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ABSTRACT 

 

Earth-abundant and non-toxic copper-tin-sulfide (CTS) thin films attracted great research 

interest due to their suitable optoelectronic properties like p-type electrical conductivity,  

bandgap ranging from 0.80 to 1.7 eV, and high optical absorption coefficient (α>105 cm-1). 

Cu2SnS3 and Cu4SnS4 have been found as interesting candidates for absorber layers in 

photovoltaic systems within the Cu-Sn-S group. In this work, Cu4SnS4 and Cu2SnS3 thin 

films were synthesized via sulfurization of stacked layers of chemically deposited SnS and 

thermally evaporated Cu. The influence of the thickness of Cu precursor and sulfurization 

parameters on the properties of Cu-Sn-S thin films was studied. Thin films with optimized 

properties were incorporated into photovoltaic structures and evaluated their photovoltaic 

and photodetection parameters. Photovoltaic structure of FTO/n-CdS/p-SnS/p-Cu2SnS3/Ag 

resulted in photovoltaic parameters: Voc = 415 mV, Jsc = 17.2 mAcm-2, FF= 30 %, and PCE= 

2.12 %. This study demonstrates the first Cu2SnS3 thin film based self-powered photodetector 

with a high responsivity and specific detectivity of 15.56 mAW-1 and 1.41×1011 Jones in the 

NIR region. This photovoltaic structure (CdS/SnS/CTS) displayed a rapid response time of 

10.2 milliseconds for UV-Vis-NIR detection. Higher photovoltaic performance and 

enhanced photodetection parameters can be attained by further iterations of the deposition 

parameters. In summary, this work emphasizes the scope of this material and encourages the 

scientific community to explore earth-abundant, environmentally benign, and low-cost 

materials to produce high-performance photovoltaic and photodetection devices. 
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RESUMEN 

 

Las distintas fases de las películas delgadas de cobre-estaño-sulfuro (CTS), las cuáles no son 

tóxicas y además son abundantes en la tierra, atrajeron un gran interés de investigación 

debido a sus propiedades optoelectrónicas adecuadas, como conductividad eléctrica de tipo 

p, banda prohibida ajustable (0.8 a 1.7 eV) y altos valores de coeficientes de absorción ópticos 

(α>105 cm-1). Particularmente, las fases Cu2SnS3 y Cu4SnS4 se han encontrado como 

candidatos interesantes para funcionar como capas absorbentes en sistemas fotovoltaicos 

dentro del grupo Cu-Sn-S. En este trabajo, sintetizamos películas delgadas de Cu4SnS4 y 

Cu2SnS3 mediante sulfuración de capas apiladas de SnS depositadas químicamente y Cu 

evaporado térmicamente. Se estudió la influencia del espesor del precursor de Cu y los 

parámetros de sulfuración sobre las propiedades de las películas delgadas de Cu-Sn-S. 

Películas delgadas de la fase Cu2SnS3 con sus propiedades optimizadas, fueron incorporadas 

en estructuras fotovoltaicas y se realizó la evaluación de sus parámetros fotovoltaicos, 

además de sus propiedades de foto-detección. La estructura fotovoltaica con una capa 

absorbedora de Cu2SnS3 además de una capa adicional de SnS (tipo-p) y CdS como material 

tipo ventana, resultó en parámetros fotovoltaicos: Voc = 415 mV, Jsc = 17.2 mAcm-2, FF = 30 

%, y PCE = 2.12 %. Fabricamos el primer fotodetector auto-impulsada basado en película 

delgada de Cu2SnS3 con alta capacidad de respuesta y detectividad de 15.56 mAW-1 y 

1.41×1011 Jones en la región NIR. Esta nueva estructura mostró un tiempo de respuesta 

extremadamente rápido del orden de 10 milisegundos para tiempos de subida y bajada (rise, 

decay), para la detección UV-Vis-NIR. Se proponen iteraciones adicionales de los 

parámetros de deposición y la optimización de las fases para lograr valores de eficiencia de 

conversión más altos. En resumen, nuestra investigación enfatiza el alcance de estos 

compuestos y anima a la comunidad científica a explorar este tipo de materiales con 

componentes abundantes en la corteza terrestre, no tóxicos y de bajo costo para producir 

dispositivos fotovoltaicos y de fotodetección de alto rendimiento. 
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CHAPTER 1 

INTRODUCTION TO THIN FILM PHOTOVOLTAICS  

 

This chapter describes the importance of harvesting solar energy along with some 

fundamentals of solar cells and photovoltaic parameters. Some of the commercially proven 

and notable emerging thin film solar cell technologies and their current situation are 

discussed. These technologies are encountering some difficulties in long-term use and large-

scale industrialization. On this context, earth-abundant, nontoxic, and cost-effective Cu-Sn-

S thin films are proposed for photovoltaic applications and photodetection. 

 

1.1 Photovoltaic energy: the world is trooping to a sustainable future 

 

Solar energy is envisioned as a building stone for a sustainable future that relies on eco-

friendly renewable energy sources. Alexander Becquerel discovered the photovoltaic effect 

in 1839, which is the transformation of light energy into electrical output. While working on 

a solid-state device made of selenium, a similar effect was also detected by Adams and Day 

[1]. Solar cells use p-n semiconductor junctions to transform sunlight into electrical energy. 

The development of silicon solar cells in 1950 resulted in a huge advancement in solar energy 

harvesting. Chapin, Fuller, and Pearson reported a Si-photovoltaic structure with an 

efficiency of 6 % in 1954 [2]. There on, solar photovoltaics has emerged as one of the 

prominent future sources of green energy. Silicon solar cells have reached a maximum 

efficiency of around 25 % [3]. They are commercially available worldwide and dominate the 

photovoltaic market [4]. Interestingly, thin film technologies like CIGS and CdTe have also 

achieved maximum power conversion efficiencies of 23.3 and 21.0 %, respectively [3]. 

Researchers around the globe have been working extensively to substitute these materials 

due to their disadvantages like high production cost, material scarcity, and toxicity. 

Currently, solar energy contributes a significant amount of renewable energy share in a 

handful of nations around the world. Many countries including China, United States, 

Germany, India, and Japan are focusing on electricity generation from photovoltaics. Solar 

energy provides 4 % of average grid electricity in EU countries and it is more than 7 % in the 
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case of Germany and Italy [5]. Worldwide electricity production from photovoltaics 

staggered around 1.8 % by the end of 2017 [4]. Through the strategic movement across the 

world, energy share from photovoltaics is expected to reach 21.8 % by 2030 [6]. On this 

occasion, enormous investigations on earth-abundant, non-toxic, cost-effective, and easily 

producible materials are necessary for a sustainable future.  

 

1.2 Fundamentals of photovoltaic devices 

 

Semiconductors are materials that exhibit electrical conductivity between conductors and 

insulators. The electrical characteristics of these materials are very sensitive to temperature 

changes or impurity levels. The electronic band (range of energy levels that electrons may 

have within it) which consists of valence electrons is called the valence band and higher 

energy electrons are contained in the conduction band. Bandgap of a material refers to the 

energy difference between the valence band maximum and conduction band minimum of that 

material.  The energy distance between the vacuum level to the lowest point of the conduction 

band is termed as electron affinity [7]. Semiconductors are classified according to electrical 

behavior based on inherent electronic structure and impurity atoms as intrinsic or extrinsic 

semiconductors. Extrinsic semiconductors are further classified into n-type and p-type 

according to the impurity present in the material (p-acceptor impurities and n-donor 

impurities). A photovoltaic device usually consists of a p-n junction that functions according 

to the photovoltaic effect. A p-n junction is formed when p and n-type semiconductors join 

and produce an internal electric field (Vbi - built-in voltage) within the structure. This electric 

field acts as a basic force behind the photovoltaic effect. 
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Figure 1.1 (a) Typical photovoltaic structure (b) solar cell equivalent circuit (c) output I-V 

plot of a solar cell under illumination. 

 

The typical photovoltaic structure of a thin film solar cell is given in Figure 1.1a. The 

transparent conductive layer of the structure allows incoming light radiation to penetrate into 

window layer. This layer will transmit photons with energies up to the bandgap of the window 

layer material and enter into the absorber material. These photons generate electron-hole 

pairs inside the absorber material. All holes produced in the n-type region (minority charge 

carriers) that reach near depletion region will flow towards the p-type region under the 

influence of the built-in electric field that is already present across the p-n junction interface. 

Similar to holes, all minority charge carriers generated (electrons) in the p-type region move 

towards the n-type. Before they are gathered in the front or back electrodes, some of the 

electrons and holes will be recombined via a variety of recombination mechanisms, including 

Auger, radiative, and Shockley-Read Hall recombination [8]. Those accumulations cause a 

potential difference between n and p-type layers and this voltage can yield a current through 

an external circuit [9].  

A solar cell behaves exactly like a normal diode (p-n junction) under dark conditions. From 

this perspective, a solar cell can easily be explained with an electric equivalent circuit, as 
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depicted in figure 1.1(b). Current and voltage inside the circuit without light are related by 

the Shockley equation.  

𝐼 =  𝐼  [exp − 1]                        (equation 1.1) 

 

Where k - Boltzmann constant, e - fundamental unit charge of an electron, 𝐼  - inverse 

saturation current, T - the temperature in the unit of K. The term  is related to thermal 

voltage Vt [10]. 

Under light illumination, due to the presence of photogenerated current Iph, this relation turns 

into: 

 

𝐼 =  𝐼 − 𝐼 [exp − 1]                (equation 1.2) 

 

Where n is the ideality measure which indicates how closely a diode follows the ideal diode 

equation. The shunt resistance (Rsh) indicates the current losses around the cell due to 

mechanical defects and material dislocations [11]. Series resistance results from ohmic 

voltage loss either at connections or different layers of material. It relates maximum power 

generation of cells with open circuit voltage and varies under different illuminations [12]. 

Shunt resistance Rsh is related to the reduction of the maximum output voltage Voc whereas 

series resistance Rs is primarily related to the reduction of the maximum output current Isc 

[10]. For the ideal case, shunt resistance must be infinity (Rsh=) and series resistance as low 

as possible (Rs=0). 

The current-voltage relation of a real solar cell (considering  Rsh and Rs) is expressed below: 

 

𝐼 =  𝐼 − 𝐼 exp (𝑉 + 𝐼𝑅 ) − 1 −     (equation 1.3) 

 

 

k -Boltzmann constant, e - charge of an electron, I0 - inverse saturation current, T - the 

temperature in K, n - ideality factor, Rsh - shunt resistance, and Rs - series resistance.  
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Figure 1.1(c) represents the I-V characteristics of a solar cell under illumination. When a 

solar cell is short-circuited, the circuit has no voltage between the terminals. The maximum 

current that could pass through the circuit when the endpoints are shorted is known as the 

short circuit current (Isc). Short circuit current per area is termed as current density (Jsc) which 

is represented in terms of mAcm-2. The open circuit voltage Voc is defined as the maximum 

voltage that can be extracted from the cell when external circuit is in open condition [13]. 

The ratio of electrical power output to illumination input power (Pin), is known as the 

efficiency (η) of a photovoltaic cell, as follows: 

𝜂 =
  

  (equation 1.4) 

where the fill factor (FF) is the ratio of output power to the ideal power of the solar cell. The 

fill factor is determined by the equation as follows: 

𝐹𝐹 =
  

 
     (equation 1.5) 

These are the important parameters for the evaluation of solar cell performance. 

 

1.3 Thin film photovoltaics - present scenario and outlook  

 

Thin films include a considerable thickness range, varying from a few nanometers to some 

micrometers. The structural, chemical, and physical characteristics of thin films depend on 

the various synthesis methods and their deposition conditions. The atomic level random 

nucleation and growth processes are responsible for the attractive properties of thin-film 

materials. The reproducibility and possibility of tuning these properties by varying deposition 

parameters give an extra edge to this technology. Thin film solar cells provide a variety of 

design and manufacturing choices, making them a viable technology for photovoltaics on 

Earth and in space. Thin film solar cells require only a thin layer of absorber material 

compared to conventional solar cells due to their high absorption coefficient [14]. Various 

layers (contact, window, intrinsic, absorber, etc.) of thin film solar cells can be deposited 

using a variety of methods (thermal evaporation, sputtering, spin coating, etc.) on different 

types of substrates [15]. Due to their adaptability, these layers can be modified and 

engineered to enhance photovoltaic efficiency. Production of large-area devices creates more 

challenges to the thin film device fabrication process and necessitates proper control over the 
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whole deposition process. Invention of novel, low-cost, and innovative materials and a 

complete understanding of thin-film deposition techniques can help in the production of 

highly efficient devices. The material must meet specific requirements to be used as an 

absorber material in a photovoltaic structure. Absorber materials are desirable consisting of 

earth-abundant, non-toxic materials with high absorption coefficient and optical bandgap 

between 1.0 to 1.7 eV. Longer stability, good photovoltaic conversion efficiency, high carrier 

lifetime, and easy large-scale production are also considered as essential qualities for an 

absorber material [16]. Figure 1.2 represents the verified conversion efficiencies chart from 

the National Renewable Energy Laboratory (NREL, USA) showing the greatest research 

cells across a variety of solar technologies.  

 

 

Figure 1.2 Verified conversion efficiencies chart from the National Renewable Energy 

Laboratory (NREL, USA) showing the greatest research cells across a variety of solar 

systems,https://www.nrel.gov/pv/assets/images/best-research-cell-efficiencies.jpg (accessed 

on 15 June 2023). 
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The worldwide solar-cell market involves various types of solar cells, but silicon solar cells 

rule the market. Regardless of the benefits of high performance, easy fabrication, and stability 

of silicon solar cells, they also have some drawbacks. The need for structurally high-quality 

silicon substrates, lack of flexibility, comparatively higher production cost, and poor optical 

absorption which necessitates tens of micrometers thick active device material are the main 

issues for crystalline silicon photovoltaic technology [17]. Thin film photovoltaics is an 

affordable alternative to conventional solar cell modules for their efficient productivity, facile 

deposition process, availability of different types of substrates, material reduction, flexibility, 

and high-performance stability [18]. Proper optimization of deposition techniques and 

material properties is anticipated to produce economical and efficient thin film photovoltaics. 

Currently, single-junction solar cells are classified into various classes based on absorber 

material and development: (1) crystalline Si solar cells; (2) thin-film photovoltaic 

technologies, primarily comprising cadmium telluride (CdTe), copper indium gallium 

selenide (CIGS), and gallium arsenide (GaAs); (3) emerging technologies, such as 

organic/inorganic perovskite solar cells, dye-sensitized solar cells, and quantum dot solar 

cells [19]. Some of those well-established solar cell technologies are discussed below along 

with their present and future outlooks.  

 

1.3.1 Silicon solar cell 

 

The first crystalline silicon solar cell was reported by Bell Labs in 1954 [2]. Currently, the 

laboratory scale efficiency of Si-based solar cells reached up to 26 % [20] and more than 80 

% of photovoltaic devices in the market are based on silicon. The very first p-i-n 

configuration Si solar cell was created by Carlson and Wronski with a power conversion 

efficiency (PCE) of 2.4 %, and they forecasted a maximum efficiency of 14-15 % [21]. 

Subsequently, the development of multi-junction cells and modules led to the efficient 

absorption of a wide spectrum and Guha et. al. demonstrated a multijunction photovoltaic 

structure with an efficiency of 11 % [22]. Recently, silicon-based solar cells touched a world 

record efficiency of 26.81 % with photovoltaic parameters: Voc= 751 mV, Jsc= 41.45 mAcm-

2, and FF= 86.07 % by electrically optimizing the nanocrystalline silicon hole contact layers 

[23]. Incorporating high-bandgap tandem material with Si is a potential strategy for achieving 
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conversion efficiencies higher than 30 % by enhancing solar spectrum absorption [24]. Even 

though Si solar cells give higher efficiencies, they have some drawbacks such as complicated 

manufacturing processes, indirect bandgap nature, susceptibility to temperature changes, and 

high production costs [25]. 

 

1.3.2 Cadmium telluride - CdTe 

 

The first photovoltaic structure based on CdTe thin film was developed by Bonnet and 

Rabenhorst in 1972 which delivered an efficiency of 6 % [26]. The Shockley-Queisser theory 

suggests that CdTe can deliver superior Voc values around 1 V and short circuit current 

densities around  30 mAcm-2. Consequently, CdTe thin film solar cells can give maximum 

efficiency values of 32 %. Figure 1.3 represents the schematic diagram of a CdTe thin film 

solar cell structure. The typical bandgap for CdTe is 1.5 eV, and it could be produced using 

a huge spectrum of chemical and physical deposition techniques [27]. Recently, CdTe-based 

solar cells attained a power conversion efficiency of 20.8 % with a Jsc of 30.5 mAcm-2, Voc 

of 856 mV, and a fill factor of 79.8 % [28]. By utilizing different strategies such as band gap 

grading, copper embedding, and novel n-type layers, CdTe thin film solar cells achieved a 

laboratory-scale efficiency of 22.1 % [20].  The low availability of Te is the main limitation 

of CdTe-based solar cells. Also, the toxicity of Cd can cause numerous environmental 

problems in the future due to the complicated recycling and disposal of this material. 

 

Figure 1.3 Photovoltaic structure of CdTe solar cell. 
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1.3.3 Copper indium gallium selenide/sulfide - CIGS  

 

CIGS belongs to the I–III–VI2 family which crystallizes in a tetragonal chalcopyrite structure 

of CuXY2 (X = In, Ga and Y =Se, S) [29]. Thin film solar cells with CIGS absorber layers 

have achieved efficiencies of around 23 % [30]. The stability and efficiency of CIGS solar 

cells are comparable to that of Si solar cells. Lately, the concentration of Ga has varied to 

provide an appropriate bandgap and conduction band profile that yields higher open circuit 

voltages and power conversion efficiencies. Figure 1.4 represents the typical photovoltaic 

structure of CIGS-based thin film solar cells. Recent investigations demonstrated flexible and 

lightweight CIGS modules with photovoltaic efficiency values greater than 18 % [9]. The 

durability and performance of CIGS devices are encouraging; however, several aspects make 

the industrial-scale fabrication of CIGS devices less likely. The production requires 

intelligent processes to control the composition of elements during the deposition of this 

quaternary compound. Due to the utilization of costly and scarce metals like In and Ga, the 

cost of manufacture is escalated [9]. Replacement of these elements with earth-abundant Zn 

and Sn resulted in the development of non-toxic CZTS material.  

 

 

Figure 1.4 Photovoltaic structure of a CIGS-based solar cell. 

 

1.3.4 Perovskites 

 

Organic/inorganic halide perovskite thin film photovoltaic technology has demonstrated 

great improvement in photovoltaic conversion during the last decade. A perovskite material 

displays a general formula of ABX3, where A, B, and X represent a monovalent cation, 
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divalent cation, and an anion, respectively [31]. Perovskite thin films possess suitable 

properties for photovoltaic applications such as high optical absorption coefficient, prolonged 

carrier lifetime, longer carrier diffusion length, and tunable band gap [32]. Figure 1.5 

represents the standard photovoltaic structure of a perovskite solar cell. Significant 

improvement in the optoelectronic properties of perovskite material and optimization of 

device architecture resulted in an excellent power conversion efficiency of 25.7 % [3]. Lately, 

FAPbI3 perovskite layers treated with volatile alkylammonium chlorides delivered a power 

conversion efficiency of 26.08 %. This approach could produce controlled crystallization of 

FAPbI3 perovskite thin films and they exhibit photovoltaic parameters of Voc= 1.18 V, Jsc= 

25.7 mAcm-2, and FF= 86.15 % [33]. Perovskite layers are suitable candidates for 

photovoltaic devices due to their simplicity of fabrication using solution procedures and other 

non-vacuum deposition techniques. However, most of the high-performing perovskite 

materials are composed of highly toxic Pb and others face instability and poor lifetime. These 

difficulties make perovskite materials vulnerable to commercialization. 

 

 

Figure 1.5 Photovoltaic structure of a perovskite solar cell. 

 

1.3.5 Copper zinc tin sulfide/selenide - CZT(S,Se) 

 

Kesterite (CZTSSe) solar cells are anticipated as a viable material for sustainable energy 

harvesting due to earth-abundant elements, appropriate bandgap, strong absorption, and 

lower production cost [34]. Figure 1.6 represents the photovoltaic structure of a CZTSSe thin 

film solar cell. Recently, they have attained a power efficiency of 13.4 % with photovoltaic 

parameters of Jsc= 34.2 mAcm-2, Voc= 532 mV, and FF= 73.4 % [35]. Even though those 
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have shown considerable advancement in photovoltaic performance, the practical industrial 

application requires further improvements in power conversion efficiencies and 

manufacturing techniques. CZT(S,Se) possesses high defect density due to a higher number 

of elements which causes charge recombination and band tail formation [36]. The complex 

four-element phase diagram of CZT(S,Se) produces different binary phases and intrinsic 

defects in the fabrication process and these are found to be vulnerable to non-radiative 

recombination in the bulk and at interfaces, which needs to be addressed for future 

development. Various tactics have been suggested in recent years to overcome these 

obstacles to produce highly efficient Kesterite solar cells. Various strategies such as 

doping/alloying, defects control, thermal treatment, crystallization path manipulation, 

interface passivation, and bandgap modification have helped to improve its photovoltaic 

performance [37]. Extensive studies are required on growth processes, its chemical 

composition, transport properties, and recombination mechanisms to realize the 

commercialization of Kesterite solar cells. 

 

 

Figure 1.6 Photovoltaic structure of a CZTSSe solar cell. 

 

Thin film technologies are facing many challenges to meet the simultaneous necessities of 

higher power conversion efficiencies, cost-effectiveness, easy material availability, higher 

stability, and non-toxicity. Systematic in-depth research is necessary to achieve these 

qualities which can greatly influence the pavement for a sustainable future. This study 

explores the photovoltaic and photodetection performance of Cu-Sn-S thin films deposited 

via a three-step process. 
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1.4 Copper tin sulfide thin films - CuxSnySz 

 

The augmented necessity for natural energy caused numerous investigations for earth-

abundant, non-toxic, and affordably priced solar cells. Cu-Sn-S thin films have been greatly 

explored around the globe owing to their excellent optoelectronic properties and excellent 

stability in atmospheric conditions. Cu-Sn-S shows numerous stoichiometries such as 

Cu2SnS3, Cu2Sn3S7, Cu3SnS4, Cu4SnS4, Cu5Sn2S7, and Cu10Sn2S13. Among all these phases, 

Cu2SnS3, Cu3SnS4, and Cu4SnS4 are found to be the most stable phases in the system. 

Cu3SnS4 phase can be found in three different crystalline structures: tetragonal, cubic, and 

orthorhombic [38,39]. Cu3SnS4 is electronically as well as structurally similar to CuS and 

highly conductive. Cu exhibits a dual oxidation state of  +1 and +2  states and becomes the 

reason for the metallic behavior of Cu3SnS4 with a high hole carrier concentration of ~ 1022 

cm-3. This metallic nature of the Cu3SnS4 phase makes it unsuitable for photovoltaic 

applications. Whereas Cu2SnS3 and Cu4SnS4 phases exhibit suitable properties for 

photovoltaic applications [40,41]. 

 

1.4.1 Cu2SnS3 

 

Cu2SnS3 exhibits p-type conductivity, a direct bandgap between 0.8 to 1.7 eV, and a large 

absorption coefficient (α >105 cm−1) [42]. It can be synthesized via different deposition 

techniques: chemical bath deposition, sputtering, spray pyrolysis, pulsed laser deposition, 

doctor blade, atomic layer deposition, sol-gel technique, and thermal evaporation [43–50]. 

Different crystal structures such as cubic, tetragonal, triclinic, and monoclinic were reported 

for this particular phase [51–53]. The suitable optoelectronic properties of Cu2SnS3 attracted 

numerous investigations on this phase. The maximum efficiency values estimated for 

Cu2SnS3 thin film solar cells are in the range of 20-30 % however experimentally reported 

values are still inferior [54]. Even though Cu2SnS3 thin films are predicted as potential 

candidates for photovoltaics, researchers are only able to achieve a maximum power 

conversion efficiency of 4.3 % [55]. Whereas the incorporation of silver (Ag), sodium (Na), 

and germanium (Ge) in Cu2SnS3 thin film have resulted in power conversion efficiencies of 

3.9, 5.1, and 6.7 %, respectively [56–58].  
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Titilayo demonstrated the first solar cell based on Cu2SnS3 in 1987 with a power conversion 

efficiency of 0.11 % [59]. Later, Berg et. al. reported the device structure of 

Glass/Mo/Cu2SnS3/CdS/AZO/Al with photovoltaic parameters Voc= 104 mV, Jsc= 17.1 

mAcm-2, FF= 30.4 %, and an efficiency= 0.54 % [60]. Researchers paid more attention to the 

development of Cu2SnS3-based solar cells after 2012, till then the efficiency values achieved 

by Cu2SnS3 solar cells were not appreciable. Chino et. al. improved the power conversion 

efficiency to 2.54 % with photovoltaic parameters: Voc = 211 mV, Jsc = 28.0 mAcm-2, and FF 

= 43 %. A device architecture of Glass/Mo/Cu2SnS3/CdS/AZO/Al was adapted in which the 

Cu2SnS3 absorber layer was synthesized by sulfurizing the precursor layers at 580 °C for a 

couple of hours [61]. Kanai et. al. further enhanced the photovoltaic performance using the 

Cu2SnS3 absorber layer produced by thermally treating co-evaporated Cu, Sn, and S layers 

at 570 °C. They achieved Voc = 248 mV, Jsc = 33.5 mAcm-2, FF = 44 %, and an efficiency of 

3.66 % using the same device structure [62]. They reported a PCE of 4.29 % for copper-

deficient Cu2SnS3-based solar cells which exhibited a Voc= 258 mV, Jsc= 35.6 mAcm-2, and 

FF= 46 % [55]. Recently, Zhang et. al. implemented a photovoltaic structure of 

Mo/Cu2SnS3/CdS/i-ZnO/AZO/Ag and obtained an efficiency of 3.05 % [63]. The deposition 

method, growth conditions, and annealing conditions do have a significant impact on the 

photovoltaic performance of Cu2SnS3 thin film solar cells. Polymorphic nature, poor 

microstructure morphology, presence of impurities or unreacted binary phases, and crystal 

imperfections of Cu2SnS3 thin films are the main reasons behind relatively lower 

photovoltaic parameters. Extensive investigations and innovative device structures are 

necessary for the further advancement of Cu2SnS3 solar cells. This study investigates the 

effect of sulfurization parameters on the crystal structure, surface morphology, elemental 

composition, and optoelectrical properties of Cu2SnS3 thin films produced by sulfurization 

of chemically deposited SnS and thermally evaporated Cu layers. 

 

1.4.2 Cu4SnS4  

 

Cu4SnS4 thin film is proposed as a potential candidate for absorber material in thin film solar 

cells. Even though it shows good optoelectronic properties, the Cu4SnS4 phase is not much 

explored for photovoltaic applications in contrast with Cu2SnS3. Cu4SnS4 crystallizes in the 
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orthorhombic system in the Pnma space group, which was first reported by S. Jaulmes in 

1977 [64]. It also crystallizes in a monoclinic structure of space group P21/c at lower 

temperatures which are isostructural with Cu4GeS4 [65,66]. Cu4SnS4 goes through a phase 

transition from an arranged monoclinic phase to a disordered orthorhombic phase at a 

temperature of -43 °C. At higher temperatures, facile movement of the Cu ions was 

responsible for the transition of the monoclinic to a relatively disordered orthorhombic 

structure [66,67]. Cu4SnS4 is polycrystalline in nature and requires an optimum amount of 

Cu for the complete conversion of binary phases (CuS, SnS, Cu2S, Sn2S3, SnS2) into the 

ternary phase. Cu4SnS4 thin films have been deposited using different methods such as 

chemical bath deposition [54,68,69], thermal co-evaporation [70], doctor blade process [71], 

and SILAR [72].  Cu4SnS4 shows high electrical conductivity due to large sub-gap absorption 

and high defect density. Extensive optimization of deposition parameters and post-deposition 

treatments are necessary for the improvement in optoelectronic properties. 

Nair et. al. fabricated Cu4SnS4 thin films by annealing stacked CuS/SnS thin films deposited 

by chemical bath deposition and found them to be suitable for photovoltaic applications [68]. 

Chen et. al. studied the photovoltaic properties of Cu4SnS4 thin films deposited via a 

combination of mechanochemical and doctor blade methods [71]. They fabricated a 

photovoltaic structure of Mo/CTS/In2S3/TiO2/FTO glass that yielded photovoltaic 

parameters: Voc= 300 mV, Jsc= 29.24 mAcm-2, FF = 26 %, and PCE= 2.34 %. Chalapathi et. 

al. reported enhanced hole mobility for Cu4SnS4 thin films by annealing stacked layers of 

chemical bath-deposited CuS and SnS thin films. All films exhibited p-type electrical 

conductivity and high hole mobilities up to 150 cm2V-1s-1 after high-temperature annealing 

[73]. Additionally, they studied the effect of nitrogen and sulfur pressures during the thermal 

treatment on the deposition and properties of the Cu4SnS4 thin films. Increasing total (N2+S2) 

pressure from 1.3 to 66.7 kPa resulted in bigger grains [69]. In this work, the Cu4SnS4 phase 

was synthesized by sulfurization of stacked layers of SnS and Cu (different thicknesses). 

 

1.5 Photodetector applications using Cu-Sn-S thin films 
 

A photodetector is an optoelectronic device that generates electrical signals from optical 

input. Photodetectors are used for video imaging, biomedical imaging, gas sensing, optical 
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communications, security/surveillance, night vision, and motion detection applications. The 

photodetection process in semiconducting materials is based on the creation of electron-hole 

pairs under light irradiation. Incoming photons will be absorbed by the material if they have 

energy higher than or equal to the bandgap of that semiconducting material. As a 

consequence, electrons will excite from the valence band to the conduction band which 

results in the formation of photogenerated electron-hole pairs. These generated charge 

carriers can be separated by an external electric field to produce a photocurrent. This 

phenomenon is used to detect light by producing equivalent electrical signals [74]. 

The heterojunction self-powered photodetectors have emerged as key optoelectronic devices 

owing to the conversion of optical signals to electrical signals without any applied bias 

voltage [75].  The built-in field at the p-n heterojunction aids the efficient separation of charge 

carriers and suppression of the carrier recombination and also facilitates self-powered 

operation [76]. Much beyond, Cu2SnS3-based self-powered photodetectors consisting of 

earth-abundant and low-cost materials can contribute greatly to sustainable and stable 

photodetection.  

The three important photodetection parameters such as responsivity (R), detectivity (D*), 

and linear dynamic range (LDR) of a photodetector are calculated in this study [75,77]. 

Output photocurrent under unit incident light power is the measure of responsivity, which 

gives a measure of the sensitivity of a photodetector to incident light signals. This parameter 

directly reflects the conversion of the photoelectric signal of the device under illumination. 

Responsivity represents the strength of the electrical signal output by the device and it is 

calculated using the formula below 

 

R =
  

                    (equation 1.6) 

Where Pinc is the power density of incoming radiation on the actual area and S is the electrode 

area.  

Detectivity (D*) implies the ability of a photodetector to detect weak signals from the noise 

signal environment and is determined by equation 1.7. 

D∗ = R  
  

                   (equation 1.7) 



16 
 

where Rλ is the responsivity at the wavelength λ, S is the effective area of illumination, and 

e is the absolute value of electron charge.  

The linear dynamic range (LDR) of the photodetector can be evaluated to determine the 

signal-to-noise ratio of the photodetection structure. It is defined as the relative ratio of 

photocurrent to dark current which is typically expressed in decibels (dB). 

 

𝐿𝐷𝑅(𝐷) = 20 𝑙𝑜𝑔        (equation 1.8) 

 

Rise and decay times are important factors that demonstrate the detection capabilities of a 

photodetector. Rise time is defined as the time needed to increase the photocurrent from 10 

to 90 % of its maximum value while decay time is the time taken to decrease photocurrent 

from 90 to 10 % of its maximum value [78].  

 

Table 1.1 Self-powered heterojunction photodetection devices and parameters 

 

Even though Cu2SnS3 thin films show good photovoltaic properties, photodetection abilities 

are not well studied yet. Recent reports suggest widening the application of Cu2SnS3 thin 

films to broadband photodetection [42]. Dias et. al. demonstrated Vis-IR photodetection 

properties of Cu2SnS3 thin films prepared by spin coating. They presented a responsivity and 

detectivity of 16.32 mAW-1 and 5.1×1010 Jones under IR illumination of 477.7 mWcm-2. 

Detection 

range 
Device structure 

Responsivity 

(mAW-1) 

Detectivity 

(Jones) 

Rise 

time 

(ms) 

Decay 

time 

(ms) 

Reference 

UV-Vis MAPbI3/CdS 430 2.3×1011 14 - [76] 

UV β-Ga2O3/4HSiC 10.35 8.8×109 11 19 [79] 

UV-NIR SnS2/ZnO1−xSx 8.28 5.1×1010 49 26 [80] 

UV-NIR NiO/Si 13.08 1.0×1011 85 85 [81] 

UV CuSCN/Ga2O3 5.5 3.8×1011 450 260 [82] 

UV NiO/ZnO 13.01 5.6×1011 197 537 [83] 

Vis SnS/CdS 10.4 2.1×1010 30 30 [84] 
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Moreover, IR photodetectors based on Cu2SnS3 quantum dots were synthesized by a solution 

heat-up method which exhibited a responsivity and detectivity of 200 mAW-1 and 3.47×1010 

Jones under IR illumination (750 - 1150 nm) of 480 mWcm-2 [85]. They also synthesized 

Cu2SnS3 quantum dots by solvothermal method and the corresponding device displayed a 

responsivity and detectivity of 7.66 mAW-1 and 2.1×1010 Jones under IR illumination of 480 

mWcm-2 [86]. Even though all these devices exhibited high detectivity values, the longer 

response time (> 4 seconds) and transient photoresponse profile persisted as a serious 

concern. To overcome these drawbacks and improve the photodetection abilities, Cu2SnS3 

was integrated into a heterojunction device. Many researchers have fabricated heterojunction 

photodetectors and investigated their detection abilities using different sources (Table 1.1). 

Interestingly, various research groups have demonstrated the potential capability of 

chalcogenide materials for self-powered photodetection [80,87,88]. Recently, Chang et. al. 

reported an SnS/CdS heterojunction self-powered photodetector with the highest 

responsivity and specific detectivity of 10.4 mAW-1 and 3.56×1011 Jones, respectively [84]. 

Therefore, heterojunction photodetectors based on Cu2SnS3 are expected to produce self-

driven, air-stable, broadband, and high-performance photodetection due to the broad 

absorption and stability of this material.  

 

1.6 Hypothesis 

 

Cu-Sn-S thin films with p-type conductivity, suitable band gap (1 to 1.5 eV), and high 

absorption coefficient (~105 cm-1) can be obtained through the optimization of parameters of 

three-stage deposition including chemical bath deposition, thermal evaporation, and 

sulfurization for optoelectronic applications. 

  

1.7 General objective 

 

To optimize the deposition parameters of the three-stage deposition method (chemical bath 

deposition, thermal evaporation, and sulfurization) for Cu-Sn-S thin films and incorporation 

of optimized phases with suitable optoelectronic properties such as optimum bandgap (1-1.5 

eV) and high absorption coefficient ~105 cm-1 into photovoltaic and photodetection devices. 
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1.8 Specific objectives 

 

1) To synthesize and characterize SnS thin films deposited via chemical bath deposition 

2) To deposit Cu layers (varied thickness) by thermal evaporation on the SnS thin films. 

3) To anneal these films under a sulfur atmosphere (sulfurization) to obtain different ternary 

phases of the Cu-Sn-S system 

4) To optimize the deposition conditions: the thickness of precursor layers, sulfurization 

temperature/time, and quantity of sulfur powder to obtain different Cu-Sn-S phases 

5) To evaluate structure, composition, microstructure, optical, and electrical properties 

utilizing a variety of characterization techniques 

6) To incorporate suitable phases into photovoltaic structures or photodetection devices 

(thin film solar cells or photodetectors) 

7) To evaluate the impact of post-deposition vacuum thermal treatments on the photovoltaic 

performance 

8) To evaluate the photovoltaic performance of different phases of Cu-Sn-S thin films by 

assessing principal solar cell parameters (Voc, Jsc, fill factor, efficiency) 

9) To fabricate heterojunction photodetectors and evaluate principal photodetection 

parameters such as responsivity, response time, and detectivity. 

 

1.9 Justification 

 

Optimization of earth-abundant, non-toxic materials is extremely important for reducing 

production costs and environmental issues that arise from toxic materials for futuristic 

optoelectronic devices. Cu-Sn-S thin films are considered to be suitable candidates for 

photovoltaic applications. Unfortunately, the experimentally achieved power conversion 

efficiencies of the Cu-Sn-S thin films are lower than their theoretically predicted values 

(Cu2SnS3-30 % and Cu4SnS4-25 %) [54]. The deposition method, annealing process, and 

annealing conditions are the key factors affecting the properties of Cu-Sn-S thin films, also 

they have a huge impact on the photovoltaic performance [49]. Extensive exploration of 

different deposition techniques is essential to achieve better photovoltaic parameters for this 
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material. The incorporation of the copper layer by thermal evaporation on SnS deposited via 

chemical bath deposition and following sulfurization of these stacked layers is an effective 

route to the synthesis of Cu-Sn-S ternary thin films. In this study, deposition parameters for 

a three-step deposition method that combines physical and chemical deposition methods 

(chemical bath deposition, thermal evaporation, and sulfurization) are optimized to achieve 

the desired surface morphology, bandgap, absorption coefficient, and electrical conductivity. 

Optimized phases with suitable optoelectronic properties such as p-type conductivity, 

appropriate bandgap, and high absorption coefficient are incorporated into photovoltaic 

structures. Photovoltaic performance and photodetection abilities of  CuxSnySz thin films 

synthesized by a three-step method (chemical bath deposition, thermal evaporation, and 

sulfurization) are discussed in the following chapters of this thesis.  
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CHAPTER 2 

EXPERIMENTAL METHODOLOGY AND CHARACTERIZATION 

METHODS 

 

This chapter describes the experimental methodology adapted to synthesize Cu-Sn-S thin 

films and the details about the deposition techniques used. Specific experimental parameters 

are mentioned individually in the introduction part of different sections. Also, the 

characterization techniques used to study the material properties are discussed in detail. 

 

2.1 Cu-Sn-S thin films deposition 

 

A wide variety of microstructures and subsequent properties of the films can be obtained by 

simply modifying the deposition conditions during the growth of the film. The properties of 

Cu-Sn-S thin films depend on the synthesizing method, substrate material, substrate 

temperature, deposition rate, annealing conditions, precursor layers, etc. For the synthesis of 

Cu-Sn-S thin films, a combination of chemical and physical deposition methods was utilized 

in this study. Cu-Sn-S thin films were synthesized via sulfurization of stacked layers of SnS 

and Cu deposited via chemical bath deposition and thermal evaporation, respectively. 

 

2.1.1 SnS precursor films using chemical bath 

 

Chemical bath deposition (CBD) is a facile and low-cost deposition technique for the 

synthesis of homogeneous thin films. Chemical bath deposition is the controlled precipitation 

of a substance on the substrate from a chemical solution. Figure 2.1(a,b) represents the 

experimental setup for the chemical bath deposition and the chemical solution after 17 h 

deposition (reaction). To produce uniform and compact thin films with this approach, the rate 

of chemical reaction must be strictly regulated. Both the availability of nucleation sites and 

the supersaturation of the chemical solution affect the final thickness of the film. The growth 

of a thin film inside a chemical bath depends upon various factors. The most important 

parameters are the complexing agent, pH of the chemical bath, temperature of the chemical 
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bath, and nature of the substrate. Therefore, it is necessary to understand the influence of 

different deposition parameters on the growth mechanism of the film to optimize them. These 

are discussed in detail below. 

 

Figure 2.1 (a) Experimental setup for chemical bath deposition, (b) chemical solution after 

17 h deposition. 

 

 Complexing agent- In most cases, an alkaline solution is used for chemical bath 

depositions and a complexing agent is introduced to inhibit the metal complex from 

precipitating. They aid in slowing down the release of metal complexes in chemical 

baths and quick bulk formation of the final product can be avoided by varying 

concentrations of complexing agents. Subsequently, the rate of reaction will be 

reduced which can result in controlled deposition. 

 pH of the solution- The supersaturation condition regulates both the speed of 

chemical reaction and the pace of deposition. The metal complex typically becomes 

more stable by decreasing the number of available metal ions as the pH of the 

chemical bath is raised. As a result, the reaction rate will decrease, and deposition on 

the substrate will be reduced. 

 Temperature of the solution - Another important factor that affects the speed of the 

reaction is the temperature of the solution. The dissociation of the complex becomes 

faster with the increasing temperature of the solution. This leads to greater interaction 
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between ions due to the increased kinetic energy of the molecules. This can result in 

the alteration of the final thickness depending on the limit of supersaturation of the 

chemical bath. 

 Nature of substrate- The adherence of the compound and the kinetics of the reaction 

are both greatly influenced by the nature of the substrate. Therefore, the first crucial 

step in the thin film deposition process is substrate cleaning. When the lattice 

characteristics of substrates and depositing material are well matched, a higher 

deposition rate and final thickness are expected.  

The CBD approach has the following important advantages over other methods.  

 A facile method for thin film deposition 

 No need for a high vacuum for execution 

 Reproducible, consistent, and well-adhered thin films  

 Optimum material consumption  

 Cost-effective for large-scale production. 

 

SnS chemical bath was prepared by mixing chemicals as follows: 1 g of SnCl2·2H2O was 

dissolved in 5 mL of acetone (CH3COCH3) in a 100 mL beaker. To this solution, 12 mL of 

3.7 M triethanolamine (N[CH2CH2OH]3, TEA) was added with continuous stirring, followed 

by 10 mL of 4 M ammonia (NH3(aq)), 8 mL of 1 M thioacetamide (CH3CSNH2), and 65 mL 

of deionized water to obtain a total volume of 100 mL [89]. Premium glass substrates were 

dipped in soap solution and subjected to ultrasonication for 10 minutes. These glass slides 

were thoroughly rinsed with water after being gently cleaned with a soap solution. Finally, 

the cleaned substrates were treated with distilled water and deionized water in the ultra-

sonicating bath. Cleaned premium microscope glass substrates were dried under hot air flow 

and placed vertically with a slight inclination in the chemical bath. 

The SnS deposition is caused by an overall chemical reaction as follows [90,91]: 

 

Sn(TEA) +  𝐶𝐻 𝐶𝑆𝑁𝐻 + 2OH  →  SnS +  TEA +  𝐶𝐻 𝐶𝑂𝑁𝐻 +  H O  (equation 2.1) 

Increased duration of the chemical bath or multiple depositions using newly produced baths 

can help to improve the thickness of the films.  
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2.1.2 Thermal evaporation of Cu precursor film on SnS films. 

 

Thermal evaporation is a high vacuum physical vapor deposition technique to deposit 

different materials on different substrates. Figure 2.2 represents the Intercovamex model -

TE12P thermal evaporator equipment (left) and a schematic diagram of thermal evaporation 

(right). The material was kept on a resistive boat and evaporated by resistive heating, by 

passing a high current through that resistive boat usually made of W, Ta, or Mo, depending 

on the material to be evaporated. Commonly, thermal evaporation is employed for 

applications requiring electrical connections where single metals are deposited. By carefully 

regulating the temperature of different crucibles, more complicated applications such as the 

co-deposition of multiple materials, can also be accomplished.  

 

Figure 2.2 Intercovamex TE12P Thermal evaporator equipment (left) and schematic 

diagram of thermal evaporation (right). 

 

Cu layers of different thicknesses were deposited on SnS thin films using a Thermal 

evaporator. Cu metal pieces with a purity of 99.99 % were used as the evaporation material. 

The initial pressure of the thermal evaporation chamber was kept at 4x10-5 Torr for all 

depositions. A high current (~190 A) was applied between the ends of the tungsten boat with 
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metal pieces. An inbuilt quartz crystal thickness monitor (sigma instruments model SQM-

160) of the evaporation system was used to estimate the thickness of formed copper layers, 

which was confirmed by a Stylus profilometer (KLA Tencor model Alpha Step D-100) 

afterward. 

 

2.1.3 Annealing of the stacked precursor layers in the sulfur atmosphere (sulfurization) 

 

Stacked layers of Cu/SnS thin films were cut into small pieces (2.5 x 2 cm) and annealed in 

a sulfur atmosphere. Figure 2.3 represents Lindberg/Blue M™ Mini-Mite tube furnace 

equipment (left) and a schematic representation of the sulfurization process(right). The sulfur 

powder was taken inside a semi-cylindrical glass vessel (12 x 2.5 cm) above which samples 

were placed. The samples and the glass vessel were wrapped with aluminum foil and loaded 

inside the quartz tube furnace. To avoid sample contamination, high-purity nitrogen gas was 

circulated into the tube furnace throughout the experiment at extremely low pressure. The 

tube furnace was heated to the desired temperature and kept there for the required duration 

using an inbuilt temperature-controlling program of the equipment. The samples were 

allowed to cool down naturally to room temperature. 

 

Figure 2.3 Lindberg/Blue M™ Mini-Mite Tube Furnace equipment (left) and schematic 

representation of sulfurization process (right). 
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2.1.4 Photovoltaic device and heterojunction photodetector 

 

Photovoltaic architectures of FTO/CdS/CuxSnySz/Ag or FTO/CuxSnySz/CdS/Ag were 

fabricated using CuxSnySz thin films deposited by the three-stage process mentioned above 

(section 2.1.1 to 2.1.3). CdS thin film deposited by chemical bath deposition at 70 °C for 40 

minutes, was used as the n-type layer. 100 ml of CdS chemical bath was prepared by 

sequentially mixing 10 ml of 0.1 M cadmium chloride (CdCl2), 5 ml of 3.7 M triethanolamine 

(N[CH2CH2OH]3), 10 ml of 15 M ammonium hydroxide (NH4OH), 10 ml of 1 M thiourea 

(CH4N2S) and 65 ml of preheated deionized water (at 70 °C) [92]. Cu2SnS3 thin films were 

deposited on FTO or FTO/CdS stack according to the device configuration described above 

(Figure 2.4). Conductive silver paint was used for contact electrodes.  

 

 

Figure 2.4 Substrate and superstrate photovoltaic structures of thin film solar cells. 

 

The same device structure was used in a photoconductive mode for self-powered 

photodetector applications by painting electrodes on the top. Laser sources of different 

wavelengths (532, 785, 840, 980, and 1064 nm) and 30 W LEDs were used in this study to 

evaluate the detection capabilities of the photodetection device. 

 



26 
 

2.2 Characterization techniques 

 

The crystal structure,  chemical composition, surface morphology, and optical and electrical 

characteristics of synthesized samples were studied using XRD, Raman spectroscopy, XPS, 

SEM, EDX, AFM, UV-Vis-NIR spectroscopy, and I-V measurements. A detailed discussion 

of the characterization techniques is described in this part.  

 

2.2.1 X-ray diffraction (XRD) 

 

XRD technique was employed to gain information on the crystal structure, phases, preferred 

crystal orientations (texture), average grain size, strain, and crystal defects. The X-rays 

produced by the source get diffracted by the sample and enter the detector. When the sample 

has a repetitive arrangement of atoms, the scattered X-ray waves will experience constructive 

interference in some particular directions that obey Bragg's law. A Malvern PANalytical 

Empyrean XRD instrument equipped with Cu Kα radiation (λ=1.5406 Å) in Bragg-Brentano 

reflection configuration was used to measure the diffraction patterns of samples. XRD 

patterns were measured in normal incidence mode (scan range 5 to 80°) and compared with 

JCPDS/PDF files to identify the structures and phases present in the sample. The average 

crystallite size of the films was computed using the Debye Scherrer formula (equation 2.2) 

[93]. 

𝑫 =
𝒌 𝝀

𝜷 𝒄𝒐𝒔 𝜽
              (equation 2.2)  

where β is the broadening of the diffraction line measured at half maximum intensity 

(radians), λ = 1.5406 Å (wavelength of the X-ray source radiation) and θ is the Bragg’s angle. 

Where k is the shape factor of the crystallites which is assumed to be 0.9 for spherical. The 

dislocation density ( ) was computed using the relation (equation 2.3) [94].   

δ =                   (equation 2.3) 

where D is the average crystallite size calculated from the Debye-Scherrer formula.  

 



27 
 

2.2.2 Raman spectroscopy 

 

Raman spectroscopy is a light scattering technique based on the interaction of light with the 

chemical bonds within a material. Since the different bonds in molecules vibrate at different 

frequencies, different molecules will absorb unique frequencies of light and get excited to 

different vibrational levels. Most of the light will be elastically scattered (Rayleigh scattering) 

whereas a fraction of light ends up in characteristic inelastic scattering (Raman scattering). 

Raman spectrum will give knowledge about chemical bonding, properties of molecular 

structures, chemical environment, and amorphous impurities. It is used to distinguish 

between different crystal structures of Cu-Sn-S thin films due to its similitude in X-ray 

diffraction peaks.  

A Thermo-Scientific DXRTM3 microscope with a 532 nm monochromatic laser was 

employed for the Raman spectroscopy experiments. The Raman spectrum between 50 and 

3000 cm-1 was captured for the analysis.  

 

2.2.3 Scanning electron microscope (SEM) 

 

Scanning electron microscopy is used to study the surface morphology of the samples. It 

applies a focused beam of high-energy electrons to the surface and generates a variety of 

signals from the sample. Interaction of the electron beam with the sample will produce 

several signals containing secondary electrons, back-scattered electrons, and unique X-rays 

depending on the depth of interacted atoms. The signals produced from interactions between 

electrons and specimens provide details on the exterior morphological features, chemical 

content, and grain growth of the sample. Secondary electrons aid to generate surface images 

while backscattered electrons help to demonstrate the different phases present [95]. Uniform 

and compact bigger grains are essential for photovoltaic applications which are imaged with 

the help of this technique. 

In this study, a Hitachi SU8020 SEM with cold cathode field emission source was utilized 

for the imaging of the samples. An acceleration voltage between 0.5 and 4 kV and current 

between 1 and 25 µA were applied.  
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2.2.4 Atomic force microscope (AFM) 

 

With the help of AFM, it is possible to acquire 3D images of samples without any 

complicated sample preparation procedures. An atomic force microscope can give a field 

view extending from atomic scales to several micrometers. AFM 3D images give nano-scale 

information on surface roughness, defects, and nucleation/growth modes. It can be operated 

in different modes such as contact mode and semi-contact mode. The primary element of 

AFM consists of a microcantilever with a pointed tip and a laser beam that falls on the tip. 

The irradiated laser is reflected into a set of photodiodes that gives an electric signal relative 

to the deviation of beam power impacting the photodiodes [96]. 

In this study, the NT-MDT AFM SOLVER PRO device was employed in contact/semi-

contact mode and NT-MDT image analysis software was used for image acquisition and 

analysis. 

 

2.2.5 X-ray photoelectron spectroscopy (XPS)  

 

X-ray photoelectron spectroscopy is a surface-sensitive technique to assess the chemical 

state, bonding structure, and composition of surfaces and interfaces. The basic principle 

behind X-ray photoelectron spectroscopy is the emission of electrons from the surfaces when 

irradiated by suitable electromagnetic radiation. This phenomenon is termed the photoelectric 

effect and was explained by Einstein in 1905. The energy of the emitted electrons depends 

on the energy of the incident photon and electrons are ejected only if the energy of photons 

has a minimum energy to eject electrons from the atom which is called the work function. 

The kinetic energy of these ejected electrons will be measured by a detector and then 

translated into binding energies [97].  

In this work, a Thermo Scientific Kα X-ray photoelectron spectrometer system capable of 

depth profiling was used to analyze various samples of interest. XPS survey scan was 

employed to find elements present on the surface of the sample and a high-resolution scan 

aided to study the oxidation state of elements. Analyses were done for the samples after a 

surface etching for 30 s (~ 20–30 nm) by Ar+ ions of 2 keV to remove the surface 
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contaminants. The binding energies of different elements were determined utilizing the C1 

peak at 284.6 eV as a reference for charge correction. 

 

2.2.6 Energy dispersive X-ray spectroscopy (EDX) 

 

The basic principle of energy dispersive X-ray spectroscopy is the generation of 

characteristic X-rays from a specimen when an electron beam is incident on the sample. EDX 

is a fast, semi-quantitative, and non-destructive characterization technique with a lateral 

resolution of micron range. Electrons from the atoms on the sample are expelled when an 

electron hits the surface. Subsequently, an electron from a higher shell fills the gap left by 

the expelled electron to maintain equilibrium. These energy differences between those levels 

will be released as characteristic X-rays and the detector counts the X-rays and determine 

their energies. When electron beams are incident on the samples, characteristic X-rays are 

produced according to the nature of the elements present in the sample [98]. 

In this work, the elemental composition of the samples was studied using an APEX octane 

detector (acceleration voltage ~ 15 kV, working distance ~ 15 cm) integrated with scanning 

electron microscopy (SEM, Hitachi SU8020). 

 

2.2.7 UV-Vis-NIR spectroscopy 

 

UV-Vis-NIR spectroscopy operates by passing a beam of light through the sample and 

measuring the light of a specific wavelength reaching a detector. It measures transmittance 

and reflectance from the UV range (250 nm) to the near IR range (2500 nm).  

The equation below was used to determine the absorption coefficient.  

 

𝛼 =  ln [
( ) ( ) ( )

]    (equation 2.4) 

where d, T, and R are the thickness, transmittance, and reflectance of the film, respectively. 

The Tauc relation was used to determine the bandgap from the absorption coefficient [99].  

 

(𝛼ℎ𝑣) = 𝐶 ℎ𝑣 − 𝐸          (equation 2.5) 
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where Eg is the bandgap, C is a constant, and ν is the frequency of incoming radiation. The 

value of the exponent (n) is related to the electronic nature of the band gap, with values of 

, , , and 2 corresponding to indirect forbidden, indirect allowed, direct forbidden, and 

direct allowed transitions, respectively [100]. The bandgap values are estimated by 

extrapolating the linear portion of the (αhν)2 vs (hν) curve to the x-axis; intercept at y=0 

indicates the bandgap. 

In this study, a JASCO V-770 spectrophotometer was used to measure the specular 

reflectance and transmittance of the thin films. Cleaned glass slides were used as a standard 

for baseline measurements in transmittance measurements and a mirror attachment for the 

same in reflectance measurements.  

 

2.2.8 Photoconductivity measurements 

 

The photocurrent response of the films was analyzed using I-V and photocurrent 

measurements under dark and light conditions. By measuring the photoconductive response, 

the electrical characteristics of the films were probed. To determine the electrical properties 

(I-V characteristics), two planar electrodes (5×5 mm) were coated on top of the samples 

utilizing a conductive Ag paint (SPI® supplies). Resistivity was measured using the equation 

as follows: 

𝜌 =
( × )

    (equation 2.6) 

where 𝜌 is the sample resistivity (Ωcm), L1, L2 length and separation of the silver electrodes 

(cm), d is the film thickness (cm), I  is the current (A), and V is the applied voltage (V). 

 

To evaluate the photodetection abilities, cyclic photoresponse measurements were done 

under the illumination of a halogen source, 30 W LEDs of different wavelengths, 532, 785, 

and 1064 nm lasers with variable power densities, and 840 and 980 nm diode lasers with 

fixed power. A voltage was applied, and the corresponding current was measured using a 

Keithley Pico ammeter (model 6487), which is connected to a computer for data acquisition 

(Figure 2.5). The rise and decay time of the photodetection device for different wavelengths 

were measured and values were determined by fitting using origin software. 
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Figure 2.5 The Keithley Pico ammeter (model 6487) and data acquisition computer for I-V 

measurements. 

 

Cu-Sn-S thin films were fabricated utilizing a three-stage process that includes chemical bath 

deposition, thermal evaporation, and sulfurization. Various characterization methods have 

been used for the evaluation of the properties of Cu-Sn-S films. Furthermore, thin films with 

optimized properties were used to fabricate thin film solar cells and photodetection devices.  
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CHAPTER 3 

SYNTHESIS AND CHARACTERIZATION OF SnS and 

Cu4SnS4 THIN FILMS 

 

This chapter demonstrates the synthesis and characterization of the SnS thin film precursor 

layer and Cu4SnS4 thin films. SnS precursor layer was deposited using chemical bath 

deposition and the formation of SnS was confirmed using different characterization 

techniques. Phase pure Cu4SnS4 remains one of the least explored phases in the Cu-Sn-S 

family. The effect of the copper precursor layer on the synthesis and properties of Cu4SnS4 

thin films were studied. 

 

3.1 Synthesis and characterization of SnS precursor thin films  

 

SnS thin films were deposited using CBD as described in the general experimental 

methodology (section 2.1.1). Chemical bath deposition for 17 h at 40 °C resulted in dark 

brown thin films of thickness 450 nm and the surface was found to be uniform. Figure 3.1 

represents the chemical bath after 17 h of reaction and resulting films. 

 

 

Figure 3.1 SnS chemical bath after 17 hours and obtained SnS thin films 
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3.1.1 Structure analysis - XRD and Raman spectroscopy 

 

XRD analysis was employed to determine the crystal structure of synthesized SnS thin films. 

Figure 3.2(a) depicts the diffraction pattern (normal incidence) along with the standard 

pattern of orthorhombic SnS (JCPDS # 01-073-1859). The diffraction pattern reveals the 

formation of orthorhombic SnS with prominent peaks at 30.7, 31.6, 31.7, and 38.8° which 

corresponds to (0 1 1), (1 1 1), (3 0 1), and (3 1 1) reflection planes, respectively. The 

formation of SnS is further confirmed by analyzing the vibrational modes present in the 

Raman spectrum. Figure 3.2(b) represents the Raman spectrum of the synthesized SnS film. 

Raman spectrum of SnS thin film exhibits peaks at 44, 95, 160, 173, 223, and 307 cm-1. 

Intense peaks at 95 and 223 cm-1 are associated with the first order single phonon Ag modes 

reported for SnS [101]. Intense peaks at 44 and 160 cm-1 are also consistent with the Ag and 

B3g vibration modes of SnS. These peak positions are also in agreement with previous reports 

[102,103]. The peak at 307 cm-1 indicates the presence of the Sn2S3 phase in the films [104]. 

Mahdi et. al. also reported Sn2S3 peaks along with SnS vibrational peaks while using the 

chemical bath deposition technique [105]. The formation of SnS was confirmed by 

combining the outcomes of XRD and Raman analysis.  

 

Figure 3.2 a) XRD pattern of SnS thin film with a standard pattern of orthorhombic SnS 

and, b) Raman spectrum of SnS thin film. 
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3.1.2 Chemical composition- XPS  

 

The chemical composition of SnS thin film was studied using XPS analysis. Figure 3.3(a) 

shows survey scan of SnS thin film and figure 3.3(b) represents the core electron high-

resolution spectrum of tin and sulfur. The background of peaks was determined using a 

Shirley function, and the binding energy of C1s (284.6 eV) was utilized for the binding 

energy correction. Characteristic peaks from the XPS survey spectrum confirmed the 

presence of Sn and S elements. The core level spectrum of Sn consists of doublets at 485.5 

and 493.9 eV with an energy difference of 8.4 eV. These peaks are associated with Sn 3d5/2 

and Sn 3d3/2 states and confirm the presence of the Sn4+ state [106]. The deconvoluted core 

level spectrum of sulfur shows two peaks at 161.28 and 162.48 eV with an energy separation 

of 1.2 eV. These values are accounted for S p3/2 and S p1/2 doublet peaks and confirm the 

presence of S2- [107].  

 

Figure 3.3 XPS (a) survey and (b) core level spectra of Sn and S from SnS thin film. 
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3.1.3 Elemental composition- EDX 

 

The elemental composition of SnS thin film was studied using EDX analysis and the 

elemental mapping of Sn and S are given in Figure 3.4(a-b). SnS thin films show a slightly 

tin-rich composition with an elemental composition of Sn= 57.3 % and S= 42.7 %. EDX 

elemental mapping reveals the uniform distribution of Sn and S throughout the SnS thin film. 

 

Figure 3.4 EDX elemental mapping of (a) Sn, and (b) S of SnS thin film. 

 

 

3.1.4 Surface morphology- SEM and AFM 

 

The surface morphology of SnS thin film was studied using scanning electron microscopy 

(SEM) and the corresponding SEM image is given in Figure 3.5(a). The surface morphology 

of SnS shows uniformly distributed clusters of petals like grains. Flower-like surface 

morphology of SnS is also evident from the magnified SEM image (Figure 3.5(b)). The 

surface morphology of SnS was also studied using 3D and 2D AFM imaging given in Figure 

3.5(c-d). Three-dimensional images of SnS film give a better understanding of the height 

variations of the grains on the surface. The average roughness value of SnS film was found 

to be 24 nm from image analysis. AFM images are consistent with SEM images and exhibit 

a uniform distribution of grains throughout the surface.   
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Figure 3.5 (a,b) SEM images, (c)  3D AFM image, and (d) 2D AFM image of SnS thin 

film. 

 

3.1.5 Optical characterization 

 

Figure 3.6(a) represents the transmittance and specular reflectance of the SnS thin film. SnS 

film shows high transmittance and low reflectance values in the NIR region whereas 

complete absorption in the UV region. The absorption coefficient of SnS thin film was 

calculated using measured values of transmittance and reflectance using equation 2.4: 

Calculation shows a high absorption coefficient >104 cm-1 for SnS thin film in the UV-Vis 

region. The optical bandgap of deposited SnS film is 1.46 eV with a direct transition, (figure 

3.6(b)) which makes it suitable for photovoltaic applications. 
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Figure 3.6 (a) Transmittance and specular reflectance (b) Tauc plot of SnS thin film. 

 

3.1.6 Electrical characterization 

 

Electrical properties of SnS thin film were evaluated using photoresponse measurements by 

painting two planar electrodes (7 x 7 mm), with a separation of 7 mm on the surface of the 

sample, and electrical conductivity (σ) obtained were 2.11×10-4 and 5.4×10-4 (Ω.m)-1 in dark 

and light conditions, respectively. Figure 3.7 represents the cyclic photoresponse of SnS thin 

films (20 s dark- 20 s light- 20 s dark) under a bias voltage of 10 V. SnS thin film exhibits a 

transient photoconductive response due to the presence of charge carrier trap levels inside 

the material [108].  The thicknesses of SnS film deposited via chemical bath deposition (40 

°C) are 150, 200, and 450 nm for 5, 6, and 17 h depositions, respectively. 



38 
 

 

Figure 3.7 Cyclic photoresponse of SnS thin films under a bias voltage of 10 V. 

 

This SnS precursor layer deposited via chemical bath deposition was used to synthesize Cu-

Sn-S thin films.  
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3.2 Role of Cu precursor layer thickness on the formation and the 

properties of Cu4SnS4 thin films 

 

This section demonstrates the effect of Cu precursor layer thickness on the formation and the 

properties of Cu4SnS4 thin films. The thin films were fabricated by the sulfurization of 

stacked layers of thermally evaporated copper layer on SnS thin film.  

Different phases of Cu-Sn-S thin films are formed by the reactions as follows, Cu reacts 

under a sulfur atmosphere forming CuS. This reacts with SnS to form different 

stoichiometries of Cu-Sn-S thin films [54,68]. 

2𝐶𝑢𝑆 + 𝑆𝑛𝑆 →  𝐶𝑢 𝑆𝑛𝑆    (equation 3.1) 

4𝐶𝑢𝑆 + 𝑆𝑛𝑆 →  𝐶𝑢 𝑆𝑛𝑆 + 𝑆(↑ )   (equation 3.2) 

3𝐶𝑢𝑆 + 𝑆𝑛𝑆 →  𝐶𝑢 𝑆𝑛𝑆    (equation 3.3) 

The structure, morphology, composition, optical properties, and electrical characteristics of 

Cu4SnS4 thin films were investigated using a variety of characterization methods. Copper 

layers of thicknesses 150, 175, 185, and 200 nm were deposited on SnS precursor thin film 

of 200 nm (chemical bath deposition for 6 h). Stacked Cu/SnS layers were sulfurized at 500 

and 550 °C for 1 h using 20 mg of sulfur powder. A photovoltaic architecture of 

FTO/Cu4SnS4/CdS/Ag was fabricated, and photovoltaic parameters were evaluated. 

 

3.2.1 X-ray diffraction analysis  

 
Preliminary studies were conducted by annealing Cu/SnS thin film layers under a sulfur 

atmosphere at 500 °C temperature for 1 h. XRD patterns of samples annealed at 500 °C 

confirm the formation of Cu4SnS4 with impurities and are presented in figure 3.8. Deposited 

films show poor crystallinity and the presence of binary sulfides of copper and tin. As copper 

layer thickness increases, the peak intensity of secondary phases of copper also increases. 

This preliminary experiment led to the assumption that annealing at higher temperatures is 

essential for the conversion of Cu/SnS stacks completely into the ternary phase and the 

minimization of secondary phases.  



40 
 

 

Figure 3.8 XRD patterns (relative intensity) of Cu4SnS4 samples with copper thicknesses of 

150, 175, 185, and 200 nm sulfurized at 500 °C for 1 h. 

 

XRD patterns (relative intensity) of the Cu4SnS4 films prepared by the sulfurization of 

stacked SnS/Cu layers at 550 °C for 1 h are shown in figure 3.9. Characteristic peaks of 

Cu4SnS4 are found at 26.27, 26.65, 26.75, 27.84, 28.58, 30.9, and 33.64°, which corresponds 

to reflection from (400), (220), (311), (121), (102), (112), and (321) planes, respectively 

(JCPDS #00-029-0584). Samples with lower thickness of Cu show binary sulfide of tin and 

samples with higher Cu thickness exhibit binary sulfide of copper. SnS2 peaks in the 150 and 

175 nm samples agree with JCPDS #00-900-0613 whereas those in 185 and 200 nm samples 

show peaks related to CuS (JCPDS #00-900-8371) and Cu2S (JCPDS #01-072-1071). 

Significant crystal growth along the (102) plane (peak at 28.58°) is visible with increasing 

thickness of the copper layer from 150 to 185 nm. The film with a copper layer thickness of 

200 nm, exhibits a characteristic peak at 27.31° which is accounted to the reflection from the 

(200) plane of Cu3SnS4 (JCPDS #00-036-0217). An increase in copper layer thickness from 

150 to 185 nm led to the conversion of binary sulfides into the Cu4SnS4 phase and ultimately 

to the Cu3SnS4 phase. This is due to an increase in the reactivity of the copper by the 
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participation of a greater proportion in the reaction as reported by Wang et. al. [109]. When 

copper layer thickness is increased, more copper atoms react under sulfur atmosphere to form 

crystalline ternary phase. This increase in the crystallinity is also visible in the improvement 

of the peak intensity of the (102) plane.  

 

Figure 3.9 XRD patterns of Cu4SnS4 samples of Cu thicknesses of 150,175,185 and 200 nm 

sulfurized at 550 °C for 1 h along with Cu4SnS4 (JCPDS #029-0584) standard pattern. 

 

3.2.2 Raman analysis 

 

The thin films were characterized using Raman spectroscopy for the confirmation of the 

phases (Figure 3.10). 150, 175, and 200 nm samples exhibit an intense peak at 315 cm-1 

whereas highly oriented 185 nm sample display an intense peak at 316 cm-1. The sample with 

a Cu layer of 150 nm shows a low intense peak at 287 cm-1 and the 200 nm sample shows a 

small peak at 470 cm-1. The intense peak of the 185 nm sample at 316 cm-1 is close to the 



42 
 

values reported for Cu4SnS4 by different research groups [110–112]. According to previous 

reports, a small peak at 287 cm-1 accounted for SnS vibrations [113] and a peak at 470 cm-1 

to that of the binary phase of copper [53,114]. Raman peaks within 310-320 cm-1 are also 

assigned to SnS2, Cu2SnS3 (Wurtzite), Cu2SnS3 (Monoclinic), Cu2SnS3 (Triclinic), Cu3SnS4 

(Orthorhombic), Cu2Sn3S7 (Monoclinic), and Cu4SnS4 (Orthorhombic) phases [40,115,116]. 

By combining the observations from XRD and Raman analysis, it could be concluded that 

there exists an optimum value for copper precursor layer thickness for the formation of 

preferentially orientation Cu4SnS4. In this work, 185 nm film exhibited the highest intense 

diffraction peaks and better preferential crystalline orientation along (102) and (112) planes 

with negligible presence of secondary phases.  

 

Figure 3.10 Raman spectra of the 150, 175, 185, and 200 nm samples. 

 

3.2.3 Compositional analysis - XPS 

 

The chemical environment of Cu, Sn, and S in the synthesized Cu4SnS4 thin films was 

analyzed using XPS. Figure 3.10(a) shows the XPS survey spectrum of the 185 nm sample 

sulfurized at 550 °C for 1 h and the high-resolution spectra for the elements Cu, Sn, and S 
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are presented in Figure 3.11(b-d). The XPS survey shows peaks corresponding to the 

elements: Cu, Sn, S, C, and O. Surface contamination due to oxidation of the film is 

responsible for the presence of oxygen in the survey spectrum [69]. The core level spectrum 

of Cu consists of (Figure 3.11(b)) doublets at 932.11 and 951.94 eV with an energy separation 

of 19.8 eV. These values are consistent with spin-orbit coupling doublet states of Cu and 

confirm the presence of the Cu1+ state. The core level spectrum of Sn (Figure 3.11(c)) shows 

doublets at 486.01 and 494.41 eV with an energy difference of 8.4 eV. These peaks are 

associated with Sn 3d5/2 and Sn 3d3/2 states and confirm the presence of Sn in the Sn4+ state. 

Deconvoluted peaks at 161.45 eV and 162.65 eV with charge splitting of 1.18 eV in the core 

level spectrum of S (Figure 3.11(d)) can be associated with S 2p3/2 and S 2p1/2 states, which 

indicates the presence of S in -2 oxidation state [69]. Elements Cu, Sn, and S with +1, +4, 

and -2 oxidation states confirm the formation of the Cu4SnS4 phase. 

 

 

Figure 3.11 XPS (a) survey scan, and core level spectra of (b) Cu, (c) Sn, and (d) S of 185 

nm sample. 
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3.2.4 EDX analysis 

 

The elemental composition of the Cu4SnS4 thin films was evaluated using EDX analysis. The 

obtained chemical composition results are tabulated in Table 3.1 along with the 

corresponding Cu/Sn ratio. 

 

Table 3.1 Elemental composition from EDX analysis and Cu/Sn ratio of Cu4SnS4 films 

with different copper layer thicknesses. 

 

 

 

 

 

 

 

 

 

The 200 nm sample with a higher content of binary sulfides of copper shows a higher Cu/Sn 

ratio as expected. Phase pure 185 nm sample exhibits slightly higher copper and sulfur 

stoichiometry. Unfortunately, copper-deficient Cu-Sn-S thin films are predicted to have 

better properties for photovoltaic applications [117]. Shallow acceptor vacancies formed 

upon copper-deficient conditions are projected to be beneficial for enhancing photovoltaic 

parameters [51]. The formation of copper-rich and sulfur-rich thin films might be caused by 

the evaporation of tin at higher temperatures. The elemental composition of thin films has to 

be controlled by further iterations in sulfurization parameters.  

 

3.2.5 Surface morphology-SEM 

 

SEM images of films with a copper layer thickness of 150 to 200 nm are presented in Figure 

3.12(a-d). Surface morphology analysis reveals bigger spherical particles on the top and a 

smooth compact layer underneath for 150 to 185 nm thin films. 200 nm sample shows a 

Sample Cu Sn S Cu/Sn 

150 nm 40.9 9.55 49.47 4.2 

175 nm 46.37 7.98 45.6 5.8 

185 nm 41.78 9.26 48.8 4.5 

200 nm 50.93 3.35 45.72 15.2 



45 
 

microstructure comprised of coral-like fused grains of tiny flakes. The increase in copper 

layer thickness significantly affects the surface morphology of the films. The grain size of 

the films was augmented with the copper layer thickness until a phase change occurred in the 

sample with 200 nm copper thickness. This trend of increase in grain growth and surface 

modification is also reflected in crystalline size values estimated using the Debye-Scherrer 

formula (equation 2.2). Crystallite size values are 43.9, 45.4, 52.7, and 33.6 nm for the 150, 

175, 185, and 200 nm samples, respectively.  

 

 

Figure 3.12 SEM images (a) 150, (b) 175, (c) 185, and (d) 200 nm samples, respectively. 

 

 

3.2.6 Surface topography - AFM 

 

The surface topography of films was studied using AFM for a three-dimensional 

understanding of the surface. 3-D images of films sulfurized at 550 °C for 1 h with a copper 

layer thickness of 150, 175, 185, and 200 nm are presented in Figure 3.13(a-d). Average 
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roughness values of Cu4SnS4 films are 52, 61, 63, and 47 nm for 150, 175, 185, and 200 nm 

samples, respectively. This increase in roughness might be due to the growth of preferentially 

oriented grains perpendicular to the surface. These bigger grains observed from the 

topographical analysis are consistent with SEM images. 

 

 

Figure 3.13 AFM images of (a) 150, (b) 175, (c) 185, and (d) 200 nm thin films 

 

3.2.7 Optical characterization 

 

The optical absorption of Cu4SnS4 thin films (wavelength range 350-2500 nm) is represented 

in Figure 3.14. The thin films show high absorption in the visible region in the order of 150, 

175, 200, and 185 nm. The preferentially oriented 185 nm sample exhibits the highest 

absorption. The transmittance and reflectance spectra of Cu4SnS4 films are given in Figure 

3.15(a-b). The thin films display poor transmittance and reflectance due to the presence of 

binary and ternary impurity phases. The metallic nature of Cu4SnS4 thin films may further 

contribute to their poor transmittance in the visible spectrum [69]. Zhao et. al. have reported 

the impact of binary sulfides of copper and tin on the optical characteristics of Cu-Sn-S thin 
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films. They proposed that binary phases act as defects and trap centers which consequently 

affect the optical properties of the films [118]. 

 

Figure 3.14 Absorbance spectra of Cu4SnS4 samples with copper thickness 150 to 200 nm 

sulfurized at 550 °C for 1 h. 

 

Figure 3.15 (a) Transmittance and (b) reflectance spectra of Cu4SnS4 samples with copper 

thickness 150 to 200 nm sulfurized at 550 °C for 1 h. 
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Using equation 2.4, the absorption coefficient was computed. According to the calculations, 

Cu4SnS4 thin films do have high optical absorption in the visible region ( α~105 cm-1). The 

optical band gap (Eg) of the films was calculated using the Tauc relation (equation 2.5) and 

the Tauc plots of Cu4SnS4 films are presented in Figure 3.16. The bandgap energies of the 

synthesized films were 1.18, 1.05, 1.43, and 1.62 eV for 150, 175, 185, and 200 nm samples, 

respectively. Similar bandgap values are reported for Cu4SnS4 and Cu3SnS4 in the literature 

[54,68,69,73,112]. Preferentially oriented 185 nm film shows a suitable bandgap of 1.43 eV, 

whereas 150 and 175 nm films display lower optical bandgap due to the presence of binary 

phases. This phenomenon has already been reported for the Cu-Sn-S thin films synthesized 

by chemical methods [119]. The sample with 200 nm thickness exhibits a direct bandgap of 

1.62 eV and comparable values are reported for Cu3SnS4 by various research groups 

[120,121]. Preferentially oriented 185 nm film with a high absorption coefficient and 

optimum bandgap of 1.43 eV is proposed as a promising candidate for photovoltaic 

applications. 

 

 

Figure 3.16 Tauc plots of Cu4SnS4 thin films with different copper thickness sulfurized at 

550 °C for 1 h. 
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3.2.8 Electrical characterization 

 

The electrical conductivity of the deposited films varies with the concentration of copper. 

Thin films with copper thicknesses 150, 175, and 185 nm show photoconductivity response. 

First, the current values were measured without light for 30 s, then 20 s under a halogen light 

source (50 W), and finally 50 s dark (Figure 3.17). Conductivity values of the Cu4SnS4 thin 

films were 17.69, 43.34, 0.59, and 5×103 (Ωcm)-1 for 150, 175, 185, and 200 nm samples, 

respectively.  

 

Table 3.2 Bandgap and conductivity values of samples with different copper layer 

thicknesses. 

 

 

 

 

 

 

 

 

Samples with Cu thicknesses of 150 and 175 nm show higher conductivity values owing to 

the existence of binary phases and impurity phases. 200 nm sample does not show any 

photoconductive response due to the metallic nature of Cu3SnS4. Preferentially oriented 185 

nm film shows conductivity values suitable for photovoltaic applications. The presence of 

binary sulfides of copper (CuS or Cu2-xS) and tin (Sn2S3 or SnS2) affect the electrical and 

optical properties of Cu-Sn-S thin films. 

 

Copper layer thickness 

(nm) 

Bandgap 

(eV) 

Conductivity (dark) 

(Ω.cm)
-1

 

150 1.18 17.69 

175 1.05 43.34 

185 1.43 0.59 

200 1.62 5000 
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Figure 3.17 Photoconductive response of Cu4SnS4 thin films with a bias voltage of 1 V. 

 

3.2.9 Photovoltaic device 

 

Photovoltaic configuration: FTO/Cu4SnS4/CdS/C/Ag was fabricated using Cu4SnS4 thin film 

as absorber material. J-V analysis of the device results in the photovoltaic parameters: Voc= 

370 mV, Jsc=0.41 μAcm-2, and FF= 20 % (figure 3.18). This is the highest open circuit voltage 

reported for Cu4SnS4-based solar cells to date. Short circuit current and fill factor values are 

inferior to the previous reports of this phase [71]. Diffusion of Cu into the window layer 

(CdS) and Cd diffusion into the absorber layer (Cu4SnS4) might have occurred. These 

diffusions greatly affect the photovoltaic performance due to the increased electron-hole 

recombination [4]. Sulfur contamination on FTO due to high-temperature sulfurization might 

also affect the current density values of the Cu4SnS4 solar cell [122]. 
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Figure 3.18 Current density vs voltage curves of FTO/Cu4SnS4/CdS/C/Ag. 

 

Further optimization of the device structure is needed to improve photovoltaic parameters. 

The optimization of sulfurization parameters (time, temperature, quantity of sulfur used, etc.) 

[110], variations in device structure (transparent conductive oxide layers, window layers, 

buffer layers, hole transport layers electrodes)  as well as post-deposition treatments 

(annealing, rapid thermal processing, plasma annealing, pulsed laser irradiation) 

[51,123,124] can enhance photovoltaic performance. Since photovoltaic parameters are 

inferior to the previous reports, further research is necessary to improve the photovoltaic 

performance of Cu4SnS4 thin film solar cells.  
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CHAPTER 4 

INFLUENCE OF SULFURIZATION PARAMETERS ON THE 

SYNTHESIS AND PROPERTIES OF Cu2SnS3 THIN FILMS 

 

In this chapter, the influence of sulfurization parameters on the properties of Cu2SnS3 films 

is described. Extensive preliminary studies were conducted before the selection of varying 

parameters and their values. The quantity of sulfur used for sulfurization, sulfurization 

temperature, and sulfurization time for the synthesis process was optimized. Optimal surface 

morphology and optoelectrical properties were obtained for Cu2SnS3 thin films via this three-

stage deposition method. 

 

4.1 Influence of sulfur quantity on the deposition and  properties of Cu-

Sn-S thin films 

 

This section describes the alteration of properties of Cu-Sn-S thin films upon varying sulfur 

quantities used for sulfurization. Precursor SnS thin films were deposited on the glass slides 

by CBD at 40 °C for 16 h (~450 nm).  A copper precursor layer of 100 nm thickness was 

deposited on the SnS layer using thermal evaporation and these stacked layers were subjected 

to sulfurization. Sulfurization temperature and time were kept constant at 500 °C and 1 hour, 

respectively. The quantity of sulfur powder used for the sulfurization process varied from 10 

to 300 mg. The different sulfur quantities on the formation of ternary phases and the 

properties of Cu-Sn-S thin films were studied. The influence of sulfur quantity on the 

structure, chemical environment, microstructure, and optical and electrical properties was 

evaluated using XRD, Raman, XPS, EDX, SEM, and optical and electrical measurements.   

 

4.1.1 X-ray diffraction analysis 

 

XRD analysis was employed to determine the crystal structure and phases present in the Cu-

Sn-S films. Diffraction patterns corresponding to the films sulfurized using different 

quantities of sulfur powder are presented in Figure 4.1 along with standard patterns of 
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Cu2SnS3 (tetragonal) and Cu4SnS4 (orthorhombic). The sample with 10 mg of sulfur shows 

intense diffraction peaks at 28.4, 32.9, 47.2, and 56.1° which agree with the tetragonal 

Cu2SnS3 phase (JCPDS # 01-079-3648). These peaks correspond to the reflection from (1 1 

2), (0 0 4), (2 0 4), and (3 1 2) planes, respectively. After increasing the sulfur quantity to 

100 mg, new peaks corresponding to the orthorhombic Cu4SnS4 phase also emerged along 

with the characteristic peaks of Cu2SnS3. According to JCPDS #00-029-0584, new Cu4SnS4 

peaks at 26.2, 26.6, 27.8, 30.9, 33.6, and 46.6° are identified as reflections from (4 0 0), (2 2 

0), (1 2 1), (1 1 2), (3 2 1) and (6 2 0) planes, respectively. These peaks confirm the 

coexistence of the sulfur-rich Cu4SnS4 phase along with Cu2SnS3. As sulfur quantity 

increases to 300 mg, all diffraction peaks are found to be matching with the Cu4SnS4 phase. 

The formation mechanism of different phases Cu-Sn-S was described in section 3.2 

(equations 3.1 to 3.3). The principal reflection peak of Cu2SnS3 at 28.3° is disappeared and 

the characteristic peak of Cu4SnS4 at 28.5° appeared. Sample sulfurized using 300 mg sulfur 

displays two new intense peaks at 28.5 and 50.7° corresponding to (1 0 2) and (2 2 3) 

reflection planes of orthorhombic Cu4SnS4 [41]. The crystallite sizes of the samples were 

34.3, 29.8, 25.7, and 26.1 nm for samples using sulfur quantities of 10, 100, 200, and 300 

mg, respectively (using equation 2.2). A gradual decrease in crystallite size with increasing 

sulfur quantity used for the annealing process, was observed. This decrease might be due to 

the formation of the Cu4SnS4 phase in a sulfur-rich atmosphere.  

Furthermore, the dislocation density values (δ) of the samples calculated using equation 2.3 

were 8.49×10-4, 1.12×10-3, 1.51×10-3, and 1.46×10-3 lines nm-2 for the samples using sulfur 

quantities of 10, 100, 200, and 300 mg, respectively. Dislocation density represents the 

amount of defects in the sample which is defined as the dislocation lines per unit volume of 

the crystal and found to be increasing with the quantity of sulfur used for sulfurization. 
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Figure 4.1 XRD patterns of Cu-Sn-S films sulfurized using 10, 100, 200, and 300 mg of 

sulfur powder along with standard JCPDS patterns of Cu2SnS3 and Cu4SnS4. 

 

Further iterations in sulfurization temperature might help to avoid the formation of binary 

and impurity phases. Owing to the close positioning of diffraction peaks of Cu2SnS3 and 

Cu4SnS4 phases leads to perplexity in the assignment of peaks. Raman analysis is widely 

used in complementary to XRD analysis to resolve this confusion and confirm phases 

accurately.  

 

4.1.2 Raman Analysis 

 

Raman spectroscopy is considered as a suitable characterization method to find different 

structures and phases present in Cu-Sn-S thin films [46]. Figure 4.2 represents the Raman 

spectra of Cu-Sn-S films sulfurized using different quantities of sulfur powder. Samples 

using 10, 100, and 200 mg of sulfur show peaks at  283, 299, 310, 325, and 344 cm-1 whereas 

sample sulfurized using 300 mg exhibits two peaks at 315 and 475 cm-1.  Raman peaks at 
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283, 325, and 344 cm-1 are attributed to the formation of the tetragonal Cu2SnS3 phase [125]. 

All films except the 300 mg sample show small peaks at 299 and 310 cm-1, which are 

attributed to Cu2SnS3 polymorphs in the literature [115]. The intense peaks in the sample 

sulfurized using 300 mg of sulfur at 315 and 475 cm-1 are correlated to the characteristic 

Raman peak of Cu4SnS4 [115,126] and the binary phase of copper (Cu2-xS), respectively [49]. 

Complete conversion of Cu2SnS3 to Cu4SnS4 phase was revealed by Raman analysis which 

was also consistent with XRD analysis.  

 

Figure 4.2 Raman spectra of Cu-Sn-S samples sulfurized using 10, 100, 200, and 300 mg of 

sulfur. 

 

4.1.3 Chemical composition -XPS 

 

X-ray photoelectron spectroscopy was used to evaluate the chemical composition and 

oxidation states of elements. Oxidation states were verified using core-level electron spectra 

of constituting elements. The chemical state of elements was estimated by assessing the 

binding energy peak values and energy separation of doublet peaks. 
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Figure 4.3 XPS spectra of Cu, Sn, and S for samples sulfurized using 10, 100, 200, and 300 

mg of sulfur. 
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All samples show the presence of characteristic spin orbit coupled peaks corresponding to 

Cu, Sn, and S, and core level electron spectra for samples sulfurized using 10, 100, 200, and 

300 mg of sulfur are given in figure 4.3. Core level spectra of all samples show similar peak 

positions and energy separation for each element and those were consistent with previous 

reports [40]. Cu 2p core level spectrum shows doublet peaks around 932 and 952 eV with an 

energy separation of 19.8 eV. Thus, Cu in the Cu1+ oxidation state in all films was confirmed 

by correlating these peaks to spin-orbit coupled peaks of Cu 2p3/2 and Cu 2p1/2 [127]. 

Similarly, the Sn core level spectrum exhibits two peaks around 486 and 494 eV with an 

energy separation of 8.4 eV. These peaks are linked to Sn 3d5/2 and Sn 3d3/2 doublet peaks 

and confirm the occurrence of Sn in the Sn4+ oxidation state [128]. The deconvoluted core 

level electron spectrum of S shows two peaks around 161 and 162 eV with energy separation 

of ~ 1.2 eV for every sample. These peaks are correlated to spin-orbit coupled peaks of S 

2p3/2 and S 2p1/2 and indicate the presence of S in the S2- state in all samples [88]. Cu, Sn, and 

S were found to be in +1, +4, and -2 oxidation states for all the samples. 

 

4.1.4 Elemental composition-EDX 

 

The elemental composition of thin films sulfurized using different sulfur quantities was 

estimated using EDX analysis and is given in Table 4.1. Sample sulfurized with 10 mg 

indicates the formation of copper and sulfur-deficient Cu2SnS3 phase. Whereas samples 

sulfurized using 100, 200, and 300 mg of sulfur show an increase in sulfur and copper content 

in the films. The S/Sn ratio rises from 2.81 to 3.91 while increasing the sulfur quantity from 

10 to 300 mg. Also, the Cu/Sn ratio increases from 2.28 to 3.67 while increasing the sulfur 

quantity from 10 to 300 mg. These augmentations are accounted for the formation of sulfur-

rich Cu4SnS4 phase along with Cu2SnS3 when annealed with sufficient sulfur supply. 

Sulfurization using 300 mg of sulfur results in a composition comparable to the Cu4SnS4 

phase which is also consistent with the findings of structural analysis.  

 

Table 4.1 EDX elemental composition of samples sulfurized using 10, 100, 200, and 300 

mg of sulfur. 



58 
 

 

 

 

 

 

 

 

Figure 4.4 EDX spectra of samples sulfurized using 10, 100, 200, and 300 mg of sulfur. 

 

4.1.5 Surface morphology-SEM 

 

The surface morphology of the synthesized Cu-Sn-S thin films is presented in Figure 4.5. 

Samples sulfurized using 100, 200, and 300 mg of sulfur display relatively rougher surfaces 

than the 10 mg sample. When the sulfur quantity is higher than 10 mg, non-uniform spherical 

grains are encountered on the surface. Interestingly, high-resolution images of the 100 mg 

sample display moderately bigger grains with scattered spherical particles. 300 mg sample 

exhibits agglomerated bigger spherical particles on the surface. Similar bigger spherical 

grains were observed for the Cu4SnS4 phase in the previous investigation which is consistent 

with XRD results (section 3.2) [41]. Cu-Sn-S films synthesized using lower quantities of 

sulfur displayed relatively more compact and uniform grain growth. This type of uniform 

Sample Cu (%) Sn (%) S (%) Cu/Sn S/Sn Composition 

10 mg 37.5 16.4 46.1 2.28 2.81 Cu2.28SnS2.81 

100 mg 35.5 15.4 49.1 2.31 3.18 Cu2.31SnS3.18 

200 mg 38.1 14.5 47.4 2.63 3.28 Cu2.63SnS3.28 

300 mg 42.8 11.6 45.6 3.67 3.91 Cu3.67SnS3.91 
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microstructure of bigger grains has already been reported for Cu-Sn-S thin films [129]. 

Morphological studies suggest that a lower quantity of sulfur will be appropriate for the 

formation of uniform bigger grains without spherical growths on the surface. 

 

Figure 4.5 SEM images of Cu-Sn-S samples sulfurized using 10, 100, 200, and 300 mg of 

sulfur powder. 
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4.1.6 Optical characterization 

 

Optical transmittance and reflectance of Cu-Sn-S samples sulfurized using 10 to 300 mg of 

sulfur were measured using a UV-Vis-NIR spectrophotometer (Figure 4.6(a-b)). All samples 

show an absorption near 1100 nm and very low reflectance in all wavelength ranges. To 

estimate the absorption coefficient, equation 2.4 was utilized and the Cu-Sn-S thin films show 

strong optical absorption (α>105 cm-1) in the visible region, which is advantageous for 

photovoltaic applications.  

 

Figure 4.6 a) Transmittance b) reflectance and c) Tauc plots (bandgap) of Cu-Sn-S films 

sulfurized using different quantities of sulfur powder. 
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Tauc plots of Cu-Sn-S thin films sulfurized using different sulfur quantities are presented in 

Figure 4.5(c). The bandgap energies of Cu-Sn-S samples for direct transitions are 0.91, 1.01, 

1.04, and 0.96 eV for 10, 100, 200, and 300 mg samples, respectively. Optical bandgaps of 

Cu-Sn-S thin films have been reported in between a wide range of 0.9 to 1.7 eV [46]. 

 

4.1.7 Electrical characterization 

Photoconductivity response (PR) measurements were employed to evaluate the electrical 

characteristics of Cu-Sn-S films. The photocurrent was measured for the first 30 s in the dark, 

then 20 s under illumination from a halogen source, and finally 50 s in dark conditions. The 

photoconductivity response of samples under a 50 W halogen source using an applied voltage 

of 1 V is presented in Figure 4.7. The electrical conductivities of the samples in dark 

conditions are 11.2, 5.2, 9.4, and 30.7 (Ωcm)-1 for 10, 100, 200, and 300 mg samples, 

respectively. All samples exhibit transient photoresponse behavior due to the higher 

conductivity of the films and defect levels inside the material which are widely reported for 

Cu-Sn-S thin films [42,130].  

 

Figure 4.7 Photoconductive response of Cu-Sn-S films sulfurized using different quantities 

of sulfur powder 
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Cu-Sn-S thin films were synthesized using different quantities of sulfur and the outcomes 

were carefully analyzed. 10 mg sulfur powder was sufficient for the formation of the ternary 

phase and the chance of the formation of other impurity phases increased after increasing the 

sulfur quantity. We also probed the surface morphology of Cu2SnS3 thin films sulfurized 

using 20 to 80 mg and found minimal agglomerated spherical grains for 20 mg.  

 

 

4.2 Influence of sulfurization time on the properties of Cu2SnS3 thin films 

 

This section describes the influence of sulfurization time on the properties of Cu2SnS3 thin 

films. A copper precursor layer of 100 nm thickness was deposited on SnS thin films (~ 450 

nm) by a chemical bath deposition of 17 h. Sulfurization time was varied from 30 to 120 min 

while sulfurization temperature and quantity of sulfur used were kept at 500 °C and 20 mg, 

respectively. These values were chosen according to the outcomes of the previous study 

(section 4.1).  

 

4.2.1 X-ray diffraction analysis 

 

The crystal structure of Cu2SnS3 thin films was studied using XRD analysis and the obtained 

diffraction patterns of films sulfurized for different durations are presented in Figure 4.8 

along with the standard pattern of Cu2SnS3. XRD patterns of films exhibit intense diffraction 

peaks of Cu2SnS3 polymorphs. Diffraction peaks at 28.5, 32.9, 47.3, and 56.2° are accounted 

to the reflections from (002), (131), (331), and (402) planes of monoclinic Cu2SnS3. 

Samples annealed for 30, 90, and 120 min show the presence of a conductive impurity phase 

Cu4SnS4.  Small diffraction peaks visible at 26.7 and 30.9° are accounted for the reflections 

from (3 1 1) and (1 1 2) planes of orthorhombic Cu4SnS4 thin films [73]. The formation of 

impurity Cu4SnS4 phase along with the Cu2SnS3 phase at higher temperatures has already 

been reported in the literature [131]. Crystallite sizes were estimated using the Debye 

Scherrer formula (equation 2.2) and values are 31, 37, 33, and 21 nm for samples annealed 

for 30, 60, 90, and 120 min, respectively. It is noteworthy that different polymorphs of 

Cu2SnS3 have similar diffraction patterns and different polymorphs of Cu2SnS3 exhibit 
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different optical and electrical properties [46]. The similarity of diffraction peak positions 

and peak intensities makes the identification process using only XRD leading to perplexity. 

Raman analysis has been widely employed for the identification of different phases of Cu-

Sn-S thin films.  

 

Figure 4.8 XRD patterns of Cu2SnS3 samples sulfurized for 30, 60, 90, and 120 min with 

monoclinic Cu2SnS3 (JCPDS#98-005-8702) pattern. 

 

4.2.2 Raman analysis 

 

Raman spectroscopy is a widespread practice for distinguishing different polymorphs of 

Cu2SnS3. Raman spectra of Cu2SnS3 thin films sulfurized for 30, 60, 90, and 120 minutes are 

presented in figure 4.9. Raman spectra show peaks at 290, 318, 350, and 487 cm-1. All films 

display intense peaks near 290 and 350 cm-1 which are correlated to monoclinic Cu2SnS3 in 

literature [132,133]. The samples annealed for 30 and 90 min exhibit an intense peak at 318 

cm-1 which is accounted for the characteristic Raman peak of Cu4SnS4 [134,135]. The trivial 
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peak that appears at 487 cm-1 is associated with the negligible presence of binary sulfide of 

copper [136]. The commonly observed Raman peaks for cubic phase are at 303 and 355 cm-

1, for monoclinic at 290 and 352 cm-1, and for tetragonal at 336 and 351 cm-1 [137]. Raman 

spectroscopy analysis confirms the formation of Cu2SnS3 along with Cu4SnS4 in Cu-Sn-S 

thin films sulfurized for different durations. 

 

Figure 4.9 Raman spectra of Cu2SnS3 samples sulfurized for 30, 60, 90, and 120 min. 

 

4.2.3 Chemical composition -XPS 

 

X-ray photoelectron spectroscopy was employed to gain insights into the oxidation states of 

the constituent elements of Cu2SnS3 thin films. XPS core electron spectra of Cu, Sn, and S 

for different sulfurization durations are plotted and presented in Figure 4.10(a-c). Samples 

annealed for 30, 60, 90, and 120 min show two intense characteristic spin orbit coupled peaks 

for Cu, Sn, and S. Peak positions and energy differences between peaks for each element are 

consistent in all the samples. Furthermore, the deconvolution of Cu 2p, Sn 3d, and S 2p core 

electron high-resolution spectrum of the 60 min sample was assessed and given in Figure 

4.10(d-f). The high-resolution scan of Cu 2p consists of a doublet at 932.15 eV (Cu 2p3/2) 
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and 951.95 eV (Cu 2p1/2) with an energy separation of 19.8 eV. The energy separation and 

peak positions confirm the presence of Cu in the +1 oxidation state [69]. The core level 

spectrum of Sn comprises two peaks at 486.18 and 494.58 eV with an energy separation of 

8.4 eV, which corroborates the presence of Sn in the +4 oxidation state [107]. In the core 

level spectrum of sulfur, deconvoluted peaks at 161.79 and 162.98 eV with 1.18 eV 

separation confirm the presence of S in the -2 oxidation state [107]. XPS analysis confirmed 

the presence of Cu, Sn, and S in +1, +4, and -2 oxidation states, respectively for all the 

samples.  

 

 

Figure 4.10 XPS core electron spectra of (a) Cu, (b) Sn, and (c) S of samples sulfurized for 

different durations. Deconvoluted core electron spectra of (d) Cu, (e) Sn, and (f) S of 60 

min sample. 
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4.2.4 Elemental composition-EDX 

 

Elemental composition was determined using EDX analysis and the composition of 

individual elements is tabulated in Table 4.2. All samples show sulfur-deficient composition 

with similar copper content. The sample sulfurized for 60 min exhibits the lowest Cu/Sn and 

S/Sn ratios which are proposed as appropriate for photovoltaic applications. From observing 

the Sn content in films, it is understood that sulfurization promotes the formation of the 

ternary phase until 60 min, whereas sulfurization for longer durations (90 and 120 min) 

experiences a Sn loss. This might be due to the evaporation of Sn from the surface of the 

film. This deficiency can result in the formation of binary sulfides of copper and impurity 

ternary phases. The copper-deficient composition is predicted to be beneficial for solar cell 

applications. The presence of a trivial amount of Cu4SnS4 phase might also have affected the 

final composition. Sulfurization for 60 min was found to be suitable for achieving desirable 

composition without impurities.  

 

Table 4.2 Elemental composition of Cu2SnS3 thin films sulfurized for 30, 60, 90, and 120 

min duration. 

Sample Cu (%) Sn (%) S (%) Composition 

30 min 35.8 16.5 47.6 Cu2.2SnS2.9 

60 min 36.5 17.6 45.9 Cu2.1SnS2.6 

90 min 36.4 17.0 46.6 Cu2.1SnS2.7 

120 min 36.9 16.9 46.2 Cu2.2SnS2.7 

 

EDX mapping was utilized to study the distribution of elements of the film. Elemental 

mapping of Cu, Sn, and S corresponding to the samples sulfurized for 30, 60, 90, and 120 

min are presented in Figure 4.11. SnS and Cu precursor layers were stacked before the 

sulfurization process. The copper diffuses into the SnS and reacts under a sulfur atmosphere 

to form ternary phases and this reaction needs to be homogeneous throughout the surface of 

the films. Thus, the uniform distribution of Cu, Sn, and S elements at the microscale from 
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EDX mapping analysis underlines the formation of the ternary Cu-Sn-S phase. These 

compositions by EDX agree with the identification of phases obtained from XRD and Raman 

spectroscopy analysis.  

 

Figure 4.11 EDX elemental mapping of Cu, Sn, and S for different sulfurization durations. 
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4.2.5 Surface morphology - SEM 

 

Scanning electron microscopy images of the samples sulfurized for 30, 60, 90, and 120 min 

are given in Figure 4.12. The sample sulfurized for 30 min shows relatively smaller grains 

with scattered, agglomerated shapes on the surface. These might be due to incomplete 

diffusion of the copper into the SnS thin film. The samples sulfurized for 60 and 90  minutes 

exhibit a network of bigger grains. This type of compact larger grain structure is advisable 

for better carrier transport in photovoltaic applications. After increasing the sulfurization time 

to 120 min, the surface deteriorated with the presence of voids and a significant reduction in 

grain size. SEM images revealed the importance of sulfurization time for the formation of 

uniformly distributed bigger grains. 

 

 

Figure 4.12 SEM images of samples sulfurized for 30, 60, 90, and 120 min. 
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4.2.6 Optical characterization 

 

The optical transmittance and reflectance spectra of films sulfurized for 30 to 120 min are 

presented in figure 4.13(a,b). The thin films show high transmittance and low reflectance 

values. The 30 and 90 min films exhibit a weak absorption in the NIR region and multiple 

absorptions in the visible region due to the presence of the Cu4SnS4 phase [69]. The existence 

of Cu4SnS4 has already been proven by Raman spectroscopy and XRD.  The film sulfurized 

for 120 min shows transmittance in all regions due to the presence of voids on the surface 

caused by partial removal of the film. The optical absorption coefficient was estimated 

utilizing equation 2.4 for which all films showed high values of ~105 cm-1. 

 

 

Figure 4.13 (a) Transmittance and (b) reflectance of samples sulfurized for 30, 60, 90, and 

120 min. 

 

Figure 4.14 shows the bandgap diagrams for the films, which were computed using the Tauc 

relation (equation 2.5). The optical bandgap of films sulfurized for 30, 60, 90, and 120 min 

are 0.96, 0.96, 0.94, and 0.91 eV, respectively. These values are consistent with previous 
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reports for Cu2SnS3 thin films [138]. The slight deviation in optical bandgap values can be 

accounted for the difference in elemental composition and the presence of the Cu4SnS4 phase 

[131]. 

 

Figure 4.14 Tauc plots of films sulfurized for 30, 60, 90, and 120 min. 

 

4.2.7 Electrical characterization 

 

The electrical properties of films were evaluated using I-V measurements under dark 

conditions and are given in figure 4.15. The electrical conductivity of films sulfurized for 30, 

60, 90, and 120 min are 32.6, 1.78, 2.7, and 1.1 (Ω.m)-1, respectively. The sample sulfurized 

for 30 min shows higher conductivity than those of all other conditions owing to the existence 

of unreacted binary phases (CuS) and copper-rich composition. The presence of binary 

phases in the 30 min sample was previously deduced from the Raman spectrum. 
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Figure 4.15 Current-voltage curve of films sulfurized for 30, 60, 90, and 120 min. 

 

After analyzing the outcomes, a sulfurization time of 60 minutes and a sulfur quantity of 20 

mg is used for further investigations. The quantity of copper was found to be sufficient for 

the formation of nearly stoichiometric Cu2SnS3 thin films.  

 

4.3 Effect of sulfurization temperature on the properties of Cu2SnS3 thin 

films 

 

This section discusses the optimization of sulfurization temperature and the formation of 

Cu2SnS3 thin films with optimal properties. The thickness of the copper precursor layer was 

reduced to 80 nm for the formation of copper-deficient films while that of the SnS layer was 

maintained at 450 nm. The sulfurization temperature was varied from 350 to 550 °C and the 

role of sulfur annealing temperature on the optoelectronic characteristics of Cu2SnS3 thin 

films was studied. 
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4.3.1 X-ray diffraction analysis 

 

XRD analysis was used to assess how the sulfurization temperature affected the structure of 

the formed Cu2SnS3 thin films. 

 

Figure 4.16 (a) XRD patterns of Cu2SnS3 samples sulfurized at 350 to 500 °C along with 

standard monoclinic Cu2SnS3 pattern and (b) magnified principal peak of XRD patterns 

along with the standard pattern of monoclinic, cubic, and tetragonal Cu2SnS3. 

 

The XRD patterns of Cu-Sn-S thin films sulfurized at different temperatures are presented in 

Figure 4.16(a) along with the standard pattern of monoclinic Cu2SnS3. All thin films exhibit 

intense characteristic diffraction peaks at 28.5, 32.9, 47.3, and 56.2° which are accounted for 

cubic, tetragonal, and monoclinic polymorphs of Cu2SnS3. Figure 4.16(b) represents the 

magnified principal peak of Cu2SnS3 samples along with the standard pattern of monoclinic, 

cubic, and tetragonal Cu2SnS3. The shift of the principal peak towards the standard peak of 

monoclinic Cu2SnS3 indicates the formation of a pure monoclinic phase at 500 °C. The thin 

film sulfurized at 500 °C displays intense characteristic diffraction peaks at 28.4, 32.9, 47.3, 
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and 56.2° which are attributed to the reflections from (002), (131), (331), and (402) planes 

of monoclinic Cu2SnS3. It is noteworthy that the coexistence of polymorphs at lower 

temperatures has been reported [51]. Improved crystalline quality and phase purity of films 

as a result of increasing the sulfurization temperature is evident from the diffraction peak 

intensities. Further increasing the temperature to 550 °C, the diffraction pattern contains an 

intense peak corresponding to the impurity Cu4SnS4 phase. This also results in the formation 

of voids on the surface and the film was partially removed from the substrate (inset of Figure 

4.17). Higher temperature annealing of Cu2SnS3 thin films causes evaporation of Sn which 

triggers the formation of impurity phases. Growth of conductive impurities such as CuS, 

Cu3SnS4, and Cu4SnS4 above 500 °C and their detracting impact on the properties of Cu2SnS3 

thin films have been vastly reported in the literature [139].  

 

Figure 4.17 XRD pattern of sample sulfurized at 550 °C along with sample photo as inset. 

 

The average crystallite size was estimated using the Scherrer equation (equation 2.2), from 

which the values are 14.0, 19.2, 22.8, and 39.1 nm for 350, 400, 450, and 500 °C samples, 

respectively. The uncertainty in identifying the structure of films persists due to similar 

diffraction peaks, which leads to the use of Raman spectroscopy to assign the crystal structure 

of Cu2SnS3 accurately (section 4.3.3). 
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4.3.2 Rietveld refinement  

 

The Rietveld refinement of the diffraction data of the 500 °C sample was carried out using 

GSAS-II (General Structure Analysis System-II) and is given in figure 4.18 [140]. Cu2SnS3 

monoclinic structure reported by Onoda et. al. was used as the base crystal structure for the 

refinement process [141]. In the Rietveld refined pattern, Bragg’s peak positions are plotted 

as blue vertical lines. The background of the pattern was corrected by the Chebyschev 

function provided by the software. Rietveld refinement with the goodness of fit (GOF=1.19) 

value near unity and the extremely low residual value (Rw) of 2.74 % reinforces the formation 

of the monoclinic Cu2SnS3 phase. The refined unit cell parameters: a = 6.65129 Å, b = 

11.52083 Å, c = 6.65621 Å, alpha(α) = 90.0, beta(β) = 109.241, gamma(γ) = 90.0, volume = 

481.563 Å3, and density = 4.706 g/cm3. The Rexp value and GOF are significantly lower than 

the previous reports on the refinement of monoclinic Cu2SnS3 thin films [142].  

 

 

Figure 4.18 Rietveld refinement results of 500 °C sample with a graphical representation of 

refined unit cell as inset. 
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4.3.3 Raman analysis 

 

Raman spectroscopy is useful for identifying the structure of Cu2SnS3 polymorphs owing to 

their distinct vibration peaks. Raman spectra obtained for Cu2SnS3 thin films formed at 

different sulfurization temperatures are presented in Figure 4.19. Samples annealed at 350 

and 400 °C have vibrational peaks at 296, 334, 350, and 475 cm-1 whereas 450 and 500 °C 

samples show peaks at 290, 316, 350, and 372 cm-1. According to previous reports, the peaks 

exhibited by the 500 °C sample accounted for the characteristic vibrational modes of 

monoclinic structure: 290 (A´ symmetry mode), 316 (A´ symmetry mode), 350 (A´ symmetry 

mode), and 372 cm-1 (A´´ symmetry mode) [42,143]. Raman peaks at 296 and 334 cm-1 agree 

with values reported for tetragonal structures of Cu2SnS3 thin films [42]. This suggests the 

coexistence of monoclinic and tetragonal structures in the 350 and 400 °C samples. A similar 

coexistence of polymorphs of the Cu-Sn-S phase was reported in the investigations of Yang 

et. al. and Zhao et. al. [51,144]. A trivial peak at 475 cm-1 due to the presence of binary phases 

of copper (Cu2-xS) was also reported [145]. From the assessment of numerous investigations, 

distinct vibrational modes for polymorphs of Cu2SnS3 are accepted as follows: 303 and 355 

cm−1 for cubic, 296 and 336 cm−1 for tetragonal, and 290 and 352 cm−1 for monoclinic phase 

[42]. The disappearance of the peak corresponding to the secondary phase of copper after 

400 °C indicates the importance of sulfurization at higher temperatures for the complete 

conversion into the ternary phase. A shift of the vibrational peak at 295 cm-1 to lower 

frequencies is accounted for the formation of pure monoclinic Cu2SnS3 by different 

investigations [51,146]. Accordingly, a gradual shift of the first intense peak from 296 to 290 

cm-1 when temperature increased from 350 to 500 °C confirms the formation of monoclinic 

structured films. In addition, the absence of vibrational peaks corresponding to cubic and 

tetragonal phases and the growth of all four characteristic vibrational modes of the 

monoclinic phase validate the formation of monoclinic Cu2SnS3 films at 500 °C. This study 

reports the formation of the monoclinic phase pure at relatively lower temperatures (<550 

°C) using this method that combines chemical and physical deposition techniques [51]. 
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Figure 4.19 Raman spectra of Cu2SnS3 samples sulfurized at 350, 400, 450, and 500 °C. 

 

4.3.4 Chemical composition - XPS 

 

XPS was employed to study the chemical environment and oxidation state of elements in the 

films. Figure 4.20 represents the survey spectrum and core level electron spectra of Cu, Sn, 

and S of the 500 °C sample. The XPS survey shows the peaks corresponding to elements: 

Cu, Sn, S, C, and O on the surface. Surface contamination on the film surface was responsible 

for the presence of trivial peaks of oxygen (O) and carbon (C) in the survey spectrum which 

was further removed by etching using Ar+ ions. The core level spectrum of Cu comprises two 

peaks at 932.7 and 952.5 eV which are associated with spin-orbit doublets of Cu with an 

energy separation of 19.8 eV. The presence of the Cu1+ oxidation state is confirmed by these 

peaks which are associated with Cu 2p3/2 and Cu 2p1/2 singlet states [42]. The core level 

spectrum of Sn consists of doublets at 486.4 and 494.8 eV with an energy separation of 8.4 

eV. These peaks correspond to Sn 3d5/2 and Sn 3d3/2 singlet states which further confirm the 

presence of Sn in the Sn4+ oxidation state [110]. The deconvoluted core level spectrum of S 

shows two peaks at 162.08 and 163.26 eV with an energy gap of 1.18 eV. These peaks are 

associated with S 2p3/2 and S 2p1/2 spin orbit coupled peaks of S and confirm the presence of 
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sulfur in of S2- oxidation state. No satellite or shake-up peaks related to the Cu2+ state are 

observed around 942 eV, which further endorses the phase purity of the best condition sample 

(500 °C) [137].  

A depth profile study was utilized to assess the distribution of constituent elements and 

composition at each level.  X-ray photoelectron depth profile analysis of Cu, Sn, and S of 

500 °C sample is presented in Figure 4.21. The consistent presence of Cu, Sn, and S 

throughout the samples was corroborated by well-defined characteristic peaks in the depth 

profile analysis. The complete conversion of stacked layers into ternary phases by diffusion 

and reaction at higher temperatures was confirmed by depth profile analysis. 

 

 

Figure 4.20 XPS a) survey, core electron spectrum of b) Cu, c) Sn, and d) S of sample 

sulfurized at 500 °C. 
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Figure 4.21 XPS depth profile analysis of 500 °C sample. 

 

4.3.5 Elemental composition - EDX 

 

Elemental composition was estimated using EDX analysis and is given in Table 4.3 (EDX 

spectra of all samples are presented in Figure 4.22). The 350 and 400 °C samples exhibit Cu-

rich composition whereas the 450 and 500 °C samples reveal Cu-poor composition. Even 

though T400 samples have near stoichiometric composition, previous studies found that Cu 

and S-poor Cu2SnS3 are expected to deliver improved photovoltaic conversion efficiency 

[117]. Guan et. al. studied defect energetics of Cu2SnS3 using hybrid functional theory and 

found that the usual experimental conditions can lead to abundant deep centers consequently 

deteriorating solar cell performance [147]. They proposed that Sn-rich and S-poor conditions 

should be attempted to reduce the carrier recombination caused by the deep centers [148]. 

According to theoretical calculations supported by experimental studies of Baranowski et al., 

the Cu2SnS3 phase synthesized with both Cu- and S-poor conditions can give optimum carrier 

concentrations for device integration [117]. It is noteworthy that many researchers have 

demonstrated better photovoltaic performance for Cu and S-poor Cu2SnS3 [46,149]. In this 
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work, the phase pure sample that was sulfurized at 500 °C showed Cu and S-poor 

composition which is predicted as favorable for photovoltaic applications. 

 

 

Figure 4.22 EDX spectra of Cu2SnS3 films sulfurized at 350 to 500 °C. 

 

Table 4.3 Elemental composition of samples sulfurized at 350 to 500 °C 

  

Sample Cu (%) Sn (%) S (%) Composition 

350 °C 35.82 16.56 47.62 Cu2.16 Sn S2.88 

400 °C 33.64 16.65 49.81 Cu2.02 Sn S2.99 

450 °C 33.34 17.89 48.77 Cu1.86 Sn S2.73 

500 °C 31.8 19.45 48.75 Cu1.63 Sn S2.51 
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EDX mapping of samples was utilized to evaluate the uniform distribution and homogeneity 

of the constituent elements of the ternary phase which are presented in Figure 4.23. EDX 

elemental mapping of samples shows a uniform distribution of Cu, Sn, and S. 

 

 

 

Figure 4.23 EDX elemental mapping of Cu2SnS3 samples sulfurized at 350 to 500 °C. 
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4.3.6 Surface morphology- SEM 

 

The surface morphology of films was analyzed using scanning electron microscopy and 

images are given in Figure 4.24. The 350 °C sample shows a network morphology of 

randomly distributed flakes resembling SnS petal-like morphology. The 400 °C sample 

displays a reduction of these nonuniformly distributed flakes and the starting of the formation 

of smaller spherical grains on the surface. Some of the grains are fused and moderately bigger 

grains appear on certain parts of the 450 °C sample. Uniformly distributed bigger grains are 

observed on the surface after increasing the temperature to 500 °C. Similarly, a significant 

improvement in grain size by increasing the annealing temperature from 470 to 560 °C was 

reported by Yang et. al. for Cu2SnS3 thin films deposited via spin coating [51]. The formation 

of long flakes on the surface of samples sulfurized at 350 and 400 °C is due to the 

agglomeration and diffusion of the copper into the SnS. This diffusion of the copper into the 

SnS layer might be incomplete until 400 °C. As the temperature increased, more copper 

diffused into the structure and reacted with SnS under the sulfur atmosphere. Subsequently, 

the fusion of smaller grains led to the formation of larger grains on the surface. The pure 

ternary compound was formed at 450 °C and any additional temperature applied was used 

for the fusion of smaller grains to form bigger, uniform, and compact grains. The 500 °C 

sample exhibited an interconnected bigger grain microstructure that is suitable for 

photovoltaic applications. The bigger grains can minimize the recombination of charge 

carriers due to scattering at grain boundaries which can facilitate better carrier mobility [142]. 

This trend in grain size is also consistent with the crystallite size values estimated using X-

ray diffraction patterns. By this method, compact larger grain morphology for Cu2SnS3 thin 

films was attained at relatively lower sulfurization temperatures than in previous reports 

[51,138]. Sulfurization temperature was found to have a great role in the surface morphology 

and grain development of Cu2SnS3 thin films. 
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Figure 4.24 SEM images of Cu2SnS3 samples sulfurized at 350 to 500 °C. 
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4.3.7 Surface topography -AFM 

 

The surface topography of films studied using AFM and the corresponding 2D and 3D images 

of the samples annealed at different sulfurization temperatures are presented in Figure 4.25. 

AFM images are consistent with SEM images and the improvement in grain growth is also 

visible in the AFM images.  

 

Figure 4.25 AFM 2D and 3D images of samples sulfurized at 350 to 500 °C 
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4.3.8 Optical characterization 

 

A UV-Vis-NIR spectrophotometer was used to analyze the transmittance and reflectance of 

films in the range of 250 to 2500 nm presented in figure 4.26) All films show very low 

transmittance and reflectance in the visible light region. Phase pure monoclinic structured 

500 °C sample exhibits characteristic double absorption of monoclinic Cu2SnS3 thin films in 

the 1100 to 1300 nm region [150,151].   

The absorption coefficient was computed using equation 2.4. From the calculations, it was 

found that the Cu2SnS3 thin films possess a large optical absorption coefficient  >105 cm-1 in 

the visible region.  

 

 

Figure 4.26 Optical (a) transmittance and (b) reflectance of Cu2SnS3 thin films sulfurized at 

350, 400, 450, and 500 °C. 

 

The bandgap (Eg) values of the samples were determined using equation 2.5 [119]: 

The direct bandgap can be determined by extrapolating the linear portion of the plot into the 

photon energy axis. The bandgap values of thin films are 1.13, 1.11, 1.03, and 0.97 eV for 

the 350, 400, 450, and 500 °C, respectively (Figure 4.27). The 350 and 400 °C samples 
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possess slightly higher band gap values than the reported value for the monoclinic phase due 

to the presence of cubic and tetragonal Cu2SnS3. Monoclinic Cu2SnS3 film (500 °C) shows 

two optical absorptions at 0.9 and 0.97 eV. Several experimental studies have shown 

evidence of two optical absorption edges in monoclinic Cu2SnS3 between 0.91–0.94 eV and 

0.97–1.04 eV [42]. This phenomenon originates from direct optical transitions at the Γ-point 

from three energetically closely spaced valence bands to a single conduction band in perfectly 

crystalline monoclinic Cu2SnS3 [150]. Theoretical studies on monoclinic structured Cu2SnS3 

using VASP revealed that the conduction band consists of contribution from Cu 3d and S 3p 

states whereas the valance band was found to be comprised of S 3p and Sn 5s states [152].  

 

 

Figure 4.27 Tauc plots of Cu2SnS3 films sulfurized at 350, 400, 450, and 500 °C. 

 

The refractive index (n) of Cu2SnS3 films at the band edges was calculated using the Herve 

and Vandamme relation as follows [153]: 

 

𝑛 =  1 +           (equation 4.1) 
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where A=13.6 eV and B=3.47 eV are constants. 

 

The values of refractive index for Cu2SnS3 determined by applying the Herve and Vandamme 

relation were found to be 3.12, 3.13, 3.18, and 3.22 for 350, 400, 450, and 500 °C samples, 

respectively. Estimated values were found to be similar to the values reported by Guddeti et. 

al. and Reddy et. al. for Cu2SnS3 thin films [154,155]. 

 

4.3.9 Electrical characterization 

 

The electrical properties of Cu2SnS3 thin films were examined employing photoconductive 

measurements under a bias voltage of 1 V (Figure 4.28). All samples showed a p-type 

conducting nature (by hot probe method) and electrical conductivity (σ) in the dark for the 

350, 400, 450, and 500 °C samples were found to be 60, 12.3, 12.2, and 0.2 Ω-1cm-1, 

respectively. Cu vacancies in the Cu2SnS3 films are responsible for p-type conductivity due 

to the presence of hole carriers by the formation of an acceptor level just above the valance 

band maximum [156]. The conductivity value of the 500 °C sample was found to be suitable 

for photovoltaic applications. The highly conductive 350 °C sample did not show any 

photoresponse whereas the 400 and 450 °C samples showed a transient photo-responsive 

behavior due to the thermoelectric effects and defect levels within the material. Different 

research groups reported similar persistent photoconductive behavior for Cu2SnS3 thin films 

and accounted for charge carrier trap levels in the material [42]. Cu2SnS3 is also explored 

widely for its impressive thermoelectric applications [157]. The 500 °C sample demonstrated 

better photo-responsive behavior due to the formation of copper-deficient phase pure 

monoclinic Cu2SnS3 [145].  
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Figure 4.28  Photoresponse measurements of samples sulfurized at 400, 450, and 500 °C. 

 

Copper and sulfur deficient monoclinic Cu2SnS3 thin films were synthesized by the 

sulfurization of stacked Cu (80 nm)/SnS (450 nm) precursors at 500 °C using 20 mg of sulfur 

for 1 h. These optimized monoclinic Cu2SnS3 thin films are used for the fabrication of 

photovoltaic and photodetector devices.  
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CHAPTER 5 

PHOTOVOLTAIC AND PHOTODETECTION 

APPLICATIONS USING OPTIMIZED Cu2SnS3 THIN FILMS 

 

This chapter demonstrates photovoltaic and photodetection applications with the optimized 

Cu2SnS3 layer. The photovoltaic structure was fabricated with monoclinic Cu2SnS3 (M-

Cu2SnS3) as the absorber layer and CdS as the window layer. The effect of vacuum annealing 

temperature on the photovoltaic performance of the device was evaluated. Furthermore, the 

performance of the same structure with a thin p-SnS absorber layer was theoretically studied 

and the device was fabricated. The photodetection abilities of these photovoltaic structures 

were evaluated under the illumination of laser sources of different wavelengths.  

 

5.1 CdS/CTS photovoltaic device 

 

5.1.1 CdS/CTS thin film solar cell 

 

The photovoltaic architecture was fabricated with optimized M-Cu2SnS3 thin films as the 

absorber layer. CdS was used as the window layer which was deposited on FTO substrates 

(front electrode) and conductive silver paint was used for painting the back electrodes. 

FTO/CdS/Cu2SnS3/Ag structure was fabricated, and the J-V curve is presented in Figure 5.1. 

The photovoltaic device structure resulted in photovoltaic parameters of Voc= 174 mV, Jsc= 

9.4 mAcm-2, FF= 25 %, and PCE= 0.41 %. This low Voc value accounted for the undesirable 

band alignment at the interface of the p-n junction, the presence of interface defects, band 

tail formation, and defects within the material [158]. The band alignment engineering at the 

heterojunction interface is critical to obtain high-performance solar cells. A spike-like or 

positive conduction band alignment (conduction band minimum (CBM) of the n-type 

semiconductor must be slightly higher than that of the p-type semiconductor) at the interface 

or at least a flat-band is favorable for a high efficiency device. The spike-like barrier 

minimize recombination losses by acting as a notch against photo-generated carriers in the 
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absorber layer. Spike barriers up to 0.4 eV are suitable for better charge transport, while 

larger conduction band offset values will lead to lower short-circuit current (Jsc) and 

efficiency. On the other side, cliff-like or negative conduction band offset (position of the 

CBM of the n-type semiconductor is lower than that of the p-type semiconductor) causes 

enhanced carrier recombination at trap states near the interface and poor cell performance. 

Consequently, Voc decreases with increasing the absolute value of the conduction band offset 

[159]. The existence of lower shunt resistance paths in the circuit causes low Voc due to the 

recombination of carriers at deep traps in the band gap [45]. Still, this open circuit voltage 

value is higher than some previous reports of Cu2SnS3-based solar cells [60,160–162]. 

 

 

Figure 5.1 Current density vs voltage characteristics of the CdS/CTS photovoltaic cell. 

 

Optimization of the device structure by incorporation of more layers, and evaluation of the 

impact of various transparent conductive oxide layers, buffer layers, hole transport layers, 

and electrodes can help to attain the maximum potential of this thin film solar cell. The 

optimization of the absorber layer/electron transport layer interface is considered the most 

effective approach to achieving higher open circuit voltages and efficiencies. 
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5.1.2 Effect of vacuum annealing on CdS/CTS thin film solar cell 

 

The solar cell structure was annealed at different temperatures (100, 200, 300, and 400 °C)  

for 30 min in vacuum (1.5×10-2 Torr) and the J-V characteristics are given in Figure 5.2. The 

photovoltaic parameters obtained after annealing at 100 - 400 °C are tabulated in Table 5.1. 

The structure annealed at 100 °C resulted in photovoltaic parameters of: Voc = 212 mV , Jsc 

= 8.51 mAcm-2 , FF = 25 %, and PCE = 0.35%. After increasing the temperature to 200 °C, 

an increase in open circuit voltage and FF was observed while the current density value 

decreased. The device annealed at 200 °C demonstrated Voc = 245 mV , Jsc = 5.72 mAcm-2 , 

FF = 26 %, and PCE = 0.36%. This increase in Voc resulted in a slight improvement in the 

power conversion efficiency. The photovoltaic structure annealed at 300 °C revealed the 

highest open circuit voltage of 310 mV, FF of 26 %, and a current density of 7.45 mAcm-2. 

The photovoltaic device exhibited a low Voc after increasing the annealing temperature to 

400 °C. The photovoltaic parameters were: Voc = 151 mV, Jsc = 1.58 mAcm-2, FF = 24 %, 

and PCE = 0.06%. These inferior values might be due to the breakdown or decomposition of 

layers which subsequently leads to drastic diffusion at the interfaces. An improvement in 

open circuit voltage was registered along with the increase of annealing temperature up to 

300 °C. This improvement can be accounted for reduced band-tailing states or the extended 

minority carrier lifetime [163]. The vacuum annealing at suitable temperatures causes a 

reduction of the deep-level defects and interface traps which aid in significantly decreasing 

nonradiative recombination [164]. Enhancement of Voc can also be attributed to proper 

bandgap matching attained by minor alteration of band structure due to the inter-layer 

diffusion between the absorber and window layers [165]. CZTS solar cells have also reported 

similar enhancement of open circuit voltage by thermal annealing [166]. A decrease in 

current density values by annealing photovoltaic structures was observed. Grain boundary 

density was found to be increased by increasing the annealing duration while studying the 

impact of annealing time on the properties of Cu2SnS3 (section 4.2). Additional annealing 

after the sulfurization process might have also increased the grain boundary density in the 

absorber layer and equivalently recombination loss due to scattering at the grain boundaries 

[167]. Annealing of the absorber layer at higher temperatures results in the evaporation of 

volatile Sn and S from the surface. In addition, the diffusion of elements into the next layers 
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can cause an inhomogeneous distribution of elements which leads to the formation of binary 

phases [168]. These binary phases initiate a severe decrease in the Jsc and ultimately damage 

the photovoltaic structure [165]. The vacuum annealing studies revealed that careful 

optimization of thermal treatment parameters can aid in effectively improving the built-in 

voltage at the contact between the absorber and window layer. These enhanced open circuit 

voltages can improve hole mobility and cause extended lifetime for the electrons, ultimately 

improving the photovoltaic performance [166]. Other post-deposition thermal/surface 

treatments such as air annealing, rapid thermal processing, plasma thermal treatment, and 

pulsed laser treatment are also proposed for improved photovoltaic performance 

[51,123,124].  

 

 

Figure 5.2 Current density vs voltage plot of CdS/CTS device annealed at different 

temperatures (100 - 400 °C) 
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Table 5.1 Voc, Jsc, FF, and efficiency of CdS/CTS device annealed at different temperatures 

(100 - 400 °C) 

 

5.1.3 Self powered CTS/CdS photodetector 

 

Conventional photodetector devices that operate under external power sources demand 

complex circuit configurations. This also causes an increase in production cost and limits 

their application in different environmental circumstances. The invention of self-powered 

photodetectors that work without an external power supply aroused as a prominent research 

topic in optoelectronics. The built-in electric field at the p-n junction aids in the suppression 

of carrier recombination by serving as the driving force for charge carriers [76]. 

Chalcogenide-based self-powered photodetectors have shown prodigious potential due to 

their cost efficiency and energy savings [75]. Cu2SnS3-based self-powered photodetectors 

consisting of earth-abundant and low-cost materials can contribute greatly to sustainable and 

stable photodetection. The photodetection ability of the heterojunction of CdS and optimized 

Cu2SnS3 (photoconductive mode) was evaluated and the schematic diagram is given in 

Figure 5.3. The photovoltaic structure displayed excellent stability in cyclic photodetection 

over 20 cycles (10 s dark -10 s light -10 s dark) under zero bias. The response time of the 

photovoltaic structure was determined using photoresponse measurements with a data 

interval of 12 ms. The rise time of the device was found to be 99 ms and a decay time of 10 

ms. Imperfection in the shape of photoresponse is due to the thermoelectric property of 

Cu2SnS3 that causes higher rise time than decay time.  

 

Annealing 

temperature (°C) 

Voc  

(mV) 

Jsc  

(mA.cm-2) 

FF 

(%) 

Efficiency 

 (%) 

100  212 8.51 25 0.35 

200 245 5.72 26 0.36 

300 310 7.45 26 0.60 

400 151 1.58 24 0.06 
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Figure 5.3 a) Photovoltaic device structure of CdS/CTS photodetector, b) photoresponse for 

20 cyclic illuminations under 50 W halogen source illumination, c) photoresponse for one 

cycle of illumination for rise/decay time evaluation (data interval of 12 ms). 

 

The cyclic photoresponse of the CdS/CTS device was measured under the illumination of 

LEDs of different wavelengths and given in Figure 5.4. Under LED illumination, the self-

powered CdS/CTS photodetector demonstrated excellent responsiveness (current in the order 

of 10-6 A). The photocurrent increased in the order of UV to IR LEDs due to the increased 

absorption near the bandgap of the absorber layer and efficient transportation of charge 

carriers without thermal effect confrontations under NIR illumination.  
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Figure 5.4 Cyclic photoresponse of the device illuminated with LEDs of different 

wavelengths. 

 

The photodetection capabilities of a CdS/CTS self-powered device were explored utilizing 

laser sources of different wavelengths 532, 785, 840, and 1064 nm and a halogen source. 

Self-driven cyclic photoresponse of the CdS/CTS photovoltaic structure under different 

illuminations is given in Figure 5.5. Cyclic photoresponse measurements demonstrated high 

stability and reproducibility over broad UV-Vis-NIR regions. The device showed 

photocurrent in the order of 10-6 A for the 532, 785, and 840 nm laser illumination whereas 

10-8 A for the 1064 nm laser. The responsivity and detectivity of the device under different 

sources of illumination were calculated using equations 1.6 and 1.7. 
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Figure 5.5 Cyclic photoresponse under illumination using different laser sources of 

wavelengths (532, 785, 840, and 1064 nm) and halogen 50 W lamp (bias voltage = 0 V). 
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Figure 5.6 represents the power density vs photocurrent (a-c) and power density vs 

responsivity (d-f) plots for 532, 785, and 1064 nm lasers at zero bias of the CdS/CTS device. 

The photocurrent was increased with the incident power density due to increased carrier 

generation.  The responsivity was found to be decreasing with the rise in power density due 

to increased recombination rates at higher incident powers [169]. 

 

Figure 5.6 Power density vs photocurrent (a-c) and power density vs responsivity (d-f) for 

532, 785, and 1064 nm lasers at zero bias of CdS/CTS device. 



97 
 

 

The power law fitting of photocurrent vs. power density for various wavelength illuminations 

is shown in Figure 5.7. The power law relationship is expressed as (equation 5.1). 

I = KP    (Equation 5.1) 

Where Iph is the photogenerated current, K is a constant, P represents the incident power 

density and θ describes the response of the photocurrent to incident power. The determined 

exponent θ values of 532, 785, and 1064 nm laser illuminations are 0.63, 0.68, and 0.88, 

respectively where unity is considered as the ideal value. By Rose-Bube theory, unity is the 

ideal value and lower exponent values denote the occurrence of defect states inside a material, 

which subsequently increases the trapping and recombination of created carriers. [170]. 

 

Figure 5.7 Power law fitting of photocurrent vs incident power density for different lasers 

(532, 785, and 1064 nm) 

 

The variation of detectivity and responsivity vs wavelength of CdS/CTS photodetector under 

illumination using different laser sources is presented in Figure 5.8(a-b). The responsivity 
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values were 9.05×10-2, 12.0×10-2, 8.47×10-2, and 1.19×10-3 mAW-1 for illumination under 

laser of wavelength 532  (10 mW), 785 (10 mW), 840 (100 mW), and 1064 nm (60 mW), 

respectively.  Detectivity values were found to be increasing from 532 to 840 nm wavelength 

illumination and decreasing towards 1064 nm laser. 

 

 

Figure 5.8 Variation of a) detectivity and b) responsivity vs wavelength of CdS/CTS 

photodetector under illumination using different laser sources. 

 

This work calls for further research on CTS-based self-powered photodetectors for broad-

band detection with improved performance. 
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5.2 CdS/SnS/CTS photovoltaic structure 

 

5.2.1 SCAPS 1D simulation 

 

Numerical simulation is essential to understand the operation of the solar cells and predict 

output photovoltaic parameters. We can obtain a preliminary estimation of the effect of 

different parameters on the device's performance. SCAPS 1D (version 3.3.10), a one-

dimensional solar cell simulation program developed by the Department of Electronics and 

Information Systems (ELIS) of the University of Gent, Belgium was used for the simulation 

of thin film solar cell structure. Numerical simulation using SCAPS 1D software possesses 

several advantages as described below [171]. 

1) Estimation of photovoltaic parameters before the experimental process  

2) Calculation of the inner electronic parameters which are unable to be measured directly 

3) Ability to forecast faults in the photovoltaic device structure 

4) Save time and production cost by the optimization of parameters [172].  

It can support the configurations of up to 7 semiconductor layers and almost all parameters 

can be graded. It allows for the integration of recombination mechanisms and interface defect 

levels (single level, uniform, Gauss, tail, and user-defined). Optimization of back contact 

parameters: work function or flat-band; optical property (reflection of transmission filter) 

filter and various illuminations: (AM0, AM1.5D, AM1.5G, AM1.5G, monochromatic, and 

white). This program simulates thin film solar cell devices by solving basic semiconductor 

equations such as the Poisson equation, relating the charge to the electrostatic potential F, 

and the continuity equations for electrons and holes[173]. Moreover, the results obtained 

from SCAPS-1D simulation have been showing good agreement with experimental results 

in the literature [174]. 

 

Table 5.2 Material parameters used for various materials for the SCAPS-1D program 

Material parameter FTO [175] CdS [176] SnS [177,178] CTS [176] 

Thickness(nm) 300 250 180 600 
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Bandgap(eV) 3.5 2.42 1.46 0.97 

Electron affinity 

(eV) 
4 4.2 4.35 4.72 

Relative dielectric 

permittivity 
9 10 13 10 

C.B density of states 

(cm-3) 
2.2×1018 1.8×1018 1.18×1018 2.2×1018 

V.B density of states 

(cm-3) 
1.8×1019 2.4×1019 4.76×1018 1.8×1019 

Electron thermal 

velocity (cms-1) 
1.0×107 1.0×107 1.0×107 1.0×107 

Hole thermal 

velocity (cms-1) 
1.0×107 1.0×107 1.0×107 1.0×107 

Electron mobility 

(cm2V-1s-1) 
20 100 130 100 

Hole mobility 

(cm2V-1s-1) 
10 25 4.3 80 

Nd (cm-3) 1.0×1018 1.0×1018 0 0 

Na (cm-3) 0 0 1.0×1015 1.0×1018 

Neutral defect 

density (cm-3) 
0 1.0×1014 1.0×1014 1.0×1014 

Single acceptor 

defect density (cm-3) 
0 0 0 1.0×1014 

 

Table 5.3 Parameters used for defects at interfaces of the layers 

Interface layer CdS/CTS CdS/SnS SnS/CTS 

Type of defect neutral neutral neutral 
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Electrons Capture cross-

section (cm2) 
1.0×10-19 1.0×10-19 1.0×10-19 

Holes Capture cross-section 

(cm2) 
1.0×10-19 1.0×10-19 1.0×10-19 

Distribution of energy single single single 

Reference for defect energy 

level (Et) 

Above the 

highest Ev 

Above the 

highest Ev 

Above the 

highest Ev 

Energy to a reference (eV) 0.6 0.6 0.6 

Total defect density (cm-3) 1.0×1014 1.0×1014 1.0×1014 

 

SCAPS-1D software was employed for simulating the photovoltaic performance and 

parameters (type of defect, total defect density concentration, shunt resistance, and series 

resistance) were adjusted to match the simulated J-V curve with experimentally obtained 

CdS/CTS solar cell parameters. The theoretical cell resulted in photovoltaic parameters of 

Voc= 174.1 mV, Jsc = 9.46 mA.cm-2, FF = 26, and power conversion efficiency = 0.42 %. The 

adjusted parameters were kept constant for the following simulations.  

Many researchers have reported significant improvement in photovoltaic parameters by 

introducing an intrinsic layer in the photovoltaic structure [179,180]. The presence of a 

suitable intrinsic layer can drive excellent interface properties by suppressing tunneling 

produced by localized states in the doped layer. Recently, Ahmed et. al. proposed a double 

absorber photovoltaic structure with a PCE of 34 % [181]. They numerically modeled the 

feasibility of thin film solar cells with 300 nm thick CIGS and 870 nm thick CZTSSe absorber 

layers which revealed higher photovoltaic performance than cells with one absorber layer. 

CdS/SnS junction with an open circuit voltage of 330 mV was already reported in the 

literature [182].  

In light of this, this study proposes a new photovoltaic cell design that incorporates a small 

layer of p-SnS in between the window and absorber layers. It will be interesting to explore 

the capabilities of this novel photovoltaic structure because of the addition of an extra p-type 
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SnS layer with a high absorption coefficient. Moreover, using the SnS layer makes this 

structure more feasible because it is a precursor layer as well. 

A thin layer of SnS (180 nm) was added into the theoretical cell and the photovoltaic 

performance of the newly proposed FTO/CdS/SnS/CTS/Ag photovoltaic structure was 

evaluated. The simulation projected a significant improvement in the open circuit voltage for 

the SnS-incorporated photovoltaic structure. Theoretically predicted photovoltaic parameters 

were found to be: Voc = 419 mV, Jsc = 17.5 mA.cm-2, FF = 34, and PCE = 2.52 %. The 

simulation results of the device with and without the SnS layer have been compared and 

plotted in Figure 5.9. 

 

Figure 5.9. Simulated current density vs voltage curve of FTO/CdS/CTS/Ag and 

FTO/CdS/SnS/CTS/Ag photovoltaic structures using SCAPS-1D software. 

 

This device configuration with the same thickness of individual layers (FTO-300 nm, CdS-

250 nm, SnS-180 nm, and CTS-600 nm) is expected to deliver a maximum power conversion 

efficiency of 9.7 % at ideal conditions with optimized material parameters. A theoretically 

predicted device under ideal conditions can result in photovoltaic parameters of Voc = 0.501 

V, Jsc = 24.4 mA.cm-2, FF = 79 %, and a simulated J-V plot is given in Figure 5.10. This 

structure can achieve higher efficiencies by increasing the thickness of individual layers. Also 
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optimizing the optical properties such as bandgap, carrier concentration, and defect density 

of individual layers can result in higher efficiency values for this structure.  

 

 

Figure 5.10 Maximum simulated current density vs voltage curve of FTO/n-CdS/p-SnS/p-

CTS/Ag photovoltaic structures using SCAPS-1D software 

 

5.2.2 CdS/SnS/CTS thin film solar cell 

 

PV device with configuration: FTO/CdS/SnS/Cu2SnS3/Ag was fabricated and experimental 

details of the synthesis of different layers are explained in the experimental section 2.3. The 

thickness of individual layers was kept the same as per the previous study and optimized 

monoclinic Cu2SnS3 synthesized by sulfurization of Cu(80 nm)/SnS(450 nm) stacked layers 

for 1 h at 500 °C with 20 mg of sulfur was used. The thin film solar cell fabricated using 

Cu2SnS3 thin film (600 nm) and a thin SnS (180 nm) layer on n-CdS (250 nm) results in 

photovoltaic parameters of Voc=415 mV, Jsc=17.2 mA.cm-2, FF=30 %, and PCE=2.12 % 

(Figure 5.11). 
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Figure 5.11 Current density vs voltage curve of FTO/CdS/SnS/Cu2SnS3/Ag photovoltaic 

structure (schematic structure and image of cell in the inset). 

 

A large improvement in the open circuit voltage for Cu2SnS3 photovoltaic cells was achieved 

by integrating a thin SnS layer along with a monoclinic Cu2SnS3 layer. The improved Voc is 

accounted to the bandgap gradient provided by the SnS layer which can cause a small spike 

in the band alignment and efficient suppression of the non-radiative recombination at the 

interface [183]. The spike band type I allignment (CBO < 0.4 eV) between CdS and SnS has 

already reported in the literature [184]. Surface morphology with large interconnected grains 

of optimized Cu2SnS3 thin films also significantly contributed to reducing the carrier 

recombination at the grain boundaries. The high grain boundary density of absorber layers 

and charge recombination at the interface of the absorber and window layers seriously affect 

the photovoltaic performance of Cu2SnS3 thin film solar cells [139]. The optical bandgap of 

SnS thin films deposited via chemical bath deposition was found to be 1.46 eV, which aids 

to create a better carrier transport between window layer CdS (2.4 eV) and absorber layer 

Cu2SnS3 (1.0 eV). An additional p-type layer can generate better electric charge separation 
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and subsequently result in improved carrier collection [185]. Most of the reports on Cu2SnS3-

based photovoltaic devices are based on Mo glass substrates whereas cost-effective FTO 

substrates were utilized in this study (Table 5.4). Improved performance on economical FTO 

substrate can make industrial manufacture one step closer. Further studies on post-thermal 

treatment parameters will be beneficial to improve photovoltaic parameters to the next level 

and this research inspires extensive studies in the future. 

 

Table 5.4 Photovoltaic devices reported using monoclinic Cu2SnS3 thin films. 

 

 

5.2.3 Self powered CdS/SnS/CTS photodetector 

 

The photodetection abilities of the CTS/SnS/CTS heterojunction device were probed under 

different wavelengths of light illumination in self-powered mode (bias voltage =0) and the 

photovoltaic device structure is represented in Figure 5.12(a).  Figure 5.12(b) represents the 

I-t curve of the device utilizing 20 periodical light illuminations under a 50 W halogen source 

(10 s dark -10 s light -10 s dark) which demonstrates the rapid response and excellent stability 

of the device. The response speed of the photodetection device is demonstrated via 

photoresponse measurement of one cycle using a data interval of 12 ms and is given in Figure 

5.12(c). A significant decrease in the rise time was observed after incorporating the SnS layer, 

which might be due to the contribution of more photoelectrons by the SnS layer than the 

Photovoltaic device structure 
Voc 

(mV) 

Jsc 

(mAcm-2) 

FF 

(%) 

PCE 

(%) 
Reference 

Mo/CTS/CdS/i-ZnO/AZO/Ni: Al 104 17.1 30 0.54 2012 [60] 

Mo/CTS/CdS/i-ZnO/AZO/Ag 215 13.8 25 0.76 2016 [186] 

Mo/CTS/CdS/i-ZnO/AZO/Ni: Al 147 23.6 32 1.10 2016 [161] 

Mo/CTS/CdS/i-ZnO/AZO/Al. 148 28.3 32 1.35 2016 [160] 

Mo/CTS/CdS/i-ZnO/AZO/Al 87 19.2 31 0.52 2017 [162] 

Mo/CTS/CdS/i-ZnO/AZO/Al 179 29.7 41 2.21 2017 [187] 

Mo/CTS/CdS/i-ZnO/AZO/Ni/Ag 184 12.6 27 0.64 2021 [142] 

FTO/CdS/SnS/CTS/C/Ag 415 17.2 30 2.12 This work 
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thermal electrons produced by Cu2SnS3. The p-p+ junction between SnS and Cu2SnS3 might 

have also boosted the efficient separation of photogenerated carriers.  

 

 
Figure 5.12 a) Photovoltaic device structure of FTO/CdS/SnS/Cu2SnS3 photodetector, b) 

photoresponse for 20 cyclic illuminations under 50 W halogen source illumination, and c) 

photoresponse for one cycle of illumination for rise/decay time evaluation (data interval of 

12 ms). 

 

Furthermore, the cyclic photoresponse of the photovoltaic structure was measured under the 

illumination of 30 W LED sources as given in Figure 5.13.  The photocurrent was higher for 

IR illuminations while relatively lower for illumination under UV LED. Moreover, different 

laser sources (532, 785, 840, 980, and 1064 nm) and solar AM 1.5G spectrum were utilized 

to demonstrate stable detection for broad regions over cyclic measurements and are given in 

Figure 5.14.  

Three important photodetection parameters: responsivity (R), detectivity (D*), and linear 

dynamic range of photodetector were evaluated using equations 1.6 to 1.8 [75,76]. The 

photovoltaic structure exhibited a maximum responsivity of 15.56 mAW-1 and a specific 
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detectivity of 1.41×1011 Jones under the illumination of an 840 nm laser. The linear dynamic 

range of the photodetector could achieve up to 93.2 dB indicating a very large ratio of 

photocurrent to dark current and thus an excellent signal-to-noise ratio in the NIR range. Rise 

and decay times are also important deciding factors in the detection capabilities of a 

photodetector. The rise and decay time of the photovoltaic structure was found to be 10.2 and 

10.1 ms, respectively. This is one of the fastest rise and decay times reported for a 

chalcogenide heterojunction photodetector and is comparable to ultra-performing perovskite 

materials [76]. Rise and decay time in the order of milliseconds demonstrates the spontaneous 

response of this photovoltaic structure.  The superior photoresponse time is attributed to the 

built-in electric field of the SnS/Cu2SnS3 films interface and high carrier mobility [188]. 

 

Figure 5.13 Cyclic photoresponse under illumination using 30 W LED sources of different 

wavelengths. 
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Figure 5.14 Cyclic photoresponse under illumination using different laser sources of 

wavelengths (532, 785, 840, 980, and 1064 nm) and solar AM 1.5G simulator illumination 

(bias voltage = 0 V). 
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The effect of power density on the photocurrent and responsivity of the device was studied 

using varying power lasers of wavelength 532 (10-50 mW), 785 (10-50 mW), and 1064 nm 

(60-350 mW) while 840 and 980 nm laser was fixed power of 100 mW. Figure 5.15(a-c) 

depicts a graph of photocurrent against incident power density and Figure 5.15(e-f) represents 

the variation of responsivity with incident power density for different laser sources with 

wavelengths 532, 785, and 1064 nm. Photocurrent increases with incident power and 

responsivity decreases with the increase of power density in all wavelength regions. The rise 

in photocurrent with increased incident power density is related to the improved electron-

hole pair generation. Whereas higher carrier recombination and scattering rates compared to 

effective transportation of generated carriers cause a reduction in responsivity at higher 

power densities [169]. Photocurrent generation under 1064 nm laser was mostly contributed 

from the narrow bandgap absorption of Cu2SnS3. Relatively the decrease in responsivity was 

lower in the case of 1064 nm laser illumination. This phenomenon reinforces the efficient 

charge separation and carrier transport due to compact monoclinic Cu2SnS3 with larger 

grains. These properties facilitate the enhanced photodetection in the NIR region and 

encourage prospective investigations for highly efficient IR photodetection based on 

Cu2SnS3 thin films. 
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Figure 5.15 Power density vs photocurrent (a-c) and power density vs responsivity (d-f) for 

532, 785, and 1064 nm lasers at zero bias. 

 

Power law fitting was employed to study the efficiency of photogenerated carriers by 

determining the θ value (equation 5.1). Figure 5.16 represents the power law fitting of 

photocurrent vs incident power density for different lasers (532, 785, and 1064 nm). The 

fitting curve with θ = 0.75, 0.83, and 0.97 is obtained for 532, 785, and 1064 nm, respectively. 
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The value closer to unity for 1064 nm laser illumination indicates efficient carrier transport 

with minimum recombination. These values suggest the possibility of higher quality 

CdS/SnS/CTS self-powered photodiodes for future NIR photodetection. 

 

 

Figure 5.16 Power law fitting of photogenerated current vs incident power density for 

different lasers (532, 785, and 1064 nm) 

 

Variation of detectivity and responsivity vs wavelength of CdS/SnS/CTS photodetector 

under illumination using different laser sources is presented in Figure 5.17(a-b). The 

responsivity values were found to be 0.06, 0.49, 15.56, 0.66, and 0.44 mAW-1 for illumination 

wavelengths of 532, 785, 840, 980, and 1064 nm, respectively. The responsivity and 

detectivity values were increased up to the wavelength of 840 nm and found to be falling 
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towards the IR region. The photodetection device shows excellent responsivity and 

detectivity near 840 nm which accounted for the increased absorption at the bandgap edge of 

SnS (840 nm ~ 1.47 eV). The combined carrier generation of SnS and Cu2SnS3 layers resulted 

in the highest photocurrent near the bandgap edge of SnS [189]. This narrowband absorption 

is due to the absorption of shorter wavelength radiations (energy less than the bandgap of 

absorber layer) near the surface and they experience massive recombination due to higher 

local carrier concentration and imbalanced transit times for the electron and holes before 

being collected in the electrodes [190]. Radiations with energy values near the optical 

bandgap of the absorber layer can penetrate through the photoactive layer and electron-hole 

pairs generated with the influence of optical interference get transported to electrodes 

efficiently. In brief, shorter wavelength generates electron-hole pairs near the surface and 

loses most of the part by recombination whereas longer wavelengths of light penetrate the 

structure and facilitate narrow-band responsivity [191]. This spectral selective NIR detection 

using tuned electro-optical properties of broadband absorbing semiconductors is referred to 

as a charge collection narrowing mechanism [192]. High specific detectivities can be attained 

by the use of thicker junctions which significantly reduce defect densities and subsequently 

result in suppressing dark current. Improvement in responsivity and response time values 

compared to earlier reports on CdS/SnS photodetectors emphasize the positive effect of the 

Cu2SnS3 layer in this novel photovoltaic structure [84,193]. Moreover, the extended 

photodetection due to the Cu2SnS3 layer was demonstrated using a 1064 nm laser source and 

expected detection abilities beyond this wavelength. Due to the stronger photovoltaic effect 

induced by the longer wavelength radiations, incident photons get closer to the p-n junction 

interface and enable better carrier collection. In this study, the optimized Cu2SnS3 layer 

facilitates efficient charge transport to the electrodes through bigger grains with minimal 

scattering. This is the highest specific detectivity and response time reported for Cu2SnS3 

based photodetector. For future applications, it is possible to engineer response peak 

wavelength and selective detection band by tuning the thickness of different layers [192,194].   
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Figure 5.17 Variation of a) detectivity and b) responsivity vs wavelength of CdS/SnS/CTS 

photodetector under illumination using different laser sources. 

 

These findings pave prodigious contributions for the synthesis of stable self-driven NIR 

photodetectors using Cu2SnS3 thin film heterojunction consisting of low-cost and earth-

abundant elements. 
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CHAPTER 6 

CONCLUSIONS AND OUTLOOK 

 

In summary, this work demonstrates the optimization of different deposition parameters to 

achieve suitable optoelectronic properties for different phases of Cu-Sn-S thin films 

synthesized via sulfurization of stacked layers of SnS and Cu by chemical bath deposition 

and thermal evaporation. Furthermore, the incorporation of these optimized phases into thin 

film solar cells and heterojunction photodetection devices. 

 (102) preferentially oriented Cu4SnS4 thin films were synthesized for the first time by 

varying Cu precursor layer thickness and subsequent sulfurization at 550 °C for 1 h. 

Their structure, chemical composition, morphology, and optical and electrical 

properties were altered significantly with copper precursor layer thickness. Cu4SnS4 

thin films with a preferred orientation (Cu-185 nm) and an ideal bandgap of 1.42 eV 

are found to be suitable absorber material for thin film solar cells (SnS-200 nm, Cu-

185 nm, and sulfur-20 mg). 

 The effect of sulfurization parameters on the structure, chemical composition, surface 

morphology, and optoelectronic properties of Cu2SnS3 thin films was studied. Cu and 

S deficient monoclinic Cu2SnS3 thin films were synthesized via this three-step 

method (SnS- 450 nm, Cu- 80 nm, sulfurization time- 1 h, quantity of sulfur-20 mg, 

and temperature - 500 °C). 

 Optimized monoclinic Cu2SnS3 thin film was incorporated in the thin film solar cell 

structure of FTO/CdS/Cu2SnS3/Ag and photovoltaic parameters of Voc= 174 mV, Jsc= 

9.4 mAcm-2, FF= 25 % and a power conversion efficiency of 0.41 % were obtained. 

 Vacuum annealing of CTS/CdS photovoltaic structure up to 300 °C for 30 minutes 

was found to be beneficial to increase open circuit voltage by proper bandgap 

matching due to the weakening of band tail and interface traps which further aid in 

the efficient reduction of nonradiative recombination. 

 The effect of a thin SnS layer along with a Cu2SnS3 layer was studied by numerical 

simulation (SCAPS-1D) and predicted an enhancement of photovoltaic performance. 
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 The photovoltaic structure fabricated using optimized Cu2SnS3 thin film with a thin 

SnS absorber layer resulted in photovoltaic parameters of Voc= 415 mV, Jsc= 17.2 

mAcm-2, FF= 30 %, and PCE = 2.12 %. This improved photovoltaic performance is 

accounted to the proper bandgap gradient provided by the SnS layer and subsequent 

efficient suppression of the non-radiative recombination at the interface. 

 Photodetection measurements using different laser sources revealed the applicability 

of FTO/CdS/SnS/Cu2SnS3/Ag photovoltaic structure for self-powered enhanced NIR 

photodetection with high specific detectivity of  1.46×1011 Jones and a quick response 

time of 10.2 ms.  

In condense, Cu2SnS3 thin films were applied to the photovoltaic and photodetection 

applications. This thesis reveals great advancement in the development of earth-abundant, 

nontoxic, and cost-effective Cu-Sn-S thin films for photovoltaic and photodetection 

applications. The investigation also proposes further possibilities for the optimization of Cu-

Sn-S thin films for better photovoltaic performance and enhanced spectral selective self-

powered photodetection. 
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Novel low-cost synthesis of crystalline SnI4 thin films via anionic 

replacement: Effect of iodization time on properties 

Albert Paul, Sadasivan Shaji, Bindu Krishnan, David Avellaneda Avellaneda * 
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Abstract 

SnI4 thin films were deposited for the first time via a novel low-cost route employing rapid 

iodization of SnS thin films at relatively low temperatures in atmospheric conditions. This is 

the first report on SnI4 thin films obtained via the anionic replacement of sulfur in SnS thin 

films. The effect of iodization time on the structure, morphology, optical, and electrical 

properties of SnI4 thin films was studied. XRD analysis revealed the formation of SnI4 thin 

films which crystallized in cubic Pa-3 structure and all samples were preferentially oriented 

along the (222) plane. The diffraction pattern of SnI4 thin film was subjected to Rietveld 

refinement and obtained excellent goodness of fit value of 1.19. The formation of SnI4 was 

further verified using Raman spectroscopy and intense peaks of SnI4 at 43, 56, 101, and 140 

cm-1 are reported. X-ray photoelectron spectroscopy analysis was employed for the 

determination of chemical composition and the presence of tin and iodine in the Sn4+ and I- 

states were verified throughout the depth of the sample using depth profiling analysis. 

Elemental mapping from the Energy-dispersive X-ray spectroscopy confirmed uniform 

distribution of elements (tin and iodine). Surface morphology was modified after iodization 

and the optical bandgap was shifted from 1.7 to 2.7 eV on the transition of as prepared SnS 

to SnI4. The best condition SnI4 thin films exhibited crystallite size, refractive index, and 

resistivity values of 63 nm, 2.46, and 3.1×105 Ω.cm, respectively. SnI4 films obtained by the 

rapid iodization of SnS films can be used as precursor layers in the two-step deposition of 

lead-free tin iodide perovskite solar cells for better photovoltaic performance. The obtained 

results validate the key role of iodization time on the properties of SnI4 films. 
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Figure 7.1 Experimental procedure of the two-stage deposition of SnI4 thin films using 

anionic replacement mechanism. 

 

Figure 7.2 XRD patterns of the S1 (30 s), S2 (60 s), S3 (90 s), and S4 (120 s) SnI4 thin films 

along with the standard pattern of SnI4 (JCPDS 01-077-0139). 
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Figure 7.3 Rietveld refinement result of S3 SnI4 sample and graphical representation of 

refined unit cell. 

 

Figure 7.4 Raman spectra of the S1, S2, S3, and S4 SnI4 samples. 
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Figure 7.5 XPS (a) survey spectrum (b) core level spectrum of Sn and I (c) depth profile of 

S3 SnI4 (90 s iodinated) sample showing Sn and I core level spectrum. 

 

Figure 7.6 Elemental mapping of as prepared SnS and S3 SnI4 thin films. 
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Figure 7.7 SEM images of (a) SnS, (b) S1, (c) S2, (d) S3, and (e) S4 SnI4 thin films, 

respectively. 

 

Figure 7.8 AFM images of (a) as prepared SnS, (b) S1, (c) S2, (d) S3, and (e) S4 SnI4 thin 

films, respectively. 
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Figure 7.9 (a) Absorbance, (b) transmittance, (c) reflectance spectra, and (d) Urbach energy 

plots for different SnI4 samples. 

 

Figure 7.10 Tauc plots of (a) S1, (b) S2, (c) S3, and (d) S4 SnI4 thin films along with 

photographs of film in the inset. 
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Figure 7.11 Photoluminescence spectra of SnI4 samples excited with a wavelength of 227 

nm. 
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Figure 7.12 Variation of the real and imaginary part of complex refractive index with 

wavelength. 

 

Figure 7.13 I-V characteristics of SnI4 thin films iodinated for different time durations. 

 

Conclusions 

 

Crystalline SnI4 thin films were successfully deposited via an inexpensive, non-vacuum, 

facile method (anionic replacement reaction) at a relatively low temperature. The effect of 

iodization time on structure, morphology, composition, and optoelectronic properties was 

studied. The thin films crystallized in cubic Pa-3 structure and exhibited an increase in 

crystallinity, grain size, and electrical conductivity with the increase in iodization time. The 

refractive index and dielectric properties of SnI4 thin film were evaluated. The best condition 

of the 90 s sample resulted in SnI4 thin films with crystallite size, bandgap, and resistivity 

values of 63.3 nm, 2.71 eV, and 3.1×105 Ω.cm-1, respectively. Authors firmly believe that 

crystalline SnI4 thin films obtained with facile non-vacuum deposition methods will provide 

a potential strategy to further enhance the optoelectronic properties and power conversion 

efficiencies of low-cost, lead-free, and stable tin iodide perovskite solar cells.  
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