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ABSTRACT 

 

The present work reported in this thesis involves studies on binary metal sulfides 

namely ZnS, CdS, and SnS along with the investigations on the ternary compounds: 

Cux(ZnS)1-x, ZnxCd1-xS, and ZnxSn1-xS thin films deposited using a vacuum thermal 

evaporation method on glass substrates. The above compounds were selected due to 

their optimal direct band gap energy values. Substrate temperature plays an essential 

role in controlling the crystallite size, structural phase, surface morphology, and opto-

electrical properties of the films. By varying the substrate temperature, the binary films 

were optimized to form a stoichiometric film and the various properties of the films 

were analyzed as a function of substrate temperature. All the films were found to be 

free from any pinholes and cracks. The band gap energy for the stoichiometric ZnS, 

CdS, and SnS thin films was found to be 3.49 eV, 2.42 eV, and 1.54 eV, respectively. 

Both CdS and SnS films displayed exceptional photodetector properties and the 

photosensitivity was found to be highest at 10.93 for the stoichiometric SnS films. The 

Cux(ZnS)1-x films exhibited outstanding p-type conductivity with very high 

transparency and thereby, suggesting that the films can be used as a p-type transparent 

conducting layer. The various properties of the ZnxCd1-xS and ZnxSn1-xS thin films were 

tuned by altering the composition of the films. A successful band gap engineering was 

achieved for the ternary compound thin films. The ZnxCd1-xS and ZnxSn1-xS films were 

analyzed for photodetector application and the various parameters such as 

photoconductivity (L), photosensitivity (S), photoresponsivity (R), recovery time (τd), 

and response time (τr) of the films were calculated. The present study reveals a 

maximum photosensitivity of 43.38 for the Zn0.10Sn0.90S thin films. 

 

 

 

Keywords: Vacuum thermal evaporation; metal sulfides; ternary compounds; band gap 

engineering; photodetector. 
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CHAPTER 1  

INTRODUCTION 

Overview: 

This chapter describes brief introductory information about thin film technology, 

compound semiconductors, and photodetectors. Further, the literature survey about the 

selected crucial materials is discussed in brief. The possible research gaps are 

identified from the literature review which is mentioned in the scope. Finally, the 

objectives of the present investigations are drawn from the scope. Lastly, the outline of 

the thesis is presented at the end of this chapter. 

 

1.1 Thin film technology 

The field of material science and engineering community’s ability to conceive the novel 

materials with an extraordinary combination of chemical, physical and mechanical, 

properties have changed the modern society. The modern era in which we live in, is in 

quest of materials that would satisfy the thirst of the ever-blooming technology. The 

technology and understanding of materials with less than 1-micron thickness have made 

remarkable advances in the last decade, primarily because of the industrial demand for 

reliable thin-film microelectronic devices to fulfill the urgent needs of the modern era. 

This progress has brought maturity and much scientific confidence in using thin films 

for basic and applied research in addition to major contributions to a variety of new and 

scientifically based technologies. Thin film science and technology is playing an 

important role in the development of devices ranging from energy-efficient display 

devices to energy harvesting and energy storage devices such as solar cells, sensors, 

memory, battery, super-capacitors, etc. A thin film is a layer of material ranging from 

fractions of a nanometer to several micrometers in thickness. The physical properties 

of solid bulk materials are almost independent of their thickness. However, a drastic 

reduction in the thickness may change the properties of the solid materials. When the 

thickness is much smaller than a micrometer, the properties of the material may depend 
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on its thickness. Such materials whose properties change as a function of their thickness 

are called thin films. Unique phenomena related to thin films are the consequence of 

their small thickness, large surface to volume ratio, and distinctive physical structure, 

planar geometry, and size. The properties of a thin film not only rely on the thickness 

of the film but also on the nature of the substrate upon which the films are grown and 

the deposition parameters used in the fabrication of the thin films. Thin film fabrications 

are carried out by depositing the required material in the atomistic deposition over the 

required substrate, which may result in either single crystalline, polycrystalline or 

amorphous structure depending on the deposition conditions. Thin film technology has 

the potential to engineer various properties such as surface morphology, surface 

roughness, porosity, and crystallite size. These advantages in the growth process of thin 

film assist in the development of new products and minimize the wastage as in 

conventional manufacturing techniques.  

 

1.2 Compound semiconductors 

Semiconductors play an essential role in the modern era because of its sustainable 

applications in almost all branches of industry. The vast usage of semiconductors in 

numerous applications is due to the low mobile carrier concentration that leads to the 

easier interpretation of electronic processes when compared to metals and crystals. 

Based on the constituent atoms in it, semiconductors can mainly be classified into two 

major types viz., elemental and compound semiconductors. In elemental 

semiconductors, all the constituent atoms are of the same kind, whereas a compound 

semiconductor comprises atoms of two or more different elements. The hierarchy of 

the compound semiconductors is shown below: 

 

 

 

  

 

 

 

 

Semiconductors 

Elemental Semiconductors Compound Semiconductors 

Binary Compounds Ternary Compounds Quaternary Compounds 

Figure 1.1 Classification of semiconductors. 
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The scope of materials that can be classified as compound semiconductors is vast and 

covers the entire periodic table. It includes IV-IV, II-IV, I-V, II-V, III-V, I-VI, II-VI, 

III-VI, IV-VI, I-VII, I-III-VI, I-IV-VI, and II-III-V compounds. Among the 

semiconducting materials, silicon (Si) and III-V compounds such as gallium nitride 

(GaN) are the most used materials in device applications. This is due to the 

understanding and ability to control their properties gained from the extensive studies 

carried out. On the other hand, a large amount of effort has been focused on the II-VI 

and IV-VI compounds but less success was achieved because of the peculiar nature of 

defects with these groups of materials. Thus, to achieve a successful device application, 

one needs to understand and surmount the difficulties in these materials. This thesis 

explores the various properties of few of the II-VI and IV-VI binary group elements 

namely zinc sulfide (ZnS), cadmium sulfide (CdS), and tin sulfide (SnS) and a few 

ternary semiconductors viz. Cux(ZnS)1-x, ZnxCd1-xS, and ZnxSn1-xS thin films. Some of 

the important parameters of ZnS, CdS, and SnS are charted below:  

 

Table 1.1 A few crucial parameters of ZnS, CdS and SnS materials. 

 Property Zinc Sulfide Cadmium 

Sulfide 

Tin Sulfide 

Linear Formula ZnS CdS SnS 

Molecular Weight 

(g/mol) 

97.47 144.46 150.77 

Density (g/cm3) 4.09 4.82 5.22 

Melting Point (K) 2,123 2,023 1,155 

Conductivity type n-type n-type p-type 

Band gap (eV) 3.4 – 3.9 2.42 - 2.45 1.2 – 1.6 

Cell Parameters (Å) Cubic:  

a = 5.41 

Cubic:  

a = 5.832 

Orthorhombic:  

a = 11.18, 

b = 3.98, 

c = 4.32 
Hexagonal:  

a = 3.811, 

c = 6.234 

Hexagonal:  

a = 4.16,  

c = 6.756 
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1.3 Photodetector  

Light sensing in the range of the ultraviolet-visible (UV-vis) to near-infrared (NIR) 

region is of considerable importance for all kinds of scientific and industrial 

applications such as environmental monitoring, image sensing, communication, day 

and night surveillance, remote control, chemical/ biological sensing and wide spectral 

switches (Hu et al. 2014; Jie et al. 2006; Tao et al. 2015). Based on the wavelength 

range of operation, photodetectors are generally classified into two kinds of sub-

systems: narrow-band response detectors (UV, vis and infrared) and broadband 

response detectors (Mahdi et al. 2016). A photodetector is a device that measures the 

photons or optical power by converting the energy of the absorbed photons into a 

measurable form. The photodetectors have commonly two principle classes, thermal 

detectors and photoelectric detectors (Kruse 1995). Thermal detectors work on the 

principle of the photothermal effect, which converts optical energy into heat energy. 

The thermal detectors are comparatively slow and not much more efficient, as time is 

required to show the effect of temperature change. The principle of the photoelectric 

detector is based on the photoelectric effect, which refers to the emission or ejection of 

electrons or electron-hole pairs from the surface of the material in response to the 

incident light. The response of the photoelectric detector is based on the wavelength of 

the optical signal incident on it whereas thermal detectors are wavelength-independent. 

The photoelectric detectors have much more spectral sensitivity than the thermal 

detector. Thermal detectors are mostly used in the infrared region. The photoelectric 

detectors are often used for the detection of optical signals in optoelectronic devices.  

The modern photodetectors are based on the internal photoelectric effect in which 

photogenerated charge carriers remain in the material, help to increase its conductivity. 

The photon of energy equal to the band gap energy of the material is incident on the 

material producing electron-hole pairs which are separated by an applied electrical field 

(Razeghi and Rogalski 1996). Depending on the photogeneration process of charge 

carriers, there are two principal types of photoconductivity, (a) intrinsic 

photoconductivity and (b) extrinsic photoconductivity (Jia-ming Liu 2005). The 

intrinsic photoconductivity is because of the excess electrons and holes that are 

generated by the absorption of incident photons in the intrinsic semiconductors and 

band-to-band transition occurs in the semiconductor, as shown in Fig. 1.2 (i). The 
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extrinsic photoconductivity is lent by the charge carriers that are generated by 

transitions occurred within impurity levels present in the band gap of an extrinsic 

semiconductor. In an n-type extrinsic semiconductor, the impurity levels are called 

donor levels with energy Ed present below the conduction band, electrons are excited 

from these donor levels to the conduction band, as shown in Fig. 1.2 (ii). In a p-type 

extrinsic semiconductor, the impurity levels called as acceptor levels with energy Ea 

are present above the valence band; electrons are excited from the valence band to these 

acceptor levels, as shown in Fig. 1.2 (iii). Photoconductive detectors cover a broad 

spectral range of the electromagnetic light spectrum from the ultraviolet to the far-

infrared. Both direct and indirect semiconductors are used for the photoconductive 

detectors. Many intrinsic semiconductors like group IV semiconductors, III–V, II–VI 

and IV–VI compounds are being used as intrinsic photodetectors. These intrinsic 

photodetectors mainly show spectral responsivity in the visible and near-infrared 

regions. 

 

 

1.4 Literature survey  

Investigation on growth and characterization of inorganic semiconducting thin films 

has attained remarkable development in the last two decades for the use in opto-

electronic devices (Broser et al. 1992; Popescu 1999; Sasikala et al. 2000; Takokoro et 

al. 1993). Specifically, the II-VI group compounds such as ZnS, CdS, CdSe, ZnTe, 

ZnO, and ZnSe are well-recognized and have been intensively studied due to their 

attractive magnetic, luminescence, and opto-electrical properties (Barman et al. 2018; 

Carcia et al. 2003; Das and Jayaraman 2014; Kaneko et al. 2016; Karunagaran et al. 

2007; Nazzal et al. 2003; Späth et al. 2005). Among these II-VI semiconductors, zinc 

Figure 1.2 Internal photoelectric effect (i) intrinsic photoconductivity, (ii) n-type 

extrinsic photoconductivity, and (iii) p-type extrinsic photoconductivity. 
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and cadmium compounds are extensively studied due to their suitability for 

photovoltaic applications since they are direct band gap semiconductors and have high 

absorption coefficients (Patidar et al. 2008).  

ZnS is a non-toxic element, has n-type conductivity and a wide direct band gap of 3.52 

eV (Hennayaka and Lee 2013). It can crystallize in either cubic (Benyahia et al. 2015b) 

or hexagonal structure (Huang et al. 2009). In each form, the coordination geometry at 

Zn and S is tetrahedral. The more stable cubic form is known also as zinc blende or 

sphalerite. The hexagonal form is known as the mineral wurtzite, although it also can 

be produced synthetically. The transition from the sphalerite form to the wurtzite form 

occurs at around 1293K. ZnS can be doped as either an n-type semiconductor or a p-

type semiconductor. Due to its wide band gap and excellent transparency, chemical, 

and mechanical stability (Bacha et al. 2016), it can be utilized in opto-electrical devices 

such as a window layer in thin film photovoltaics (Nakada et al. 2001), cathode ray 

tubes (Davies et al. 2001), light emitting diodes (Kim et al. 2011), and 

electroluminescent displays (Larson et al. 2016). Numerous techniques are available to 

deposit ZnS thin films such as thermal evaporation (Benyahia et al. 2015b), pulsed laser 

deposition (Ming et al. 2013), chemical bath deposition (Iwashita and Ando 2012), 

spray pyrolysis (Zeng et al. 2013b), dip coating (Farid et al. 2014), R.F. sputtering 

(Kedawat et al. 2011), etc.  In 2001, Nakada et al. fabricated Cu(In,Ga)Se2 (CIGS) thin 

film solar cells using ZnS thin film as a buffer layer and studied the effect of annealing 

after the deposition to optimize the performance. They obtained an efficiency of 16.9 

% with Voc = 0.647 V, Jsc = 35.2 mA/cm2, Fill Factor (FF) = 74.3% over an active area 

of 0.2 cm2 under the illumination of AM 1.5, 100 mW/cm2. Later, the same group 

Nakada and Mizutani 2002, fabricated CIGS solar cell with a 130 nm thick, chemical 

bath deposited (CBD)-ZnS buffer layer and obtained an efficiency of 18.1% with Voc 

= 0.671 V, Jsc = 34.9 mA/cm2, FF = 77.6 % for an active area of 0.155 cm2. The cell 

performance, however, deteriorated in devices with a 200 nm thick CBD-ZnS layer 

since the series resistance of the solar cell increased due to the high resistance of the 

CBD-ZnS layer. In 2004, Bhattacharya and Ramanathan demonstrated that the 

interfacial reaction that occurs in the chemical bath deposition of ZnS buffer layers 

could produce high-efficiency solar cells on CIGS - based absorbers. Devices with 

efficiencies as high as 17.4 % were obtained by using two-layer CBD ZnS(O, OH) on 
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the CIGS absorber. The solar cell parameters for this device were: Voc = 0.678 V, Jsc = 

35.74 mA/cm2, and fill factor = 72 %. In 2009, Islam et al. investigated CIGS solar cell 

performance with the Molecular Beam Epitaxial (MBE) grown ZnS buffer layer. It was 

possible to obtain photo-response from the shorter wavelength region using the ZnS 

buffer layer although overall cell performance was weak compared to the standard 

Cadmium Sulfide (CdS) based cell. Using the double buffer layer composed of 

ZnS/CdS, a solar cell with an efficiency of 16.87 %, Jsc = 33.2 mA/cm2, Voc = 0.685 V 

and FF = 74 % were obtained for an active area of 6.2 * 10-6 mA/cm2. In 2014, Kim et 

al. have fabricated ZnS buffer layers on (Copper Zinc Tin Sulfide) CZTS absorber 

layers by using a conventional RF magnetron sputtering technique and studied the 

effect of ZnS buffer layer film thicknesses along with a CZTS absorber layer. The solar 

cell conversion efficiency (η) of 2.11 % for the active area of 0.44 cm2 was obtained 

with ZnS buffer layer having a thickness of ~ 30 nm. Recently in 2017, Qiu et al. have 

investigated the optical and electrical properties of thermally evaporated ZnS thin films 

and ZnS/p-Si heterojunction solar cells. The power conversion efficiency (PCE) of the 

hydrogen doped aluminum zinc oxide (HAZO)/ZnS/textured p-Si heterojunction solar 

cells was found to be 8.83 % with Voc = 0.517 V, Jsc = 31.047 mA/cm2 and FF = 55 %. 

Long-term stability of the solar cell was also studied. 

Cadmium sulfide is a vital n-type compound (II-VI) semiconductor material and can 

occur in either cubic or hexagonal phase or also as a combination of both the phases. 

In both of these forms, the cadmium and sulfur atoms are four coordinates. It is having 

a direct optical energy band gap of ~2.42 eV and is a potential candidate for 

optoelectronic devices (Broser et al. 1992; Popescu 1999; Sasikala et al. 2000; 

Takokoro et al. 1993) due to its attractive opto-electrical properties. In particular, 

cadmium sulfide thin films are extensively used as a window layer in CIGS, CdTe and 

CZTS based photovoltaic cells (Ramanathan et al. 2003; Romeo et al. 1999; Yin et al. 

2015). Hence, an enormous amount of findings has been carried out on the growth and 

optimization of CdS thin films with noble opto-electronic characteristics for solar cell 

applications. Numerous methods such as sputtering (Moon et al. 2006), vacuum thermal 

evaporation (Sahay et al. 2007), chemical bath deposition (Hariskos et al. 2001), spray 

pyrolysis (Yadav and Masumdar 2011), etc. are widely used to grow CdS thin films. 

CdS is extensively used as window material in non-linear optical devices and 
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photovoltaic cells. But the absorption loss of CdS thin films in the blue region limits 

the efficiency of the photovoltaic cells (Aguilar-Hernández et al. 2006) which can be 

overcome by using a relatively wider band gap material than CdS. Back in 1965, A. 

Kunioka and Y. Sakai first reported the optical and electrical properties of 

selenium/cadmium sulfide photovoltaic cells prepared by vacuum evaporation of CdS 

on Se layer. The spectral sensitivity was compared with human eye sensitivity and it 

was observed that the spectral sensitivity was very close to the visual sensitivity. In 

1976, Kazmerski et al. fabricated p-CuInSe2/n-CdS heterojunction thin film solar cells. 

The solar cells exhibited efficiencies in the range of 4 – 5 % over an active area of 1.2 

cm2 under 100 mW/cm2 tungsten-halogen illumination. In 1982, YS and Perez-Alburne 

reported very efficient thin film CdS/CdTe solar cells prepared using a close-spaced-

sublimation technique. Under simulated AM2 illumination, at 75 mW/cm2, the cells 

had a typical output of Voc about 750 mV, Jsc about 17 mA/cm2, F.F. (fill factor) of 

about 62 %, and efficiency ~10.5 % at room temperature. Later in 1997, a CdTe/CdS 

based solar cell with 16 % efficiency was reported by Aramoto et al. The device 

consisted of an ultra-thin layer of 50 nm thick CdS and a 3.5 m thick CdTe. A high 

current density of 26.08 mA, high open circuit voltage of 840 mV/cm2 and a fill factor 

of 73 % was achieved for an active area of 1 cm2. In 2001, Wu et al. reported CdS based 

CdTe solar cell with an efficiency of 16.5 % over an active area of 1.032 cm2. The 

device had a structure of (cadmium stannate) CTO/(zinc stannate)ZTO/CdS/CdTe and 

Voc = 845.0 mV, Jsc = 25.88 mA/cm2, and FF = 75.51 %. In 2005, Ramanathan et al. 

reported CIGS/CdS based solar cell. A very thin 50 – 60 nm layer of CdS was used as 

a buffer layer to CIGS absorber. The device showed the following parameters: Voc = 

701 mV, Jsc = 34.60 mA/cm2, FF = 79.65 %, and efficiency = 19.3 %. Analysis of the 

current-voltage curves showed that the high efficiency is related to low ideality factors 

and low reverse saturation current densities. In 2011, Cu2ZnSnS4 solar cells with CdS 

buffer layer having an efficiency of 8.4% was reported by Byungha Shin et al. The 

device had an structure of Mo/MoSx/CZTS/CdS/i-ZnO/Al:ZnO/MgF2 and Voc = 661 

mV, Jsc = 19.5 mA/cm2 and FF = 65.8%. Recently in 2017, Lu et al. fabricated CdS 

buffer layer on CIGS absorber layer using cadmium acetate as a precursor. The device 

with CdS buffer layer deposited at 0.052M cadmium acetate showed the best efficiency 
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of 11.42%. Further, the device efficiency was found to be increased to 12.57% after 

annealing the CdS layer in air at 453K. 

CdxZn1−xS thin films can be formed by diffusion of Zn in CdS. The semiconducting 

properties of the CdxZn1−xS compound can be tuned between the values corresponding 

to its pure binaries depending on the device requirements. This makes CdxZn1−xS thin 

films more attractive for the fabrication of solar cells (Zhou et al. 2004). The vacuum 

thermal evaporation process is a well-known technique that can be used to deposit 

uniform thin films with very good crystallinity. CdxZn1−xS thin films have been 

prepared by different methods such as closed spaced sublimation (Mahmood and Shah 

2014), vacuum evaporation (Lee et al. 2003a; b; Patidar et al. 2008), chemical bath 

deposition (Asogwa 2010; Carreón-Moncada et al. 2013; Gaewdang and Gaewdang 

2005; Kumar et al. 2011; Mahdi and Al-Ani 2012; Rajathi et al. 2012) and spray 

pyrolysis (Kumar et al. 2016; Li et al. 2010; Raviprakash et al. 2011). 

In recent years, transparent conducting materials (TCMs) are becoming important in 

opto-electronic applications such as light emitting diodes, photovoltaics, organic 

electronics, etc. There are many n-type wide band gap materials such as ZnS, ZnO, 

SnO2, etc. which are widely used for transparent electronics. There are relatively fewer 

reports on the successful fabrication of p-type transparent conducting films. In the area 

of photovoltaics, p-type TCMs can be used for the cost-effective synthesis of 

heterostructured thin film devices with intrinsically n-type materials. Also, the 

performance of multi-junction solar cells could be enhanced by using p-type TCMs 

which would facilitate the collection of photogenerated charges independently from 

each absorber layer and thus improving the overall efficiency. In practical applications, 

the crucial challenge in using p-type TCMs is the performance, particularly the 

combination of transparency and hole conductivity. Considerable efforts have been 

made to fabricate p-type ZnO (Lander 1960; Minegishi et al. 1997), ZnS (Iida et al. 

1990) and ZnSe (Park et al. 1990), but the reliability of p-type doping still remains 

controversial (Look et al. 2002). In addition to the above binary compounds, p-type 

transparent ternary and quaternary compounds have begun to attract attention. In 1997, 

the first p-type ternary TCM CuAlO2 was reported which had a hole conductivity of ~1 

S cm-1 and an average optical transparency of 70% (Kawazoe et al. 1997). Since then, 

significant efforts have been made to improve the performance of p-type TCMs 
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(Banerjee and Chattopadhyay 2005; Saritha et al. 2016). In spite of these efforts, 

properties of these materials are quite inadequate for the device application, and the 

fabrication of transparent p-type materials still remains a major challenge. Recently, 

chemical bath deposition and pulsed laser deposition of p-type CuxZnyS thin films were 

reported (Diamond et al. 2012; Ortíz-Ramos et al. 2014; Xu et al. 2016), respectively. 

The band gap of CuxZnyS thin films varies from 2.1 to 3.5 eV depending upon x and y 

ratio which makes CuxZnyS another interesting candidate for p-type TCMs as well as 

buffer/window layer in solar cells. 

The semiconductors from IV-VI group have been drawing much attention in 

optoelectronic devices and solar cells due to their potential application. In recent years, 

among the IV-VI group members, tin monosulfide (SnS) is attracting great interest as 

an absorber layer in the fabrication of photovoltaic devices due to its favorable optical 

bandgap energy, great optical absorption coefficient and high optical transmittance 

(Gunasekaran and Ichimura 2007). SnS compound was first reported by a German 

mineralogist Robert Herzenberg in the year 1932. Since then, many studies on the 

structural, optical and electronic properties as well as its peculiarities with synthesis 

parameters and fabrication techniques were performed. SnS is a p-type semiconductor 

which is comprised of cheap and non-toxic elements. It can crystallize in cubic 

(Chalapathi et al. 2016; Garcia-Angelmo et al. 2015) as well as orthorhombic (Nair et 

al. 2016) structures. It has been reported having bandgap in a wide range varying from 

0.9 eV to 1.8 eV (Sns et al. 2013) and has an absorption coefficient of above 104 cm-1 

(Wangperawong et al. 2014). These excellent properties make it a potential alternative 

than more studied absorbers like CIGS and CdTe (Major et al. 2014; Niki et al. 2010; 

Ramanujam and Singh 2017; Wu 2004). The highest reported efficiency for SnS based 

heterojunction was 4.4% (Sinsermsuksakul et al. 2014) which is drastically lower the 

theoretical estimation of 24% as predicted by Lofersky’s bandgap analysis (Loferski 

1956). This low efficiency is mainly due to the low quality of material, poor 

microstructure and existence of supplementary phases like SnS2 and Sn2S3 during the 

formation of SnS thin films (Banai et al. 2016). Back in 1988, Sharon and 

Basavaswaran reported a photoconversion efficiency of 0.63 % for a 

photoelectrochemical cell (PEC) with the structure: n-SnS/Ce4+/Ce3+/Pt. SnS thin films 

were synthesized by passing H2S through a solution of SnCl2. Hall measurements 
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revealed donor concentration and mobility of major carrier as 2.28 × 1016 cm-3 and 11.4 

cm2V-1s-1 respectively. By the year of 1994, Noguchi et al. successfully deposited SnS 

thin films by vacuum evaporation technique and fabricated an ITO/n-CdS/p-SnS/Ag 

structure solar cell. It exhibited a short circuit current density (Jsc) of 7 mA/cm2, an 

open-circuit voltage (Voc) of 0.12 V, a fill factor (FF) of 35 % and a conversion 

efficiency of 0.29 %. The as-grown SnS films showed p-type conduction with a 

resistivity of 13 ~ 20 cm, a carrier density of 6.3 × 1014 ~ 1.2 × 1015 cm-3, and a Hall 

mobility of 400 ~ 500 cm2/Vs. A SnS/CdS photovoltaic study was done by 

Ramakrishna Reddy et al. in the year 2006 where the SnS films were synthesized by 

spray pyrolysis technique and exhibited an efficiency and quantum efficiency (QE) of 

1.3 and 70 %, respectively. The efficiency was found to be low because the thickness 

of SnS used in this work was very thin (0.6m). They reported that by increasing the 

thickness to >1.5m, a substantial increase in Voc can be expected. The methodology 

on the preparation as well as chemical, structural and physical characterization results 

of the Mo/p-SnS/n-CdS/ZnO heterojunctions were reported by Bashkirov et al. in 2012. 

The SnS thin films were grown by hot wall vacuum deposition (HWVD) method on 

the Mo-coated glass substrates at 543–623K. The CdS buffer layers were deposited 

onto the SnS films by chemical bath deposition. The ZnO window layers were 

deposited by a two-step RF magnetron sputtering method, resulting in a ZnO bilayer 

structure: the first layer consists of undoped i-ZnO and the second of Al-doped n-ZnO. 

The best junction exhibited the following parameters: Voc = 132 mV, Jsc = 3.6 mA/cm2, 

FF = 29 % and   = 0.5 %. An efficiency of 2.46 % was achieved for SnS-based thin 

film solar cells having a device structure of Mo/SnS/Zn(O,S)/ZnO/ITO by varying the 

oxygen-to-sulfur ratio in Zn(O,S) layer by Sinsermsuksakul et al. in 2013. Studies 

showed that increasing the sulfur content in Zn(O,S) raises the conduction band offset 

between Zn(O,S) and SnS to an optimum slightly positive value. The SnS/Zn(O,S) solar 

cell with a S/Zn ratio of 0.37 exhibited a short-circuit current density (Jsc), open circuit 

voltage (Voc), and fill factor (FF) of 19.4 mA/cm2, 0.244 V, and 42.97 %, respectively. 

In 2014, Sinsermsuksakul et al. reported an efficiency of 4.36 % by adding a SnO2 layer 

of few nanometers at SnS/Zn(O,S) interface of Mo/SnS/Zn(O,S)/ZnO/ITO solar cell. 

The conduction band minimum of Zn(O,S) was lowered by reducing the sulfur content 

to form an optimum spike with the annealed SnS and the carrier concentration of the 
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oxygen-rich Zn(O,S) was decreased by nitrogen doping to restore the diode quality. A 

variety of techniques are available to deposit SnS thin films like electrochemical 

deposition (Gunasekaran and Ichimura 2007), radio frequency sputtering (Arepalli et 

al. 2019; Jiang et al. 2014; Minnam Reddy et al. 2015; Zhao et al. 2016), spray pyrolysis 

(Alam and Dutta 2015; Arulanantham et al. 2018; Ramakrishna Reddy et al. 2006; Sall 

et al. 2017), chemical bath deposition (Chaki et al. 2016; Chalapathi et al. 2016; Gedi 

et al. 2015, 2016; Nair et al. 2016), vacuum thermal evaporation (Basak et al. 2018; 

Kawano et al. 2015; Robles et al. 2015a; b), electron beam evaporation (Caballero et 

al. 2016), and chemical vapor deposition (Sánchez-Juárez et al. 2005).  

One can tune the distinct properties of ZnS and SnS thin films by alloying them to form 

ZnxSn1-xS thin films. Due to the large difference in their optical band gap values, the 

band gap of the ZnxSn1-xS thin films can be altered from 1.5 eV to 3.5 eV by varying 

the composition ‘x’. This makes ZnxSn1-xS thin films an interesting candidate for 

various opto-electrical devices. The opto-electrical properties of the ZnxSn1-xS films 

can be tuned to a value according to the requirement of the device.  

 

1.5 Scope of the Work 

Literature survey reveals the importance of materials such as ZnS, SnS and CdS in the 

field of opto-electronic devices. Majority of the studies on these materials and their 

compounds are mainly focused on the implementation of the materials in the field of 

solar cells. Various techniques are available to grow thin films of these materials. 

Among these techniques, the thermal evaporation method is a well-established method 

that can be used to deposit uniform thin films with very noble crystallinity and purity. 

A very few studies have been carried out on the investigation of these materials as a 

photodetector using a thermal evaporation method. One approach to enhance the 

properties of a material is through surface modification by the proper choice of dopants 

or by alloying. Hence, the present work focuses on the preparation of binary sulfides 

viz., ZnS, CdS, SnS and ternary sulfides viz., Cux(ZnS)1-x, ZnxCd1-xS and ZnxSn1-xS 

thin films using thermal evaporation method and their characterization towards 

bandgap engineering and photo sensing properties. 
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1.6 Objectives 

i. To optimize the growth conditions of metal sulfides like ZnS, CdS, and SnS 

thin film using thermal evaporation technique.  

ii. To study the structural, morphological, compositional, optical and electrical 

properties of the grown metal sulfides thin film. 

iii. To optimize the growth conditions of doped/mixed metal sulfides thin film 

using thermal evaporation technique. 

iv. To study the structural, morphological, compositional, optical and electrical 

properties of the doped/mixed metal sulfides thin film. 

v. To study the suitability of these materials as a photodetector.  

 

1.7 Thesis outline 

This dissertation is focused on the application of metal sulfide thin films for 

photodetector applications as well as towards band gap engineering of the materials. 

The thesis comprises of 5 chapters as mentioned below: 

 

Chapter–1 gives a brief introduction to thin films, compound semiconductors, 

photodetector, few important materials used for opto-electronic devices along with their 

literature survey, the scope of the present work and the objectives. 

 

Chapter–2 is devoted to the experimental technique involved to deposit the thin films 

and the several characterization methods followed to analyze the various properties of 

the films. 

 

Chapter–3 discusses the preparation of binary sulfides i.e., ZnS, CdS and SnS thin films 

using thermal evaporation method. The role of substrate temperature on the different 

properties of the films is reported. In addition, the photodetector properties of the CdS 

and SnS films are investigated. 

 

In chapter–4, the synthesis of ternary alloys namely Cux(ZnS)1-x, ZnxCd1-xS, and 

ZnxSn1-xS thin films using a thermal evaporation method are described. The various 

properties of the ternary alloyed films are then analyzed using different characterization 
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techniques. The excellent transparent conducting behavior of the Cux(ZnS)1-x is 

reported. Lastly, the outstanding photosensitivity studies of ZnxCd1-xS and ZnxCd1-xS 

thin films along with the band gap engineering of the films are described in this chapter. 

 

Chapter–5 reports the conclusion drawn from all the investigations carried out on both 

the binary and ternary compound semiconductors.  
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CHAPTER 2 

THIN FILM: DEPOSITION AND CHARACTERIZATIONS 

Overview: 

This chapter explains the methods which were used for cleaning the substrates, 

technique used for depositing the films, characterization techniques and working 

formulae used to estimate the thickness, structural, and opto-electrical properties of 

the films. In addition, the basic principles of the various methods are described here.   

 

2.1 Cleaning of the substrates 

The glass substrates used for this study were cleaned by dipping the borosilicate glass 

in a chromic acid solution for 12 hours. Then the substrates were washed with running 

de-ionized (DI) water followed by ultra-sonicating with acetone and DI water for 15 

mins each, respectively. Lastly, the films were dried inside a hot air oven at 473K for a 

duration of 6 hrs.  

 

2.2 Thermal evaporation method 

Thin films can be deposited via various physical and chemical routes. The thermal 

evaporation method shows some advantages such as the impurity amount associated 

with the growing layer is minimum, the tendency of forming oxides is considerably 

low, high reproducibility and high deposition rate. Therefore, the thermal evaporation 

technique has been the most suitable method to grow thin films owing to the very high 

deposition rate, low material consumption and low cost of operation. 

In the thermal evaporation process, the material to be evaporated is kept on an 

evaporation source (can be either a filament or boat or crucible) and a substrate is 

located at an appropriate distance facing the evaporation source as shown in figure 2.1. 

The material used to fabricate the evaporation source should be having a higher melting 

temperature than the material to be evaporated. Generally, the evaporation sources are 

made up of tungsten or molybdenum. Both the source and the substrate are located 

inside a high vacuum chamber. The substrate can also be heated or electrically biased 
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or rotated during deposition. The desired vapor pressure of source material can be 

generated by simply heating the source to elevated temperatures, and the concentration 

of the growth species in the gas phase can be easily controlled by varying the source 

temperature and the flux of the carrier gas. 

 

 

2.3 Characterization techniques 

2.3.1 Thickness measurement method 

The thickness of a film is an essential factor that determines various properties of a thin 

film. There are many methods to measure the thickness of the films namely quartz 

crystal microbalance, surface profilers, interferometry, gravimetric method and through 

a cross-sectional image of the scanning electron microscope (SEM). In the present 

study, the thickness of the film was calculated using a simple weight difference process 

known as a gravimetric method employing a sensitive electronic microbalance 

(Sartorius BT 124 S). Here, the thickness of the film (t) was determined using the 

following formula. 

Figure 2.1 Schematic of thermal evaporation technique 
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𝑡 =
𝑚2 − 𝑚1

𝜌𝐴
 (2.1) 

where ‘m2’ is the weight of the substrate after deposition, ‘m1’ is the weight of the 

substrate before deposition, ‘A’ is the deposited film area (in cm2), and ‘ρ’ is the film 

material density (in g/cm2).  

 

2.3.2 X-ray diffraction (XRD) 

X-ray diffraction is a rapid analytical technique primarily used for phase identification 

of a crystalline material and can provide information on unit cell dimensions. There are 

different types of X-ray diffractometers available for crystal structure analysis. The 

most commonly used diffractometer is known as Powder Diffractometer or Debye-

Scherrer Diffractometer named after its inventors. X-ray diffraction is based on the 

constructive interference of monochromatic X-rays and a crystalline sample. These X-

rays are generated by a cathode ray tube, filtered to produce monochromatic radiation, 

collimated to concentrate, and directed toward the sample. The interaction of the 

incident rays with the sample produces constructive interference (and a diffracted 

beam) when conditions satisfy Bragg's Law. This law relates the wavelength of 

electromagnetic radiation to the diffraction angle and the lattice spacing in a crystalline 

sample. These diffracted X-rays are then detected, processed and counted. By scanning 

the sample through a range of 2θ angles, all possible diffraction directions of the lattice 

should be attained due to the random orientation of the powdered material. Conversion 

of the diffraction peaks to d-spacings allows identification of the mineral because each 

mineral has a set of unique d-spacings. Typically, this is achieved by comparison of d-

spacings with standard reference patterns. All diffraction methods are based on the 

generation of X-rays in an X-ray tube. These X-rays are directed at the sample, and the 

diffracted rays are collected. A key component of all diffraction is the angle between 

the incident and diffracted rays.  

In the current study, the structural characterization of the films was carried out by an 

X-ray diffractometer (Rigaku MiniFlex 600) using Cu K radiation with a wavelength 

of 1.5418 Å. The interplanar distance ‘d’ for the various diffraction peaks were 

calculated using Bragg’s relation: 
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𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃 (2.2) 

The crystallite size ‘D’ (nm) of the investigated films was calculated by using the 

Scherrer's formula: 

𝐷 =
0.94𝜆

𝛽 cos 𝜃
 (2.3) 

where’’ is the wavelength of the X-ray used and ‘’ is the full width at half maximum 

of the diffraction peak at 2θ, where θ is the Bragg diffraction angle. 

The lattice constant ‘a’ for cubic phase was determined by the following relation: 

𝑎 =
𝑑

√(ℎ2 + 𝑘2 + 𝑙2)
 (2.4) 

The lattice parameters (a, c) for the hexagonal crystal system was calculated using the 

below relation. 

1

𝑑2
=

4

3

(ℎ2 + ℎ𝑘 + 𝑘2)

𝑎2
+

𝑙2

𝑐2
 (2.5) 

 

2.3.3 Scanning electron microscope (SEM) 

A Scanning Electron Microscope (SEM) is a type of electron microscope that produces 

images of a sample by scanning it with a focused beam of electrons. The electrons 

interact with atoms in the sample, producing various signals that contain information 

about the sample's surface topography and composition. 

In Figure 2.2, essential parts of a Scanning Electron Microscope are shown. In an 

electron microscope, electrons emitted from a hot filament are usually used. However, 

sometimes cold cathode (a cathode that emits electrons without heating it) is also used. 

A cold cathode emits electrons under the application of a very high electric field. It is 

also known as a Field Emitter Scanning Electron Microscope (FE-SEM). In a Scanning 

Electron Microscope, backscattered electrons or secondary electrons are detected. In an 

electron microscope, the electron beam can be focused to a tiny spot size using 

electrostatic or magnetic lenses. Usually, the electrostatic lenses are used for SEM. The 

fine beam is scanned or rastered on the sample surface using a scan generator and 

backscattered electrons are collected by an appropriate detector. The signal from the 

scan generator along with the amplified signal from the electron collector generates the 

image of the sample surface. In order to avoid the oxidation and contamination of 
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filament as well as reduce the collisions between air molecules and electrons, filament 

and sample are housed in a vacuum chamber. Usually, vacuum ~ 10-2 – 10-3 Pa or better 

is necessary for the normal operation of Scanning Electron Microscope. 

One disadvantage of electron microscopes is that insulating samples cannot be analyzed 

directly as they get charged due to incident electrons and images become blurred/faulty. 

Therefore, insulating solids are coated with a very thin metal film like gold or platinum 

(<10 nm) making them conducting without altering any essential details of the sample. 

The metal film is usually sputter coated on the sample to be investigated prior to the 

introduction into the electron microscope. Electron microscopes can also be used to 

obtain the composition of a sample using a technique known as Energy Dispersive 

Analysis of X-rays (EDAX or EDX). In the present study, surface morphology was 

captured using the Zeiss-Sigma FE-SEM model. The FE-SEM is capable of capturing 

an image with a resolution of 1nm at an accelerating voltage of 20kV. Accelerating 

voltage of 5kV with a working distance of 5-8mm was used during the present study. 

Since the samples were deposited on a non-conducting soda-lime glass substrate, all 

the samples were sputtered with a thin layer of gold and conductivity between the 

surface of thin film to sample holder was established using carbon tape. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 A typical sketch of a Scanning Electron Microscope 
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2.3.4 Energy dispersive analysis of X-rays (EDAX) 

Interaction of the primary beam with atoms in the sample causes shell transitions which 

result in the emission of an X-ray. The emitted X-ray has an energy characteristic of 

the parent element. Detection and measurement of the energy permit elemental analysis 

(Energy Dispersive X-ray Spectroscopy or EDS). EDS can provide rapid qualitative, or 

with adequate standards, quantitative analysis of elemental composition with a 

sampling depth of 1-2 microns. X-rays may also be used to form maps or line profiles, 

showing the elemental distribution in a sample surface. 

 

2.3.5 UV-Vis-NIR spectroscopy 

Optical absorption spectroscopy is a handy technique to study metals, semiconductors, 

and insulators in bulk, colloidal, thin film and nanostructure forms. Semiconducting as 

well as some insulating materials have an optical energy gap. When the energy of 

photons is insufficient to excite electrons from valence band to conduction band, no 

absorption takes place. At some critical photon energy, a sudden rise in absorption 

occurs as the energy of photons is just sufficient to excite the electron to conduction 

band minimum. At still shorter wavelengths or higher energy photons continue to get 

absorbed. The absorbed (or reflected) intensity as a function of wavelength from 

ultraviolet (200 nm) to near infra-red (3,000 nm or many times only up to 1,000 nm) is 

useful to understand electronic structure and transitions between valence and 

conduction band of materials. 

In order to calculate the energy bandgap (Eg) of the films, Tauc’s relation was used 

(Tauc and Menth 1972): 

𝛼ℎ𝜈 = 𝐵(ℎ𝜈 − 𝐸𝑔)
𝑛

 (2.6) 

where ‘B’ is “a parameter that depends on the transition probability” and the exponent 

‘n’ is a value which depends on the transition type “(n = 1/2, 2, 3/2 or 3 for allowed 

direct, allowed in-direct, forbidden direct or forbidden in-direct transitions, 

respectively)”. 

The absorption coefficient () of the films was determined from the absorption spectra 

utilizing the below relation: 

𝛼 =  
2.303 ∗ 𝐴

𝑡
 (2.7) 
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where ‘t’ is “the thickness of the film” and ‘A’ is “the absorbance of the film”. 

 

2.3.6 Raman spectroscopy 

Raman spectroscopy is a spectroscopic technique typically used to determine 

vibrational modes of molecules, although rotational and other low-frequency modes of 

systems may also be observed. Raman spectroscopy is commonly used in chemistry to 

provide a structural fingerprint by which molecules can be identified. Raman 

spectroscopy relies upon the inelastic scattering of photons, known as Raman 

scattering. A source of monochromatic light, usually from a laser in the visible, near-

infrared, or near ultraviolet range is used, although X-rays can also be used. The laser 

light interacts with molecular vibrations, phonons or other excitations in the system, 

resulting in the energy of the laser photons being shifted up or down. The shift in energy 

gives information about the vibrational modes in the system. Infrared spectroscopy 

typically yields similar, complementary, information. 

Typically, a sample is illuminated with a laser beam. Electromagnetic radiation from 

the illuminated spot is collected with a lens and sent through a monochromator. Elastic 

scattered radiation at the wavelength corresponding to the laser line (Rayleigh 

scattering) is filtered out by either a notch filter, edge pass filter, or a band pass filter, 

while the rest of the collected light is dispersed onto a detector. 

 

2.3.7 Opto-electrical analysis 

The electrical properties of materials may depend on several factors such as deposition 

technique, optimization condition, thickness, crystallinity, defects, etc. Analyzing the 

electrical property of material gives insight into many properties of the material, which 

can be helpful for device fabrication. Thin films prepared using a thermal evaporation 

technique will be polycrystalline in nature, in which electrical property is dominated by 

grain boundaries and defects. The current-voltage (I-V) characteristic curves are 

generally used as a tool to determine and understand the basic parameters of a 

component or device and which can also be used to mathematically model its behavior 

within an electronic circuit. In the present study, the electrical parameters were 

determined using a Keithley 2400 sourcemeter and a Keysight B2985A multimeter. A 

typical Xenon arc lamp (Oriel Instruments U.S.A., Newport, Model: 66902) was used 
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as a light source and an optical power meter (Nova P/N 7Z01500, Ophir) was employed 

to measure the light intensity.  

The type of electrical conductivity of deposited thin films was analyzed using a hot 

probe method. This method is based on the Seebeck effect, in which the sign of 

thermos-emf generated between hot and cold is used to determine the type of 

conductivity. A soldering gun was used to heat one terminal and another terminal was 

maintained at room temperature. Then, the hot end and cold end terminal of the thin 

film were connected to positive and negative terminals of voltmeter respectively. 

Because of a thermal gradient, thermally generated charge carriers diffuse from hot end 

to cold end leading to the development of a potential, which can be measured using a 

voltmeter. A positive and negative potential develops across the terminals for n-type 

and p-type materials respectively. 

Temperature-dependent resistance measurement was carried out to estimate the 

activation energy (Ea). The activation energy ‘Ea’ associated with the films was 

calculated using the below equation.  

𝐸𝑎 =
2.303 ∗ 𝑘 ∗ 𝑠𝑙𝑜𝑝𝑒

𝑒
 (2.8) 

where ‘e’ is “the charge of an electron”, ‘k’ is “Boltzmann’s constant”, and the slope 

was determined from the linear portion of the logarithmic resistance vs inverse 

temperature (1/T) plot. 

The photoconductivity of the films was calculated using: 

𝜎 =  
𝐼𝑡

𝑉𝐴
 (2.9) 

where ‘A’ is “the device area”, ‘t’ is “the thickness of the film”, and ‘I’ is “the measured 

current”. 

The photosensitivity ‘S’ of the films was calculated using the below equation: 

𝑆 =  
𝜎𝐿−𝜎𝐷

𝜎𝐷
 (2.10) 

where ‘σD’ and ‘σL’ are “the electrical conductivities of the films without light and with 

light, respectively”. 

The photoresponsivity (R) i.e. “the amount of photocurrent generated per unit area per 

unit illumination intensity” is determined using the below equation: 
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𝑅 =  
𝐼𝑙𝑖𝑔ℎ𝑡−𝐼𝑑𝑎𝑟𝑘

𝐿𝜆𝐴
 (2.11) 

where ‘Idark’ and ‘Ilight’ are “current following through the sample under dark and 

illumination”, ‘A’ is “the effective illumination area”, and ‘Lλ’ is the “incident 

illumination intensity of the light source”. 
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CHAPTER 3 

STUDIES ON BINARY SULFIDE THIN FILMS 

Overview: 

This chapter describes the process followed to obtain stoichiometric thin films. In the 

thermal evaporation technique, the substrate temperature plays a vital role in 

determining the various properties of a thin film. Herein, the influence of substrate 

temperature on the structural, morphological, compositional, optical and electrical 

properties of films is investigated. Finally, the photosensitivity studies on the CdS and 

SnS thin films were conducted. 

 

3.1 Zinc sulfide (ZnS) thin films 

3.1.1 Experimental details  

ZnS (purity 99.999%, Sigma Aldrich) powder was taken as the evaporation source 

material and was deposited on pre-cleaned glass substrates using a thermal evaporation 

technique. The deposition chamber was evacuated below 2x10-6 Torr using a diffusion 

pump coupled with a rotary pump. The films were deposited at various substrate 

temperatures viz., 297K, 373K, and 423K. The thickness of the deposited films was 

determined by the gravimetric technique and was maintained at ~500 nm. The structural 

properties of the deposited films were examined by X-ray diffractometer. The surface 

morphological and elemental composition of the prepared ZnS films were studied by a 

scanning electron microscope coupled with an EDX detector. The optical properties of 

the thin films were calculated in the spectral range of 300 - 1600 nm at room 

temperature using a UV-Vis spectroscopy.  

 

3.1.2 XRD analysis 

To study the various structural features of the thermally deposited ZnS thin films, X-

ray diffraction (XRD) studies were carried out. Figure 3.1 shows the XRD spectra of 

the ZnS thin films deposited at various substrate temperatures. It can be seen that all 

the as-deposited films are crystalline in nature and having a cubic structure with (111) 
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as preferred oriented peak (JCPDS card no. 01-077-2100). Also, it can be noticed that 

the intensity of the (111) peak increases with increasing substrate temperature. The 

obtained films were then subjected to annealing at 373K for a duration of 1 hr in order 

to study the effect of annealing on its structural, morphological and compositional 

properties. The XRD plots of the annealed ZnS thin films are depicted in figure 3.2. 

The various structural parameters of the ZnS thin films are tabulated in table 3.1. It can 

be observed that the crystallite size increases with increasing substrate temperature and 

also with annealing.  

 

3.1.3 Morphological and compositional analysis 

The FE-SEM micrographs of the ZnS thin films deposited at different substrate 

temperature is shown in figure 3.3. It can be observed that the films grown at room 

temperature and 373K do not contain any features whereas the films deposited at 423K 

is having granular morphology. All the films are free from any pinholes and cracks. 

Figure 3.1 XRD image of ZnS thin 

films deposited at a) 297K, b) 373K, 

and c) 423K. 

Figure 3.2 XRD image of annealed 

ZnS thin films deposited at a) 297K, 

b) 373K, and c) 423K. 
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The EDAX spectra of the film grown at a substrate temperature of 373K is shown in 

figure 3.4 and the corresponding mapping images of Zn and S are shown in figure 3.5a 

and figure 3.5b, respectively. From figure 3.5, it can be seen that both the elements i.e., 

Zn and S are homogeneously distributed across the deposited area. The elemental 

atomic % of ZnS films is charted in table 3.2. The films grown at room temperature is 

found to be Zn rich. This can be attributed to the fact that the vapor pressure of Zn is 

higher than that of S. Therefore, Zn evaporates at a faster rate than S. As the substrate 

temperature increases, the Zn % decreases from the films. This might be due to the re-

evaporation of Zn atoms from the films at a higher substrate temperature. A 

stoichiometric condition was achieved for the films deposited at a substrate temperature 

of 373K and annealed at 373K for a duration of 1hr. 

 

 

 

 

 

Figure 3.3 SEM images of as-deposited ZnS thin film at substrate temperature of a) 

297K, b) 373K, c) 423K and post-annealed ZnS film deposited at d) 297K, e) 373K, 

f) 423K. 
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Table 3.1 Structural parameters of ZnS thin films. 

Substrate  

Temperature 
2 (degree) 

Crystallite size, 

D (nm) 
dh k l  (Å) 

Lattice 

parameter, a (Å) 

297K 28.54 24.18 3.125 5.413 

Post-Annealed 28.51 24.95 3.128 5.418 

373K 28.47 26.42 3.132 5.425 

Post-Annealed 28.46 26.50 3.133 5.427 

423K 28.45 28.06 3.135 5.429 

Post-Annealed 28.44 32.30 3.136 5.431 

 

Table 3.2 Elemental composition of ZnS thin films. 

Atomic % 

Substrate 

Temp. 

As-deposited Annealed  

Zn S  Zn S 

297K 52.17 47.83 52.48 47.52 

373K 50.72 49.28 50.37 49.63 

423K 48.12 51.88 48.33 51.67 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 EDAX spectra of stoichiometric 

ZnS thin film. 

Figure 3.5 Elemental mapping of stoichiometric ZnS thin film (a) Zn and (b) S 

elements. 
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3.1.4 Optical studies  

The optical absorbance and transmission spectra of the ZnS thin films were obtained 

from the UV-Vis-NIR spectroscopy in the range 300 - 1600 nm. It can be seen from 

figure 3.6 that the average transparency of the ZnS thin film deposited at a substrate 

temperature of 373K is ~85%. The presence of fringes in the transmittance spectra 

suggests that the film is having a uniform thickness (Benyahia et al. 2015a).  

The optical band gaps of the thin films were calculated from the plot of (h)2 vs 

photon energy ‘h’ by assuming the transition type is allowed direct. The extrapolation 

of the straight line portion of the curve to the energy axis at (h)2 = 0 gives the band 

gap of the material, as shown in figure 3.7. The band gap of the ZnS thin film was found 

to be 3.51 eV which closely matches the previously reported values (Benyahia et al. 

2015a).  

 

3.2 Cadmium sulfide (CdS) thin films 

The properties of a thermally grown thin film depend on several parameters such as 

deposition rate, substrate temperature, film thickness, etc. The thickness of a film plays 

a crucial role in determining the properties of a thin film (Enríquez 2003). Generally, 

in the thermal evaporation method, increasing substrate temperature decreases the film 

thickness due to the re-evaporation of the precursor atoms from the substrate as 

observed by other groups (Jaber et al. 2012; Tomakin et al. 2011). Therefore, in the 

present study, CdS thin films of thickness ~450 nm were deposited using a vacuum 

Figure 3.7 Tauc’s Plot of stoichiometric 

ZnS thin film. 

Figure 3.6 Transmission spectra of 

stoichiometric ZnS thin film. 
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thermal evaporation process and the impact of the substrate temperatures upon the 

structural, morphological, opto-electrical properties of the grown films were examined.  

3.2.1 Experimental details 

Thermal evaporation method was used to deposit CdS thin films on pre-cleaned glass 

substrates. CdS (purity 99.999%, Alfa Aesar) powder was used as the evaporation 

source material. The deposition chamber was evacuated below 2x10-6 Torr using a 

diffusion pump coupled with a rotary pump. The films were deposited at various 

substrate temperatures viz., 297K, 323K, 373K, and 423K. The thickness of the 

deposited films was determined by the gravimetric technique and was maintained at 

~450 nm for different conditions. The structural properties of the deposited films were 

examined by X-ray diffractometer. The surface morphological and elemental 

composition of the prepared CdS films were studied by a scanning electron microscope 

coupled with an EDX detector. The optical properties of the thin films were calculated 

in the spectral range of 450 – 750 nm at room temperature using a UV-Vis 

spectroscopy. For electrical studies, all the films were pre-annealed at 373K for a 

duration of 1hr in order to obtain a stable photo-electrical response. Silver (Ag) 

electrodes (1 cm x 1 cm) were deposited on the CdS films using the thermal evaporation 

method. A Keithley sourcemeter was used for calculating the electrical parameters. 

Xenon arc lamp was used as a light source for optical studies and a power meter (Nova 

P/N 7Z01500, Ophir) was used for measuring the light intensity. 

3.2.2 Structural studies 

X-ray diffraction (XRD) studies were performed on the CdS thin films to gather 

information about the various structural features present. Figure 3.8 displays the XRD 

pattern of CdS thin films grown at 297K, 323K, 373K, and 423K substrate temperature, 

respectively. It can be observed that all films are polycrystalline, matches well with the 

hexagonal structure of CdS (JCPDS card no. 00-041-1049) and are having a 

predominant peak at 2θ = 26.4° corresponding to (002) plane.  

Table 3.3 shows the different parameters calculated for the thermally deposited thin 

films at different substrate temperatures. The lattice constants ‘a’ and ‘c’ estimated 

from the diffraction data matches well with the standard values of the hexagonal 

structure of CdS films. As seen in figure 3.9, both crystallite size and the strength of 

the (002) predominant peak reduces with increasing substrate temperature and then 
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increases for a substrate temperature of 423K. Similar observations have been already 

reported earlier for thermally evaporated CdS thin films having different thicknesses 

(Jaber et al. 2012). 

3.2.3 Morphological studies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The microstructural and elemental analysis was carried out using a Scanning Electron 

Microscope (FE-SEM) accompanying an Energy Dispersive Analysis X-Ray unit 

(EDAX). The FE-SEM micrographs of thermally deposited films at various substrate 

temperatures are displayed in figure 3.10. FE-SEM images revealed that the deposited 

films are pin-hole free and uniform throughout the deposited area with fine grains. It 

can be observed that the grains re-crystallizes with increasing substrate temperature 

(figure 3.10b and 3.10c). However, at a substrate temperature of 423K, larger grains 

Figure 3.8 XRD images of CdS thin films deposited at a) 297K, b) 323K, c) 373K, 

and d) 423K. 
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can be observed in figure 3.10d, as suggested by XRD. EDAX spectra confirm the 

existence of cadmium (Cd) and sulfur (S), as shown in figure 3.11. 

The variation in the atomic composition of Cd and S with respect to substrate 

temperature is charted in table 3.4. A stoichiometric condition of the thermally grown 

CdS thin film was achieved at a substrate temperature of 373K. It can be seen that the 

Cd atomic percentage reduces with rising substrate temperature. This is due to the fact 

that the vapor pressure of Cd is greater than that of S, therefore, at a higher substrate 

temperature, Cd re-evaporates faster than S from the surface of the film. 

 

Table 3.3 XRD diffraction data of CdS thin films deposited at various conditions. 

Substrate 

Temperature 

2 

(degree) 
Plane 

Crystallite 

Size, 

D (nm) 

Interplanar 

Spacing, 

dh k l  (Å) 

Lattice 

Constant, 

a (Å) 

Lattice 

Constant, 

c (Å) 

297K 
24.84 100 22.96 3.594 4.150 - 

26.44 002 33.04 3.365 - 6.730 

323K 
24.81 100 24.99 3.586 4.140 - 

26.46 002 29.49 3.366 - 6.732 

373K 
24.71 100 19.75 3.594 4.150 - 

26.45 002 27.67 3.368 - 6.737 

423K 
24.81 100 22.96 3.586 4.140 - 

26.43 002 34.23 3.369 - 6.739 

 

Table 3.4 Compositional study of CdS thin films. 

 

Sample 
Substrate 

Temperature 

Avg. Grain 

Size (nm) 
Cd (at %) S (at %) 

Cd/S 

ratio 

a 297K 178 52.08 47.92 1.086 

b 323K 123 51.21 48.79 1.049 

c 373K 105 50.05 49.95 1.002 

d 423K 224 47.46 52.54 0.903 



  33 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Variation of crystallite size and intensity of (002) peak with substrate 

temperature. 

Figure 3.10 FE-SEM pictures of CdS thin films deposited at a) 297K, b) 323K, c) 

373K, and d) 423K. 
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3.2.4 Optical studies 

 

Optical absorbance and transmittance spectra were carried out on the CdS thin films in 

the 450 – 750 nm spectral range. The transparency of the grown films was found to be 

increasing with rising substrate temperature and was found highest for the films grown 

at a substrate temperature of 373K, as shown in figure 3.12. The optical energy band 

gaps of the thin films were estimated from Tauc’s plot as shown in figure 3.13. The 

energy band gap of CdS thin films grown at room temperature is calculated to be 2.42 

eV which closely matches with previously reported values (Liu et al. 2010).  

Figure 3.11 EDAX plots of CdS thin films deposited at a) 297K, b) 323K, c) 373K, and 

d) 423K. 

Figure 3.13 Tauc’s plot of CdS thin films 

deposited at a) 297K, b) 323K, c) 373K, 

and d) 423K. 

Figure 3.12 Transmittance plot of CdS 

thin films deposited at a) 297K, b) 

323K, c) 373K, and d) 423K. 
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3.2.5 Opto-electrical properties 

 

 

 

 

 

 

 

 

 

 

 

 

 

To analyze the electrical response of CdS thin films, silver (Ag, 99.999 %, Alfa Aesar) 

metal contact was deposited on the films using a thermal evaporation method. The IV 

curves shown in figure 3.14 reveal that Ag behaves as an ohmic contact for CdS thin 

films and also the films are photosensitive. In order to find the majority charge carrier 

type, the hot probe method was carried out at room temperature and it was seen that all 

the films are having n-type conductivity (Liu et al. 2010). The variation of photocurrent 

with response to the light intensity is displayed in figure 3.15. It can be observed that 

the photocurrent increases as the light intensity increases.  

Table 3.5 shows the various optical and electrical parameters calculated for the grown 

thin films. The photosensitivity was highest for stoichiometric CdS thin films deposited 

at a substrate temperature of 373K. The existence of a direct optical band gap of ~2.4 

eV along with good transparency, crystallinity, and photoconductivity, thereby, makes 

the deposited CdS thin films a good window layer material for p-type CdTe or CIGS 

based photovoltaic cells (Lu et al. 2017; Romeo et al. 2004). 

Figure 3.14 IV plots of CdS thin films deposited at a) 297K, b) 323K, c) 373K, and d) 

423K. 
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Table 3.5 Summary of opto-electrical properties of CdS thin films. 

Sample 
Substrate 

Temperature 

Avg. 

Transparency (%) 

Energy band 

gap, Eg (eV) 

Photo 

Sensitivity, S 

a 297K 64 2.42 0.22 

b 323K 72 2.42 0.34 

c 373K 79 2.43 1.27 

d 423K 69 2.42 0.25 

 

3.3 Tin sulfide (SnS) thin films 

The properties of a thermally grown thin film depend on several parameters such as 

deposition rate, substrate temperature, film thickness, etc. The thickness of a film plays 

a crucial role in determining the properties of a thin film (Enríquez 2003). Generally, 

in the thermal evaporation method, increasing substrate temperature decreases the film 

thickness due to the re-evaporation of the precursor atoms from the substrate as 

observed by other groups (Jaber et al. 2012; Tomakin et al. 2011). Therefore, in the 

present report, the thermal evaporation technique was utilized to deposit SnS thin films 

of thickness ~500 nm on glass substrates and the influence of substrate temperature on 

the visible light photodetector properties of the SnS thin films have been reported. 

 

 

Figure 3.15 Photocurrent vs Intensity plot of CdS thin films a) 297K, b) 323K, c) 

373K, and d) 423K. 
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 3.3.1 Experimental details 

Tin sulfide (SnS) thin films were grown on pre-cleaned glass substrates at various 

substrate temperatures using the thermal evaporation method. SnS pellets (purity 

99.5%, Alfa Aesar) were used as a source element and the source to substrate distance 

was fixed at 13 cm. The deposition chamber was evacuated below 2 x 10-6 Torr using 

a diffusion pump connected to a rotary pump. Upon deposition, the films were annealed 

for a duration of 1 hr at 373 K. The thickness of the SnS thin films was calculated by 

the Gravimetric method and was kept constant at ~500 nm for various substrate 

temperatures. The Raman spectra of the deposited SnS films were obtained using a 

LabRAM HR system. The optical properties were measured using a double beam UV–

Vis–NIR Spectrophotometer (Shimadzu UV-3600) over the spectral range of 350 – 

1350 nm at room temperature. Silver (Ag) (Ag wire, 99.999%, Alfa Aesar) electrodes 

(1 cm x 1 cm) were thermally evaporated on the surface of the films. The current-

voltage properties of the SnS films were calculated using a sourcemeter (Keithley 

sourcemeter 2400). For the light source, standard Xenon arc lamp was used and in order 

to measure the light intensity, a power meter (Nova P/N 7Z01500, Ophir) was utilized. 

3.3.2 Structural studies 

The X-ray diffractograms of the SnS films prepared at various substrate temperatures 

(297 K, 323 K, 373 K, and 423 K) are shown in figure 3.16. It can be seen that the 

deposited films are polycrystalline and have a predominant peak at ~2θ = 31.54°. This 

peak can be allocated to (111) plane of the orthorhombic SnS crystal system. The other 

diffraction peaks observed at 2θ values of 25.99°, 30.53°, 38.96°, and 45.19° can be 

assigned to (201), (011), (401) and (020) planes respectively. 

Table 3.6 displays various structural parameters estimated for the predominant peak 

corresponding to (111) plane of SnS thin films for various conditions. It can be seen 

that crystallite size reduces initially as the substrate temperature increases and then later 

increases for 423 K substrate temperature. This increase in the crystallite size at 423 K 

can be related to the development of a secondary phase of SnS. Since the peak positions 

for Sn2S3 and SnS in XRD spectra are located at almost the same position i.e., at about 

31.25° for (050) oriented Sn2S3 (JCPDS no. 30-1377), 31.53° for (111) oriented SnS 

(JCPDS no. 01-075-2115) and other peaks. In addition, the diffraction peaks 

corresponding to the Sn2S3 phase at 2θ values of 50.16° and 42.96° were also not 
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detected in this study. Therefore, it is challenging to recognize between the peaks of 

Sn2S3 and SnS by using XRD measurement. Thus, Raman spectroscopic studies were 

carried out at room temperature to identify the phases of SnS in the resulting thin films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.6 Structural parameters of thermally deposited SnS thin films. 

Sample 
Substrate 

Temperature (K) 

2 

(degree) 

Crystallite 

size, D (nm) 

Interplanar 

Spacing, dh k l  (nm) 

a 297 31.66 20.95 0.282 

b 323 31.63 19.79 0.283 

c 373 31.26 15.99 0.285 

d 423 31.53 21.57 0.283 

 

Figure 3.16 XRD diffractograms of SnS thin films deposited at a substrate temperature 

of a) 297 K, b) 323 K, c) 373 K, and d) 423 K. 
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3.3.3 Raman studies 

Figure 3.17 depicts the Raman scattering spectra of the films deposited at various 

substrate temperatures. All Raman spectra were gathered using a low power laser. The 

peaks at 93.08 and 225 cm-1 correspond to the SnS phase whereas the peak at 308 cm-1 

corresponds to the Sn2S3 phase. It can be observed that the films grown at 323 K does 

not contain any peaks of Sn2S3 phase, thereby, demonstrating the formation of a single-

phase SnS films. However, for the film deposited at 423 K, the peaks from both SnS 

and Sn2S3 phases were observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17 Raman spectra of SnS thin films deposited at a substrate temperature of 

a) 297 K, b) 323 K, c) 373 K, and d) 423 K. 

Figure 3.18 EDAX spectra of SnS thin films deposited at a substrate temperature of 

a) 297 K, b) 323 K, c) 373 K, and d) 423 K. 
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3.3.4 Morphological and compositional analysis 

In order to provide additional confirmation of the phase identities of SnS films, EDAX 

analysis was performed. EDAX spectra verify the presence of tin (Sn) and sulfur (S) 

elements, as indicated in figure 3.18. The change in the atomic % of the films along 

with the Sn : S ratio as a function of substrate temperature is charted in table 3.6. The 

obtained data is in good agreement with XRD and Raman studies. A nearly-

stoichiometric SnS film was attained at 323 K substrate temperature. From table 3.6, it 

can also be observed that with increasing substrate temperature, Sn atomic percentage 

decreases. This might be due to dissimilarity in vapor pressure of S and Sn since the 

vapor pressure of Sn is higher than that of S. As a result, Sn re-evaporates faster from 

the substrate as the substrate temperature increases. 

 

Table 3.7 Composition, energy bandgap and activation energies of SnS thin films 

deposited at various substrate temperatures. 

Substrate  

Temperature (K) 

Sn 

(at%) 

S 

(at%) 

Sn : S 

ratio 

Energy band 

gap, Eg (eV) 

Activation 

Energy, Ea (eV) 

297 50.93 49.07 1 : 0.96 1.576 0.806 

323 49.72 50.28 1 : 1.01 1.539 0.727 

373 47.98 52.02 1 : 1.08 1.463 0.642 

423 46.11 53.89 1 : 1.17 1.429 0.397 

 

The FE-SEM pictures of thermally grown SnS thin films at different substrate 

temperatures are shown in figure 3.19. It can be observed from the FE-SEM pictures 

that all the films do not contain any pin-holes or cracks and the films are uniform 

throughout the deposited area. The films grown at room temperature consists of 

granular structure. As the substrate temperature increases, the morphology of the film 

changes to a flake-type structure. Therefore, it can also be noted that substrate 

temperature has a considerable amount of effect on the morphology of the films. This 

might be due to different sulfur content and density of various tin sulfides such as SnS 

and Sn2S3 as revealed from Raman and EDAX studies for the deposited SnS thin films.  
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3.3.5 Optical studies 

 

Figure 3.19 FE-SEM images of SnS thin films deposited at a substrate temperature of 

a) 297 K, b) 323 K, c) 373 K, and d) 423 K. 

Figure 3.20 Transmittance spectra of 

SnS thin films deposited at a) 297 K, b) 

323 K, c) 373 K, and d) 423 K. 

Figure 3.21 Plot of  Vs h of SnS thin 

films deposited at a) 297 K, b) 323 K, 

c) 373 K, and d) 423 K. 
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The optical transmittance determined at room temperature in the range of 350 - 1350 

nm for the SnS thin films prepared under different substrate temperatures is shown in 

figure 3.20. It can be seen that the transparency of the grown films is maximum for the 

films grown at 323 K substrate temperature.  

It can be seen that all the films are having a very good absorption coefficient of ~ 105 

cm-1. This suggests that the grown SnS films can be used as a potential candidate for 

the absorber layer in photovoltaic applications (Andrade-Arvizu et al. 2015; 

Koteeswara Reddy et al. 2015; Zhao et al. 2016).  

The plot of (h)2 vs photon energy (h) was utilized to calculate the optical bandgaps 

of the SnS thin films. The extrapolation of the linear portion of the plot to the intercept 

with the energy axis at (h)2 = 0 provides the optical bandgap of the material, as 

displayed in figure 3.21. In the current study, n = 2 does not show a linear fit whereas 

n =1/2 shows a linear fit of Tauc’s plot. This confirms the presence of direct bandgap 

transition for the thermally grown SnS thin films. SnS films have been reported having 

bandgap in a wide range from 0.9 eV to 1.8 eV (Sns et al. 2013). This can be correlated 

with the variation in the composition of the film and the formation of an additional 

Sn2S3 phase. This is in accordance with Raman and EDAX analysis.  

 

3.3.6 Opto-electrical properties 

To study the electrical properties of SnS films, silver (Ag) contacts were deposited onto 

the films with an active area of 0.1 cm2 using the thermal evaporation method. At 

equilibrium state, a depletion region is produced between the SnS–Ag interface 

consisting of -ve charge on the SnS area and +ve charge towards the Ag area. When the 

light of particular energy is illuminated on the semiconductor-metal interface, electron-

hole pairs are produced. The photo-generated holes then move to the SnS side and 

electrons to the positively charged Ag side. This separation of electron-holes leads to 

the formation of photovoltage.  

The current-voltage characteristics curves of the SnS films displayed in figure 3.23 

shows that silver forms an ohmic contact. It was observed that all the films show p-type 

conductivity (Chalapathi et al. 2016) from the hot probe technique. 
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The change of ln (R) as a role of 1/T of the thermally deposited SnS thin films is shown 

in figure 3.24. The plot displays a single linear region for all the films. The increase in 

the resistance values with the decrease in temperature verifies the semiconducting 

nature of the SnS thin films.  

Figure 3.26 illustrates the photoconductivity Vs time response of the SnS thin films 

prepared at a substrate temperature of 297 K to 373 K. It was recorded under an 

illumination power of 10 mW/cm2 in the following sequences: 10 secs under 

illumination and 30 secs in dark. The plot shows four cycles of highly reproducible 

ON/OFF photocurrent demonstrating the stability of the films and thereby, showing 

that these films can be successfully employed for photosensor application. The 

measured photosensitivity and photo responsivity values are tabulated in table 3.8. The 

films deposited at a substrate temperature of 323 K displays the highest 

photosensitivity. The recovery time ‘τd’ is “the time interval for the response to decay 

from 90 to 10 % of its peak value” and the response time ‘τr’ is “the time interval 

required for the response to rise from 10 to 90 % of its maximum value” (Zeng et al. 

2013a). The response and recovery time of SnS thin films deposited at 323 K for one 

ON/OFF cycle is shown in figure 3.25. The measured photocurrent response time and 

recovery time of the SnS thin films (substrate temperature  373 K) is tabulated in table 

3.8.  

 

Figure 3.22 Tauc's plot of SnS thin films 

deposited at a) 297 K, b) 323 K, c) 373 

K, and d) 423 K. 

Figure 3.23 Current Vs Voltage plot of 

SnS thin films deposited at a) 297 K, b) 

323 K, c) 373 K, and d) 323 K. 



  44 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.8 Photo-response parameters of SnS thin films deposited at a substrate 

temperature of a) 297 K, b) 323 K, and c) 373 K. 

Sam

ple 
L ( m)-1 D ( m)-1 Sensitivity 

Responsivity 

(A W-1) 

Response 

Time, 

τr (Sec) 

Recovery 

Time, 

τd (Sec) 

a 1.99 x 10-8 1.22 x 10-8 0.63 1.56 2.49 2.79 

b 0.57 x 10-8 0.05 x 10-8 10.93 0.99 2.48 2.86 

c 5.73 x 10-8 4.78 x 10-8 0.19 1.98 4.03 6.87 

 

 

 

Figure 3.24 Variation of ln R with 1000/T of SnS thin films deposited at a) 297 K, b) 

323 K, c) 373 K, and d) 423 K. 
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Figure 3.25 Response and recovery time of SnS thin films deposited at a substrate 

temperature of 323 K. 

Figure 3.26 Photoconductivity Vs Time response of SnS thin films deposited at a 

substrate temperature of a) 297 K, b) 323 K, and c) 373 K. 
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CHAPTER 4  

INVESTIGATIONS ON TERNARY SULFIDE THIN FILMS 

Overview: 

This chapter explains the method for obtaining the ternary compound thin films using 

the thermal evaporation method. The films were then subjected to various 

characterizations such as structural, morphological, compositional, optical and 

electrical properties. Herein, the results obtained depict the tunable properties of the 

films which depend on the composition of the films. Among the grown ternary 

compounds, Cux(ZnS)1-x thin films displayed exceptional p-type transparent 

conductivity whereas, the ZnxCd1-xS and ZnxSn1-xS thin films showed outstanding 

photosensitivity. 

 

4.1 Cux(ZnS)1-x thin films 

In recent years, transparent conducting materials (TCMs) are becoming important in 

opto-electronic applications such as light emitting diodes, photovoltaics, organic 

electronics, etc. There are many n-type wide band gap materials such as ZnS, ZnO, 

SnO2, etc. which are widely used for transparent electronics. There are relatively fewer 

reports on the successful fabrication of p-type transparent conducting films. In the 

present study, p-type transparent Cux(ZnS)1-x thin films are deposited on pre-cleaned 

glass substrates by thermal evaporation technique. The Cu concentration in    

Cux(ZnS)1-x thin films has been varied and its effect on thin film properties has been 

studied in detail.  

4.1.1 Experimental details 

For the preparation of Cux(ZnS)1-x (x = 0, 0.01, 0.02, 0.03, 0.05, 0.10, and 0.25) thin 

films, a mixture of Cu (purity 99.999 %, Alfa Aesar) and ZnS (purity 99.995 %, Sigma 

Aldrich) was deposited on clean glass substrates by the thermal evaporation technique 

at a pressure of ~ 2 x 10-6 Torr. The substrate temperature was maintained at 373 K and 

post-deposition annealing was carried out at the same temperature for 1 hr. The 

thickness of the deposited films was determined by the gravimetric method and was 
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maintained at ~500 nm for different compositions. The structural characterization of 

the films was carried out by an X-ray diffractometer (Rigaku MiniFlex 600) using 

CuK radiation with a wavelength of 1.5418 Å. The surface morphology and elemental 

composition of the grown thin films were analyzed using a scanning electron 

microscope (Carl Zeiss FE-SEM) with a linked electron dispersion X-ray (EDX) 

detector which was operating at an accelerating voltage of 5 kV. The optical absorbance 

and transmittance spectra of the prepared thin films were measured at room temperature 

in the spectral range 300 – 800 nm using spectrophotometer (SpectraPro 2300i). The 

electrical characteristics of the thin films were studied using a sourcemeter (Keithley 

sourcemeter 2400) and a multimeter (Keithley multimeter 2002) with indium (In) as an 

ohmic contact. 

4.1.2 Structural studies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 XRD patterns of Cux(ZnS)1-x thin films: a) x = 0.01, b) x = 0.02, c) x = 

0.03, d) x = 0.05, e) x = 0.10, and f) x = 0.25. 
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X-ray diffraction (XRD) studies were carried out on the deposited thin films and the 

diffraction patterns were analyzed to gather information about its various structural 

features. The X-ray diffraction (XRD) patterns of Cux(ZnS)1-x (x = 0, 0.01, 0.02, 0.03, 

0.05, 0.10 and 0.25) thin films is shown in figure 4.1. According to the XRD pattern, 

the reflection (111) at 28.46º corresponds to the cubic structure (zinc blende) of the 

undoped ZnS thin film (JCPDS card no. 01-077-2100). No significant shift in the (111) 

peak position was observed even at higher Cu concentration. This might be due to the 

reason that the ionic radii of copper in the +1 valence state and zinc in the +2 valence 

state with IV coordination are both 74 pm (Diamond et al. 2012; Shannon 1976). 

Moreover, no additional peak(s) corresponding to any phase of Cu or Zn was observed, 

as previously reported (Diamond et al. 2012). The obtained ‘d’ values were found to be 

in a good agreement with the standard JCPDS data, shown in table 4.1.  

 

Table 4.1 X-ray diffraction data of Cux(ZnS)1-x thin films. 

Sample 2 

Inter planar 

spacing, d 

(Å) 

Crystallite 

size,  

D (nm) 

Lattice 

parameter, a 

(Å) 

Cu0.00(ZnS)1.00 28.46º 3.133 26.52 5.427 

Cu0.01(ZnS)0.99 28.47º 3.132 27.63 5.426 

Cu0.02(ZnS)0.98 28.44º 3.136 27.63 5.432 

Cu0.03(ZnS)0.97 28.42º 3.138 30.05 5.436 

Cu0.05(ZnS)0.95 28.46º 3.133 29.54 5.427 

Cu0.10(ZnS)0.90 28.43º 3.137 31.60 5.433 

Cu0.25(ZnS)0.75 28.44º 3.136 32.82 5.432 

 

4.1.3 Morphological studies 

The SEM images of the Cux(ZnS)1-x films are shown in figure 4.2. A uniform, 

homogeneous and pin-hole free surface throughout the deposited area can be observed 

for the films deposited at various Cu concentration. EDAX spectra confirm the presence 

of Cu, Zn, and S in the deposited thin films as shown in figure 4.3a. Figure 4.3b – 4.3d 

shows the elemental mapping images of Cu, Zn, and S on the grown film. It can be 
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observed that all the elements (Cu, Zn, and S) are homogeneously distributed 

throughout the film. The atomic compositions of various films are tabulated in table 

4.2.  

 

Table 4.2 Compositional analysis of Cux(ZnS)1-x (x = 0, 0.01, 0.02, 0.03, 0.05, 0.10, 

and 0.25) thin films. 

Sample Cu (at%) Zn (at%) S (at%) 

Cu0.00(ZnS)1.00 0 52.44 47.56 

Cu0.01(ZnS)0.99 1.54 49.14 49.31 

Cu0.02(ZnS)0.98 1.97 49.37 48.66 

Cu0.03(ZnS)0.97 3.08 47.60 49.33 

Cu0.05(ZnS)0.95 6.19 46.83 46.98 

Cu0.10(ZnS)0.90 10.64 42.88 46.48 

Cu0.25(ZnS)0.75 24.48 32.51 43.01 

 

 

 

 

Figure 4.2 FE-SEM images of Cux(ZnS)1-x thin films of various Cu concentration: a) x 

= 0.01, b) x = 0.02, c) x = 0.03, d) x = 0.05, e) x = 0.10, and f) x = 0.25. 
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4.1.4 Optical properties 

The optical absorbance and transmission spectra of the films were obtained from the 

UV-Vis-NIR spectroscopy in the range 300 - 800 nm. The transparency of the films 

was found to reduce monotonically with increasing Cu concentration as shown in figure 

4.4 which may be due to the decrease in the optical band gap at higher Cu concentration. 

It was also observed that the average optical transparency of undoped ZnS was 

approximately 85% whereas the films at x = 0.01, 0.02, 0.03, 0.05, 0.10, and 0.25 have 

average transparencies of 80%, 75%, 73%, 60%, 55%, and 50% respectively. The 

presence of fringes in the transmittance spectra suggests that the films are having a 

uniform thickness (Benyahia et al. 2015a).  

The optical band gaps of the thin films were calculated from the plot of (h)2 vs 

photon energy ‘h’ by assuming a direct allowed transition type. The extrapolation of 

the straight line portion of the curve to the energy axis at (h)2 = 0 gives the band gap 

of the material, as shown in figure 4.5. The band gap of the Cux(ZnS)1-x thin films was 

found to be decreasing with increasing Cu concentration due to the incorporation of Cu 

Figure 4.3 EDAX analysis of Cu0.03(ZnS)0.70 thin films (a) EDAX Spectra; Elemental 

mapping of (b) Cu, (c) Zn, and (d) S. 
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in the ZnS matrix. The band gap of the ZnS thin film was found to be 3.48 eV which 

closely matches with the previously reported values (Benyahia et al. 2015a).  

 

4.1.5 Electrical properties 

To study the electrical characteristics of the Cux(ZnS)1-x thin films, indium metal 

contact was deposited on the surface of the films using the thermal evaporation 

technique. The I–V plots shown in figure 4.6 confirm that indium behaves as an ohmic 

contact for the Cux(ZnS)1-x thin films. The resistance of the films was calculated from 

the slope of the I-V plot. Hot-probe study was carried out to determine the majority 

charge carrier in the films and it was found that all the films have p-type conductivity 

(Ichimura and Maeda 2015). Further, silver (Ag) was deposited on undoped ZnS thin 

films having the same active area as In contact and it was found that the resistance of 

the undoped ZnS was too high and could not be measured with the Keithley 2002 

multimeter.  

From table 4.3, it can be observed that the Cux(ZnS)1-x thin films are highly conducting 

in nature and the conductivity of the films increases as the Cu concentration increases. 

It is noteworthy that the conductivity of the films reported here for lower Cu 

concentration is much higher than the reported values (Diamond et al. 2012; Woods-

Robinson et al. 2016). 

 

Figure 4.4 Transmittance vs wavelength plot 

of Cux(ZnS)1-x thin films: x = a) 0, b) 0.01, 

c) 0.02, d) 0.03, e) 0.05, f) 0.10, and g) 0.25. 

Figure 4.5 Tauc's plot of Cux(ZnS)1-x 

thin films: x = a) 0, b) 0.01, c) 0.02, d) 

0.03, e) 0.05, f) 0.10, and g) 0.25. 



  53 

 

Table 4.3 Summary of electrical and optical properties of Cux(ZnS)1-x thin films. 

Sample 
Conductivity  

(S/m) x103 

Transmittance 

% 

Bandgap 

(eV) 

Cu0.00(ZnS)1.00 -- 85 3.48 

Cu0.01(ZnS)0.99 00.011 80 3.43 

Cu0.02(ZnS)0.98 00.015 75 3.43 

Cu0.03(ZnS)0.97 01.912 73 3.40 

Cu0.05(ZnS)0.95 04.327 60 3.34 

Cu0.10(ZnS)0.90 05.554 55 2.92 

Cu0.25(ZnS)0.75 11.642 50 2.60 

 

Figure 4.7 shows the variation of conductivity with temperature in the range 308K to 

348K. It is observed that the conductivity is almost independent of temperature which 

confirms degenerate hole conduction within the valence band (Xu et al. 2016). This 

type of band conduction has been reported on some other p-type metallic conductors, 

such as Bi2Sr2Co2Oy (Wei et al. 2014). 

 

 

 

Figure 4.6 IV characteristics of 

Cux(ZnS)1-x thin films: x = a) 0, b) 0.01, 

c) 0.02, d) 0.03, e) 0.05, f) 0.10, and g) 

0.25. 

Figure 4.7 Conductivity vs 1000/T plot 

of Cux(ZnS)1-x thin films: x = a) 0, b) 

0.01, c) 0.02, d) 0.03, e) 0.05, f) 0.10, 

and g) 0.25. 
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4.2 ZnxCd1-xS thin films 

In the present study, an effort has been made to deposit high quality ZnxCd1−xS (x=0, 

0.15, 0.30, 0.45, 0.70, 0.85, 1) thin films using a thermal evaporation system. By 

altering the composition of the ZnxCd1−xS thin films, the structural, morphological, 

compositional, and optical properties of the films have been investigated in detailed. 

Lastly, the photoresponse behavior of the thermally grown ZnxCd1−xS films was studied 

as a function of its composition ‘x’. 

4.2.1 Experimental details 

The ZnxCd1-xS films were grown using a typical thermal evaporation process operated 

at a vacuum of 2 x 10-6 Torr. Chemically treated glass substrates were used which was 

kept at a vertical distance of 12 cm from the source. The films were deposited at a 

substrate temperature of 373K and the thickness of the films was maintained at ~500 

nm. Upon deposition, the films were subjected to vacuum annealing at 373K for a 

duration of 2 hrs. High purity CdS (99.999%) and ZnS (99.995%) powder obtained 

from Alfa Aesar and Sigma Aldrich were mixed proportionally for various 

compositions and was used as the source material. Rigaku MiniFlex600 diffractometer 

system equipped with CuK radiation ( = 1.5418 Å) was utilized to conclude the 

structural characteristics of the ZnxCd1-xS films. The elemental composition of the films 

was studied using an electron dispersion X-ray (EDAX) detector (Oxford Instruments 

Analytical Ltd.). The gravimetric analysis employing a sensitive electronic 

microbalance (Sartorius BT 124 S) was used to calculate the thickness of the films. The 

absorption spectra of the films were recorded at room temperature in the range of 325 

– 750 nm using a UV-Vis spectrometer (SpectraPro 2300i). A typical xenon arc lamp 

(Oriel Instruments, Newport, Model: 66902), an optical power meter (Nova P/N 

7Z01500, Ophir), a sourcemeter (Keithley 2400) and an electrometer (Keysight 

B2985A) were used for determining the photodetector parameters. 

4.2.2 Structural studies 

X-ray diffraction analysis was carried out to obtain information about the various 

crystallographic aspects of the ZnxCd1-xS films. Figure 4.8 displays the XRD spectra of 

the Zn0.45Cd0.55S thin film deposited at a substrate temperature of 373K prior to the 

annealing treatment. The two distinct peaks at 2 = 26.46 and 28.52 in figure 4.8, 

indicate the improper formation of ternary ZnxCd1-xS alloy.  
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Therefore, all the films with different compositions were subjected to an annealing 

treatment at 373K in a vacuum for a duration of 2 hrs. The XRD spectra of the annealed 

films shown in figure 4.9 revealed the formation of single-phase ZnxCd1-xS without any 

secondary phases (JCPDS Card No. 00-049-1302). The sharp peak (figure 4.9a) labeled 

as (002) at 2 = 26.46 corresponds to hexagonal CdS thin films (Barman et al. 2018) 

whereas the peak at 2 = 28.52 (figure 4.9g) confirms the polycrystalline nature of 

cubic ZnS films (Barman et al. 2019a). The obtained XRD patterns suggest that the 

ZnxCd1-xS films change from a hexagonal crystal structure to a cubic crystal structure 

when the zinc concentration is > 0.45 in the films. From figure 4.10, it can be observed 

that the predominant peak slightly shifts towards higher Bragg angles upon rising Zn 

concentration in the films.  

From table 4.4, it can be noticed that the crystallite size of the (002) predominant peak 

reduces as Zn content in the ZnxCd1-xS thin films increases up to 0.45 in the hexagonal 

phase which may be due to the stress produced prior to phase change from hexagonal 

to cubic crystal structure. The lattice parameter, as well as the interplanar spacing of 

the hexagonal and cubic crystal system, decreases with increasing Zn concentration in 

the films. This is attributed to higher ionic radii of Cd2+ (0.95 Å) compared to that of 

Zn2+ (0.74 Å) in the crystal lattice. The decrease in the lattice parameter and interplanar 

distance thereby concludes the successful substitution of Cd2+ by Zn2+ and hence 

verifies the development of the ZnxCd1-xS films.  

Figure 4.8 XRD spectra of Zn0.45Cd0.55S thin film without annealing treatment. 
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Table 4.4 XRD diffraction parameters of ZnxCd1-xS thin films. 

 

 

 

 

 

 

 

 

 

 

 

Composition 2θ (degree) Plane 
Crystallite Size, 

D (nm) 

Interplanar 

spacing, d (Å) 
a (Å) c (Å) 

CdS 
24.77 1 0 0 22.96 3.592 4.147 -- 

26.46 0 0 2 31.22 3.366 -- 6.732 

Zn0.15Cd0.85S 
24.79 1 0 0 19.55 3.589 4.144 -- 

26.58 0 0 2 25.74 3.351 -- 6.702 

Zn0.30Cd0.70S 
24.89 1 0 0 17.09 3.574 4.128 -- 

26.70 0 0 2 20.72 3.336 -- 6.672 

Zn0.45Cd0.55S 
25.16 1 0 0 14.46 3.523 4.076 -- 

26.92 0 0 2 20.24 3.304 -- 6.619 

Zn0.70Cd0.30S 28.24 1 1 1 11.12 3.158 5.469 -- 

Zn0.85Cd0.15S 28.42 1 1 1 21.96 3.138 5.435 -- 

ZnS 28.52 1 1 1 25.27 3.127 5.417 -- 

Figure 4.9 XRD diffractograms of ZnxCd1-xS 

thin films with x = a) 0, b) 0.15, c) 0.30, d) 

0.45, e) 0.70, f) 0.85, and g) 1. 

Figure 4.10 Shift in the (002) and (111) 

peak position of ZnxCd1-xS thin films 

with x = a) 0, b) 0.15, c) 0.30, d) 0.45, e) 

0.70, f) 0.85, and g) 1. 
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4.2.3 Surface morphological & compositional studies 

The FE-SEM images of the thermally deposited ZnxCd1-xS thin films are displayed in 

figure 4.11. The SEM images indicate the presence of homogeneously distributed large 

grains throughout the surface of the films without the presence of any pinholes or 

cracks. Figure 4.11(h) illustrates the cross-sectional micrograph of Zn0.15Cd0.85S thin 

film. The thickness of the film computed from this figure was found to be in good 

agreement with the one calculated from the gravimetric analysis. The average grain size 

estimated from SEM images is tabulated in table 4.5. The various elemental 

compositions of ZnxCd1-xS films were verified using EDAX analysis. The EDAX 

spectra of Zn0.15Cd0.85S thin film is shown in figure 4.12a whereas the elemental 

mapping shown in figure 4.12b-d revealed that Zn, Cd, and S are equally dispersed 

through the surface of the sample. The composition of the films listed in table 4.5 was 

found to be a good agreement with the expected values. 

 

Table 4.5 EDAX analysis & optical band gap of ZnxCd1-xS thin films a) CdS, b) 

Zn0.15Cd0.85S, c) Zn0.30Cd0.70S, d) Zn0.45Cd0.55S, e) Zn0.70Cd0.30S, f) Zn0.85Cd0.15S and g) 

ZnS. 

Sample Zn (at%) Cd (at%) S (at%) 
Avg. Grain Size 

(nm) 

Band Gap, 

Eg (eV) 

a 0 51.59 48.41 113 2.42 

b 7.87 44.77 47.36 137 2.46 

c 16.95 35.66 47.39 144 2.50 

d 23.17 28.22 48.61 140 2.65 

e 35.61 17.90 46.49 116 2.89 

f 48.11 7.61 44.28 127 3.08 

g 54.70 0 45.30 68 3.49 
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4.2.4 Opto-electrical studies 

The ZnxCd1-xS thin films were subjected to a UV–Vis spectrometer at room temperature 

to study its optical properties. The transmittance spectra obtained for the ZnxCd1-xS 

films are presented in figure 4.13. It can be seen that all the films are having a 

transmittance of above 70% and the transmittance of the films rises as the Zn content 

in the film increases. The presence of an interference pattern in the transmittance 

spectra at a higher wavelength region indicates the uniform thickness of the films. It 

Figure 4.11 FE-SEM images of ZnxCd1-xS thin films a) CdS, b) Zn0.15Cd0.85S, c) 

Zn0.30Cd0.70S, d) Zn0.45Cd0.55S, e) Zn0.70Cd0.30S, f) Zn0.85Cd0.15S, g) ZnS, and h) cross-

sectional view of Zn0.15Cd0.85S films. 

 

Figure 4.12 (a) EDAX Spectra of Zn0.15Cd0.85S films; Elemental mapping of (b) Cd, 

(c) Zn, and (d) S. 
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can also be observed that as the Zn concentration in the films increases, the absorption 

edge moves to lower wavelength values, as reported in other investigations (Azizi et al. 

2016). This further confirms the formation of the ZnxCd1-xS ternary compound as 

suggested by the XRD analysis. 

Figure 4.14 shows the Tauc’s plot of the ZnxCd1-xS thin films. The band gap was 

estimated from the absorption spectra of the films. The band gap energy values 

calculated varies from 2.42 – 3.49 eV as the composition ‘x’ increases from 0.0 to 1.0. 

Therefore, it can be mentioned that a successful band gap engineering has been 

achieved for the thermally evaporated ZnxCd1-xS thin films. The optical band gap for 

the corresponding binary elements i.e., ZnS and CdS was found to be 3.49 eV and 2.42 

eV respectively, as obtained in our previous studies (chapter 3). The obtained band gap 

values of the films are presented in table 4.5.  

 

The variation of ‘’ with ‘photon energy’ is shown in figure 4.15. It is worth noticing 

that the absorption coefficient of the ZnxCd1-xS films is highest when the Zn content is 

0.15. The films with higher Zn concentration (> 0.45) were found to be having very 

less absorption co-efficient and therefore, were not presented in the absorption spectra 

(figure 4.15). As a result, further opto-electrical properties of the films were also not 

investigated due to its inferior absorption co-efficient. 

 

Figure 4.13 Transmittance spectra of 

ZnxCd1-xS thin films with x = a) 0, b) 0.15, 

c) 0.30, d) 0.45, e) 0.70, f) 0.85, and g) 1. 

Figure 4.14 Tauc's plot of ZnxCd1-xS 

thin films with x = a) 0, b) 0.15, c) 

0.30, d) 0.45, e) 0.70, f) 0.85, and g) 1. 
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Figure 4.16 shows the variation of band gap over the range of composition ‘x’. By 

fitting the obtained band gap values with the below quadratic relation, the degree of the 

non-linear variation of the films can be calculated (Borse et al. 2007): 

Eg(x) = a + bx + cx2  (4.1) 

where ‘c’ is called “bowing parameter”, which is characteristic of a particular alloy 

system, and ‘x’ is the composition of the film. Equation 4.1 can be simplified to the 

following relation by polynomial fitting the present data to a quadratic equation: 

Eg(x) = 2.428 + 0.197x + 0.932x2  (4.2) 

Similar values of the bowing parameter were also reported on other CdxZn1-xS and 

CdxZn1-xSe based alloy systems (Azizi et al. 2016; Borse et al. 2007; Sutrave et al. 

2000). 

 

 

 

 

 

 

 

 

 

Figure 4.15 Absorption coefficient spectra of the ZnxCd1-xS films x = a) 0, b) 0.15, c) 

0.30, and d) 0.45. 

 

Figure 4.16 Energy band gap (Eg) vs Composition (x) of ZnxCd1-xS thin films. 
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In order to investigate the photo-response characteristics of the ZnxCd1-xS films, silver 

(Ag) metal planar contacts (1cm x 1 cm) were thermally deposited on the films, as 

shown in figure 4.17. Figure 4.18 shows the IV plots of the ZnxCd1-xS films and it can 

be witnessed that Ag forms an ohmic contact with the films. The resistance of the films 

was found to be increasing with increasing Zn concentration as ZnS is a highly resistive 

semiconductor.  

 

 

 

 

 

 

 

 

 

 

The films were found to have n-type conductivity as determined by the hot-probe 

method. The variation of ln (R) versus the inverse of temperature was studied to 

Figure 4.18 Current Vs Voltage plots of the 

ZnxCd1-xS films x = a) 0, b) 0.15, c) 0.30, 

and d) 0.45. 

Figure 4.17 Schematic representation of 

the ZnxCd1-xS photodetector device. 

Figure 4.19 ln R Vs 1000/T plot of ZnxCd1-xS thin films x = a) 0, b) 0.15, c) 0.30, and 

d) 0.45. 
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determine the activation energy associated with the films, as shown in figure 4.19. The 

decrease in the resistance with increasing temperature confirms the semiconducting 

behavior of the deposited ZnxCd1-xS films. From the slope of the plots, the activation 

energy ‘Ea’ associated with the films was calculated and was charted in table 4.6. It can 

be observed that as the Zn concentration increases, the activation energy of the films 

increases. This is in good agreement with the current-voltage studies. 

 

To evaluate the photodetector properties of the ZnxCd1-xS films, the illumination 

intensity was varied and the intensity of the light was monitored using an optical power 

meter. A biasing voltage of 5V was sourced using an electrometer and the generated 

photocurrent values were then tabulated as a function of the intensity of the incident 

light, as displayed in figure 4.20. It can be seen that all the films are photosensitive and 

the photocurrent intensity increases as the illumination intensity increases. It is worth 

to notice that a minute variation in the light intensity results in the alteration of the 

resultant photocurrent. As a result, the ZnxCd1-xS films can be employed as a very 

Figure 4.20 Photocurrent Vs Intensity plot of the ZnxCd1-xS films x = a) 0, b) 0.15, c) 

0.30, and d) 0.45. 
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sensitive photodetector which can be used to detect a tiny variation in the illumination 

intensity. The generation of the photocurrent decreases with increasing Zn 

concentration and becomes practically negligible for the films with Zn concentration > 

0.45. Therefore, the films with Zn > 0.45 concentration were not included in the present 

study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To gain further insight into the stability and repeatability of the photodetector property 

of the ZnxCd1-xS films, the illumination intensity was fixed at 5 mW and a biasing 

voltage of 5V was applied to the films. Figure 4.21 demonstrates the photoconductivity 

Vs time plot of ZnxCd1-xS films measured under the following conditions: 10 sec under 

Figure 4.21 Photoconductivity response of the ZnxCd1-xS thin films under light 

ON/OFF cycles a) x = 1, b) x = 0.15, c) x = 0.30, and d) x = 0.45. 



  64 

illumination and 30 sec without illumination. A computer-controlled shutter was used 

to preciously control the duration of the ON/OFF cycles. The plot displays five cycles 

of highly reproducible ON/OFF photoconductivity values and thereby, indicating the 

repeatability of the photo-detecting nature of the deposited films. All the measurements 

related to the opto-electrical properties of the films were carried out at room 

temperature in an air atmosphere with a typical relative humidity of ~80 %. The 

obtained results suggest that ZnxCd1-xS films can be successfully employed as a reliable 

and stable photodetector. 

 

The measured photosensitivity value was found to be highest for the Zn0.15Cd0.85S thin 

films. This could be attributed to the enhanced absorption coefficient of the 

Zn0.15Cd0.85S films when compared to the other compositions. The response and 

recovery time associated with the films measured for an ON/OFF pulse is shown in 

figure 4.22 and is charted in table 4.6. The response time was found to be least for the 

Figure 4.22 Photocurrent Vs time plot of ZnxCd1-xS thin films x = a) 0, b) 0.15, c) 

0.30, and d) 0.45. 
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CdS films whereas the recovery time was found the minimum for the Zn0.15Cd0.85S 

films. 

 

Table 4.6 Opto-electrical parameters of ZnxCd1-xS films x = a) 0, b) 0.15, c) 0.30, and 

d) 0.45. 

 

 

4.3 ZnxSn1-xS thin films 

In the present work, ZnxSn1-xS thin films are deposited on glass substrates using the 

thermal evaporation method and the influence of composition ‘x’ on the various 

properties of ZnxSn1-xS films is reported along with the application of the films (x ≤ 

0.40) as a photodetector. 

4.3.1 Experimental details 

From our previous study, it was found that the SnS thin films deposited at 323K exhibits 

the best photosensitivity and does not contain any other phases corresponding to Sn2S3 

and SnS2. Therefore, in the present study, the various compositions of ZnxSn1-xS thin 

films were deposited on well-cleaned glass substrates using a thermal evaporation 

technique at a substrate temperature of 323K under a vacuum of ~ 2 x 10-6 Torr. The 

substrate was fixed at a distance of 13 cm from the evaporation source and a mixture 

of ZnS (purity 99.995%, Sigma Aldrich) and SnS (purity 99.5%, Alfa Aesar) powder 

with appropriate quantities were used as the source element. The deposited films were 

then subjected to annealing in a vacuum at 373 K for a duration of 1 hr. The film 

thickness was maintained at ~500 nm for the various compositions using gravimetric 

analysis.  

Sample 

Activation 

Energy,  

Ea (meV) 

L ( m)-1 

(x 10-9) 

D ( m)-1 

(x 10-9) 

Photo 

Sensitivity 

Response 

Time, 

τr (Sec) 

Recovery 

Time, 

τd (Sec) 

a 641.03 60.56 25.42 1.38 1.76 10.96 

b 820.62 20.35 6.32 2.22 1.81 10.52 

c 902.02 8.66 3.95 1.19 2.91 13.95 

d 949.65 1.31 0.94 0.38 4.56 16.85 
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4.3.2 X-ray analysis   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The XRD pattern of the polycrystalline ZnxSn1-xS (x = 0, 0.10, 0.20, 0.40, 0.70, 0.90, 

1) thin films is displayed in figure 4.23. The peak (111) at 2θ = 28.46° resembles cubic 

ZnS thin films (JCPDS card no. 01-077-2100) whereas the peak at 2θ = 31.62° can be 

assigned to orthorhombic SnS (JCPDS no. 01-075-2115) with (111) plane. Similar 

diffractograms were observed for thermally evaporated undoped ZnS and SnS thin 

films in our previous study (Barman et al. 2019a; b). The occurrence of a single 

predominant peak as shown in figure 4.23 verifies the homogeneity in the phase 

formation. It can be seen that the position of the (111) peak shifts monotonically 

towards higher 2θ angles as the Sn concentration increases which is due to the 

successful substitution of Zn2+ by Sn2+ ions. Furthermore, any supplementary peak(s) 

Figure 4.23 XRD diffractograms of ZnxSn1-xS thin films where x = a) 0, b) 0.10, c) 

0.20, d) 0.40, e) 0.70, f) 0.90, and g) 1. 
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corresponding to other phases of SnS and ZnS was not detected. The structural 

parameters of the thermally grown ZnxSn1-xS thin films corresponding to (111) plane 

are tabulated in table 4.7. An increase in the interplanar spacing, as well as crystallite 

size, with increase in Zn composition can be seen from table 4.7. 

 

Table 4.7 Structural constraints of ZnxSn1-xS thin films. 

Sample Composition 
2 

(degree) 

Interplanar 

Spacing, dh k l  (nm) 

Crystallite 

size, D (nm) 

a SnS 31.62 0.283 18.52 

b Zn0.10Sn0.90S 31.32 0.285 18.61 

c Zn0.20Sn0.80S 31.06 0.288 19.15 

d Zn0.40Sn0.60S 30.71 0.291 19.26 

e Zn0.70Sn0.30S 30.08 0.297 19.54 

f Zn0.90Sn0.10S 28.97 0.308 19.94 

g ZnS 28.46 0.312 20.30 

 

4.3.3 Morphological analysis 

 

Figure 4.24 shows the FE-SEM micrographs of ZnxSn1-xS films with various values of 

the composition ‘x’. The lower magnification micrographs depict the uniformity of the 

Figure 4.24 FE-SEM images of ZnxSn1-xS thin films: x = a) 0, b) 0.10, c) 0.20, d) 

0.40, e) 0.70, f) 0.90, g) 1, and h) EDAX spectra of Zn0.10Sn0.90S thin film. 
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films without the presence of any pin-holes and crack, whereas, in the higher 

magnification images (figure 4.24 insets) provides visualization of the fine structures 

of the film. The morphology of the films alters from a tightly packed flake-type 

structure (figure 4.24a) to granular structure as the Zn concentration increases. These 

findings suggest that Zn incorporation in the ZnxSn1-xS thin films alters the surface 

morphological properties of the films. EDAX analysis was performed in order to 

quantize the composition of the deposited films. The presence of zinc (Zn), tin (Sn) and 

sulfur (S) in the Zn0.10Sn0.90S thin films can be seen in the EDAX spectra (figure 4.24h).  

 

Table 4.8 Compositional, optical, and electrical parameters of ZnxSn1-xS thin films. 

Sample 
Zn 

(at%) 

Sn 

(at%) 

S 

(at%) 

Energy band 

gap, Eg (eV) 

Activation 

Energy, Ea (eV) 

SnS -- 49.72 50.28 1.54 0.72 

Zn0.10Sn0.90S 05.04 44.92 50.04 1.78 0.69 

Zn0.20Sn0.80S 09.17 41.32 49.51 1.84 0.74 

Zn0.40Sn0.60S 20.08 31.57 48.35 2.13 0.98 

Zn0.70Sn0.30S 34.81 16.72 48.47 2.91 -- 

Zn0.90Sn0.10S 45.28 05.07 49.65 3.01 -- 

ZnS 50.96 -- 49.04 3.49 -- 

 

Figure 4.25a-c displays the elemental mapping of Zn, Sn, and S obtained for the 

Zn0.10Sn0.90S thin film. It can be noticed that Zn, Sn, and S are uniformly scattered 

throughout the surface of the Zn0.10Sn0.90S film. The various atomic percentages of Zn, 

Sn, and S obtained for the ZnxSn1-xS thin films are charted in table 4.8.  

Figure 4.25 Elemental mapping of Zn0.10Sn0.90S thin film (a) Zn, (b) Sn, and (c) S. 
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4.3.4 Opto-electrical studies 

The optical transmittance spectra of the ZnxSn1-xS thin films are depicted in figure 4.26. 

The maximum transparency was found for the undoped ZnS thin films. The occurrence 

of interference patterns in the transmittance spectra at the higher wavelength region 

indicates that the films are uniformly deposited (Benyahia et al. 2015b).  

The plots of (h)2 vs photon energy for the ZnxSn1-xS thin films is presented in figure 

4.27a-g. The linear fitting of the plot indicates a direct allowed transition type. The band 

gap values were determined from the intercepts of the (h)2 values with the energy 

axis and were tabulated in table 4.8. The obtained band gap values of SnS and ZnS 

films matched well with the previous works (Barman et al. 2019c; b). From table 4.8, 

it can be observed that as the Sn concentration increases, the band gap of the ZnxSn1-xS 

films decreases (figure 4.27h). This further confirms the successful replacement of Zn2+ 

by Sn2+ ions which is in good agreement with the XRD results. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26 Transmittance spectra of ZnxSn1-xS thin films a) x = 0, b) x = 0.10, c) x = 

0.20, d) x = 0.40, e) x = 0.70, f) x = 0.90, and g) x = 1. 
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The variation in the Eg values can be described by equation 4.1. By polynomial fitting 

the obtained band gap data (figure 4.27h), the above equation becomes:  

Eg(x) = 1.56 + 1.41x + 0.41x2  (4.3) 

The deviation of ‘’ with ‘photon energy’ for films with Zn content ≤ 0.40 is displayed 

in figure 4.28. It can be observed that the incorporation of Zn into the SnS films results 

in the enhancement of the absorption coefficient. This proposes that these films can be 

utilized as an absorber layer in solar cells. It is also worth noting that the Zn0.10Sn0.90S 

thin film is having the maximum absorption coefficient. The superior absorption co-

efficient of the films results in the enhancement of the photosensitivity of the films as 

discussed in the following part of the work. The films with ‘x’ > 0.40 were found to 

have a very low value of absorption coefficient and thus were not included in the 

photosensitivity studies. 

Figure 4.27 Tauc's plot of ZnxSn1-xS thin films a) x = 0, b) x = 0.10, c) x = 0.20, d) x 

= 0.40, e) x = 0.70, f) x = 0.90, g) x = 1, and h) Variation of band gap with composition 

‘x’. 
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Silver (Ag) contacts (1 cm x 1 cm; 1 mm gap) were deposited onto the films using a 

thermal evaporation system to determine the electrical properties of the ZnxSn1-xS thin 

films, as displayed in figure 4.29. The IV plots shown in figure 4.30 confirms the ohmic 

behavior of ZnxSn1-xS thin films with Ag metal contacts. The films with Zn 

concentration ‘x’ > 0.40 were found to be having very high resistance and therefore, 

were not included in electrical studies. The hot-probe technique was employed to 

determine the majority charge carrier type and it was found that the ZnxSn1-xS films (x 

≤ 0.40) exhibited p-type conductivity. 

The plot of ln (R) Vs 1000/T of the ZnxSn1-xS films is shown in figure 4.31. It can be 

observed that ln (R) varies linearly with the temperature. The indirect relation of the 

resistance with temperature confirms the semiconducting behavior of the ZnxSn1-xS 

films.  

The photoconductivity Vs time plot of the ZnxSn1-xS films is depicted in figure 4.32. A 

biasing voltage of 5V was applied to the films and photo-response characteristics were 

carried out in the following sequences at a light intensity of 10 mW/cm2: 10 secs under 

illumination and 30 secs in the dark. The light shutter was controlled using a 

programmable computer-controlled shutter. Figure 4.32 demonstrates four highly 

reproducible ON/OFF photoconductivity cycles and thereby demonstrating the stability 

of ZnxSn1-xS thin films as a photodetector. 

Figure 4.28 Plot of  Vs h of ZnxSn1-xS 

thin films a) x = 0, b) x = 0.10, c) x = 

0.20, and d) x = 0.40. 

Figure 4.29 Schematic representation 

of Ag/ZnxSn1-xS/glass photodetector. 



  72 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.31 Ln R Vs 1000/T plot of 

ZnxSn1-xS thin films a) x = 0, b) x = 

0.10, c) x = 0.20, and d) x = 0.40. 

 

Figure 4.30 IV plot of ZnxSn1-xS films 

a) x = 0, b) x = 0.10, c) x = 0.20, and d) 

x = 0.40. 

C. 

Figure 4.32 Photoconductivity Vs Time response of ZnxSn1-xS thin films a) x = 0, b) 

x = 0.10, c) x = 0.20, and d) x = 0.40. 
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Table 4.9 Photo-response parameters of ZnxSn1-xS thin films a) x = 0, b) x = 0.10, c) x 

= 0.20, and d) x = 0.40. 

Sample L ( m)-1 D ( m)-1 

Respo

nsivity 

(A W-1) 

Photo 

Sensitivity 

Response 

Time, 

τr (Sec) 

Recovery 

Time, 

τd (Sec) 

a 0.573 x 10-8 0.048 x 10-8 0.99 10.93 2.48 2.86 

b 0.932 x 10-8 0.021 x 10-8 9.61 43.38 5.55 15.93 

c 0.646 x 10-8 0.016 x 10-8 5.09 39.37 2.29 10.01 

d 0.793 x 10-8 0.027 x 10-8 5.43 28.37 2.29 11.52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The recovery and response time of ZnxSn1-xS thin films for one ON/OFF cycle is shown 

in figure 4.33. The obtained photoresponsivity and photosensitivity values along with 

the photocurrent response and recovery time are charted in table 4.9. A maximum 

photosensitivity value of 43.38 was obtained for Zn0.10Sn0.90S thin films. It can be 

noticed that the recovery and response time of SnS thin film is lowest. This might be 

due to the absence of trap/impurity levels introduced due to the incorporation of foreign 

Zn atoms in ZnxSn1-xS thin films.  

Figure 4.33 Response time and recovery time of ZnxSn1-xS thin films a) x = 0, b) x = 

0.10, c) x = 0.20, and d) x = 0.40. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

Overview: 

This chapter deals with the summary of the research work carried out and the 

conclusions drawn from the results of investigations. The scope for future work is also 

discussed. 

 

5.1 Summary of the present work 

The work presented in this thesis is broadly classified into five chapters with several 

sections within the individual chapter. The first chapter covers a brief introduction to 

thin film technology, compound semiconductors, photodetectors, literature survey, 

scope and objectives of the work. The second chapter contains experimental and 

characterization techniques employed in the present work. The third chapter describes 

a detailed study on the optimization of growth conditions for the binary compounds 

namely ZnS, CdS, and SnS thin films along with their various properties. The fourth 

chapter describes the preparation, results, and discussion of Cux(ZnS)1-x, ZnxCd1-xS, 

and ZnxSn1-xS thin films. Finally, the fifth chapter summarizes the conclusions drawn 

from the results of investigations.  

 

5.2 Conclusions 

5.2.1 Binary metal sulfides 

Highly stable binary sulfides viz., ZnS, CdS, SnS thin films were successfully deposited 

on pre-cleaned glass substrate using thermal evaporation technique. Both ZnS and CdS 

thin films were found to be stoichiometric when the films were grown at a substrate 

temperature of 373K, whereas the SnS films were found to be stoichiometric when 

deposited at a substrate temperature of 323K. The ZnS films were found to be highly 

transparent with band gap of 3.51 eV. The CdS films were hexagonal in nature with the 

predominant orientation along (002) plane. Highest transparency was achieved for 

stoichiometric CdS thin films makes them suitable for window layer application. The 
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band gap of the CdS films was found to be ~ 2.42 eV and the photosensitivity was 

found to be highest at 1.27 for stoichiometric CdS thin films. The SnS films were 

polycrystalline in nature with the preferred orientation along (111) having an 

orthorhombic structure. The films grown at 323 K substrate temperature were single-

phase SnS and had the most attractive characteristics. The optical bandgap energy as 

well as the activation energy decreases from 1.576 eV to 1.429 eV and 0.806 eV to 

0.397 eV, respectively, as the substrate temperature increases from 297 K to 423 K. 

Photosensitivity was found to be highest at 10.93 for stoichiometric SnS film 

composition deposited at 323 K. 

 

5.2.2 Ternary metal sulfides 

The ternary sulfides namely Cux(ZnS)1-x, ZnxCd1-xS, and ZnxSn1-xS thin films were 

deposited successfully onto well-cleaned glass substrates using thermal evaporation 

technique. The optical band gap of the Cux(ZnS)1-x films decreases from 3.48 eV to 

2.60 eV whereas the electrical conductivity increases when Cu concentration in the film 

is varied from 0 to 0.25. The excellent electrical conductivity combined with good 

transparency of the Cux(ZnS)1-x thin films especially at low Cu concentration (x ≤ 0.03) 

makes them suitable for application as a transparent conducting material. Further, the 

films with higher copper concentration (x > 0.03) can be used as a buffer/window layer 

in solar cells. 

The ZnxCd1-xS thin films were found to have a hexagonal crystal structure with a 

preferential orientation along (002) plane and as the Zn concentration increases beyond 

0.45, the crystal system changes to a cubic structure along (111) plane. The optical 

energy band gap was found to be increasing non-linearly with increasing Zn 

concentration. A successful band gap tailoring was achieved by a suitable variation in 

the composition of the films. All the films (x = 0, 0.15, 0.30, and 0.45) displayed an 

increase in the photoconductivity values with increasing illumination intensity and 

thereby suggesting that the films can be utilized as a sensitive photodetector. The films 

showed 5 cycles of highly reproducible photoconductivity plots and thus demonstrating 

the stability and repeatability of the photodetector. Among the various compositions, 

the Zn0.15Cd0.85S films exhibited the best photosensitivity of 2.22. The obtained results 

imply that ZnxCd1-xS films are an excellent candidate for photodetectors. 
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The ZnxSn1-xS (0 ≤ x ≤ 1) thin films were found to be polycrystalline in nature with a 

favored orientation along (111) plane. The presence of a shift in (111) peak position 

from 28.46° to 31.62° validates the formation of a solid solution. The energy band gap 

decreases from 3.49 eV to 1.54 eV as the Sn concentration in the films increases. The 

tunable band gap suggests that these films are suitable for a wide range of opto-

electrical applications, particularly in solar cells. Further, the films (x  0.40) were 

analyzed for photodetector applications. The ZnxSn1-xS film with x = 0.10 exhibited the 

highest photosensitivity of 43.38 which is ~ 4 times higher than that of SnS films 

indicating its applications as an outstanding candidate for photodetectors. 

 

5.3 Scope for future work 

The present work involves the computation of the photodetector parameters at a broad 

spectrum (200 – 1000 nm wavelength region). Therefore, further photosensitivity 

studies on the behavior of the films can be carried out at an individual wavelength. 

Also, the present study involves various compositions of ternary alloys which displayed 

excellent opto-electrical properties. In addition, the ZnxSn1-xS (x  0.40) comprises an 

outstanding absorption co-efficient of ~ 107 cm-1. Hence, there is a scope to implement 

these materials in solar cells. Further, the materials can also be deposited on a flexible 

substrate in order to fabricate a highly sensitive flexible photodetector. Employing low-

cost chemical methods to grow such ternary alloys with different compositions for 

various large area devices may be an area worth pursuing. 
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