analysis was performed. Table 3 shows the composition of CZTS thin 

films sulfurized using differents sulfur amounts. The atomic percentage of sulfur is 

between 47-54 at % after the sulfurization process, and it was increasing as the sulfur 

mass increases. Figure 38 shows the composition of the films. For the film sulfurized 

using 35 mg sulfur the stoichiometric was closer to the stoichiometry. The observation of 

the off-stoichiometric values in  other samples indicates the existence of secondary 

phases along with the CZTS phase. The film sulfurized using 35 mg of sulfur showed 50 

atomic percentage of sulfur and the film was Cu-poor and Zn- rich. Figure 39 shows the 

EDS spectrum of the CZTS film sulfurized using 35 mg sulfur.  
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Table 3 : The atomic percentage of Cu, Zn, Sn, and S in the CZTS thin film sulfurized 
using different amounts of sulfur. 

 
Amount of Sulfur Cu Zn Sn S Cu/(Zn+Sn) Zn/Sn 

5 mg 36.6 13.4 3 47.4 2.2 4.4 

15 mg 25 16 9 49.5 1 1.7 

25 mg 22 11.5 16.7 49.6 0.7 0.68 

35 mg 20 13 11 50 0.83 1.1 

50 mg 21 12 12 54 0.8 1 
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Figure 38: EDS analysis results of the CZTS films sulfurized using different amount of 
sulfur. 
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Figure 39: The EDS spectrum of CZTS sample  sulfurized using 35 mg sulfur. 
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Cross sectional SEM image of the CZTS thin film on FTO coated glass substrate 

deposited using 35 mg sulfur is shown in figure 40. It shows a large grain size CZTS 

film. The large grain size is required for obtaining high performance solar cells.  The 

average thickness of the CZTS film is about 1µm.  

 

 

 

 

 

Figure 40: SEM cross section images of CZTS thin film on FTO coated glass substrate 

deposited using 35 mg sulfur.  

FTO 

CZTS 1.01µ 
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The most basic requairments for a high performance of solar cells are the high 

absorption coefficent and an optimal band gap of 1.5 eV for CZTS absorber layer. 

Therefore, we used Uv-visible absorption measurments  to identify the band gap and the 

absorption coffecient  of the CZTS film. The optimal film was deposited at -1.35 V for 4 

min and sulfurized using 35 mg of sulfur. This film has the best CZTS kesterite phase 

acccording to XRD, Raman, EDS and SEM analysis. A UV-visible spectrometer was used 

with a wavelength ranging from 400-1200 nm. 

The UV-vis absorption spectrum absorption spectrum of the CZTS film deposited at -

3.5 V and sulfurized using 35 mg sulfur  is shown in figure 41. From the figure it is clear 

that the absorption is high in the visible region. Figure 42 shows an   optical band gap of 

1.5 eV. This band gap is  determined  by ploting  (αhν)2 as a function of the photon energy 

(hν) and  the extrapolation of  the linear part of the curve to the photon energy axis. An 

optical band gap of 1.5 eV is determined for the CZTS thin film.128-129 In addition, the 

optical absorption coefficient (α) was calculated and it was found to be  104 cm-1.  
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Figure 41: Absorbance spectrum of CZTS thin film deposited at -1.35V and sulfurized 
using 35 mg sulfur. 
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Figure 42: (αhυ)2 vs photon energy (hυ) plot.  

 

 

 

 

PL spectroscopy was used to confirm the band gap of the CZTS thin film sample. 

Figure 43 shows the PL spectrum of CZTS thin film. The measurement was performed at 

room temperature with 532nm excitation wavelength. The result shows a symmetric and 

sharp peak at 1.5 eV. This peak is related to the transition of electrons from one band to 

another in CZTS thin film. Consequently, It is conformed that the band gap of the prepared 

CZTS thin film is 1.5 eV.  
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Figure 43: PL spectra of CZTS thin film deposited at -1.35 V and sulfurized using 35 mg 
of sulfur. 
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CHAPTER 5: CONCLUSION 
 
 

In conclusion, CZTS thin films were deposited on FTO coated glass substrates 

using single step electrodeposition technique. An optimization process was done to identify 

the suitable deposition potential. A set of CZTS thin films were deposited using  -1.10 V, 

-1.20 V, -1.25 V, -1.30 V, and -1.35 V ( vs. Ag/AgCl) deposition potentials. After 

sulfurization, the films were characterized using different characterization techniques. The 

XRD and Raman analysis confirmed the formation of CZTS kesterite films in the samples. 

A dependence of the XRD intensity and FWHM of the (112) planes and crystallite size was 

observed. It was found that the sample deposited at -1.35 V exhibits the best crystalline 

quality and pure CZTS kesterite phase. It was observed that, as the deposition potential 

becomes more negative, the zinc atomic percentage is increasing, while the atomic 

percentage of copper is decreasing. The EDS and XPS measurements conducted on all 

samples proved that the sample deposited at -1.35 V has the best stoichiometry compared 

to other samples.  

The effect of the sulfur amount in the sulfurization process on CZTS thin films was 

studied. For this purpose, A set of samples were deposited at -1.35 V and sulfurized using 

5 mg, 15 mg, 25 mg, 35 mg, and 50 mg of sulfur powder. The XRD, Raman analysis, and 

EDS analysis proved the superiority of the stoichiometry and crystalline quality of the 

sample sulfurized with 35 mg sulfur to other samples. The CZTS film sulfurized using 50 

mg sulfur exhibited an SnS secondary.   

The UV-visible and PL measurements were used to identify the optical band gap 

and the absorption coefficient. From the UV-visible absorption spectrum, the optical band 
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gap of the film deposited using 35 mg of sulfur was estimated to be 1.51 eV and the 

absorption coefficient was determined to be 104 cm-1. The PL spectrum peak at 1.51 eV 

corresponds to direct band transition in the film. These results confirm the suitability of 

these films to be utilized as absorber layers in thin film solar cell structures. 
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FUTURE WORK 

 
 
 
 
 

The electrodeposited CZTS thin films at -1.35 V and sulfurized using 35 mg will 

be  implemented as absorber layers in thin film solar cell structure  as shown in figure 44.  

 

 

 

 
 

 
Figure 44: CZTS thin film solar cells structure. 
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