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Abstract 
 

The demand for utilization of solar energy has motivated many researchers to develop 

novel photovoltaic (PV) systems having high conversion efficiencies and applicability for 

low-cost fabrication processes. In thin film PV technologies, several compound 

semiconductor thin films have been developed as absorber layers. Among them, the kesterite 

Cu2ZnSnS4 (CZTS) compound has been studied extensively because it has optimum band 

gap energy of 1.4 eV for sunlight absorption and a high absorption coefficient of more than 

104 cm-1. Less-toxic and earth-abundant features of all of the constituent elements in the 

compound are also advantageous for its practical applications. The current highest power 

conversion efficiency of CZTS-based thin film solar cells has reached 9.2 % by vacuum 

sputtering method. However, non-vacuum process used less energy consumption is more 

environmentally friendly. Among various techniques, spray pyrolysis is an attractive 

technique because of its simplicity and easiness to deposit the thin film in a large scale, it 

also does not require vacuum at any stage during the deposition. There have been only a few 

reports on fabrication of CZTS-based solar cells prepared by the spray pyrolysis method and 

only very low conversion efficiencies (~1%) were achieved. Therefore, in this study, 

structural and electrical controls of the CZTS thin films prepared by a facile spray pyrolysis 

deposition method were investigated to obtain a film optimal for high efficiency solar cells. 

Firstly, an attempt was made to fabricate the CZTS thin film on an Mo-coated glass 

substrate using a spray pyrolysis deposition of a precursor film from an aqueous solution 

containing Cu(NO3)2, Zn(NO3)2, Sn(CH3SO3)2 and thiourea. In order to obtain a stable 



 
 

solution for the spray pyrolysis without formation of a SnO2 precipitate, the mixing order of 

source materials was found to be important. Annealing of the thus-obtained precursor film in 

sulfur vapor at temperatures ranging from 580 °C to 600 °C resulted in successful formation 

of homogeneous CZTS films. Based on structural analyses of CZTS films having different 

Sn contents, an Sn-rich composition compared to its stoichiometric amount was found to be 

essential for efficient grain growth of the resulting CZTS films. A solar cell based on the 

Sn-rich CZTS film obtained by an optimum annealing condition exhibited maximum 

conversion efficiency of 5.8%.  

In the second, effects of precursor compositions on structural and photovoltaic 

properties of spray-deposited CZTS thin films were investigated. When a precursor solution 

containing a stoichiometric composition of Cu, Zn, and Sn was used, the resulting CZTS thin 

film contained a Cu2-xS impurity phase due to the evaporation of Sn components during the 

annealing process. Removal of the Cu2-xS impurity in the CZTS thin film was succeeded by 

reduction in the concentration of Cu in the precursor solution: this results in improvement of 

structural features (grain sizes and compactness) as well as electric properties. A solar cell 

based on the CZTS film with an empirically optimal composition showed conversion 

efficiency of 8.1%.  

For further improvement of film quality, a silver (Ag)-incorporated CZTS (Ag-CZTS) 

thin film was fabricated. From the results of morphological investigations, Ag-CZTS films 

had larger crystal grains than those of the CZTS film. The sample with a relatively low Ag 

content (Ag/(Ag+Cu) of ca. 0.02) had a compact morphology without appreciable voids and 

pinholes. However, an increase in the Ag content in the CZTS film (Ag/(Ag+Cu) ca. 0.10) 

induced formation of a large number of pinholes. As can be expected from these 

morphological properties, the best sunlight conversion efficiency was obtained by the solar 



 
 

cell based on the film with Ag/(Ag+Cu) of ca. 0.02. Electrostructural analyses of the devices 

suggested that the Ag-CZTS film in the device achieved reduction in the amounts of 

unfavorable copper on zinc antisite defects in comparison with those in the bare CZTS film. 

Moreover, the use of an Ag-CZTS film improved band alignment at the p-n junction. These 

alterations should also contribute to enhancement of device properties.  

Finally, effects of In incorporation on structural and photovoltaic properties of CZTS 

thin films were investigated. The crystallographic analyses of thus-obtained films indicated 

successful formation of In-incorporated CZTS (In-CZTS) films without any impurity 

components when the In/(Zn+Sn) ratio was lower than 0.2. From the morphological studies, 

In incorporation into the CZTS lattice was found to suppress the grain growth, especially for 

the film with high indium contents. Despite of the detrimental effect, the solar cell based on 

the In-CZTS film with very low In content (In/(Zn+Sn)=0.01) showed better conversion 

efficiency than that of the cell base on the bare CZTS film: the maximum conversion 

efficiency of 6.0% was achieved. 
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I.1.  Photovoltaic as A Renewable Energy Source 

Energy is one of the most important topics in the word since energy consumption has 

increased with the development of the world in recent decades. In 2015, global energy 

consumption was reported about 17.4 TW with 32.94% from oil, 29.20% from coal, 23.85% 

from natural gas, 4.44% from nuclear and only 9.57% from all renewable energies as 

showed in Figure I.1 [1, 2]. Although the amount of renewable energies is increasing in 

recent years, it is still low compared to the non-renewable energies. Consequently, the 

consumed energies are mainly from fossil fuels. However, these fossil fuels are gradually 

becoming exhausted, leading to increases in their prices. Moreover, using these energy 

sources induce high emissions of CO2 and other pollutants resulting in severe problems of 

global warming and environmental pollutions. Therefore, the future energies in the world 

should be based on renewable energies such as hydroelectric, wind, geothermal, biomass and 

solar energies.  

 

Figure I.1. Comparison of primary world energy consumptions in 2015 and inset shows 

share of energy consumption from renewable energies. Adapted from Ref. 2. 
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Among renewable energies, solar energy is the most abundant energy. Every second, 

more than 100000 TW of solar power reaches the earth. This is a huge energy compared to 

the energy from the fossil fuels [3]: the amount of sunlight energy reached at the earth’s 

surface in one hour is more than the total energy consumption in the world in one year. 

Moreover, solar energy is renewable, sustainable and environmentally friendly. Therefore, 

solar energy is a promising solution to the world’s energy problem. 

Various possible strategies for harvesting solar energy have been studied. Among them, 

photovoltaic is an attracted candidate. This is a process of converting sunlight directly into 

electricity using complete devices called solar cells. The first observation of photovoltaic 

effect was discovered by a French scientist Alexandre Edmond Becquerel in 1839. While 

doing experiments with electrodes in a conducting solution, he found electricity generation 

when exposed to light [4]. In 1883, New York inventor Charles Fritts developed the first 

solar cell. His device was made by coating selenium with an extremely thin layer of gold; the 

conversion efficiency of thus-obtained device was 1-2% [5]. In 1940s, physicists at Bell 

Laboratories (John Bardeen, Walter Houser Brattain and William Schockley) found that 

silicon is more efficiency than selenium; silicon solar cells were first developed and 

produced commercially with conversion efficiency about 6% [6]. At present, silicon solar 

cells dominate photovoltaic market and they share more than 80% installed solar cells in the 

world with the best conversion efficiency of crystalline silicon solar cell of more than 26% 

was reported recently [7]. However, since silicon solar cells are made from thick layer of 

silicon, they require a high quantity material with high purity level. Moreover, the 

production of these solar cells needs many steps with high consumption energy, leading to 

high production costs. In order to make solar powder a primary source of energy, it is 

necessary to reduce production costs of solar cells by improving their conversion efficiencies 
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and/or reducing material and manufacturing costs. Regarding the cost reduction, thin film 

solar cells were developed to solve this problem. To overcome the limitation of crystalline 

silicon, thin films made from cheaper semiconductor materials that have high light 

absorption coefficients are used to reduce prices and quantities of materials required. 

Moreover, device structures and fabrication process are versatile with wide choice of 

substrates and deposition techniques, leading to low manufacturing cost. 

Figure I.2 shows some typical types of solar cells, which are classified to three 

generations based on the material used. Beside the first generation of silicon solar cells and 

the second generation of thin film solar cells, the third generation of organic solar cells was 

developed with the main target to push conversion efficiency close to the thermodynamic 

limits. At current, the highest conversion efficiency of these solar cells has reached 22.1% 

[8]. However, the third generation solar cells are still under demonstration and have not 

commercialized yet due to their short lifetime and low stability. 

 

Figure I.2. Typical types of solar cells. 

I. 2. Thin Film Solar Cells 

Thin film solar cells belong to the second generation solar cells after the first generation 
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of crystalline silicon solar cells. They were developed from the 1970s with the original aim 

to reduce production costs by using cheaper materials and lower manufacturing costs. Thin 

film technologies based on direct band gap semiconductors, which have high light 

absorption coefficients, this leads to the use of a thin film to collect the sun light radiation, 

leading to reducing of material usages. Indeed, thicknesses of the absorber films used in 

current thin film solar cells (i.e., CdTe, CIGS, and CZTS) are only some micrometers (~ 2 

µm), much thinner than the first generation of crystalline silicon solar cell that uses wafer of 

up to 200 µm. Therefore, thin film cells are lightweight and flexible to deposit on many kinds 

of substrates such as glass, stainless steel and plastic, suitable for solar buildings and space 

applications.  

In addition, there are various possible materials used for thin film solar cells. Required 

purities are not as high as those of crystalline silicon solar cells. Two important points 

required for these materials are high absorption coefficients and suitable band gap energies. 

An advantage for thin film materials is the possibility to adjust the band gap energy by 

controlling elemental composition. According to the Schokley-Quisser limit for theoretical 

efficiency of a solar cell, the band gap energy of semiconductor materials used for thin film 

solar cells should be in the range of 1-1.5 eV [9] to reach high efficiencies. 

Currently, the main commercial thin film solar cells are from amorphous silicon (a-Si), 

cadmium telluride (CdTe), copper indium selenium (CuInSe2 or CIS), copper indium 

gallium selenium (Cu(In,Ga)Se2 or CIGS). Among them CdTe hold around 50% of the 

market share for thin film solar cells with the world record efficiency of 22.1% [10]. 

However, CdTe contain a toxic cadmium element, a harmful factor needs to give a 

consideration. For a-Si solar cell, the highest efficiency of 9.1 % [11] reported is still low 

and it is used for small load requirements: these efficiency and scale problems are a 
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hindrance for a-Si. Compared to CdTe and a-Si, CIGS is a relatively new technology and 

promising in terms of conversion efficiency. The highest efficiency has reached 22.6 % for 

laboratory CIGS solar cell by ZSW [12], which is one of the highest efficiencies reached by 

using thin film solar cells. Despite the good performance of the CIGS solar cell, it uses rare 

elements of In and Ga resulting in limitation of its production capacity because of material 

shortages. Therefore, it is necessary to find a substitutional compound, in which all 

components are not only non-toxic but also earth abundant. For this reason, kesterite 

Cu2ZnSnS4 (CZTS) was emerged as one of the most promising candidates for low cost and 

high efficiency thin film solar cells. From the isoelectronic substitution, CZTS in quaternary 

group I2-II-IV-VI4 was obtained by replacing indium and gallium of group III by zinc of 

group II and tin of group IV in CIGS (Figure I.3). As a result, CZTS has similar properties to 

CIGS but requires raw material cost of 0.0049 ¢/W, which is 4 times cheaper than that of 

CIGS (0.023 ¢/W) [13]. 

 

Figure I.3. Schematic illustration to form quaternary Cu2ZnSnS4 compound obtained by 

gradual substitution of elements.  
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I.3. Cu2ZnSnS4 Thin Film Solar Cells 

The potential of the CZTS compound for the use of solar cells was firstly reported by 

Ito and Nakazawa in 1988. They prepared CZTS thin films by atom beam sputtering and 

made a device with cadmium tin oxide transparent conductive layer: the thus-obtained 

device showed an open circuit voltage VOC of 165 mV under AM 1.5G illumination [14]. 

After their findings, many efforts were made to develop thin film solar cells using CZTS as 

an absorber layer. In 1996, Katagiri et al. reported successful fabrication of CZTS thin films 

by sulfurization of electron beam (E-B) evaporated precursor. They constructed a solar cell 

with structure of Al/ZnO/CdS/CZTS/Mo/SLG, and achieved an appreciable conversion 

efficiency of 0.66% for the first time [15]. In 1997, Friedlmeier et al. fabricated CTZS thin 

films using thermal evaporation of the elements and binary chalcogenides in high vacuum, 

then these layer used to make a solar cell with structure of CZTS/CdS/ZnO structure: the 

thus-obtained solar cell exhibited 2.3% of conversion efficiency [16]. This was record 

conversion efficiency at that time, but it was soon broken by Katagiri et al. in 1999. They 

produced CZTS solar cell with 2.63% of conversion efficiency using CZTS thin films, which 

fabricated by sulfurization of Cu/Sn/ZnS precursor layer using E-B evaporation and then 

sulfidized in an environment containing H2S and N2 gases [17]. This group also improved 

conversion efficiency of solar cell to 5.45% in 2003 and then to 6.7% in 2008 by 

optimizations of the sulfurization process [18]. Then a rapid improvement was demonstrated 

in 2010 by Todorov et al. They reported 9.6% of conversion efficiency solar cells by using a 

sulfoselenide Cu2ZnSn(S,Se)4 absorber layers deposited by spin coating a hydrazine-based 

precursor solution containing metal binary chalcogenides followed by sulfurization or 

selenization [19]. The conversion efficiency was then improved to be 11.1% in 2013 [20]. 

The current record conversion efficiency of CZTSSe thin film solar cells has reached 12.6 % 
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as reported by joint research from technology development companies IBM and Tokyo Ohka 

Kogyo [21]. The progress of power conversion efficiency of CZTSSe-based solar cells was 

shown in Figure I.4 [22]. 

   

Figure I.4. Progress of power conversion efficiency of CZTSSe-based solar cell. 

Adapted with permission from Ref. 22.  

I.3.1 Material Properties  

In recent years, Cu2ZnSn(S,Se)4 compound semiconductors have attracted much 

attention not only from scientific society but also from industry because of their promising 

properties in solar conversion efficiency and low cost materials. These compounds are 

known as pure-sulfide Cu2ZnSnS4 (CZTS), sulfoselenide Cu2ZnSn(S,Se)4 (CZTSSe) and 

selenide Cu2ZnSnSe4. They are p-type semiconductors with band gap energies ranging from 

ca. 1.0 eV (for selenide) to ca. 1.5 eV (for pure sulfide) [23-26]. From theoretical calculation, 

CZTS and CZTSe can exhibit maximum efficiencies of 32.4 % and 31.0 %, respectively 

Evaporation	
Sputtering	
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(Figure I.5) [27]. Moreover, these compounds have high optical absorption coefficients of 

more than 104 cm-1 in the visible range, corresponding to 90% of incident light being 

absorbed within 100 nm of the surface [28-31].  

 

 
Figure I.5. Detailed balance calculations showing the magnitude of the fundamental 

loss processes with (a) CZTS and (b) CZTSe. Quoted with permission from Ref. 27. 

In general, CZTSSe has two principal structures known as kesterite type and stannite 

type (Figure I.6) [32]. Both of them are tetragonal structures, consist of a cubic close packing 

array of sulfur anions and one half of the tetrahedral voids of cations. These two structures 

are similar except for the difference on the arrangements of Cu and Zn atoms. Kesterite with 

space group I-4 was ordered by Cu and Sn atoms alternate on the z = 0 and z = ½ planes and 

Cu and Zn atoms alternate on the z = ¼ and z = ¾ planes. Whereas the stannite belongs to 

space group I-42m: Zn and Sn atoms alternate on the z = 0 and z = ½ planes and Cu atoms 

are order on z = ¼ and z = ¾ planes. The lattice constant a and c are similar for both 

structures (a = 5.46 Å and c = 10.93 Å) [33-35]. However, CZTS and CZTSSe usually appear 

in kesterite phase because kesterite is thermodynamically more stable than stannite. That is 

the reason why these compounds often called “kesterite”, and in this study “kesterite” will be 

used for these compounds.   
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Figure I.6. (a) Kesterite and (b) stannite structures of CZTS material. Adapted with 

permission from Ref. 32. 

Secondary Phases and Lattice Defects in CZTS Material 

Although Cu2ZnSnS4 compound semiconductor has many advantages, there is some 

problems need to be solved to improve the properties of this material for photovoltaic 

applications. Since CZTS is a quaternary compound, it has more possible secondary phases 

and lattice defects than those in binary or ternary compounds. These structural failures 

caused recombination of electron-hole pairs in the bulk and the interface between absorber 

and buffer layers, leading to affecting the performance of photovoltaic device.  

In CZTS, several secondary phases, such as CuS, Cu2S, SnS, SnS2, ZnS and Cu2SnS3 

are expected to be formed depending on synthesis conditions. Figure I.7 shows a 

Cu2S-ZnS-SnS2 pseudoternary phase diagram [36]. CZTS single phase is present only within 

a small region at the center of the diagram. In other regions, there are presences of secondary 

phases alongside CZTS. Cu2S and ZnS often appear in Cu-rich and Sn-poor compositions, 

whereas Sn2S and Cu2SnS3 appear in Sn-rich and Zn-poor compositions. Among these 

secondary phases, CuS, Cu2S, SnS, SnS2 have different crystal structures from CZTS: they 

(a)	 (b)	



 
 

11 

are detectable from X-ray diffraction (XRD). However, ZnS and Cu2SnS3 have the same 

zincblende framework as CZTS. Therefore, it is quite difficult to detect the presence of these 

secondary phases in CZTS thin films by using XRD. There are some experimental studies on 

the formation of secondary phases in CZTS films; it is found that controlling elemental 

compositions could reduce formation of these secondary phases, leading the improvement in 

solar cell performance. Compared to the stoichiometric ratio of Cu, Zn, Sn and S elements of 

2:1:1:4 with Cu/(Zn + Sn) = 1 and Zn/Sn = 1, most reported high efficiency CZTS solar cells 

have Cu/(Zn + Sn) and Zn/Sn ratios of ca. 0.8 and 1.2, respectively [37-42]. 

 

Figure I.7.  A Cu2S-ZnS-SnS2 pseudoternary phase diagram. Quoted with 

permission from Ref.35. 

Another structural feature of CZTS is presences of lattice defects such as vacancies (VCu, 

VZn, VSn and VS) and antisites (CuZn, ZnCu, CuSn, SnCu, ZnSn and SnZn) as shown in Figure I.8 

[43]. Among them, CuZn is the dominant defect because it has lower formation energy than 

other defects [44]. This CuZn might form defect complexes with other defects such as CuSn 

and SnZn, which have deep levels inside the band gap and act as recombination centers [45]. 
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Therefore, it is necessary to reduce formation of these antisite defects in CZTS structure to 

improve open circuit voltage and solar cell efficiency. To solve this problem, one possible 

option can be attempted is doping with other elements for substitution. There have been 

some reports on improvement of quality of CZTS film by doping with other elements such 

as Ag, Ge, Cd and In [46-51]. 

 

Figure I.8. The various point defects in the band gap of Cu2ZnSn4. Quoted with 

permission from Ref. 43. 

I.3.2. Deposition Techniques of CZTS Thin Films 

Various physical and chemical deposition techniques are used to fabricate CZTS thin 

films. These techniques can be classified into two general categories: vacuum and 

non-vacuum based techniques. Vacuum based deposition techniques are advantageous due to 

their possible fabrication of high quality thin films with good reproducibility. They include 

several techniques such as sputtering, evaporation, and pulsed laser deposition. 

Sputtering deposition technique is a physical vapor deposition. This has been widely 

used for fabrication of CZTS thin films including various technologies such as argon beam, 
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ion beam, DC, RF, hybrid and reactive magnetron sputtering. CZTS films were fabricated by 

deposition of metallic precursors Cu-Zn-Sn/Cu-Zn-Sn-Cu or Cu-ZnS-SnS on the substrate 

then continue with or without a sulfurization [52-54]. 

Evaporation techniques such as electron beam, co-evaporation and thermal evaporation 

are often chosen to deposit thin films. CZTS thin films can be fabricated by two different 

approaches: a single-step deposition of all precursors at once followed by sulfurization or a 

two-step with sequential deposition of metallic precursors Cu-Zn-Sn/Cu-Zn-Sn-Cu or 

Cu-ZnS-SnS followed by a sulfurization/annealing [55-57]. 

Pulsed laser deposition is suitable for fabrication thin films with complex compositions. 

A high-power pulsed laser beam is focused inside a vacuum chamber to strike a target of the 

material to make this material vaporized from the target to a substrate. For this technique, the 

variation of pulsed laser density and the temperature of substrate can affect strongly to the 

properties of thus-obtained CZTS films [58,59]. 

The vacuum based deposition techniques use high cost equipment and consume very 

high energy. Therefore, in view of cost effectiveness, non-vacuum deposition techniques are 

more preferable. These techniques include spray pyrolysis deposition, electrodeposition, 

sol-gel deposition, etc. 

Spray pyrolysis deposition is a technique widely used for fabricating thin films due to 

its simplicity and ease handling in fabrication process. This technique does not require 

vacuum at any stage during the deposition and can deposit thin film in a large scale: they are 

great advantages for industrial application. Thin films are deposited by spraying a precursor 

solution on heated substrates, where the constituents react to form the required chemical 

compound. Composition of the films could be controlled effectively by varying the 

concentration of constituents in the spray solution [60-62]. 



 
 

14 

Electrodeposition or electrochemical deposition is also a common technique used for 

fabrication low cost thin films. This technique is a process that uses electrical current to 

reduce the cations of a desired material from an electrolyte and coat them as a thin film on a 

conductive substrate surface. CZTS films can be fabricated using two approaches: sequential 

electroplating of precursors and single step electrodeposition of precursors, followed by 

annealing for sulfurization or selenization at different atmosphere [63-65].  

Sol-gel deposition is a chemical solution deposition using spin coating or deep coating. 

Thin films are prepared by two steps: preparation of sol-gel solution of precursor and coating 

of precursor solution onto the substrate [66-68]. 

Due to the main target for low production cost, spray pyrolysis is an attractive 

deposition technique among these non-vacuum techniques because of its versatility, 

simplicity and ease handling in fabrication process. Moreover, this technique can realize a 

fast deposition rate and the equipment for large–scale production is similar to that used for 

conventional spray coating used in various industrial processes. Therefore, in this study, 

spray pyrolysis technique was used to fabricate CZTS absorber layers for thin film solar 

cells. 

I.3.2.1.  Evolution of CZTS Thin Film Solar Cells processed by Spray Pyrolysis 

Deposition 

Many research groups have been attempted to fabricate CZTS and CZTSSe thin films 

using spray pyrolysis techniques. The first successful fabrication of spray deposited CZTS 

films was reported by Nakayama and Ito in 1996. They fabricated CZTS films by spraying a 

precursor solution composed of CuCl, ZnCl2 and (CH3NH)2CS (thiourea) dissolved in a 

mixed solution of water and ethanol on glass substrates heated to 280-360 °C followed by 
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sulfurization at 550 °C in an H2S flow condition. The fabricated CZTS films exhibited p-type 

conduction showed a resistivity of 2×102 Ωcm [69]. K. Kumar et al. studied effects of 

substrate temperatures during the spray deposition on properties of thus-obtained CZTS 

films. Under optimized conditions, the direct optical band gap of CZTS films is found to lie 

between 1.40 and 1.45 eV with an average optical absorption coefficient of more than 104 

cm-1 [70]. M. Valdes et al. prepared high quality CZTS films from aqueous solutions 

containing CuCl2, ZnCl2, SnCl2 and CH4N2S. They applied a sulfurization treatment using 

sulfur vapor to avoid the use of toxic H2S. They found that the sulfurization treatment had no 

significant effect on elemental compositions and band gap energies of fabricated films, 

whereas there was appreciable dependence on their grain sizes [71].  

Although there are some reports on successful fabrications of the CZTS thin films, just 

only few groups reported on fabrication of complete CZTS solar cell devices using the films 

fabricated by spray pyrolysis technique in the literature. O. Vigil-Galan et al. studied effect 

of substrate temperature and annealing condition on properties of spayed films. CZTS films 

were obtained by spraying a precursor solution consisting of (CH3COO)2Zn, CuCl2, SnCl4 

and thiourea dissolved in deionized water on Mo coated soda lime glass substrates, followed 

by heating at various temperatures. The post-annealing temperatures were changed from 

550 °C to 580 °C in S and Sn atmosphere. The solar cell based on thus-obtained films with 

structure glass/Mo/CZTS/CdS/ZnO/ZnO:Al showed the best solar cell properties of an open 

circuit voltage of 361 mV, a short circuit current density of 7.5 mA/cm2, a fill factor of 0.37 

and an efficiency of 1% under irradiation of AM 1.5G (100 mW/cm2) [72]. M. Patel et al. 

studied the structural, optical and electrical properties of spray deposited CZTS thin films 

under a non-equilibrium growth condition. They showed that growth condition would 

produce different magnitudes of microstrains in the fabricated films. The microstrains are 
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largely developed due to presence of secondary phases such as ZnS, CuxS and SnS2, 

co-existing with the primary phases. CZTS solar cell with conversion efficiency of 0.154 % 

was reported [73]. Influences of concentrations of precursor solutions and annealing 

conditions on properties of the CZTS films was investigated by M. Espindola-Rodriguez et 

al.. They showed that Cu-poor and Zn-rich composition minimized formation of secondary 

phases without any detrimental effects on electrical properties of the films. CZTS solar cells 

with a device structure of SLG/MoCZTS/CdS/i-ZnO/ZnO:Al exhibited efficiencies between 

0.45 to 0.5 % [74].  S. M. Bhosale et al. fabricated highly crystalline photoactive CZTS thin 

films without sulfurization treatment. They investigated the influence of substrate 

temperatures on properties and photoelectrochemical (PEC) performances of CZTS films 

and found that the significant improvement in the PEC properties was observed with 

increase in the growth temperature. The best solar cell device showed conversion efficiency 

of 0.86% [75]. Above studies reported results on pure sulfide CZTS solar cells, which had 

very low conversion efficiency (less than 1%). X. Zeng et al. prepared a sulfoselenide 

CZTSSe absorber thin film from an aqueous precursor solution containing CuCl2, ZnCl2, 

SnCl2, and thiourea followed by annealing under selenium vapor at 520 °C for 12 min. They 

overcame the problem of instability of the spray solution by controlling pH of the precursor 

solution, leading to successful formation of a uniform CZTSSe thin film. The solar cell 

based on this absorber showed 5.1 % efficiency with open circuit voltage of 370 mV, short 

circuit current density of 27.3 mA/cm2 and fill factor of 50.6% [76]. D. B. Khadka et al. 

reported fabrication of pure selenide CZTSe thin film solar cell with conversion efficiency of 

5.74% [77]. The CZTSe thin film was deposited on Mo coated soda lime glass substrate by 

spraying an aqueous solution containing CuCl2, ZnCl2, SnCl4 and thiourea in an 

alcohol-deionized water solvent followed by selenization at 500-520 °C. This fabricated film 
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was used to make a complete solar cell with structure 

SLG/Mo/MoSe2/CZTSe/In2S3/ZnO/ITO. They found that the increased efficiency is due to 

the improved quality of the interface between the CZTSe absorber layer and the In2S3 buffer 

layer. At present,	most of high performance kesterite-based solar cells reported in the 

literature employed selenium containing kesterites, i.e., CZTSS and CZTSe. However, it 

should be more beneficial to use the pure sulfide form (CZTS) without including the highly 

toxic and less abundant selenium component.  

I.3.2.2.  Spray Pyrolysis Deposition Technique 

A home-made spray pyrolysis system was used in the present study. The system 

consists of a spraying chamber, an atomizer with a spray nozzle, a reserve of precursor 

solution, a compressor for N2 carrier gas, a heater and a temperature controller (Figure I.9). 

The main part is the atomizer having two supply routes and valves for spray solution and N2 

carrier gas, for controlling the spray rate by adjusting the N2 flow rate. The substrate was put 

on the heater; the temperature of this heater was controlled by the temperature controller. 

The distance from the spray nozzle to the substrate was fixed at 20 cm. The fabrication of 

CZTS precursor thin films by using the apparatus can be divided in three steps: Spraying of 

the precursor solution, transportation of the droplets to the substrate and pyrolysis of the 

droplets.  

 There are some key parameters of the spray pyrolysis technique: the most important 

thing is preparation of the precursor solution used having sufficient solubility of source 

materials and stability without formation of any precipitate during the spray deposition. 

Other parameters such as substrate temperature, spray rate and annealing condition should 

also affect homogeneity, smoothness, grain size and crystallinity of the fabricated films. 
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     Figure I.9. The Schematic diagram of spray pyrolysis system. 

I.3.3. Device Structure 

In order to obtain a high performance solar cell, it is necessary to care not only qualities 

of absorber layers but also improvements of solar cell architectures. The structure of our 

typical CZTS thin film solar cell devices is illustrated in Figure I.10. The most common used 

substrate for CZTS solar cell is molybdenum coated glass substrate. A thin molybdenum 

layer was deposited on the glass substrate by DC magnetron sputtering technique with 

thickness of 1 µm; this is a back contact with good conductivity and high stability. On the 

top of the back contact, an absorber layer, a p-type semiconductor CZTS thin film with the 

thickness of 1 µm, was deposited. This absorber produces excited electron-hole pairs by 

absorption of sunlight radiations. The p-n junction was formed by coating on the top of the 

absorber layer with a thin n-type semiconductor buffer layer. Typical material used as buffer 

layer is CdS because it was found to give the best performance devices for CIGS, CZTS and 

CZTSSe solar cells. This layer also has roles to improve the lattice matching and to adapt the 

N2	gas	

Spray	
	Solu.on	

Substrate	

Hea$ng	plate	

Spray	nozzle	

Solvent	valve	Gas	valve	

Exhaust	fan		

Connect	to	gas	cylinder	

Heater	

Connect	to	
temperature	controller	



 
 

19 

band gaps between the absorber and the window layers. CdS with thickness of 70 nm is 

deposited by chemical bath deposition from CdSO4, NH3, and thiourea solution at 60 °C in 7 

min. Then a 50 nm-thick i-ZnO and 350 nm thick ITO bilayer was deposited on the top of the 

CdS layer by radio frequency (RF) magnetron sputtering. This bilayer is a transparent 

conducting oxide with wide band gap to admit maximum amount of light to the absorber, so 

it is called window layer. Finally, Al grid as a top contact with thickness of 500 nm was 

deposited by thermal evaporation with a mask protection to complete the device structure of 

Al/ITO/ZnO/CdS/CZTS/Mo/Glass.  

 

Figure I.10. Typical structure (a) and cross-sectional SEM image (b) of a complete 

CZTS solar cell device. 

I.4.  Operation of Solar Cells 

Solar cells are electrical devices, which are built to convert directly the energy of 

sunlight into electricity by photovoltaic effect. The operation of a solar cell based on the 

absorption of the sunlight energy to generate charge carriers, the separation and the 

extraction of these carriers to an external circuit. The incident photon has energy greater than 

that of band gap energy of the absorber used can generate electron-hole pairs. The electrons 
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and holes will exist for a length of time equal to the minority carrier lifetime. In order to 

complete the photovoltaic conversion process, these charge carriers need to be extracted and 

collected before the carrier recombination occurs. These charge carries are separated by the 

action of an electric field existing at the p-n junction. Then they are driven towards one or 

another metal contact layer to establish photovoltage at open circuit and a photocurrent at 

short circuit; electric power will be generated by connected this system to an external circuit. 

Therefore, in order to increase efficiency of solar cells, the absorber layer needs to create 

more electron-hole pairs by absorbing more incident photon; the separation of charge carries 

by p-n junction extract as currents and photovoltage need to occur without including 

appreciable losses. 

I.4.1.  P-n Junctions 

In a typical photovoltaic cell, p-n junction is formed by joining n-type and p-type 

semiconductor materials in a close contact. If these p-type and n-type semiconductors are the 

same material, they will form a homojunction. Otherwise, a heterojunction is formed by 

using two different semiconductor materials. In p-type semiconductors, holes are majority 

carriers and electrons are minority carriers; whereas holes are minority carriers and electrons 

are majority carriers in p-type semiconductors. When a p-type and n-type semiconductors 

are interconnected, electrons from the n-type side and holes from p-type side near the 

interface diffuse in the other side of the junction leaving the donor and acceptor atoms 

behind. This diffusion process makes the region close to the junction becomes depleted of 

mobile charge carriers, which called “depletion region” or “space charge region”. This 

region causes internal electric field between the positive ions in n-type material and negative 

ions in the p-type material; which drives electrons towards the n side and holes towards the p 
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side. This is drift process, which drift carrier in an opposite direction of diffusion process. 

An equilibrium condition is reached when the drift and diffusion currents are equal, and the 

net electron current through the junction becomes zero. At that time, the Fermi level of the 

p-type and n-type layers is equal in the band diagram. Under illumination, minority carriers 

are generated in both p-type and n-type semiconductors, electrons and holes are transferred 

to n-type and p-type sides, respectively as shown in Figure I.11.  

 

Figure I.11.  Working principle of p-n junction under illumination.  

CZTS thin film solar cells are based on the p-n heterojunction formed by the p-type 

semiconductor absorber layer of CZTS and an n-type semiconductor layer such as CdS, 

In2S3 and ZnS [78-83]. An important parameter in a heterojunction is the band offset of 

alignment of valence and conduction bands of contacted layers because it has influence to 

the transportation of carriers. Spike-like type alignment is formed when the conduction band 

minimum of the buffer layer higher and the buffer valence band maximum lower than the 

corresponding bands of the absorber (Figure I.12a). The opposite alignment called cliff-like 

type is formed when the conduction band minimum and the valence band minimum of the 

buffer layer lower than that of the absorber layer (Figure I.12b). The optimal band alignment 
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of the absorber/buffer interface is spike-like type alignment because it supports for 

transportation of charge carries and reduces recombination at absorber/buffer interface that 

causes loss in open circuit voltage VOC.  

 

Figure I.12. Spike-like type (a) and cliff-like type (b) band alignments of CIGS and 

CZTS thin film solar cells, respectively.  

I.4.2. Current Density – Voltage Characteristics of Solar Cells 

Current density – voltage measurements in the dark and under illumination are often 

used to characterize solar cell as shown in Figure I.13. Primary parameters expressed the 

performance of a device are open circuit voltage (VOC), short circuit current density (JSC), fill 

factor (FF) and power conversion efficiency (ƞ).  
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Figure I.13. Typical J-V characteristic of a solar cell. 

Open circuit voltage (VOC) is a maximum voltage, which appears when the terminals are 

not connected. At voltages between 0 and VOC, the cell will generate electric power. VOC 

depends on light intensity as well as band gap of material; VOC is always less than the value 

of band gap energy. 

Short circuit current density (JSC) is the maximum photocurrent density of a solar cell 

observed when terminals are connected. It depends on the number of incident photons, the 

collection probability and strongly depends on the band gap of the absorber material. A 

material with a small band gap will absorb more photons, so JSC increases with the decrease 

of band gap energy. 

Fill factor (FF) also determines the maximum power of a solar cell. For ideal solar cell, 

the value of FF is close to one. It describes the “squareness” of the J-V curve. FF is defined 

as the ratio of the values of product of the current density and voltage of the cells at its 

maximum power point to the product of open circuit voltage and short circuit current 

density. 
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   OCSC

mm

VJ
VJFF =            (1.1) 

Efficiency (ƞ) is the most important parameter that is commonly used for expressing the 

performance of solar cells. It is defined by a ratio of the maximum power density output by 

the cell to the power density input of incident light source. 

 
η =

JmVm
PInput

=
JSCVOCFF
PInput

         (1.2) 

The efficiency of solar cell depends on the spectrum as well as the intensity of the 

incident light and the temperature of the solar cell. Current density – voltage measurement 

for terrestrial solar cell often performs at room temperature 25 °C under AM1.5 G spectrum, 

this is a standard spectrum at the Earth’s surface.   

I.5. Motivation and Research Objectives 

The purpose of this thesis is to study on fabrication of CZTS thin films using spray 

pyrolysis technique for low cost, high efficiency and environmental friendly solar cells. In 

this work, developments of fabrication procedures to obtain a CZTS film having a sufficient 

quality applicable to an absorber layer of solar cells, and electrostructural modifications of 

the CZTS film by controlling chemical composition and introduction of dopants for 

improvements of its solar cell properties were discussed. Details of the objectives presented 

in this study are:  

(1) Investigation of the fabrication procedure of CZTS thin films using spray pyrolysis 

followed by sulfurization with different annealing conditions to obtain a homogeneous 

and compact CZTS film with large grain size. 
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(2) Evaluation of the optimal composition of Cu2ZnSnS4 thin films and its effects to 

solar cell performance. 

(3) Investigation for reduction of antisite defects of CZST film by doping Ag to 

precursor solution and studies on structural, morphological and electrical properties of 

Ag-containing CZTS thin films and their solar cell performance. 

(4) Investigations of the effects of indium incorporation on structural and photovoltaic 

properties of CZTS thin films. 

I.6. Outline of Thesis 

This thesis consists of 6 chapters. The outline of each chapter is as follows: 

Chapter 1 

This chapter described historical backgrounds of photovoltaics specifically focused on 

physicochemical/optical properties of CZTS material, device structures of thin film 

photovoltaics, their fabrication techniques, and progresses in record efficiencies reported by 

the other groups. The motivation and research objectives of this study were also given in the 

chapter. 

Chapter 2 

Fabrication conditions of the CZTS absorber layer by controlling several parameters 

and procedures of spray pyrolysis to obtain a smooth and homogeneous film with large grain 

size were investigated. CZTS film was fabricated on an Mo-coated glass substrate by using a 

facile spray pyrolysis deposition of a precursor film from an aqueous solution containing 

Cu(NO3)2, Zn(NO3)2, Sn(CH3SO3)2 and thiourea. Effects of annealing temperature and 
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annealing duration on crystalline structures and morphologies of the films were examined. A 

solar cell with a structure of glass/Mo/CZTS/CdS/i-ZnO/indium tin oxide (ITO)/Al was 

fabricated using Sn-rich CTZS film at an optimal annealing condition, exhibited maximum 

conversion efficiency of 5.8%. 

Chapter 3 

Impact of precursor compositions on the structural and photovoltaic properties of 

spray-deposited Cu2ZnSnS4 thin films was studied. Cu, Zn and Sn compositions in CZTS 

films were adjusted by controlling the concentrations of the corresponding metallic ions in 

the precursor solutions. Effects of metallic composition on grain sizes, morphologies, 

acceptor densities, the nature of the acceptor defects and carrier lifetime were discussed in 

detail. A solar cell based on the CZTS film with an empirically optimal composition showed 

conversion efficiency of 8.1%. 

Chapter 4 

We attempted to reduce antisite defects in the CZTS film by a partial replacement of Cu 

to Ag to obtain (Cu1-xAgx)2ZnSnS4 (ACZTS) film. The precursor films with different amount 

of Ag were fabricated by varying the molar ration of Ag/(Cu + Zn + Sn) in aqueous 

precursor solutions. We found that incorporation of Ag to CZTS film enhanced grain growth 

and reduced amounts of unfavorable copper on zinc antisite defects in comparison with those 

in the bare CZTS film. The Ag incorporation also improved the band alignment at the p-n 

junction with CdS buffer layer. The best PCE achieved was 7.1% using a device based on 

the ACZTS film with Ag/(Ag + Cu) ratio of 0.02. 

Chapter 5 

In this chapter, effects of indium (In) incorporation on structural and photovoltaic 
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properties of CZTS thin films were investigated. Different In amounts of the In precursor 

(In(NO3)3) were added to precursor solution, which used to fabricate In-incorporated CZTS 

films by using spray pyrolysis technique. The structural and morphological analyses showed 

significant effects of In incorporation on properties of CZTS films. As a result, the addition 

of In to the CZTS film with low doping ratio In/(Zn + Sn) = 0.01 had beneficial for 

improvement of solar cell performance. 

Chapter 6 

General conclusions with the results obtained from this work, remarks, and perspectives 

for the future were given in this chapter.  
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II.1.  Introduction  

Various techniques have been used to synthesize CZTSSe thin films for application in 

solar cells [1-6]. In view of environmental effects, it should be advantageous to apply 

non-vacuum technology for fabrication of the thin films such as electrodeposition [7-9], spin 

coating [6, 10-12], and spray pyrolysis [13-19]. Among them, spray pyrolysis is an attractive 

non-vacuum technique because of its versatility and easiness to deposit the film in a large 

area [20]. Cu(In,Ga)(S,Se)2 solar cells with conversion efficiencies of over 10% have been 

obtained by this method, and the capability of this method for fabricating high quality thin 

film photoabsorbers has been proven [21, 22]. Some groups have reported successful 

fabrication of CZT(S,Se)-based thin film solar cells using the spray pyrolysis technique 

[13,19]. 

Most of the CZTSSe-based solar cells reported in the literature employed CZTSSe films 

with selenium-rich compositions. In view of the toxicity issue, the use of pure sulfide (i.e., 

CZTS) would be preferable. However, there have been only a few reported examples of 

fabrication of CZTS-based solar cells by the spray pyrolysis method; reported PECs were 

quite low (less than 1%) [23, 24], despite several examples of successful fabrication of pure 

sulfide CZTS-based solar cells with high PCEs using other vacuum [25] and non-vacuum 

[26] techniques. These facts motivated us to prepare a highly efficient CZTS-based solar cell 

using the spray pyrolysis technique. 

In this chapter, several conditions for fabricating a smooth and homogeneous CZTS 

film with large grain size appreciable for the absorber layer were investigated. Achievement 

of 5.8% PCE was demonstrated for the first time using a spray-deposited pure sulfide CZTS 

absorber.  
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II.2.  Experimental 

II.2.1. Fabrication of CZTS Thin Film Solar Cells 

An aqueous solution containing 0.019 M copper nitrate (Cu(NO3)2), 0.009 M zinc 

nitrate (Zn(NO3)2), 0.0125 M tin methanesulfonate (Sn(CH3SO3)2) and 0.06 M thiourea 

(SC(NH2)2) with pH adjusted to 1.5 by adding a few drops of conc. HCl was used as a 

precursor solution. Eight ml of the solution was sprayed on a Mo-coated glass substrate 

(Mo/glass) that was heated at 380 °C using a hotplate. The as-deposited film was placed in 

an evacuated borosilicate glass ampoule together with 20 mg sulfur powder; the ampoule 

was annealed at 580–600 °C for 10–50 min. On the thus-obtained CZTS absorber film, a 

CdS buffer layer was deposited by chemical bath deposition (CBD) [27]. An ITO/ZnO 

bilayer was then deposited on the top of the CdS layer by radio frequency (RF) magnetron 

sputtering to form a device with a structure of ITO/ZnO/CdS/CZTS/Mo/glass. In this study, 

active area of all the devises was fixed at 0.03 cm2.  

II.2.2. Characterizations 

Crystalline structures of the films were analyzed by X-ray diffraction (XRD) using a 

Rigaku MiniFlex X-ray diffractometer (Cu Ka, Ni filter). Raman spectra were analyzed by a 

Jasco NRC 3100 Laser Raman Spectrophotometer with excitation laser of wavelength of 532 

nm. Morphologies of the films were examined using a Hitachi S-5000 FEG field emission 

scanning electron microscope (SEM) at an acceleration voltage of 20 kV. Atomic 

compositions of the precursor solution, as-deposited films and finally obtained CZTS films 

were determined by inductively coupled plasma (ICP) analysis on a Perkin-Elmer OPTIMA 

3000-XL ICP emission spectrometer. For this measurement, the film samples were 

immersed in aqua regia overnight to dissolve all of the components. The thus-obtained clear 

solution was then diluted to an appropriate concentration before analysis. Current density–
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voltage (J–V) characteristics of solar cell devices under simulated AM1.5G irradiation (100 

mW cm-2) were determined with a Bunkoh-Keiki CEP-015 photovoltaic measurement 

system.  

II.3. Results and Discussion 

In order to prepare an aqueous solution for spray pyrolysis, tetravalent Sn4+ salts such as 

SnCl4 are unfavorable because they easily undergo hydrolysis to be precipitated even in a 

strongly acidic solution. Moreover, in view of its availability as a source material, the use of 

a divalent copper salt is better than the use of a monovalent salt, for which there is the 

possibility of occurrence of disproportionation or oxidation that results in loss of its chemical 

purity. In this work, therefore, we employed Sn2+ and Cu2+ salts as precursor materials as in 

the work reported by Zeng et al [13]. It should also be noted that care was needed in the 

mixing order, and appropriate content of thiourea and control of pH were indispensable to 

prevent precipitation induced by the oxidation of Sn2+ with Cu2+ to form an insoluble Sn4+ 

hydroxide (oxide). Indeed, when we attempted to prepare the spray solution by a mixed 

solution of Cu2+, Sn2+, and Zn2+ salts without addition of thiourea at uncontrolled pH as the 

starting solution, a white precipitate was gradually formed within a few hours, as shown in 

Figure I.1a. The corresponding X-ray diffraction (XRD) pattern of the precipitate indicated 

formation of SnO2 (Figure I.1c). In order to overcome the problem of precipitation, therefore, 

it is necessary to mix Cu2+ and thiourea initially with a Cu2+/thiourea ratio of less than 0.3. 

Since the divalent Cu2+ ion is known to be reduced by
 
thiourea into the monovalent Cu+ and 

the thus-formed Cu induces complexation with one or two thiourea molecules [28], 

oxidation of Sn2+ is inhibited. The thus-obtained precursor solution maintained its 

transparency even after exposure to open air for more than 5 h, as shown in Figure II.1b. 
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Figure II.1. Photographs of (a) an aqueous solution containing Cu2+, Sn2+, and Zn2+ salts 

after leaving for 4 h in an ambient condition and (b) the spray solution used in this study 

after exposure to an open air for 8 h. (c) An XRD pattern of the white precipitate collected 

from the solution containing Cu2+, Sn2+, and Zn2+ salts. Quoted from original manuscript: T. 

H. Nguyen et al., RSC Advances, 5 (95) (2015) 77565-77571.  

Figure II.2 shows XRD patterns and Raman spectra of as-deposited films obtained by 

spray pyrolysis using the above stable precursor solution and those annealed at 580 °C and 

600 °C in an evacuated glass ampoule containing sulfur powder for 10 min. As shown in 

Figure II.2a, the XRD pattern of the precursor film exhibited almost no diffraction peak 

except for peaks due to the Mo substrate, indicating that the film did not have a good 

crystalline nature. On the other hand, when the precursor film was annealed, the resulting 

film showed typical diffraction peaks corresponding to reflections derived from the kesterite 

CZTS [29, 30]. Relatively intense and sharp peaks were observed for the film annealed at 
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600 °C compared to those of the film annealed at 580 °C. Indeed, full width at half 

maximum (FWHM) value of the most intense (112) reflections of the 600 °C annealed film 

(0.157) was smaller than that of the 580 °C annealed film (0.165), suggesting the 

achievement of a high degree of crystallinity induced by the increment of annealing 

temperature. It should also be noted that there are weak reflections of MoS2 in XRD patterns 

of the films after annealing due to the partial sulfurization of the bottom Mo substrate (see 

below). Raman spectra of as-deposited film showed a significantly broad peak centered at 

330 cm-1, whereas the annealed films gave three separated bands at 286 cm-1, 336 cm-1, and 

369 cm-1 assignable to the kesterite CZTS [31, 32] without providing other signals (Figure 

II.2b). Hence, the annealed films obtained in this study were confirmed to form a CZTS 

crystal. On the other hand, since the main peak of the tetragonal Cu–Sn–S ternary compound 

of Cu2SnS3 (CTS) is present at 336 cm-1 and since zinc blend ZnS has a main Raman band at 

351 cm-1 [33, 34] the observed broad Raman band of the as-deposited film was likely to 

indicate inclusions of several less-crystalline sulfide compounds.  
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Figure II.2. (Upper) XRD patterns and (lower) Raman spectra of (a) the as-deposited film 

and the film annealed (b) at 580 °C for 10 min and (c) at 600 °C for 10 min. Quoted from 

original manuscript: T. H. Nguyen et al., RSC Advances, 5 (95) (2015) 77565-77571. 

Figure II.3 shows cross-sectional and surface SEM images of an as-deposited film and 

CZTS films obtained at different annealing temperatures and durations. The as-deposited 

film was composed of densely packed small granule particles with a thickness of more than 

1 µm, indicating successful deposition of a homogeneous film (Figure II.3a). The annealing 

treatment induced appreciable grain growth without alteration of thicknesses when compared 
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to that of the as-deposited film. As expected from the above XRD results, the film annealed 

at 600 °C showed larger grain sizes than those of the film annealed at 580 °C (Figure II.3b 

and c). Another point worth noting is that dark regions on the upper part of the Mo substrate 

are attributed to formation of MoS2, as confirmed by the above XRD analyses. Although 

formation of well-grown CZTS grains seemed to be achieved by the annealing at 600 °C, the 

corresponding surface SEM image shown in Figure II.3c and d indicated incomplete grain 

growth and thereby a more severe annealing condition would be required. Due to the 

limitation of the thermal stability of the glass substrate, annealing temperature could not be 

increased to a temperature over 600 °C. Therefore, the annealing duration was extended for 

30 min and 50 min to accelerate the grain growth of CZTS. Figure II.3e–h show 

cross-sectional and surface SEM images of thus-obtained CZTS films. As we expected, clear 

micron-sized grains were observed in their surface images. XRD analyses of those films 

(Figure II.4) showed narrower FWHMs (0.151 and 0.143 for 30 min and 50 min annealed 

films, respectively) than that of the 10 min annealed film (see above) in agreement with the 

SEM results. Dense morphologies of these films were seemed to be favorable for 

photovoltaic application. Corresponding cross-sections also showed densely packed large 

grains: however, sulfurization of the Mo layer advanced compared to that of the film 

annealed at the short duration (10 min, as shown in Figure II.3c). Specifically for the film 

obtained by 50 min annealing, most parts of the Mo substrate had sulfurized into MoS2. The 

thick MoS2 should affect the device performance because of induction of an increase in 

series resistance, as discussed below.  
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Figure II.3. Cross-sectional and surface SEM images of (a) as-deposited film and CZTS 

films obtained by annealing the as-deposited film (b) at 580 °C for 10 min, (c, d) at 600 °C 

for 10 min, (e, f) at 600 °C for 30 min, and (g, h) at 600 °C for 50 min. Quoted from original 

manuscript: T. H. Nguyen et al., RSC Advances, 5 (95) (2015) 77565-77571. 
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Figure II.4. XRD patterns of the film annealed at 600 °C (a) for 10 min (b) for 30 min and 

(c) for 50 min. Quoted from original manuscript: T. H. Nguyen et al., RSC Advances, 5 (95) 

(2015) 77565-77571. 

ICP measurements were performed to determine metallic compositions of the 

as-deposited film and the film annealed at 600 °C for 30 min. Because of the deliquescent 

nature of the copper source (Cu(NO3)2) used, accurate composition of the precursor solution 

was also determined by ICP analysis. Table II.1 summarizes the results. When compared to 

the stoichiometric composition, the precursor solution used contained excess amounts of the 

Sn component, whereas both Cu and Zn components were close to their stoichiometry. A 

notable feature is that the Sn content was reduced significantly in the as-deposited film, 

while the film annealed at 600 °C still had an Sn-rich composition. The loss of Sn indicated 

the occurrence of evaporation during the spray pyrolysis deposition even at ambient pressure. 

One of the possible explanations is formation of tin monosulfide (SnS) because of its low 
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vapor pressure [35-37]. Since the as-deposited film did not form CZTS crystallite and other 

sulfides containing a smaller amount of Sn (CTS) and without Sn (ZnS), a highly Sn-rich 

composition is likely to be indispensable to compensate for a shortage induced by 

evaporation. Regarding the composition of the final CZTS film obtained by annealing at 

600 °C for 30 min, the Sn content was slightly reduced but still Sn-rich compared to its 

stoichiometry. The annealing was performed in an evacuated glass ampoule containing 

sulfur vapor (see Experimental). Thus, loss of the Sn component was suppressed even 

though the temperature was elevated to a temperature higher than that of spray deposition.  

Table II.1. Metallic compositions of the precursor solution, as-deposited film on an 

Mo/glass, and the film annealed at 600 °C for 30 min in an evacuated glass ampoule 

containing sulfur powder. Quoted from original manuscript: T. H. Nguyen et al., RSC 

Advances, 5 (95) (2015) 77565-77571.  

Sample 
Metal content ratio Cu/Sn 

ratio 
Cu/Zn 
ratio 

Cu Sn Zn 

Precursora 0.34 0.49 0.17 0.7 2.0 

As-depositedb 0.49 0.27 0.23 1.8 2.1 

Annealedc 0.49 0.26 0.25 1.9 2.0 

(stoichiometry)d 0.50 0.25 0.25 2.0 2.0 

a Precursor solution. b As-deposited film obtained by the spray 
pyrolysis deposition. c The CZTS film obtained by annealing the 
as-deposited film at 600 °C for 30 min. d Ideal composition of 
metallic components in the stoichiometric CZTS compound. 

The literature work indicated that both Cu-poor and Zn-rich compositions from the 

stoichiometric composition were indispensable to obtain an efficient absorber for 

photovoltaic applications [38]. Although the CZTS film obtained in this study was not such 

an empirical optimum, use of the composition, at least the Sn-rich composition, was found to 
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be advantageous for grain growth. In fact, when precursor solutions containing relatively 

small amounts of Sn (i.e., close to its stoichiometry and Sn-poor relative to Cu and Zn) were 

used, final CZTS films obtained by annealing at 600 °C were composed of small grains with 

less compact morphologies, as shown in Figure II.5. Based on the fact that appreciable grain 

growth could be achieved by using SnS vapor during a high temperature (550 °C) annealing 

process as reported by Toyama et al. [39], the excess Sn component in the as-deposited film 

would have a similar function in the present annealing performed in the evacuated glass 

ampoule.  

 

 

 

 

Figure II.5. Surface SEM images of CZTS films obtained by annealing the as-deposited 

film at 600 °C for 30 min. (a) The film was derived from a precursor solution containing 

almost stoichiometric amounts of Sn2+ salt. (b) The film was obtained by using a precursor 

solution having a slightly Sn-poor composition relative to the stoichiometry of metallic 

components in CZTS. Quoted from original manuscript: T. H. Nguyen et al., RSC Advances, 

5 (95) (2015) 77565-77571. 

Solar cells with a device structure of ITO/ZnO/CdS/CZTS/Mo/ glass (without an 

antiflection coating) were prepared by deposition of CdS, ZnO, and ITO layers on CTZS 

films obtained by annealing at 600 °C for 10 min, 30 min, and 50 min. From the 

measurements of device properties for the three samples, all of the devices exhibited solar 
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cell performance with good productivity. Figure II.6 shows the best J–V curves of these 

devices based on the CZTS films obtained by annealing at 600 °C for different durations 

under irradiation of simulated sunlight (AM1.5G) together with their corresponding semi- 

logarithmic dark J–V characteristics. Short-circuit current density (JSC), open circuit voltage 

(VOC), fill factor (FF) and PCE of these cells were determined from the illuminated J–V 

curves. These cell parameters are summarized in Table II.2. The best performance with PCE 

of 5.8% was achieved by the device made from the 30 min annealed CZTS (DEV30), 

whereas appreciable drops in all of the solar cell parameters were observed for the device 

based on the 10 min annealed CZTS (DEV10); further reduction of solar cell parameters, 

especially JSC, appeared in the device composed of the 50 min annealed CZTS film (DEV50). 

Compared to the J–V characteristic of the best device of DEV30, the best device of DEV10 

showed poor electrical rectification with a significantly low FF value, as shown in Figure 

II.6a. The relatively gentle slope of the J–V curve of DEV10 at the X-intersect compared to 

that of DEV30 suggests a large series resistance (RS) of the DEV10 device. As discussed 

above SEM results of CZTS films employed for these devices, the large RS of DEV10 is 

likely to be derived from incomplete crystallization of CZTS grains.  
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Figure II.6. J-V characteristics of ITO/ZnO/CdS/CZTS/Mo/glass solar cells. These devices 

were made from CZTS films obtained by annealing the as-deposited film at 600 °C for (a) 

10 min, (b) 30 min, and (c) 50 min. Upper: under simulated AM1.5G irradiation; lower: in 

the dark (on a semi-logarithmic scale). Quoted from original manuscript: T. H. Nguyen et al., 

RSC Advances, 5 (95) (2015) 77565-77571. 
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Table II.2. Solar cell parameters of solar cells made from CZTS films obtained by annealing 

of the as-deposited film at 600 °C for different durations. Quoted from original manuscript: 

T. H. Nguyen et al., RSC Advances, 5 (95) (2015) 77565-77571. 

Annealing 
durationa / min 

JSC  
/mA cm-2 VOC/mV FF PCE (%) 

10 11.1 534 0.44 2.8 

30 14.6 647 0.61 5.8 

50 4.2 531 0.40 0.9 

a Duration of annealing of the as-deposited film at 600 °C. 

 

Regarding dark J–V curves of DEV10 and DEV30 devices shown in Figure II.6b, 

appreciable differences were also observed in both negative and positive bias regions. In the 

former negative bias region, a relatively strong current was observed for DEV10 compared 

to that for DEV30, indicating the presence of appreciable shunts in the DEV10 device. In the 

latter positive bias region (at ca. 0.2–0.6 V), DEV10 also showed an appreciably large dark 

current relative to that of DEV30. The result suggests presences of appreciable 

recombination currents in addition to diffusion currents in the device due probably to the 

poor quality of the p–n junction (i.e., presences of appreciable amounts of defects at the 

CZTS-CdS interface). Therefore, these poor device properties of DEV10 are attributable to 

incomplete crystallization of the CZTS grains as well as significant amounts of defects at the 

CZTS-CdS junction. On the other hand, the dark J–V curve of DEV50 showed a different 

characteristic, i.e., it showed a weak current flow at the highly positive bias region (>ca. 0.6 

V) even though it gave better rectification than that of DEV10. Considering the above cross- 

sectional SEM results for the 50 min annealed film (see Figure II.3g), the observed weak 

currents were derived from the presence of a thick MoS2 layer, leading to a large series 
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resistance of the device. Due to less structural failures of the DEV30 device, it gave the best 

efficiency in the present study.  

Figure II.7 shows the external quantum efficiency (EQE) spectrum of the best device 

(DEV30) in wavelengths ranging from 300 nm to 1000 nm. It can be seen that the spectrum 

increases gradually from ca. 370 nm to ca. 500 nm and rapidly increases to ca. 540 nm; and 

then gradually degreases from ca. 700 nm to the onset wavelength of ca. 900 nm. The loss in 

the spectrum in the short wavelength was attributed to absorption losses in the buffer CdS 

layers. Meanwhile, the loss in the long wave- length region indicated loss of deeply absorbed 

photons due to poor minority carrier diffusion length and/or insufficient penetration of 

depletion width into the absorber. Such structural failures led to insufficient solar cell 

parameters (specifically JSC) when compared to the efficient CZTS-based solar cells reported 

in the literature [25, 26]. The optimization of the deposition condition of the CdS buffer 

layer to reduce its thickness or the use of an alternative buffer layer should reduce the loss in 

the short wavelength region. Moreover, as mentioned above, successful fabrication of a 

CZTS film having an empirical optimum composition would be one of the most significant 

key structures to be achieved in order to obtain a high quality CZTS film without a 

significant loss in the long wavelength region. 
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Figure II.7. An EQE spectrum of the device made from CZTS film obtained by annealing 

the as-deposited film at 600 °C for 30 min. Quoted from original manuscript: T. H. Nguyen 

et al., RSC Advances, 5 (95) (2015) 77565-77571. 

II.4.  Conclusion 

In this study, we fabricated a CZTS thin film-based solar cell by using a facile spray 

pyrolysis technique. Successful grain growth of the CZTS absorber was achieved by 

employing an Sn-rich composition of the precursor solution with application of adequate 

post annealing at a high temperature (600 °C) for a sufficient duration (30 min). The solar 

cell based on the thus-obtained CZTS absorber reached PCE of 5.8%. To the best of our 

knowledge, this value is the best value so far reported for a pure-sulfide CZTS-based device 

obtained through spray deposition of the CZTS film. Concerning the chemical composition 

of the CZTS film, the performance of the present solar cell can be improved by its 

optimization to achieve a Cu-poor and Zn-rich composition as reported in the literature. 

Moreover, since the present spray technique enables easy control of the chemical 

composition by just changing the concentration of the precursor solution, it is also possible 
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to add other beneficial components such as sodium and potassium [40-42]. Hence, we can 

expect further improvement of PEC after optimizations of such compositional properties of 

the CZTS film as well as various modifications of device structures.  
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III. 1. Introduction 

In chapter II, we reported the successful fabrication of solar cells with a maximum 

conversion efficiency of 5.8% based on a Cu2ZnSnS4 film deposited by a facile spray 

pyrolysis technique using stable aqueous precursor solutions. The use of an Sn-rich 

composition of the precursor solution as well as the use of adequate post annealing at a high 

temperature (600 °C) for a sufficient duration (30 min) led to efficient grain growth, which is 

the main reason that high conversion efficiency values were achieved. However, from ICP 

results, an optimal chemical composition was not achieved for the CZTS films used in our 

previous study. 

Figure III.1 shows efficiency map of CZTSSe thin film solar cells on the ternary phase 

diagram [1]. The most common compositional ranges suitable for high efficiency devices are 

Cu-poor and Zn-rich as proposed in many reports [2-27]. Therefore, in this chapter, an 

attempt was made to adjust the Cu, Zn, and Sn compositions in the CZTS film by controlling 

the concentrations of the corresponding metallic ions in the precursor solutions. The 

structural, optical, and electrical properties of the CZTS films related to the photovoltaic 

properties of the CZTS-based devices are also discussed and a best power conversion 

efficiency of 8.1 % is achieved.  
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Figure III.1.  Efficiency map of CZTSSe thin film solar cells on the ternary phase diagram. 

Quoted with permission from Ref. 1. 

II.2. Experimental 

III.2.1. Fabrication of CZTS Thin Film Solar Cells 

Aqueous solutions of copper nitrate [Cu(NO3)2], zinc nitrate [Zn(NO3)2], and tin 

methanesulfonate [Sn(CH3SO3)2] were added to an aqueous solution containing thiourea 

[SC(NH2)2]. The concentrations of SC(NH2)2, Zn(NO3)2, and Sn(CH3SO3)2 were fixed at 50, 

11.5, and 11.5 mmol dm-3, respectively, whereas the concentration of Cu(NO3)2 was changed 

from 13 to 23 mmol dm-3 {i.e., the Cu/Zn/Sn compositional ratio was changed from 

extremely Cu-poor [Cu/ Zn/Sn = 1.13/1/1, for 13 mmol dm-3 Cu(NO3)2] to stoichiometric 

[Cu/Zn/Sn = 2/1/1, for 23 mmol dm-3 Cu(NO3)2]}. Excess SC(NH2)2 compared to the 

stoichiometric amount was used to prevent the loss of the S component during the spray 

process and precipitation of a Cu component in the solution. After adjusting the pH to 1.5 by 

adding a few drops of concd nitric acid, each of the aqueous precursor solutions was sprayed 
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onto an Mo-coated soda-lime glass substrate (Mo/glass) that was preheated at 380 °C using a 

hot plate. Finally, the films were annealed in an evacuated borosilicate glass ampoule 

together with 20 mg S powder at 600 °C for 30 min to facilitate grain growth.  

For the fabrication of Cu2ZnSnS4 solar cells, the obtained Cu2ZnSnS4 films were 

processed to form a device with a structure of Al/ITO/ZnO/CdS/Cu2ZnSnS4/Mo/glass. The 

CdS buffer layer was deposited by chemical bath deposition (CBD) after treatment of 

Cu2ZnSnS4 films with aqueous HCl and KCN solutions. An ITO/ZnO bilayer was then 

deposited on top of the CdS layer by radio frequency (RF) magnetron sputtering. Finally, an 

Al top contact was deposited by thermal evaporation.  

 

III.2.3. Characterizations 

The crystalline structures of the films were analyzed by Raman spectroscopy using a 

JASCO NRC 3100 laser Raman spectrophotometer (excitation laser with a wavelength of 

532 nm). X-ray diffraction (XRD) analyses using a Rigaku Mini Flex X-ray diffractometer 

(CuKa, Ni filter) were also performed for structural analyses of the films. The morphologies 

of the films were examined by using a Hitachi S-5000 FEG field emission scanning electron 

microscope (SEM) at an acceleration voltage of 20 kV. The metallic compositions of the 

fabricated Cu2ZnSnS4 films were determined by inductively coupled plasma (ICP) analysis 

on a PerkinElmer OPTIMA 3000-XL ICP emission spectrometer. For this measurement, the 

film samples were immersed in aqua regia overnight to dissolve all of the components. The 

obtained clear solution was diluted to an appropriate concentration before the ICP analysis. 

Time-resolved photoluminescence (TRPL) spectra of these films were obtained by using a 

Hamamatsu C12132 Compact NIR fluorescence lifetime spectroscopy system with laser 

power and wavelength of 2.08 mW and 532 nm, respectively. 



 
 

59 

Current density–voltage (J–V) characteristics and external quantum efficiency (EQE) 

spectra of solar cell devices under simulated AM1.5G irradiation (100 mW cm-2) were 

determined with a Bunkoh-Keiki CEP-015 photovoltaic measurement system. The acceptor 

density (NA) values of Cu2ZnSnS4 components in these devices were determined from their 

capacitance–voltage (C–V) characteristics measured by using an HP-HEWLETT PACKED 

4284A apparatus.  

III.3. Results and discussion 

Figure III.2 shows the Raman spectra and XRD patterns of the Cu2ZnSnS4 films 

fabricated from aqueous precursor solutions with various concentrations of Cu ions. In the 

Raman spectra, all of the films showed main peaks at 286, 336, and 369 cm-1 corresponding 

to the kesterite Cu2ZnSnS4 crystal [29-34]. XRD patterns of the films also showed 

diffraction peaks that could be assigned to Cu2ZnSnS4 in addition to peaks derived from the 

Mo substrate and its sulfurized form (MoS2). If a precursor solution containing 

stoichiometric amounts of Cu, Zn, and Sn ions (i.e., a Cu concentration of 23 mmol dm-3) 

was used, signals derived from the Cu2-xS phase appeared in both the Raman spectrum and 

the XRD pattern (Figure III.2a), implying the deposition of a Cu-excess film even though the 

precursor solution used contained stoichiometric amounts of the metallic components. 

Therefore, to reduce the Cu component in the final Cu2ZnSnS4 film, the content of Cu ions 

in the precursor solution was reduced. As a result, a slight reduction of Cu ion content 

(corresponding to the Cu2ZnSnS4 film derived from the precursor solution with Cu 

concentration of 21 mmol dm-3) resulted in the disappearance of the Cu2-xS phase in the film, 

as shown in Figure III.2b. Similar Raman spectra and XRD patterns, in which all of the 

signals were assigned to the kesterite Cu2ZnSnS4 crystal, were also obtained if the Cu 
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content was reduced further (Figures III.2c,d). When the Cu concentration in the precursor 

solution was decreased to less than 65% of the stoichiometric content, an SnS2 secondary 

phase was observed owing to the shortage of Cu, as shown in Figures III.2 e,f.  

 

Figure III.2. (Left) Raman spectra and (right) XRD patterns of Cu2ZnSnS4 films obtained 

from precursor solutions with different Cu concentrations: (a) 23 mmol dm−3, (b) 21 mmol 

dm−3, (c) 19 mmol dm−3, (d) 17 mmol dm−3, (e) 15 mmol dm−3, and (f) 13 mmol dm−3. Circles 

and diamonds denote derived from Cu2−xS and SnS2 phases, respectively. Quoted from 

original manuscript: T. H. Nguyen et al., ChemSusChem, 9 (17) (2016) 2414-2420. 

To study the compositional alterations of the obtained Cu2ZnSnS4 films quantitatively, 

the metallic compositions of the Cu2ZnSnS4 films were determined by inductively coupled 

plasma (ICP) measurements. The atomic percentages of Cu, Sn, and Zn elements, as well as 

the calculated atomic ratios of Cu/(Zn+Sn) and Zn/Sn, are summarized in Table III.1. As 

expected from the results of the Raman and XRD analyses, the Cu2ZnSnS4 film obtained 

from the precursor solution containing stoichiometric amounts of Cu, Zn, and Sn ions (Cu 

concentration of 23 mmol dm−3) was slightly Cu-rich. Based on the fact that the content of 
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the Sn in the film was lower than that of the stoichiometric composition, the observed 

compositional deviation was caused by a reduction of the Sn component induced by 

evaporation during the annealing process, as discussed in previous chapter. Compared to the 

Cu-rich/Sn- poor Cu2ZnSnS4 film, a gradual decrease in the Cu content was observed when 

we used precursor solutions with Cu concentrations lower than the stoichiometric 

composition, whereas the Sn and Zn content (or Zn/Sn ratio) were almost constant 

irrespective of the change in Cu concentration. Because the Cu2ZnSnS4 films obtained from 

precursor solutions containing moderate amounts of Cu ions (17–21 mmol dm−3) did not 

contain Cu2-xS and SnS2 phases, these films should have empirically optimal 

Cu-poor/Zn-rich compositions reported in the literature [19-27]. In addition, the fact that 

there was no alteration of the Zn content in the Cu2ZnSnS4 films indicates the presence of 

appreciable amounts of a Zn compound(s) in Cu2ZnSnS4 films obtained from precursor 

solutions with low Cu ion contents (13–15 mmol dm−3).  

Under the present deposition and annealing conditions, the excess Zn would be present 

as its sulfide (ZnS). The presence of the ZnS phase in these compositional ranges is also 

predicted by the ternary phase diagram of the Cu2S–ZnS–SnS2 system [35-36]. However, as 

the laser source excitation (at 532 nm) used for the Raman measurements in this study did 

not enable detection of the ZnS phase and the main diffraction peaks of ZnS completely 

overlap with those of Cu2ZnSnS4 in the XRD patterns, we could not observe the ZnS phase.  
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Table III.1. Metallic compositions of Cu2ZnSnS4 films fabricated from precursor solutions 

with different Cu concentrations.  Quoted from original manuscript: T. H. Nguyen et al., 

ChemSusChem, 9 (17) (2016) 2414-2420. 

Cu[a]/ mmol dm−3 
Metal content[b] / % 

Cu/(Zn+Sn)[c] Zn/ Sn[d] 
Cu Sn Zn 

13 36.6 30.1 33.3 0.58 1.11 

15 39.0 28.9 32.1 0.64 1.11 

17 43.4 27.6 29.0 0.77 1.05 

19 45.0 27.0 28.0 0.82 1.04 

21 47.1 26.0 26.9 0.89 1.04 

23 51.1 24.0 24.9 1.04 1.04 

(Stoichiometry) 50.0 25.0 25.0 1.00 1.00 

[a] Concentrations of Cu ions in precursor solutions 

[b] Percentage of metal components in Cu2ZnSnS4 films 

[c] The Cu/(Zn+Sn) ratio in Cu2ZnSnS4 films 

[d] The Zn/Sn ratio in Cu2ZnSnS4 films 

Figure III.3 shows cross-sectional SEM images of the fabricated Cu2ZnSnS4 films. The 

corresponding top-view images are also shown in Figure III.4. All of the films showed a flat 

layer with a thickness of approximately 1 µm on the Mo substrate. The darker part of the 

upper Mo layer with a thickness of several hundred nm indicated the occurrence of 

sulfurization to form MoS2 layers during the high-temperature annealing, as confirmed by 

the above XRD results (Figure III.2). The Cu2-xS-containing Cu2ZnSnS4 thin film obtained 
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from the precursor solution containing stoichiometric amounts of Cu, Zn, and Sn ions was 

composed of relatively small grains that had significant voids (Figure III.3a). Significant 

voids were also observed on the top-view SEM image of the film (Figure III.4a). Several 

studies on the fabrication of the Cu2ZnSnS4 thin film have reported the effectiveness of the 

excess Cu2-xS compound for the grain growth because of the flux effect of the Cu2-xS liquid 

phase during the high-temperature annealing (sulfurization) [37,38], similar to the selenide 

(Cu2-xSe)-based grain growth mechanism of the Cu(In,Ga)Se2 chalcopyrite thin film [39,40]. 

The present annealing conditions, probably owing to the short annealing duration, were 

insufficient to induce the liquid-flux growth of Cu2ZnSnS4 grains; the presences of Cu2-xS 

impurities at the boundaries of Cu2ZnSnS4 grains were very influential at suppressing grain 

growth. Therefore, we would expect larger Cu2ZnSnS4 grains to be formed if the annealing 

duration is extended. However, this would induce the formation of a thicker MoS2 layer, 

which is harmful for photovoltaic applications because of increase in the series resistance. 

The film morphologies became compact and the sizes of the grains became larger in 

Cu2ZnSnS4 films if the content of Cu ions in the precursor solutions was reduced up to 17 

mmol dm−3 (corresponding to a 26 % reduction of Cu from the stoichiometric composition), 

as shown in Figures III.3 b–d. The dense morphologies and large grain sizes of these films 

would be promising for obtaining good photovoltaic performance (see below). However, 

further reduction of the Cu ion content in the precursor solution was detrimental for the 

growth of Cu2ZnSnS4 grains (Figures III.3 e,f). As discussed above, these films contained 

SnS2 and ZnS compounds. The corresponding top-view SEM images indicated the presence 

of sub- micrometer-sized small particles different from the Cu2ZnSnS4 grains attributed to 

SnS2 or ZnS compounds (Figures III.4e and 4f). Therefore, SnS2 and/or ZnS compounds 

were likely to suppress the grain growth of Cu2ZnSnS4 [41-45]. 
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Figure III.3. Cross-sectional SEM images of fabricated Cu2ZnSnS4 films obtained from 

precursor solutions with different Cu concentrations: (a) 23 mmol dm−3, (b) 21 mmol dm−3, 

(c) 19 mmol dm−3, (d) 17 mmol dm−3, (e) 15 mmol dm−3, and (f) 13 mmol dm−3. Quoted from 

original manuscript: T. H. Nguyen et al., ChemSusChem, 9 (17) (2016) 2414-2420. 
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Figure III.4. Top-view SEM images of fabricated Cu2ZnSnS4 films obtained from precursor 

solutions with different Cu concentrations: (a) 23 mmol dm−3, (b) 21 mmol dm−3, (c) 19 

mmol dm−3, (d) 17 mmol dm−3, (e) 15 mmol dm−3, and (f) 13 mmol dm−3. Quoted from 

original manuscript: T. H. Nguyen et al., ChemSusChem, 9 (17) (2016) 2414-2420. 
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Solar cells with a device structure of Al/indium tin oxide (ITO)/ZnO/CdS/ 

Cu2ZnSnS4/Mo/glass (without an antireflection coating) were prepared by deposition of CdS, 

ZnO, and ITO layers and an Al top contact onto Cu2ZnSnS4 films obtained from precursor 

solutions with various Cu concentrations; The JSC, VOC, fill factor (FF), and η values of these 

cells were determined from illuminated J–V curves. Typical results of the device parameters 

were plotted as a function of the Cu con- centration of the precursor solution (Figure III.5). 

The device based on the Cu2ZnSnS4 film derived from the stoichiometric mixture of the 

precursor solution (Cu concentration of 23 mmol dm-3) showed no photovoltaic function. As 

discussed above for the structural analyses, the presence of significant voids, as well as the 

relatively conductive Cu2-xS phase in the Cu2ZnSnS4 film, would induce appreciable shunts. 

Conversely, other devices consisting of Cu2ZnSnS4 films with Cu content lower than their 

stoichiometric composition showed good solar cell properties; the highest conversion 

efficiency of 8.1 % was achieved by the device based on the Cu2ZnSnS4 film derived from 

the precursor solution containing 17 mmol dm-3 of Cu. To the best of our knowledge, this is 

the best performance of a solar cell based on a pure sulfide Cu2ZnSnS4 film deposited by 

spray pyrolysis. Another point worth noting is that good solar cell properties were also 

obtained even with devices based on the Cu2ZnSnS4 film containing SnS2 and ZnS phases 

(the film prepared from the precursor solution with Cu concentration of 15 mmol dm-3), 

although the device properties became significantly worse if the Cu content in the 

Cu2ZnSnS4 film was reduced further (13 mmol dm-3).  
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Figure III.5.  Solar cell parameters of several devices made from Cu2ZnSnS4 films 

fabricated from precursor solutions with different Cu concentrations. Quoted from original 

manuscript: T. H. Nguyen et al., ChemSusChem, 9 (17) (2016) 2414-2420. 
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For further evaluation of device properties related to the film characteristics, the 

acceptor density (NA) values of Cu2ZnSnS4 films were determined by capacitance–voltage 

(C– V) measurements of the corresponding devices (Figure III.6). The plots of NA as a 

function of the Cu concentration of the precursor solutions are shown in Figure III.7. The NA 

values for the Cu2ZnSnS4 films obtained from precursor solutions with Cu concentrations of 

13 and 23 mmol dm-3 were not determined because of the insufficient accuracy of the 

analyses owing to appreciable observations of shunts in the devices based on these films (see 

above). As expected from the above device properties, the Cu2ZnSnS4 film derived from the 

precursor solution with Cu concentration of 17 mmol dm-3 showed the lowest NA value. 

Moreover, the Cu2ZnSnS4 film obtained from the precursor solution containing 15 mmol 

dm-3 of Cu ions also showed a relatively low NA value, although a slight increase was 

observed; the value was still in the range comparable to device-quality Cu(In,Ga)(S,Se)2 and 

Cu2ZnSn(S,Se)4 films [46-52]. Conversely, Cu2ZnSnS4 films obtained from precursor 

solutions with relatively high Cu concentrations (21 and 23 mmol dm-3) had relatively large 

NA values, suggesting that these films were highly doped. 
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Figure III.6.  1/C2 plot of fabricated Cu2ZnSnS4 films at different Cu concentrations. 

Quoted from original manuscript: T. H. Nguyen et al., ChemSusChem, 9 (17) (2016) 

2414-2420. 

 
 
 
 
 
 
 
 
 
 

 

Figure III.7.  Acceptor densities (NAs) and carrier lifetime (τ2) of Cu2ZnSnS4 films derived 

from precursor solutions with different Cu concentrations. Quoted from original manuscript: 

T. H. Nguyen et al., ChemSusChem, 9 (17) (2016) 2414-2420. 
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Indeed, when the external quantum efficiency (EQE) spectra of these four devices were 

compared, appreciable differences were observed at a long wavelength region; the devices 

with a relatively low NA showed significant EQE responses in this region, whereas the 

devices with a relatively high NA showed an appreciable drop in the EQE response, as shown 

in Figure III.8. Because an insufficient space charge region was formed in the latter devices 

owing to high NA values of their Cu2ZnSnS4 films, photons in the long wavelength, which 

penetrated into a relatively deep part of the photoabsorber layer, were not utilized efficiently. 

Relatively low JSC values of the devices based on these films (see Figure III.5) are likely 

owing to this electrostructural failure. 

 

 

 
 
 
 
 
 
 
 
 
 

Figure III.8.  EQE spectra of solar cells based on Cu2ZnSnS4 films derived from precursor 

solutions with different Cu concentrations: (a) 21 mmol dm−3, (b) 19 mmol dm−3, (c) 17 

mmol dm−3, (d) 15 mmol dm−3, and (e) 13 mmol dm−3. Quoted from original manuscript: T. 

H. Nguyen et al., ChemSusChem, 9 (17) (2016) 2414-2420. 
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As another parameter to evaluate the characteristics of Cu2ZnSnS4 films prepared in this 

study, the lifetime of the photoexcited carriers in the films was also calculated from room 

temperature time-resolved photoluminescence (TRPL) spectra of the films (Figure III.9) by 

applying a double-exponential function. Because the initial decay with a faster time constant 

(τ1) would show a fast transient in which the PL signal is dominated by the charge separation 

owing to the built-in field of the layer, the time constant (τ2) for the later long tail part was 

used for the analyses [48, 53]. The results are shown in Figure III.7. For Cu2ZnSnS4 films 

derived from precursor solutions with relatively high Cu contents (i.e., films containing 

relatively large amounts of Cu), the τ2 values decreased linearly with the increase in Cu 

content. This trend is consistent with the increase in NA in the film. A band-to-impurity 

channel would be the main part of carrier recombination in these films. Thus, the τ2 value of 

the Cu2ZnSnS4 film derived from the precursor solution with Cu concentration of 17 mmol 

dm-3, which had the lowest NA value, was larger than those of the films derived from 

precursor solutions with Cu concentrations above 19 mmol dm-3. However, the τ2 values of 

Cu2ZnSnS4 films derived from precursor solutions with Cu concentration of 13 and 15 mmol 

dm-3 decreased even though the films had a lower film quality, different from the 

dependence of NA on Cu content in the Cu2ZnSnS4 film.  
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Figure III.9.  Time–resolved PL profiles of fabricated Cu2ZnSnS4 films at different Cu 

concentrations. Quoted from original manuscript: T. H. Nguyen et al., ChemSusChem, 9 (17) 

(2016) 2414-2420. 

Theoretical studies reported by Wei et al. predicted that the most probable acceptor 

defect formed in the Cu2ZnSnS4 compound was an anti-site defect of Cu on the Zn site 

(CuZn) because of its low formation energy, although the energy of CuZn was deeper than that 

of the favorable Cu vacancy (VCu) defect [54]. Hence, when the Cu content was close to the 

stoichiometric composition, the CuZn defect was primarily formed in substantial amounts in 
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the Cu2ZnSnS4 film. The relatively large NA values of the Cu2ZnSnS4 films derived from 

precursor solutions with Cu concentrations above 19 mmol dm-3 are attributed to the 

presence of large amounts of CuZn, i.e., the CuZn defect is the recombination center for 

enhancing the band-to-impurity carrier recombination to reduce carrier lifetime (τ2). The 

reduction of the Cu content in the Cu2ZnSnS4 film would reduce the amount of the CuZn 

defects, leading to a decrease in NA. Moreover, further reduction of Cu would enhance the 

formation of the favorable VCu defect. Hence, the observation of a slight increase in NA in 

the Cu2ZnSnS4 film de- rived from the precursor solution with a Cu concentration of 15 

mmol dm-3 is attributable to this increment. Regarding the increments of the τ2 values of the 

Cu2ZnSnS4 films with low Cu content (including SnS2 and ZnS impurities in the films), a 

possible explanation is that the shallow VCu defect mainly formed in these films would not 

act efficiently as a recombination center, resulting in a reduction of the band-to-impurity 

carrier recombination. Because of the large band gap energies of SnS2 (2.2 eV) and ZnS (3.6 

eV) [55-59], these compounds did not provide the Cu2ZnSnS4 compound with any interband 

states. Although the presences of such secondary phases would enhance the interface 

recombination, they might be silent for the band-to-impurity carrier recombination.  

Light and dark J–V characteristics of the best solar cells are presented in Figure III.10. 

The device was based on a Cu2ZnSnS4 film derived from the precursor solution with a Cu 

concentration of 17 mmol dm-3. The light J–V curve indicated that the solar cell with an 

active area of 0.030 cm2 has a record efficiency of 8.1% with JSC, VOC, and FF of 20 mAcm-2, 

670 mV, and 0.61, respectively. From the light J–V curve, the series resistance (Rs) and shunt 

resistance (Rsh) were also determined to be 2.1 and 0.22 kΩ cm2, respectively. 
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Figure III.10. Light and dark J-V characteristics of the solar cell based on the Cu2ZnSnS4 

film derived from the precursor solution with Cu concentration of 17 mmol dm−3. Quoted 

from original manuscript: T. H. Nguyen et al., ChemSusChem, 9 (17) (2016) 2414-2420. 

 

Compared to the Rs and Rsh values of the devices obtained using the other precursor 

solutions, the best efficiency was attributed to the achievement of relatively low Rs as shown 

in Table III.2. Furthermore, compared with the device parameters reported for high 

efficiency cells [6, 7], the JSC value was good, but the VOC and FF values were rather low. 

Moreover, based on our recent results for Cu2ZnSnS4-based devices obtained by 

electrodeposition, the Rsh of the device was not so large, whereas the series resistance (Rs) 

was in a permissive range [48]. These results suggest the presence of appreciable shunts in 

the device.  
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Table III.2. Solar cell parameters of the best devices made from Cu2ZnSnS4 films fabricated 

from precursor solutions with different Cu concentrations. Quoted from original manuscript: 

T. H. Nguyen et al., ChemSusChem, 9 (17) (2016) 2414-2420. 

Cu / 

mmol dm-3 
13 15 17 19 21 23 

JSC / mA 
cm-2 

13.2 18.9 20.1 17.0 16.4 0 

VOC / mV 0.56 0.62 0.67 0.66 0.61 0 

FF 0.37 0.51 0.61 0.53 0.50 0 

PCE (%) 2.8 5.9 8.1 6.0 5.0 0 

Rs / Ω cm2 10.6 6.1 2.1 5.4 7.0 - 

Rsh / Ω cm2 0.08 0.21 0.22 0.25 0.20 - 

 
 

For further inspection of device properties, the ideality factor (n) and saturation current 

density (Js) were also estimated by fitting the dark J–V curves to the standard diode equation 

[Eq. (1)]:  

                   
J = Js e

qV
nKT −1

⎛

⎝
⎜

⎞

⎠
⎟       (1) 

where q, k, and T denote elementary charge, Boltzmann constant, and temperature, 

respectively. As a result, the n and Js of the present best device were 2.37 and 9.0×10-8 mA 

cm-2, respectively. These n and Js values were larger than those of the Cu2ZnSnS4-based 

device obtained by electrodeposition (n and Js of 2.29 and 3.0×10-8 mA cm-2, respectively). 

These results imply that strong space charge region (SCR) recombination or 
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tunneling-enhanced interface recombination are the dominant limiting factors, leading to the 

observed relatively low VOC. Hence, further improvements of device qualities and interfacial 

conditions to suppress shunt and recombination are required.  

III.4. Conclusion 

In this study, we obtained device-quality Cu2ZnSnS4 thin films with different Cu 

content by using a facile spray pyrolysis technique. The metallic composition of the 

precursor solutions was found to have significant effects on the qualities of the final 

Cu2ZnSnS4 films, such as grain sizes, morphologies, acceptor densities, the nature of the 

acceptor defects, and carrier lifetimes. A solar cell with an Al/indium tin oxide 

(ITO)/ZnO/CdS/Cu2ZnSnS4/Mo/glass structure derived from the empirically optimal 

composition of a Cu2ZnSnS4 film [Cu/(Zn + Sn) = 0.77 and Zn/Sn=1.05] was shown to have 

good performance with conversion efficiency of 8.1%. However, there is still a room for 

improvement because of the relatively low open circuit voltage (VOC) of the device 

compared to that of the Cu2ZnSnS4 devices reported in the literature. Therefore, further 

studies to improve the VOC by improving the quality of both the Cu2ZnSnS4 films and 

devices are necessary. 
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Cu2ZnSnS4 Thin Film Derived from Spray Pyrolysis 
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IV.1. Introduction 

In chapter III, the controlling of the Cu, Zn, and Sn compositions in the Cu2ZnSnS4 film 

was found to have significant effects on reduction of secondary phases. At optimal Cu-poor 

and Zn-rich composition, Cu2-xS or SnS2 impurities were successfully removed. However, 

beside secondary phases, the presence of antisite defect is also a challenge need to be solved 

to improve the quality of films [1-6]. It has been reported that the CZTS thin film tends to 

include a large number of CuZn antisite defects because of its relatively low formation energy 

compared to that of the favorable Cu vacancy (VCu) [7-11]. These defects will produce 

surface and bulk recombination centers, which suppress carrier transportation and limit the 

device open-circuit voltage. Since Cu and Zn have similar ionic radius, the CuZn defects 

were easily formed when Cu atoms occupy the Zn lattice sites. Therefore, substitution of Cu 

by another larger ionic radius cations can reduce the formation energy of antisite defects and 

improve the quality of CZTS thin film. 

Recent theoretical results reported by S. Chen et al. predicted that the Ag-based 

kesterite (i.e., Ag2ZnSnS4 (AZTS)) has a low number of AgZn antisite defects since 

significant differences in ionic radiuses between Ag and Zn ions lead to relatively high 

formation energy of the defect as showed in Table IV.1 [12].  Based on these aspects, a 

partial replacement of Cu to Ag to obtain (Cu1-xAgx)2ZnSnS4 (ACZTS) films has been 

attempted in order to reduce the number of the CuZn antisite defect; appreciable 

improvements of solar cell properties were achieved by these ACZTS-based devices have 

been reported [13-16].  
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Table IV.1. Calculated defect formation energy of VI and III defects in Cu2ZnSnS4 and 

Ag2ZnSnS4 when µCu = µCd = µZn = µAg = 0 and the largest value in the achievable chemical 

potential region. Adapted with permission from Ref. 12. 

 
Formation energy (eV) 

 
µCu = µCd = µZn = µAg = 0 Maximum 

Cu2ZnSnS4 VCu 1.14 VCu     1.14  

 CuZn 1.41 CuZn    0.38  

Ag2ZnSnS4 VAg 2.14 VAg    2.14  

 AgZn 3.10 AgZn    1.80  
 

 

For the use of the spray pyrolysis deposition, the film composition can easily be 

controlled by just changing the composition of the used precursor solution. This feature is 

beneficial to fabricate ACZTS film with different Ag contents. In this study, therefore, the 

precursor ACZTS films with different amount of Ag were fabricated by varying the molar 

ration of Ag/(Cu + Zn + Sn) in aqueous precursor solutions for spray pyrolysis deposition. 

Improvements of solar cell performances achieved by devices based on these ACZTS thin 

films are reported in relation to structural and electric properties of the ACZTS thin films.  

IV.2.  Experimental 

IV.2.1. Fabrication of ACZTS Thin Film Solar Cells 

Three precursor films with different amount of Ag were fabricated by varying the molar 

ratio of Ag / (Cu + Zn + Zn) in aqueous precursor solutions (Ag / (Cu + Zn + Zn) =0, 0.02, 

0.1) Sources of metallic elements were copper nitrate (Cu(NO3)2), zinc nitrate (Zn(NO3)2), 

tin methanesulfonate (Sn(CH3SO3)2), and silver nitrate (AgNO3); thiourea (SC(NH2)2) was 
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used as the sulfur source. Deposition was carried out by spraying the aqueous solution 

containing these sources with pH adjusted to 1.5 by adding a few drops of concentrated nitric 

acid on an Mo-coated glass substrate heated at 380 °C. Adjustment of pH is indispensable to 

avoid formation of precipitates in the solution during the spray deposition [17]. 

Thus-obtained precursor films were annealed in an evacuated borosilicate glass ampoule 

containing 20 mg of sulfur powder at 600 °C for 30 min to form CZTS and ACZTS films. In 

order to complete the solar cell device, a CdS buffer layer was deposited on CZTS and 

ACZTS films by the chemical bath deposition [17,18]. Then, iZnO and ITO layers were 

sequentially deposited by radio frequency (RF) magnetron sputtering on CdS-covered CZTS 

and ACZTS films. Finally, an Al top contact was deposited by thermal evaporation. 

IV.2.1. Characterizations 

Atomic compositions of CZTS and ACZTS films were determined by inductively 

coupled plasma (ICP) analysis on a Perkin-Elmer OPTIMA 3000-XL ICP emission 

spectrometer. For this measurement, the film samples were immersed in aqua regia overnight 

to dissolve all of the components. The thus-obtained clear solution was then diluted to an 

appropriate concentration before analysis. Crystallographic structures were analyzed by 

X-ray diffraction (XRD) analyses using a Rigaku Mini Flex X-ray diffractometer (CuKα, Ni 

filter) and Raman spectroscopy using a JASCO NRS 3100 Laser Raman Spectrophotometer. 

The depth profile was analyzed by secondary ion mass spectroscopy (SIMS) using a 

ATOMIKA SIMS 4100 equipped with O2
+ source ions (5 kV). Photoelectrochemical 

measurements were performed by using a conventional three-electrode setup. Three 

electrodes, namely Pt wire, Ag/AgCl and CZTS (or ACZTS)-based films as counter, 

reference and working electrodes, respectively, were inserted into a three-necked flask with a 
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flat window containing a 0.2 M Eu(NO3)3 solution with pH 4. Measurements were conducted 

by a linear sweep voltamonmetric mode with a negative scan direction at the scan rate of 10 

mV s-1 under chopped illumination of simulated sunlight (AM1.5G) using an Asahi Spectra 

HAL-320 Compact Xenon Light Source. Surface morphologies were examined by using a 

Hitachi S-5000 FEG field emission scanning electron microscope (SEM) at an acceleration 

voltage of 20 kV and a KEYENCE VK-9700 laser microscope. Current density-voltage (J-V) 

characteristics and external quantum efficiency (EQE) spectra of solar cell devices under 

simulated AM1.5G irradiation were determined with a Bunkoh-Keiki CEP-015 photovoltaic 

measurement system. Capacitance-voltage (C-V) characteristics of solar cell devices were 

examined by using an HP-HEWLETT PACKED 4284A apparatus. X-ray photoelectron 

(XP) spectroscopy was performed by using a Shimadzu AXIS ULTRA X-ray photoelectron 

spectrometer in monochromated Al Kα radiation. For the surface etching, the sample was 

bombarded by Ar+ ions accelerated to 3.5 keV for appropriate durations. 

IV.3.  Results and Discussion 

As determined by inductively coupled plasma (ICP) analyses, Ag / (Ag + Cu) ratios of 

thus-obtained CZTS and ACZTS films were 0, 0.016, and 0.104 (These films were labeled 

CZTS, A(2%)CZTS, and A(10%)CZTS, respectively.). It should be noted that all of the 

films were confirmed to have group I-poor (i.e., (Ag + Cu) / (Zn + Sn) < 1) and Zn-rich (i.e., 

Zn / Sn > 1) compositions, which are empirically optimal for CZTS-based solar cells [19]. 

Figure IV.1a shows XRD patterns of the films. The CZTS film showed several reflections 

assignable to reflections of the kesterite CZTS structure [20-24]. With increase in the Ag 

contents of the films, those reflections gradually shifted to lower 2θ angles, as typically 

shown by magnified images of (112), (200)/(004), and (312)/(116) reflections in Figure 
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IV.1b. Since the ionic radius of Ag ions is larger than that of Cu ions, the observed shifts of 

reflections (i.e., increases in lattice constants) are strong indications of the occurrence of 

gradual replacements of Cu to form mixed kesterite crystals of ACZTS instead of the 

formation of various separate phases. It should be noted that weak reflections at 2θ of 28.5° 

and 56.3°, assignable to (111) and (311) reflections of ZnS crystal, appeared for the 

A(10%)CZTS film. These results indicate presence of a small fraction of ZnS in the present 

CZTS and ACZTS films (see below). As shown in Figure IV.1c, Raman spectrum of the 

CZTS film exhibited intense peaks centered at 338 cm-1, which is assigned to the A1-band 

for kesterite CZTS; three weak peaks centered at 252, 286, and 369 cm-1 are also typically 

observed for kesterite CZTS [13]. Raman spectra of ACZTS films indicated occurrences of 

slight shifts of A1-bands to lower wavenumber regions though they were not significant 

(e.g., 336 cm-1 for A(10%)CZTS). Since similar results were reported in the literature by 

several groups [13,16,25], present results were empirical evidences of successful 

incorporation of Ag components into the kesterite lattice. 
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Figure IV.1. (a) XRD patterns of CZTS and ACZTS films, (b) magnified XRD patterns at 

2θ ranging from 28° to 30°, and (c) Raman spectra of CZTS and ACZTS films.  

Figure IV.2a shows depth profiles of CZTS and ACZTS films obtained by secondary 

ion mass spectrometry (SIMS). At the surface region, all the film showed appreciable 

gradients were observed except for the sulfur (S) component. Especially, presences of large 

contents of Zn components were pronounced for all the films. As discussed above XRD 

results, these results indicate presences ZnS crystals at the surface of these kesterite films. 

According to the literature [26,27], such segregations of ZnS at the surface should be due to 

the evaporation of the Sn component during the high temperature heat treatment. It should 

also be noted that all the films showed similar depth profiles of constituent elements 

regardless of presences of Ag components, suggesting compositional idealities among the 
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CZTS and ACZTS films. Regarding Ag profiles in A(2%)CZTS and A(10%)CZTS films, 

almost no compositional grading was observed in bulk regions of these kesterite films. Based 

on results of the structural investigations, we can conclude that different amounts of Ag were 

incorporated homogeneously in the CZTS films by using the spray pyrolysis deposition 

method. 

 

 

Figure IV.2. (a, b, c) Depth profiles of CZTS and ACZTS films obtained by SIMS analyses 

(d, e, f) and J-V curves of CZTS and ACZTS films obtained from an aqueous 0.2 M 

Eu(NO3)3 solution (pH 4) under chopped illumination of simulated sunlight (AM1.5G). 

Arrows in panels d, e, and f indicate photocurrent onsets, defined as the leading potential 

showing 0.02 mA cm-2 of cathodic photocurrent. 

Photoelectrochemical measurements of CZTS and ACZTS films were performed in an 

electrolyte solution containing an Eu3+ / Eu2+ redox couple at pH 4. Figure IV.2b shows 

typical photocurrent density-voltage (J-V) plots of these films obtained by using the lock-in 
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technique. All of the films showed appreciable photocurrents at potentials more negative 

than ca. -0.1 V (vs Ag/AgCl) derived from reduction of Eu3+ ions in the solution, indicating 

p-type characteristics of them. Compared to the CZTS film, slight shifts of photocurrent 

onsets, defined as the leading potential showing 0.02 mA cm-2 of cathodic photocurrent, to 

positive regions were observed for the ACZTS samples, suggesting deepening of their flat 

band potentials (FBs) induced by Ag incorporation (see below). 

Figures IV.3a-3c show top-view SEM images of CZTS and ACZTS films. The CZTS 

film was composed of densely packed submicron-sized crystal grains. In the CZTS film, 

appreciable voids were also observed between them, whereas there seemed to be relatively 

small amounts of voids between the grains in ACZTS films. Moreover, based on the 

analyses of grain-size distributions obtained by measuring major axes of several tens grains 

in these films (Figure IV.4), the grains in ACZTS were larger than those in the CZTS film. 

Formation of relatively large grains in the ACZTS films were also confirmed by their 

cross-sectional SEM images as shown in Figure IV.5. These results imply that incorporation 

of Ag is effective for grain growth and suppression of void formation in the present spray 

pyrolysis deposition system, as was discussed in the previous report for partial replacement 

of Cu with Ag in the Cu(In,Ga)S2 system [28]. Another point worth noting is that the 

ACZTS film with a relatively high Ag content (i.e., the A(10%)CZTS film) had many 

pinholes over the entire surface upon observation of a relatively low magnification using a 

laser microscope, as shown in Figure IV.3f, whereas no appreciable pinhole was observed in 

CZTS and A(2%)CZTS films (Figures IV.3d and 3e). 
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Figure IV.3. (a, b, c) Top-view SEM images of CZTS and ACZTS films and (d, e, f) 

corresponding laser microscopy images.  

 

Figure IV.4. Size distributions of grains in (a) CZTS, (b) A(2%)CZTS, and (c) 

A(10%)CZTS films obtained by measuring major axes of several tens grains in these films. 
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Figure IV.5. Cross-sectional SEM images of (a) CZTS, (b) A(2%)CZTS, and (c) 

A(10%)CZTS films. 

CZTS and ACZTS films were then processed into solar cells with structures of 

Al/indium tin oxide (ITO)/intrinsic ZnO (i-ZnO)/CdS/CZTS (or ACZTS)/Mo/glass. Figures 

IV.6a-6c shows current J-V curves, Mott-Schottky plots, and external quantum efficiency 

(EQE) spectra of thus-obtained devices derived from CZTS and ACZTS films. Several 

parameters extracted from these results are also summarized in Table IV.1. The device made 

from the CZTS film exhibited power conversion efficiency (PCE) of 4.7%, which is lower 

than that achieved in our previous study [18]. The appreciably low shunt resistance (Rsh) and 

high series resistance (Rs) resulted in a decrease in PCE of the present device. As shown in 

Figure 3a, the presence of voids in the CZTS film would be a main factor for shunts. These 

voids were also likely to have enhanced the formation of the MoS2 layer due to the ease of 

diffusion of sulfur vapor during fabrication of the CZTS film, leading to an increase in Rs. 

The acceptor density (NA) of the CZTS-based device obtained by capacitance-voltage (C-V) 

measurement tended to be high. Theoretical study in the literature claimed that formation 

energy of Cu on Zn antisite defect (CuZn) is much lower than other point defects such as Cu 

vacancy [8]. Therefore, we can expect presences of large amounts of CuZn in the present 

CZTS film compared to the other ones: a probable explanation for the large NA value 
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observed for the CZTS-based device is the presence of large amounts of CuZn antisite defects 

[7,11,16]. The large NA affected the EQE response of the device at a relatively long 

wavelength region (600-800 nm) due to reduction of the width of the space charge layer 

(SCL). The presence of large amounts of defects should also enhance Shockley-Read-Hall 

(SRH) recombination at the SCL. These failures are attributed to relatively small short 

circuit current density (JSC) and relatively small open circuit voltage (VOC).  

 

Figure IV.6. (a) J-V curves of CZTS- and ACZTS- based devices under illumination 

(AM1.5G), (b) C-V characteristics of CZTS- and ACZTS-based devices, (c) EQE spectra of 

CZTS- and ACZTS-based devices measured in a short circuit condition, and (d) photon 

energy (hν) vs (hν×ln(1-EQE))2 plots of EQE results to determine Eg of CZTS and ACZTS 

films.  
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Table IV.1. Solar cell, electric, and optical parameters of CZTS- and ACZTS-based devices. 

Absorber layer CZTS A(2%)CZTS A(10%)CZTS 

JSC / mA cm-2 13.9 18.5 16.6 

VOC / mV 650 669 625 

FF 0.524 0.576 0.571 

PCE (%) 4.73 7.14 5.92 

Rs / Ω cm2 4.40 2.90 2.00 

Rsh / Ω cm2 197 240 215 

NA / cm-3 6.02×1016 2.24×1016 7.32×1016 

Vbi / V 0.803 0.887 0.940 

Eg / eV 1.48 1.47 1.48 

 

Significant improvements of device properties were achieved by the use of AZCTS 

films, especially for the device based on the Ag(2%)CZTS film: the best device achieved 

PCE of 7.1%. As discussed in the literature [12], the Ag-based kesterite (i.e., Ag2ZnSnS4 

(AZTS)) was expected to include a small number of AgZn antisite defects because significant 

differences in ionic radiuses between Ag and Zn ions lead to relatively high formation 

energy of the defect. Hence, Ag incorporation in the present system should contribute the 

reduction of the CuZn defect, leading to reduction of the NA value. As discussed above, the 

absence of appreciable voids in the Ag(2%)CZTS film is also beneficial for the solar cell 

device. It should be noted that the built-in potential (Vbi) of the Ag(2%)CZTS-based device 

was larger than that of the CZTS-based device. Based on the results of above 
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photoelectrochemical analyses, enlargement of Vbi by incorporation of Ag into CZTS caused 

the positive shift of the FB potential (i.e., valence band maximum (VBM)). Thus, the 

relatively large VOC achieved by the Ag(2%)CZTS-based device can be explained by 

differences in the energy structures. However, incorporation of larger amounts of Ag was 

detrimental in the devices. Since the NA value of the Ag(10%)CZTS film became larger than 

that of the Ag(2%)CZTS film, the Ag component would have other unfavorable effects on 

the film quality though the effects have not been clarified. Another notable failure of the 

Ag(10%)CZTS-based device is the presence of pinholes in the Ag(10%)CZTS film. Indeed, 

induction of shunts resulted in significant lowering of VOC in the Ag(10%)CZTS-based 

device. In addition, we also examined the solar cell performance of the device based on an 

ACZTS film with a Ag / (Ag + Cu) ratio of 0.055 (i.e., the devices A(5%)CZTS). As a 

result, the solar cell performance of the device was in the middle between the devices based 

on A(2%)CZTS and A(10%)CZTS films (Figure IV.7). Thus, the device based on the 

A(2%)CZTS film is likely to be close to the optimum though further optimizations were not 

performed at present. 
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Figure IV.7. J-V curves of CZTS- and ACZTS- based devices under illumination 

(AM1.5G). 

For further evaluation of device properties, electric structures of CdS-CZTS and 

CdS-ACZTS heterojunctions were evaluated by XP spectroscopy. Figure IV.8 shows XP 

spectra of CdS/CZTS and CdS/ACZTS films (i.e., CZTS and ACZTS films covered by a 

CdS layer without processing coverage of Al, ITO, and i-ZnO layers) at a shallow binding 

energy (BE) region (< 25 eV). Firstly, all of the samples were bombarded by Ar+ for 5 min to 

expose clean CdS surfaces. As a result, all of the samples showed an intense peak derived 

from the Cd4d core in addition to a broad spectrum at the valence band region. Assuming 

that onset BEs of valence band spectra were VBM of CdS, we determined energy differences 

(∆Es) between the Cd4d core level and VBM of CdS in CdS/CZTS and CdS/ACZTS films 

After the surfaces of CdS/CZTS and CdS/ACZTS had been bombarded by Ar+ for ca. 40 min 

to be etched to some extent, Zn3d core level peaks appeared in addition to Cd4d peaks, 

indicating appearances of CdS/CZTS and CdS/ACZTS heterointerfaces. After deconvolution 
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of these spectra to separate Cd4d and Zn3d peaks, ∆Es between the Cd4d core and the Zn3d 

core were estimated. When further Ar+ ion etching for ca. 80 min was carried out, the Cd4d 

peak disappeared and the XP spectra showed surface structures of CZTS and ACZTS layers. 

As shown in our previous study, the Eg value of the surface-covered CdS was determined to 

be 2.44 eV [29]. Regarding Egs of CZTS and ACZTS films, transformation of EQE spectra 

(Figure IV.6c) into incident photon energy (hν)-vs-(hν×ln(1-EQE))2 plots was applied. From 

intersects of linear portions of these plots, Egs of CZTS, A(2%)CZTS, and A(10%)CZTS 

films were determined to be 1.48 eV, 1.47, and 1.48 eV, respectively: a slight Eg bowing 

appeared, as expected from our previous study on CZTS and ACZTS powder systems [30]. 
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Figure IV.8. XP spectra of (a) CdS/CZTS, (b) CdS/A(2%)CZTS, and (c) CdS/A(10%)CZTS 

heterostructures  obtained after Ar+ ion etching for 5 min (upper), 39.5 min (middle), and 85 

min (bottom). 

Based on these values and parameters, schematic energy diagrams of CdS/CZTS and 

CdS/ACZTS heterointerfaces were obtained, as shown in Figure IV.9. Significant results of 

these analyses are differences in the conduction band alignments, i.e., ∆E values between 

conduction band minimum (CBM) of CdS and those of CZTS (or ACZTS). The ∆E value 

between CdS and CZTS is largely negative (-0.25 eV), indicating cliff-type conduction band 

alignment (Figure IV.6a), in agreement with many results in the literature [31-34]. Although 
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cliff-type conduction band alignments were also observed for CdS-ACZTS heterojunctions 

(Figures IV.9b and 9c), ∆E values became lower than that of the CdS-CZTS heterointerface. 

As discussed above, these differences in ∆E are likely to originate from positive shifts of FB 

potentials induced by incorporation of Ag in the CZTS crystalline lattice, leading to 

increases in Vbis as well as efficient suppression of interface recombination.   

 

Figure IV.9. Energy diagrams of (a) CdS/CZTS, (b) CdS/A(2%)CZTS, and (c) 

CdS/A(10%)CZTS heterojunctions estimated from XP spectroscopy and EQE data. The Eg 

value of the CdS layer was obtained from reference 29. 

IV.4.  Conclusion 

We have demonstrated fabrication of Ag-containing CZTS thin films applicable for 

photovoltaics: the best PCE achieved in this study was 7.1% using a device based on the 

Ag(2%)CZTS film. The value is one of the best among the devices based on 

Ag-incorporated pure sulfide kesterites [16], while much higher PCEs were achieved by 

using the devices composed of selenide containing kesterites (i.e., Ag-incorporated 

Cu2ZnSn(S,Se)4) [14, 15]. Various analyses suggested that PCE values in the present system 
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depend strongly on film morphologies (e.g., presence of voids and pinholes), defect 

disparities, and band alignments toward the CdS layer. Since these properties would not have 

trade-off relations, the strategy for Ag incorporation is promising for further improvements 

of PCE of CZTS-based solar cells.  
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Effects of Indium Incorporation on Structural and 

Photovoltaic Properties of Cu2ZnSnS4 Thin Films 
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V.1. Introduction 

In previous chapter, we have proved that a partial replacement of Cu to Ag was found to 

reduce the CuZn antisite defect in CZTS films leading to improvement of solar cell 

performance. However, in Cu2ZnSnS4 (CZTS) material, there are still some other deep 

defects need to be reduced [1-3]. 

It was reported that some semiconductor materials contain multivalent elements not just 

as impurities but also as part of their structural skeleton. These multivalent impurities might 

transit from one oxidation state to the other by changing the defect charge state, and this 

transition causes a deep level inside the band gap [4]. For the CZTS compound, it contains of 

the multivalent element of Sn (i.e., II and IV oxidation state), which deteriorates the 

electronic properties by forming recombination centers and thus limit the device efficiency 

[5,6]. Therefore, substitution of Sn by other elements could reduce the recombination and 

improve performance of CZTS films. 

Recently, J. Kim et al. reported enhancement of VOC by applying a double In2S3/CdS 

emitter on CZTSSe absorbers. In2S3 was used as a supplier of indium into the CdS/CZTSSe 

layers during annealing: the diffused indium from the In2S3 outer layer into the CZTSSe 

bottom layer led to increase in carrier densities of the CZTSSe film due to formation of InSn 

shallow defects. As a result, CZTSSe solar cells with a VOC deficit of less than 600 mV were 

obtained [7]. Feng et al. also fabricated a solar cell based on electrodeposited Cu2ZnSnS4 

with In2S3 buffer layer; by applying a post-heat treatment; they found the diffusion of indium 

to CZTS increased acceptor concentration and induced an extension of external quantum 

efficiency response of the solar cell to the long wavelength region. The post-heated 
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In2S3/CZTS stack reached appreciably large short circuit current density of more than 20 mA 

cm-2 lead maximum conversion efficiency of 6.9 % [8].  

It should be noted that the kesterite was formed by substituting indium and gallium 

elements in chalcopyrite structure by zinc and tin elements. Therefore, indium can probably 

be incorporated in the both zinc and tin sites of the CZTS structure. These above reasons 

motivated us study effects of indium substitution on photovoltaic properties of 

In-incorporated CZTS (In-CZTS) absorber thin films. In this study, we studied fabrication of 

In-CZTS films by using a facile spray pyrolysis technique. Effects of indium substitution on 

structural, morphological and photovoltaic properties of CZTS films were discussed. 

V.2.  Experimental 

V.2.1. Fabrication of In-CZTS Thin Film Solar Cells 

An aqueous precursor solution containing copper nitrate (Cu(NO3)2), zinc nitrate 

(Zn(NO3)2), tin methanesulfonate (Sn(CH3SO3)2) and thiourea (SC(NH2)2) was used as a 

source solution. Excess SC(NH2)2) with reference to the stoichiometric amount was used to 

prevent loss of the sulfur component during the spray process and precipitation of a Cu 

component in the solution. Different amount of In(NO3)3 was added to the precursor solution 

with In/(Zn +Sn) ratios of 0, 0.01, 0.02, 0.04, 0.1, 0.2, 0.5 and 0.7. After adjusting pH to 1.5 

by adding a few drops of conc. nitric acid, each of the aqueous precursor solutions was 

sprayed onto an Mo-coated soda-lime glass substrate (Mo/glass) that was preheated at 

380 °C using a hot plate. Finally, thus-obtained films were annealed in an evacuated 

borosilicate glass ampoule together with 20 mg sulfur powder at 600 °C for 30 min to 

facilitate grain growth. 
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For fabrication of solar cells, the thus-obtained In-CZTS films were processed to form a 

device with a structure of Al/ITO/ZnO/CdS/In-CZTS/Mo/glass. On the top of In-CZTS, CdS 

buffer layer was deposited by chemical bath deposition (CBD). Then, an ITO/ZnO bilayer 

was deposited by radio frequency (RF) magnetron sputtering and an Al top contact was 

deposited by thermal evaporation. 

V.2.2. Characterizations 

Crystalline structures of the films were analyzed by X-ray diffraction (XRD) using a 

Rigaku Mini Flex X-ray diffractometer (CuKα, Ni filter). Raman spectroscopy using a 

JASCO NRC 3100 Laser Raman Spectrophotometer (excitation laser having a wavelength of 

532 nm) was also performed for structural analyses of the films. Morphologies of the films 

were examined by using a Hitachi S-5000 FEG field emission scanning electron microscope 

(SEM) at an acceleration voltage of 20 kV. Current density-voltage (J-V) characteristics and 

external quantum efficiency (EQE) spectra of solar cell devices under simulated AM1.5G 

irradiation (100 mW cm-2) were determined with a Bunkoukeiki CEP-015 photovoltaic 

measurement system. 

V.3.  Results and Discussion 

Figure V.1 shows the XRD patterns of In-substituted Cu2ZnSnS4 films with different 

In/(Zn +Sn) ratios. The sample at the In/(Zn+Sn) ratio of 0 (i.e., pure CZTS film) showed the 

main peaks corresponding to the (101), (112), (200), (202), (220), (312), (224), (008) and 

(332) planes of reflection assigned to CZTS structure (Figure V.1a) [9-11]. The diffraction 

peaks of Mo and MoS2 phases were also observed due to the partial sulfurization of bottom 

Mo substrates during annealing. With increasing in the In/(Zn+Sn) ratio, main peaks of 
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CZTS shifted to lower 2θ angles. For the sample at the In/(Zn+Sn) ratio 0.7, main peaks 

were close to those of the CuInS2 (CIS) compound [12, 13]. 

 

 

Figure V.1.  XRD patterns of In-substituted Cu2ZnSnS4 films with different In/(Zn+Sn) 

ratios: (a) 0, (b) 0.1, (c) 0.2, (d) 0.5 and (e) 0.7. Quoted from original manuscript: T. H. 

Nguyen et al., ECS Transactions, 75 (50) (2017), 15-22. 

Raman spectroscopy was also used to investigate presences/absences of possible 

secondary phases in fabricated films (Figure V.2). The Raman spectrum of the pure CZTS 

film showed an intense peak centered at 336 cm-1 and two weak peaks at 286 and 369 cm-1 

[14, 15]. With increasing in the In/(Zn+Sn) ratio, these peaks shifted to lower wavenumber 

regions. For samples with In/(Zn+Sn) ratios of 0.5 and 0.7, additional peak centered at 289 

cm-1, which is assignable to the main peak of CuInS2, was appeared [16, 17]. Hence, the 

In-CZTS films with In/(Zn+Sn) ratios were composed of mixtures of CZTS and CIS 

compounds. No appreciable impurity compound was confirmed in the films with relatively 
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low In/(Zn+Sn) ratios (In/(Zn+Sn)≤0.2), we therefore concluded successful formation of 

pure In-CZTS films with different indium ratios.  

 

Figure V.2. Raman spectra of In-substituted Cu2ZnSnS4 films with different In/(Zn+Sn) 

ratios: (a) 0, (b) 0.1, (c) 0.2, (d) 0.5 and (e) 0.7. Quoted from original manuscript: T. H. 

Nguyen et al., ECS Transactions, 75 (50) (2017), 15-22. 

Morphological properties of fabricated films were investigated by using scanning 

electron microscope (SEM). Figure V.3 shows surface and cross-sectional SEM images of 

fabricated In-substituted CZTS films. The pure CZTS film (In/(Zn+Sn) = 0) showed clear 

micrometer-sized grains in both surface and cross-sectional images (Figures V.3a and b). 

However, with increasing in the In/(Zn+Sn) ratio, the grain became smaller, and we can 

easily observe voids in the films, especially for the sample with relatively high In/(Zn+Sn) 

ratio (In/(Zn+Sn) = 0.5). Flipped parts of film from the Mo substrate were often observed 

(Figure V.3g and h). Hence, incorporation of indium into the CZTS film showed negatively 

effects in view of its crystallinity and morphology.  
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Figure V.3. Top-view (left panels) and cross-sectional (right panels) SEM images of 

In-substituted Cu2ZnSnS4 films with different In/(Zn+Sn) ratios: (a, b) 0, (c, d) 0.1; (e, f) 0.2 

and (g, h) 0.5. Quoted from original manuscript: T. H. Nguyen et al., ECS Transactions, 75 

(50) (2017), 15-22. 

 



 
 

110 

Such low quality In-CZTS containing large amounts of indium led to difficulty for 

fabrication of complete devices. Therefore, we attempted to fabricate the solar cells based on 

In-CZTS films with In/(Zn+Sn) ratios of 0, 0.01, 0.02 and 0.04. Figure V.4 shows 

cross-sectional SEM images of fabricated In-substituted CZTS films. It also easy to see the 

effects of indium substitution to grain growth of films, with increasing of indium content, the 

grain size become smaller, however all films as a compact layer were successful fabricated 

on Mo substrates with thickness of 1 µm. 

 

 

Figure V.4. Cross-sectional SEM images of In-substituted Cu2ZnSnS4 films with different 

In/(Zn + Sn) ratios: (a) 0; (b) 0.01; (c) 0.02 and (d) 0.04. 

The fabricated CZTS films were then processed into solar cells with the structure of 

Al:ZnO/ZnO/CdS/CZTS/Mo/glass. Figure V.5 shows light J-V curves of solar cells derived 

from the fabricated In-CZTS films with In/(Zn+Sn) ratios of 0, 0.01, 0.02 and 0.04. The cell 

parameters were summarized in Table V.1. The device made from pure CZTS film exhibited 
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PCE of 5.6 %. Appreciable improvements of JSC and VOC were observed when the device 

made based of the In-CZTS film with the In/(Zn+Sn) ratios of 0.01 was used. However, 

further increase in the In/(Zn+Sn) ratio resulted in a reduction of both JSC and VOC; the PEC 

value of the device was 4.6 %. Reductions of solar cell parameters were significant in the 

device based on the In-CZTS film with the In/(Zn+Sn) ratio of 0.04. Based on the fact that 

the In-CZTS film with the In/(Zn+Sn) ratio of 0.04 had relatively small grain size when 

compared to that of the pure CZTS (Figure V.4), the decrease in PEC can be explained by 

the enhancement of charge recombination in the In-CZTS bulk. 

 

Figure V.5. Light J-V data of In-substituted CZTS-based solar cells derived from fabricated 

In-substituted CZTS films with different In/(Zn+Sn) ratios: (a) 0, (b) 0.01, (c) 0.02 and (d) 

0.04. Quoted from original manuscript: T. H. Nguyen et al., ECS Transactions, 75 (50) 

(2017), 15-22. 
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Table V.1.  Solar cell parameters of solar cells made from fabricated In-CZTS films 

with different indium content. Quoted from original manuscript: T. H. Nguyen et al., 

ECS Transactions, 75 (50) (2017), 15-22. 

In/(Zn+Sn) ratio  JSC / mA cm-2 VOC / mV FF PCE (%) 

0 16.4 611 0.56 5.6 

0.01 17.4 629 0.55 6.0 

0.02 15.2 543 0.55 4.6 

0.04 10.7 491 0.52 2.7 

 

Figure V.6 shows external quantum-efficiency (EQE) spectra of the devices. All the 

spectra rose at ca. 370 nm to ca. 540 nm and then gradually degrease to onset wavelength of 

ca. 900 nm corresponding to the band gap of CZTS. Since the low content of indium ratio, 

there is no significant different on the band gap energy. The devices based on In-CZTS films 

with indium contents (In/(Zn+Sn) = 0.02 and 0.04) showed appreciable drop in the EQE 

spectra at relatively long wavelength region (ca. 600-800 nm) when compared to those of 

devices based on the pure CZTS film and the In-CZTS film with the In/(Zn+Sn) ratio of 0.01. 

Such an EQE loss indicated insufficient carrier collection generated relatively deep region of 

these In-CZTS films due to their low film quality. 
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Figure V.6. EQE spectra of In-substituted CZTS-based solar cells derived from fabricated 

In-substituted CZTS films with different In/(Zn+Sn) ratios: (a) 0, (b) 0.01, (c) 0.02 and (d) 

0.04. Quoted from original manuscript: T. H. Nguyen et al., ECS Transactions, 75 (50) 

(2017), 15-22. 

IV.4. Conclusion 

In this study, we investigated structures of indium-incorporated CZTS films fabricated by 

using a facile spray pyrolysis technique. The XRD and Raman spectroscopy analyses 

showed that pure In-CZTS films were successfully fabricated at the In/(Zn+Sn) substitution 

ratio up to 0.2. From the morphological characterization, the incorporation of indium 

suppressed grain growth, leading to lowering the film quality. As a result, the solar cell 

based on the In-CZTS film showed relatively low properties when compared to that of the 

device based on the pure CZTS film. However, we also observed an appreciable 

improvement of the device property when the In-CZTS sample with relatively low indium 

content (In/(Zn+Sn) = 0.01) was employed. Although the main cause(s) of the observed 
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improvement was not clear at present, the result suggests effectiveness of the indium 

incorporation with relatively low In/(Zn+Sn) ratio, i.e., the addition of indium to the CZTS 

film with doping level would be beneficial for improvement of device property. Further 

studies along this line are necessary. 
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In this thesis, we demonstrated the successful fabrication of CZTS compound thin films 

using non-vacuum spray pyrolysis technique for solar cell applications. The optimum 

annealing condition to obtain homogeneous and pin-hole-less films composed of relatively 

large grains was clarified by systematic studies for the film deposition. Effects of chemical 

compositions and elemental substitutions on properties of CZTS films and their device 

performance were discussed. The summaries throughout this work are described as follows.  

In chapter II, CZTS thin films on Mo-coated glass substrate were fabricated by using 

spray pyrolysis of an aqueous precursor solution containing Cu(NO3)2, Zn(NO3)2, 

Sn(CH3SO3)2 and thiourea followed by sulfurization. In order to prepare a stable precursor 

solution, the mixing order, the appropriate content of thiourea and the adjustment of 

adequate pH were indispensable to prevent precipitation of SnO2 induced by the oxidation of 

Sn2+ and Cu2+. Annealing of as-deposited films in sulfur vapor at temperatures ranging from 

580 °C to 600 °C resulted in successful formation of homogeneous films composed of CZTS 

crystallites. Although the composition of the obtained CZTS films were not an empirical 

optimum (i.e., a Cu-poor and a Zn-rich compositions) reported in literature, an Sn-rich 

composition compared to its stoichiometric amount was found to be essential for efficient 

grain growth of the resulting CZTS films. As a result, a compact CZTS film with relatively 

large grain sizes was successfully obtained by employing the Sn-rich precursor solution with 

applying an adequate post annealing at a high temperature (600 °C) for a sufficient duration 

(30 min). A solar cell with a structure of glass/Mo/CZTS/CdS/ZnO/ITO/Al based on CZTS 

film obtained by an optimum annealing condition exhibited maximum conversion efficiency 
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of 5.8%.  

Since an optimal chemical composition was not achieved for the CZTS films used in 

chapter II, in chapter III we attempted to adjust the Cu, Zn, Sn compositions in the CZTS 

film by controlling the concentrations of the corresponding metallic ions in the precursor 

solutions. When a precursor solution containing a stoichiometric composition of Cu, Zn, and 

Sn as 2:1:1 ratio was used, the resulting CZTS thin film contained a Cu2-xS impurity phase 

due to the evaporation of Sn components during the annealing process. The Cu2-xS impurity 

in the CZTS film was successfully removed by reduction in the concentration of Cu in the 

precursor solution to some extent. However, further reduction of Cu concentration induced 

formation of SnS2 secondary phase owing to the shortage of Cu. The CZTS films obtained 

from the precursor solution containing adequate concentrations of Cu had a compact layer 

with relatively large grain sizes without presence of secondary phases, whereas the other 

CZTS films obtained from precursor solutions including different concentrations of Cu were 

composed of relatively small grains having significant voids. Therefore, the presence of 

these secondary phases was likely to suppress the grain growth of CZTS films. When the Cu 

content was close to the stoichiometric composition, the CuZn defect was primarily formed in 

substantial amounts in the CZTS films; it should act as a recombination center for enhancing 

the band to impurity carrier recombination to reduce carrier lifetime. The reduction of the Cu 

content in CZTS films would reduce the amount of the CuZn defects, leading to a decrease in 

carrier density and an improvement of carrier life time. Hence, metallic compositions of the 

precursor solutions were found to have significant effects on the qualities of CZTS films 

such as grain sizes, morphologies, acceptor densities, the nature of the acceptor defects and 

carrier lifetimes. A solar cell based on the CZTS film with an empirically optimal 

composition showed conversion efficiency of 8.1%. The value achieved was one of the best 
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efficiencies of Cu2ZnSnS4-based solar cells derived from a non-vacuum process. 

In chapter IV, we attempted to reduce CuZn antisite defects, which is the dominant 

defect in CZTS films because of its low formation energy, by replacement of Cu to Ag to 

obtain (Cu1-xAgx)2ZnSnS4 (ACZTS). The precursor films with different amount of Ag were 

fabricated by varying the molar ratio of Ag/(Cu + Zn + Sn) in the aqueous precursor 

solutions used. The structural analyses by XRD indicated the successful fabrication of 

Ag-incorporated CZTS thin films instead of formation of various separate phases and other 

compounds. Ag content was found to be effective for grain growth since Ag-CZTS films had 

larger crystal grains than those of the CZTS film. The sample with a relatively low Ag 

content (Ag/(Ag+Cu) of ca. 0.02) had a compact morphology without appreciable voids and 

pinholes. However, an increase in the Ag content in the CZTS film (Ag/(Ag+Cu) ca. 0.10) 

induced formation of a large number of pinholes. All fabricated films were processed into 

solar cells for characterizations. From electrostructural analyses of the devices, the acceptor 

density of bare CZTS-based device tended to be high; but it was decreased for the CZTS 

films with Ag/(Ag + Cu) of ca. 0.02, suggesting the reduction in the amounts of unfavorable 

CuZn antisite defects in the Ag-CZTS film in comparison with those in the bare CZTS film. 

The use of the Ag-CZTS film also improved band alignment at the p-n junction, leading to 

increase in the built-in potential Vbis as well as efficient suppression of the interface 

recombination. As can be expected from these results and discussion, the solar cell based on 

the film with Ag/(Ag+Cu) of ca. 0.02 achieved the best conversion efficiency of 7.1%.  

In chapter V, we investigated effects of In incorporation on structural and photovoltaic 

properties of CZTS thin films. In-incorporated CZTS films were fabricated from precursor 

solutions containing precursor solutions with several In/(Zn + Sn) ratios (0, 0.01, 0.02, 0.04, 

0.1, 0.2, 0.5 and 0.7). From structural analyses, pure In-CZTS films were successful 
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fabricated at the In/(Zn+Sn) ratio was lower than 0.2. However, incorporation of In into the 

CZTS lattice was found to suppress the grain growth, leading to poor quality especially for 

the films with high In contents. The very low In content with In/(Zn+Sn) ratio of 0.01 had 

beneficial for improvement of solar cell performance. As a result, the maximum conversion 

efficiency of 6.0% was achieved. 

In summary, the feasibility of non-vacuum spray pyrolysis technique to deposit CZTS 

thin films for the use of photovoltaic applications was investigated. The as-deposited film 

was composed of densely packed small granule particles with a thickness of 1µm, indicating 

successful deposition of a homogeneous film. The annealing treatment at relatively high 

temperatures for a sufficient duration was necessary to improve the crystalline of CZTS 

films. Although, CZTS film as a compact layer with large grain size was obtained, the 

presence of secondary phases and antisites defects are main challenges for high quality films. 

By controlling chemical composition for optimal Cu-poor and Zn-rich composition, the 

secondary phases were reduced with the decrease of carrier density and the increase of 

carrier lifetime. Silver incorporation to CZTS films helped to reduce the antisite CuZn defect 

and improve the band alignment at the p-n junction. In incorporation was also found to have 

beneficial for conversion efficiency of solar cell. Hence, substitution by other elements to 

CZTS films was shown to improve the quality of the film. As a result, promising solar cell 

efficiencies were achieved, although some faults such as the formation of thick MoS2 layer 

and cliff-type conduction band alignment of CZTS and CdS layers, caused the 

recombination at the interface; further improvement of the solar cell performance could be 

expected by optimizations other doping elements, annealing conditions (i.e., pressure, vapor) 

and different buffer layers. Since CdS was used as buffer layer in our solar cell structure, it is 

a toxic material and low transparency in the blue wavelength region. The CdS buffer layer 
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can be replaced by other suitable materials, which are non-toxic and have higher band gap 

energies such as In2S3, ZnO or ZnS. These buffer layers can be fabricated by spray pyrolysis 

technique.  

As mentioned, the current highest power conversion efficiency of CZTS-based thin film 

solar cells of 9.2 % was obtained by using vacuum sputtering method. In this study, by using 

non-vacuum spray pyrolysis method to fabricate CZTS film, the achieved conversion 

efficiency of 8.1% approaches to that of vacuum method. This shows a capability of spray 

pyrolysis method for fabricating high quality CZTS thin film absorbers. Since this method is 

versatile, simple and easy to handling in fabrication process, it also can realize a fast 

deposition rate and the equipment for large-scale production is similar to that used for 

conventional spray coating in various industrial processes. Therefore, spray pyrolysis 

method is one of the most suitable techniques to achieve low-cost, environmental friendly 

production of photovoltaic thin films. In addition, CZTS material has many advantages 

because of optimum band gap energy, high absorption coefficient and less-toxic, 

earth-abundant constituent elements. Fabrication of CZTS-based thin film solar cell using 

spray pyrolysis method showed promising perspective for practical photovoltaic 

applications. 
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