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Abstract 
 

Modern thin film solar cell based on the absorbing layers of Cadmium Telluride (CdTe) 

and Copper Indium Gallium Selenide (CIGS) have achieved laboratories efficiencies 

close to 20%. In these solar cells CdS thin films are used as a buffer layer. Due to the 

narrow energy band gap of CdS (~ 2.4 eV) about 18% of the solar energy is absorbed in 

the buffer layer. Therefore, it is desirable to replace CdS window layer with another 

suitable material having wide energy band gap to transmit maximum solar energy to the 

active region of the device. Secondly, for industrial production of solar cells, it is 

required to replace CdS with a nontoxic buffer layer material. In most of the cases close 

space sublimation (CSS) is used to construct these thin film solar cells. But the process of 

CSS is not amenable to industrial manufacturing.  Another problem associated with 

conventional CSS is that one cannot decouple source and substrate process environs.  

Therefore, alternate thin film fabrication technologies are also of interest. 

The main focus of this thesis is to investigate some of the binary and ternary II-VI group 

semiconductor thin films such as ZnSe, ZnS, ZnSxSe1-x and MgxZn1-xO to explore the 

alternate of CdS for the photovoltaic applications. Thin films of these materials with 

appropriate properties are also desirable for various other applications. Ion-induced 

electron yield of ZnS thin films was also measured. In addition, a modified closed space 

sublimation system was developed to eliminate the purported disadvantages of CSS. 

Thin films of ZnSe were deposited on soda lime glass by thermal evaporation and 

annealed in vacuum at various temperatures. XRD studies revealed that as-deposited 

films were polycrystalline in nature with cubic structure. The grain size and crystallinity 

increased, whereas dislocations and strains decreased with the increase of annealing 

temperature. The optical energy band gap estimated from the transmittance data was in 

the range of 2.60 to 2.67 eV. Similarly, refractive index of the films was found to 

increase with the annealing temperature. The Root Mean Square (RMS) roughness of the 

films increased from 1.5 nm to 2.5 nm with the increase of annealing temperature. 

Resistivity of the films decreased linearly with the increase of annealing temperature. 

ZnS thin films were deposited by modified close spaced sublimation instrument on the 

glass substrates. The energy band gap of the films deposited at the substrate temperature 

of 150, 250 and 350 oC was 3.52, 3.58 and 3.63 eV respectively. These films were then 

bombarded with 2-10 keV energy pulsed Ar+ beam and their secondary electron yield 

x 



 

was measured. The most important result of this study was that the electron yield of ZnS 

films having same composition was different. Monte Carlo simulations performed to 

interpret these experimental findings showed that the dissimilar electron yields of ZnS 

films is due to the combined effect of energy band gap, surface barrier potential and 

density of the films. 

The ZnSxSe1-x films were deposited on soda lime glass substrates by thermal evaporation. 

XRD measurement showed that ZnSxSe1-x films are polycrystalline in nature with the 

preferred orientation along [111]. It was observed that the lattice constant decreases and 

the optical energy band gap increases with the sulfur content of the film. These results are 

in good agreement with the properties of ZnSxSe1-x films deposited by various other 

methods. Additionally, it was observed that the refractive index of a ZnSxSe1-x film 

decreases with increasing sulfur content. The results suggest that the lattice constants, 

optical energy band gap and refractive index of ZnSxSe1-x film can be tailored by 

changing sulfur content of the film. 

MgxZn1-xO thin films were deposited on glass and quartz substrates by electron beam 

evaporation and effect of the Mg content of the film on its structural, optical and 

electrical properties were investigated. The structure, surface morphology, optical 

transmittance, band gap, refractive index and electrical resistivity found to depend on the 

Mg content of the film. The structure of the films having Mg content in the range of 1-

0.74 was cubic, mixed cubic-hexagonal phases for x = 0.47 and hexagonal phase for x = 

0. It was observed that the optical band gap increases from 3.30 to 6.09 eV, refractive 

index at 550 nm decreases from 1.99 to 1.75, transmittance increases from about 70% to 

90% and electrical resistivity increases from 0.5 to 1.48×106 Ω-cm with the increase of 

Mg concentration in the film from x = 0 to 1. Laser Induced Damage Threshold (LIDT) 

of MgxZn1-xO thin films was also measured by using Nd:YAG laser. The LIDT of 

MgxZn1-xO films was found in the range from 20 – 25 J/cm2. 

xi 



 

1 
 

 

  
 

Chapter 1 
Introduction 

 



 

2 
 

Chapter 1 
1. Introduction 

Thin film is a condensed species of matter on a substrate in a very low 

dimensional size. The limit on minimum and maximum thickness can not be 

imposed; generally thickness of a film depends upon its nature of application. 

However, in practice the film thickness is between few nanometers to several 

micrometers. The behavior of thin film is much different from its bulk material. Thin 

films possess large surface to volume ratio consequently atoms on the surface of the 

film have high potential energy [1]. The overall performance of a thin film depends 

upon its adhesion with substrate and the adhesion depends on several factors such as 

cleanliness of substrate, under lying layer, residual stresses, pin holes, substrate 

condition etc. Thin films of insulator, semiconductor or conductor can be grown on 

various substrates.  In recent years the commercial use of thin films are growing 

rapidly, in electronics, computer industry, optics, communications and photovoltaic 

applications. For example multilayer thin films/coatings are essentially required for 

optical signal processing in various optoelectronic systems such as Lasers, night 

vision devices, microscopes etc. These multilayer optical coatings include 

antireflection coatings, high reflection mirrors, band pass filters, narrow band filters, 

partially reflecting mirrors and cold mirror coatings.  Now a days, there is hardly a 

system that does not have at least one component with a thin film on its surface. The 

tremendous progress and diversity of applications has brought maturity and interest 

for basic and applied research in the field of thin films [2-4]. 

The properties of thin films such as crystallinity, microstructure, surface 

morphology, electrical and optical properties depend on the deposition technique and 

its associated parameters such as substrate temperature, evaporation rate, type of 

substrate, nature and pressure of residual gases [5]. In addition to deposition 

parameters, the properties of thin films can also be modified or improved with post 

deposition treatments such as annealing (under vacuum or in the environment of 

reactive gasses), ion implantation and doping with N or P-type impurities. 
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One of the facts with thin films is that films possess intrinsic stresses 

regardless of the deposition technique. These stresses could be either compressive or 

tensile. As a result of these stresses the deposited film may peel off or crakes may 

appear at the surface of film. These stresses may effect properties of films. Therefore, 

it is important to make all possible efforts to minimize stresses during deposition 

process. Due to condensation kinetic and rapid quenching of adsorbed atoms films are 

thermodynamically non-equilibrium structures. Consequently, thin films are frozen-in 

high concentration of structure defects [6]. 

 

1.1 Semiconductor materials 

A material whose resistivity is midway between that of a good conductor and 

a good insulator is called semiconductor. At absolute zero temperature semiconductor 

materials behave like insulators and show very small electrical conductivity at room 

temperature. The electrical conductivity of semiconductors depends upon number of 

electron-hole pairs which increases with the rise of temperature. Therefore, electrical 

conductivity of semiconductors increases exponentially as their temperature rises. 

 Semiconductor in pure form is called intrinsic semiconductor. In these 

materials the free electrons in the Conduction Band (CB) and free holes in the 

Valence Band (VB) arises solely by thermal excitation across the energy band gap. In 

extrinsic semiconductor additional electrons are present in the CB because of the 

ionized donor imperfections, or one in which additional holes are present in the 

valence band because of ionized acceptor imperfections. It can be formed from an 

intrinsic semiconductor by adding impurity atoms to the crystal in a process known as 

doping. Semiconductor material doped with some pentavalent impurity atoms like Sb, 

As, P, Bi are known as n-type semiconductors and semiconductor materials doped 

with some trivalent impurity atoms such as Al, Ga, B  are called p–type 

semiconductor [7].   An important property of a semiconductor material is that it can 

be doped with impurities to alter its electronic properties in a controlled way. Because 

of their extensive applications in electronic and optoelectronic devices the search for 

new semiconductor materials and improvement of the existing materials is an 

important field of study. These materials can be categorized according to the groups 
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of the periodic table from which their constituent atoms come from. The most 

commonly used semiconductor materials are group IV elemental semiconductors. In 

these semiconductors the basic atom contain four electrons in its valence band 

(Supplemented by covalent bonds to four neighboring atoms to complete the valence 

band) e.g. Germanium, Silicon, Carbon and Tin. Silicon is the most commonly used 

elemental semiconductor and is also the most abundant semiconductor on the earth. 

The semiconductor materials composed of two or more atoms called 

compound semiconductors. The compound semiconductor materials have crystal 

structure made of atoms belongs to different groups of periodic table. In two atom 

compound semiconductors, if one atom is from group N (N<4) and other is from 

group M (M>4), then sum of both groups number should be eight, which mean 

valence band consists of eight electrons. In these materials atoms are mostly bonded 

with each other by shifting of complete valence charge from one group to other 

group. Most compound semiconductors are the combination of atoms from II-VI and 

III-V groups. The representative III-V compound semiconductors are Indium 

Arsenide (InAs), Gallium Nitride (GaN), Gallium Arsenide (GaAs), etc. Some of 

compound semiconductor from II-VI group are Cadmium Sulfide (CdS), Zinc Sulfide 

(ZnS), Zinc Oxide (ZnO), etc. In addition to elemental and binary, ternary (e.g. 

ZnSxSe1-x, MgxZn1-xO, AlxGa1-xAs, GaAs1-xPx, Hg1-xCdxTe) and quaternary 

semiconductors (e.g. GaxIn1- xAsyP1-y) alloys with tunable properties are also used in 

various applications.  

 
1.2 Properties of II – VI group binary and ternary semiconductor thin films 

Thin films of semiconductors from II–VI group have attracted considerable 

attention because of their wide range of applications in industry and lack of the 

fundamental understanding of the dependence of their optical, structural and electrical 

properties on the deposition parameters. This work is focused on the thin films of 

ZnSe, ZnS, ZnSxSe1−x and MgxZn1-xO material from II-VI group.  The literature on 

the properties and applications of these films deposited by various techniques has 

been reviewed in the following sections. 
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1.2.1 Zinc Selenide (ZnSe) thin films 

The optical energy band gap of ZnSe thin films is about 2.7 eV. ZnSe thin 

films have been used for various optoelectronics applications [8], which includes 

diode lasers in the wavelength regions of blue to green [9], LED’s [10], thin film 

solar cells [11] and for Infra Red (IR) optical coatings [12]. The bulk ZnSe is used for 

the fabrication of windows, prisms and lenses for IR optics due its wide transparency 

in IR region (0.5-20 μm) [13]. ZnSe films are also utilized in solar cells as a 

window/buffer layer due to its non toxic nature and larger energy band gap as 

compared to that of cadmium sulfide [14-19]. 

Many techniques have been utilized for the fabrication of ZnSe films 

including Metalorganic Chemical Vapor Deposition (MOCVD) [20], Molecular 

Beam Epitaxy (MBE) [10,22-25], Pulsed Laser Deposition (PLD) [26-28], quasi-

closed volume technique [29], RF magnetron sputtering [30], vacuum evaporation 

[31], Chemical Bath Deposition (CBD) [32], hot wall evaporation [33], 

photochemical deposition [34], Closed Space Sublimation (CSS) [35, 16] and 

Sintering [ 36]. 

ZnSe has two types of crystal structures cubic and hexagonal, in case of cubic 

structure, the lattice parameter is a = 5.668 Å, where as for hexagonal structure the 

lattice parameters are a = 3.820 Å and c = 6.626 Å [37]. ZnSe thin films grown on 

soda lime glass at the temperature of -73°C and 275°C revealed that deposited films 

have cubic zincblende polycrystalline structure [19]. It has been reported that the 

crystallinity, preferential orientation and size of the crystallite becomes larger with 

the increase of substrate temperature. Films prepared by hot wall evaporation 

technique were predominantly n- type [38]. The increase in grain growth and surface 

roughness has been observed with the increase of substrate temperature. The XRD 

spectra showed that predominant structure of the films deposited by this method have 

zincblende structure. Similarly, ZnSe film grown by sintering deposition technique 

has also cubic zincblende structure [36]. 

The optical properties of ZnSe thin films are found to be dependent on 

deposition technique and its associated parameters. The films deposited by closed 

space sublimation revealed increase in energy band gap from 2.57 to 2.61 eV when 
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substrate temperature was increased from 200°C to 300°C [35]. In case of hot wall 

evaporation technique, the energy band gap was 2.76 eV for the film deposited at the 

substrate temperature of 360°C [38]. The refractive index of ZnSe films deposited by 

closed space sublimation, thermal evaporation and hot wall evaporation was 2.54 

[34], 2.50 [39] and 2.75 [33] respectively. 

Resistivity of ZnSe films without doping is very high (> 108 Ω-cm) [40-41]. 

ZnSe films deposited by closed space sublimation exhibited electrical resistivity of 

109 Ω-cm but it was decreased to 8x106 Ω-cm by annealing at 200 °C in vacuum for 

30 min [35]. The films grown by resistive heating exhibit resistivity ~ 5x108 Ω-cm 

but it reduced significantly when these films were annealed at 500 oC in the presence 

of Zn vapors. The value of resistivity obtained for 0.3 and 1.8 µm thick films was 0.5 

Ω-cm and 40 Ω-cm respectively, indicating the dependence of resistivity on the film 

thickness [42]. 

 

1.2.2 ZnS thin films 

Zinc sulfide (ZnS) is available in the form of white to yellow-colored powder 

or crystal. Its more stable form is cubic or zincblende (also called sphalerite). ZnS 

also exists in hexagonal or wurtzite form. Both sphalerite and wurtzite ZnS are 

intrinsic wide energy band gap semiconductors. ZnS thin films has unique physical 

properties such as large optical energy band gap, minimum optical absorption in 

visible to IR region, high dielectric constant and refractive index [43]. The ZnS thin 

films are used to construct blue light emitting laser diodes [44], display luminescent 

materials, electroluminescent instruments, short wavelength diode lasers [45,46], α-

particle detector [47] and optical coatings [48,49]. Presently, CdS is being used as 

buffer layer material in thin film solar cells. But ZnS is a potential alternate of CdS 

because of its several advantages over CdS, such as (i) non-toxic nature (ii) larger 

optical band gap (iii) better lattice matching with absorbers layers of thin film solar 

cells [50-52]. Variety of deposition methods have been utilized for fabrication of ZnS 

films which includes sputtering [48, 53-57], vacuum evaporation [58-61], solution 

growth [62-73], pulsed laser deposition [74, 75], sol–gel [76,77], metal organic 



 

7 
 

chemical vapor deposition [78], spray pyrolysis [79,80], molecular beam epitaxy [81] 

and atomic layer epitaxy [82]. 

It has been reported that structural properties of ZnS thin films depend on 

deposition technique, substrate temperature, growth rate and film thickness [49]. ZnS 

films grown on quartz glass by thermal evaporation showed XRD peaks 

corresponding to (111) and (220) plans of cubic structure. Films deposited using 

spray pyrolysis method revealed that undoped and Cu doped ZnS films have wurtzite 

structure while preferred orientation corresponds to (002) peak. It was also observed 

that sharpness of (002) peak increases with the Cu doping [83]. The structure of ZnS 

films grown using chemical bath technique was zincblende. It has been reported that 

the degree of crystallinity and grain size increases from 4.1 to 12.5 nm by the increase 

of growth temperature in the range 25 to 75 °C [84-85]. ZnS thin films grown using 

brush plating also have cubic structure and grain growth from 15 to 50 nm have been 

observed with the increase of substrate temperature from 30 to 80 °C [86]. 

As regard the optical properties of ZnS films, the optical energy band gap of 

the films deposited by chemical bath technique was 3.68 eV [87]. ZnS films grown 

using ultrasonic spray showed that band gap decreased from 3.88 eV to 3.74 eV when 

the substrate temperature was increased from 250 oC to 350 oC [88]. For thermally 

evaporated ZnS thin films, the optical band gap also decreased with the increase of 

substrate temperature [89]. Similar trends have also been observed for the films 

grown by metal organic vapor phase epitaxy [90] and successive ionic layer 

adsorption and reaction techniques [91].  

The refractive index of bulk ZnS is 2.4 [92]. ZnS films fabricated at the 

substrate temperature of 25 oC and at high deposition rates showed the refractive 

index close to the bulk value [93]. The films prepared by thermal evaporation showed 

increasing trend of refractive index with the increase of the film thickness [49]. The 

refractive indices of Mn doped ZnS films deposited on the glass by successive ionic 

layer adsorption and reaction technique was in the range of 2.04 to 2.22 [94]. The 

range of resistivity of ZnS films deposited by various techniques is 105 - 107 Ω-cm 

[95, 52, 83]. ZnS films grown by spray pyrolysis method on a glass showed that the 
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resistivity decreases from 106 to 104 Ω-cm with the increase of substrate temperature 

from 400 to 500 oC [83]. 

 
1.2.3 ZnSxSe1−x thin films 

Ternary ZnSxSe1−x material has several advantages as compared to ZnSe due 

to the presence of sulfur content. The sulfur content helps to broaden the optical 

energy band gap. Electron affinity and lattice constant of ZnSxSe1−x films can be 

matched with absorber layer materials of thin film solar cells by varying the sulfur 

content [96]. It has been shown that optical, structural and electrical properties of 

ZnSxSe1−x semiconductor films can be tailored by the variation of its composition. It 

has been reported that in CdTe based solar cells n-type ZnSe thin film can be utilized 

as a window layer [97]. ZnSxSe1-x alloy with tunable properties can be a good 

alternate to ZnSe for thin film solar cells. The refractive indices of ZnSxSe1-x can be 

tailored in the range ~ 2.3 to 2.6 (at 650 nm). Therefore, these thin films can also be 

employed in multilayer optical coating systems such as beam splitters, band pass 

filters, antireflection and high reflection coatings particularly in infrared region [12, 

99]. Other applications of ZnSxSe1-x films are in waveguiding layers for 

semiconductor lasers [100], in electroluminescent devices [101] and cladding layer 

[102]. ZnSxSe1-x films are mainly prepared by atomic layer epitaxy [103], molecular 

beam epitaxy [104], metalorganic chemical vapor deposition [105-106], closed space 

sublimation [96, 98, 107] and electron beam evaporation [101]. 

ZnSxSe1−x thin films have been grown in cubic, hexagonal or with the 

simultaneous existence of both phases. Films deposited by atomic layer epitaxy at 

400 °C were oriented in the cubic (111) [96] or hexagonal (022) [98]. Cubic structure 

has been observed in the film deposited with CSS [107]. Whereas wurtzite 

(hexagonal) structure has been reported for films grown by sintering [108] and pulsed 

laser deposition [109]. The optical window, transmittance and optical energy band 

gap of ZnSxSe1−x films deposited by various techniques found to increase with the 

increase of sulfur content [98]. 
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1.2.4 MgxZn1-xO thin films 

Thin film of MgxZn1-xO ternary semiconductor alloy has high exciton binding 

energy, tunable optical, electrical and structural properties. It has been reported that 

these films exhibit good stability in chemical and high temperature environments 

[110]. As per phase diagram of bulk MgO-ZnO the thermodyamic solubility of MgO 

in ZnO is nearly 4 at. % [111]. However, depending on the method of preparation, 

MgxZn1-xO thin films have showed Mg content up to 49 at. % [112]. The highest Mg 

concentration (i.e. 49 at. %) has also been observed in the MgxZn1-xO thin films 

grown by molecular bean epitaxy [113] and metalorganic vapor phase epitaxy [114] 

techniques. MgxZn1-xO can be a good candidate for buffer layers in Cu(In,Ga)Se2 

(CIGS) [115] and CdTe based solar cells. It has been studied extensively as a barrier 

material in thin film transistor [116] and quantum well devices [117]. Moreover, 

MgxZn1-xO has been successfully used for heterostructure devices such as UV light 

detector [118 - 119], UV light emitting, and laser diodes [120]. This ternary alloy can 

also be utilized as high refractive index material for the fabrication of UV, visible and 

NIR optical coatings [121]. 

MgxZn1-xO films have been deposited by variety of techniques, including 

magnetron sputtering [122-124], spray pyrolysis [125-128], pulsed laser deposition 

[129-133], metal organic chemical vapor deposition [134-137], sol–gel [138,139] and 

molecular beam epitaxy [140-143]. MgxZn1-xO films deposited on quartz glass using 

pulsed laser deposition technique revealed transition of phase from hexagonal to 

cubic with the increase of Mg concentration. XRD data showed that hexagonal phase 

exist up to 30% Mg content, mix cubic and hexagonal phases at 40% and single cubic 

phase above 50% of Mg content [144]. Similar trend has also been observed for the 

films grown by ultrasonic spray pyrolysis technique. But in this case the phase change 

occurred from hexagonal to cubic at Mg content greater than 70% [145]. Wurtzite 

structure has been observed for the films grown by metalorganic chemical vapor 

deposition with Mg content in the range of 0 to 14% [146].  

MgxZn1-xO thin films deposited by spray pyrolysis have optical energy band 

gap in the range 3.21 - 3.87 eV for Mg content in between 0 and 24% [147]. The band 

gap of the films prepared by PLD was found to vary from 3.35-6.62 eV for the Mg 
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content from 0 to100%. In addition to Mg content, other parameters such as growth 

temperature and film thickness also have some effect on the optical energy band gap 

[144, 145]. 

It has been reported that refractive index values of MgxZn1-xO films decreases 

from 1.92 to 1.73 with the increase of Mg concentration [143]. The main reason of 

decreasing trend of refractive index values is lower refractive index of MgO than 

ZnO. The decrease of refractive index with the increase of Mg concentration is also 

observed in case of the films deposited by spray pyrolysis [147] and reactive electron 

beam evaporation [148].   

The resistivity of MgxZn1-xO thin film is tunable from very high to low values 

with the variation of Mg content into the films. The variation in resistivity of MgxZn1-

xO films deposited by PLD, spray pyrolysis and MOCVD was 10 -104 Ω-cm [145], 

0.1 - 105 Ω-cm [149] and 1.32 x 10-2 - 1.47 x 103 Ω -cm [146] respectively. The 

reason of increasing trend of resistivity with the increase of Mg concentration is due 

to decrease of interstitial Zn and/or decrease of oxygen vacancies [149]. It is also 

reported that the resistivity of MgxZn1-xO films was reduced when films were 

annealed in vacuum at 500°C [147]. 

1.3 Motivation 

 Conventional energy resources are depleting at much faster rate than 

expected due to the industrialization and rapid population growth [150,151]. It is 

estimated that the main energy source, i.e. fossil fuel, will finish during the next 50 

years [152]. Moreover, burning of fossil fuels results in the emissions of various 

pollutants, including large quantities of greenhouse gases which is a prime source of 

global warming. The alternative energy sources for power generation are wind, 

hydroelectric, and solar. Solar energy is considered as the future source of energy for 

the mankind because it is available almost every where on the earth and there is no 

fear about depletion of this energy source. In view of the above, photovoltaics has 

become an important area of research to provide alternate source of energy. 

Researchers are working on various technologies and materials to develop low cost 

and efficient solar cells.  
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The photovoltaic research area deals with the conversion of sun light to 

electricity through the use of solar cells. They produce little or no waste products, and 

once installed offer a clean, reliable source of electricity. Most of the solar cells are 

made of semiconductor materials and consist of large-area p-n diodes.  Schematic of 

energy band structure of semiconductor based solar cell under illumination is 

illustrated in Fig. 1.1 P-type semiconducting material used in this device is capable of 

absorbing photons from the sun light incident on it. These photons excite electrons 

that travel across the band gap of semiconducting material resulting in the formation 

of electron-hole pairs. When n-type and p-type semiconductors are in contact at 

equilibrium, their energy bands are aligned in such a way that the Fermi level (EF) is 

constant across the both materials.  This results an offset between the conduction and 

valence bands of the two materials.  This offset causes electrons from the n-type layer 

and holes from the p-type layer to re-combine at the interface. This recombination 

results the depletion of carriers in the respective materials and an electric field is 

generated across the junction. The charge carriers are then separated by the electric 

field generated in the depletion region and collected through the two contacts [153, 

154]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1.1 Schematic of energy band structure of semiconductor    

photovoltaic device under illumination [154]. 
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Among the various types of solar cells available, the crystalline silicon solar 

cells are most commonly used due to the existing silicon manufacturing 

infrastructure. Silicon based solar cells are very expensive due to the manufacturing 

cost of silicon single crystals. Also, the efficiency of silicon based solar cells is 

limited due to its small energy band gap. Instead of single crystal materials, a variety 

of polycrystalline thin film solar cells have emerged as a promising candidate for 

photovoltaic energy conversion. These are amorphous silicon, polycrystalline copper-

indium-gallium-disellenide (CIGS), and polycrystalline cadmium-telluride (CdTe) 

solar cells. All of these materials can be fabricated at significantly lower cost as 

compared to the crystalline silicon cells. The polycrystalline/amorphous thin film 

solar cells are low cost but less efficient as compared with crystalline silicon solar 

cells. The most promising non-silicon polycrystalline thin film solar cells reported in 

literature are based on CIGS and CdTe [155].   

  The schematic diagram of CdTe/CdS thin film solar cells is shown in Fig. 1.2 

This thin film solar cell is fabricated on soda lime glass. First layer deposited on glass 

is transparent conducting layer, second layer is CdS window or buffer layer and third 

is CdTe absorbing layer. The material for window or buffer layer in CIGS and CdTe 

based solar cells is CdS. Cadmium is a toxic material which is harmful and can 

pollute environment. Moreover, CdS have optical energy band gap of Eg ~ 2.4 eV 

(515 nm). The peak intensity of solar spectrum is at ~500 nm (see Fig. 1.3). But the 

absorption edge of CdS is at ~515 nm. It is estimated that about 20% of the solar 

energy is absorbed in the CdS window layer. Therefore, it is desirable to replace CdS 

window layer with another suitable material having wide energy band gap to transmit 

maximum solar energy to active region of the device. The promising binary and 

ternary II-VI semiconductor materials to replace CdS are ZnS, ZnSe, ZnSxSe1-x and 

MgxZn1-xO. Also, thin films of these materials with appropriate properties are 

desirable for various other applications. 

For the designing of optical coatings limited numbers of suitable materials are 

available. These coatings are essentially required for various optoelectronic systems 

such as lasers, optical systems, night visions, in telecommunications, military 

products and displays. That is the reason optical coating designers/researchers always 
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remains in search of new environmentally stable materials with desired refractive 

indices, low optical losses and high value of laser damage thresholds [156 – 158].  

Another objective of this work is to deposit good quality binary and ternary thin films 

of II-VI group materials for above mentioned hi-tech applications and to investigate 

the effects of deposition parameters and composition of films on their structural, 

optical and electrical properties. Although these films can be grown by several 

techniques but attempt has been made to deposit these films by conventional and 

simple techniques to reduce the cost of thin films for commercials applications. 

CSS is the most common technique for the deposition of II-VI materials thin films. 

However, conventional CSS technique has some disadvantages such as: (1) shutter to 

avoid the deposition during pre heating of the source material is not available; (2) in 

situ   monitoring of growth rate and film thickness is also not possible. In this context 

a modified CSS device with shutter and quartz crystal system has been designed and 

constructed during this work.    
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Fig. 1.2 Schematic of CdTe/CdS thin films solar cell  

Fig. 1.3 Solar irradiance as a function of the wavelength  
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1.4 Objectives of this work 

Primary objectives of this work are to deposit good quality binary and ternary thin 

films of II-VI group materials and to study the effects of deposition 

parameters/composition of these films on their structural, optical and electrical 

properties. All these films have been deposited with simple and conventional 

deposition techniques to reduce the cost of thin films for commercial applications. In 

particular possibility of alternate semiconductor materials to replace CdS window 

layer of thin film solar cells with some non-toxic and wide energy band gap material 

have been explored.  

Another objective of this work is to search for new optical coatings materials for 

various hi-tech optoelectronic systems such as lasers, optical systems, optoelectronic 

devices, night vision cameras, telecommunication systems, military products and 

displays.  

In addition to above mentioned objectives a modified CSS deposition system have 

been developed to improve the qualities of II-VI materials thin films and the effect of 

various properties of ZnS thin films on its ion-induced secondary electron emission 

have been investigated. The curiosity in this subject is due to the intrinsic basic 

interest and many technological applications in particle detector fabrication industry, 

secondary ion mass spectrometry and plasma-based processing technology. 

 

1.5 Structure of thesis  

The thesis is organized into six chapters. First chapter provides a brief 

introduction of semiconductor thin films and literature survey of II –VI group 

materials thin films. This chapter also states the specific research objectives and 

finally describes how the thesis is structured. The second chapter deals with thin film 

deposition and characterization techniques. The details on the effect of annealing on 

ZnSe films deposited by thermal evaporation have been provided in chapter three. 

The study of ion induced secondary electron emission from ZnS thin films have been 

given in chapter four. In chapter five, deposition and characterization of ZnSxSe1-x 

thin films have been discussed. Chapter six deals with the deposition and 
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characterization of MgxZn1-xO thin films. Laser induced damage threshold of  

MgxZn1-xO thin films have been described in appendix 1. 
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Chapter 2 
2. Thin film deposition and characterization techniques
 Section 2.1 of this chapter provides description of various techniques and 

parameters of thin films deposition. Section 2.2 gives a brief description of the 

equipment used to investigate structure, composition and surface morphology of thin 

films. Section 2.3 focuses on the various models used to deduce optical constants 

such as absorption coefficient, extinction coefficient, optical energy band gap and 

refractive index from the spectrophotometric data. In section 2.4 electrical resistivity 

measurement technique has been described briefly. Section 2.5 describes the 

transmittance regions of the substrate used in this study. The detail of ion beam 

facility and procedure of secondary electron yield measurement is explained in 

section 2.6. 

 

2.1 Deposition techniques and parameters of thin films  

Presently, variety of techniques are available for the fabrication of thin films.  Each 

technique has its advantages and disadvantages due to its associated deposition 

parameters. These parameters must be optimized to deposit a film of the required 

properties. Whereas selection of deposition technique depends upon the properties of 

the film required for a particular application.  These deposition techniques can be 

divided into the following four major categories [1-3]. 

1. Physical vapor deposition (PVD), which include thermal evaporation, pulsed 

laser deposition, closed space sublimation and ion-beam sputtering. 

2. Chemical vapor deposition (CVD) 

3. Electrolysis or solution growth 

4. Electro-chemical deposition (ECD) 

Some hybrid techniques have also been developed by combining PVD and CVD such 

as reactive evaporation/sputtering and plasma deposition. 
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2.1.1 Thermal evaporation process in PVD 

 First step in thermal evaporation process after achieving the required vacuum 

is heating of source material up to sufficiently high temperature until the desired 

vapor pressure is achieved. The heating process is carried out in high vacuum (≤10-5 

to ≤10-7 torr) to minimize the collision between evaporated species and residual gas 

atoms/molecules. The vacuum environment also helps to deposit films with less 

contamination. Vacuum better then 10-6 torr is good enough for deposition of films 

with minimum contaminants. Relatively high vacuum is required for materials which 

may oxidize [4, 5]. 

Heating of the source material can be carried out by electron beam, resistive 

heating, quartz lamp or by laser beam. The materials with relatively low melting point 

are usually evaporated by resistive heating. For resistive heating boats, crucibles and 

filaments are made of refractory metals (high melting point metals) like tungsten, 

tantalum or molybdenum. Whereas, electron beam is employed for evaporation of 

high melting point materials. In electron beam technique, material is placed in water 

cooled crucible made of molybdenum or graphite. 

The process of evaporation can be divided into the following three steps. 

i) Conversion of evaporation materials into vapor phase. 

ii) Transport of these vapors to the substrate. During this process vapors may 

collide with atoms/molecules of residual gasses. The collisions of 

evaporated species depend on source to substrate distance and pressure of 

residual gasses.   

iii) Condensation of vaporized species on the substrate.   

The rate of atoms/molecules evaporated in vacuum from surface of material is given 

by elementary kinetic theory [1-3, 5]. 

MT
P

N e
e

2210513.3 ×=    Molecules / cm2 - s                         (2.1) 

Where Pe is equilibrium vapor pressure in torr under saturated vapor condition at 

temperature T and M is the molecular weight of the vapor species. The evaporated 

species travel through the residual gasses up to the substrate in vacuum chamber. The 

vapor condensation rate depends on the source temperature, source-substrate 
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geometry and the sticking coefficient of the vapor with the substrate. The vapor atoms 

may be scattered by colliding with the residual gas atoms. The scattering probability S 

is given as 

S = )/exp( ld−                   (2.2) 

 Where d is the distance of substrate from the source and l is the mean free path of gas 

atoms. 

 Finally, film growth process takes place with nucleation on the substrate. At 

this stage evaporated atoms/molecules form clusters at various places on the 

substrate. When density of these clusters increases up to a sufficient level then they 

merged into relatively larger clusters and form islands on the substrate. These islands 

form crystallites on the surface of the substrate. This growth process remains 

continued and then coalescence process of these crystallites takes place. The 

coalescence of islands/crystallites creates a network having empty areas/channels on 

the surface. When further atoms impinge on the surface the mobility of these ad-

atoms helps to fill these empty channels and islands join each other to form a 

continuous film.  

 

2.1.2 Deposition parameters 

The properties of the film are significantly influenced by the deposition 

parameters during the growth process [5]. Following is the list of important 

deposition parameters. 

i. Cleanness of the substrate 

ii. Substrate temperature 

iii. Evaporation rate 

iv. Partial pressure and nature of the residual gases 

v. Nature and condition of the target  

vi. Contamination from the crucible/boat/filament, supporting material of source 

and other part of deposition chamber 

The structural properties of the film such as crystalline structure, disordered 

and semi disordered structure can be obtained by controlling the deposition 

parameters. Disordered or amorphous films are formed due to the low surface 
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mobility of ad-atoms because atoms may freeze on the surface before reaching their 

most preferable energy state. Therefore, amorphous state is a metastable state [1]. 

Similarly smooth surfaces at atomic scale and rough surfaces with large surface area 

can be grown by employing pre-optimized parameters. Stoichiometric films of multi-

component alloys and compounds can also be fabricated by selecting suitable 

deposition parameters.  

The effect of deposition parameters on the properties of the films can be 

understood by studying sticking coefficient, nucleation and mobility of atoms on the 

surface of film/substrate. The crystallite size in thin films is expected to increase with 

the increase of substrate temperature, growth rate and mobility of ad-atoms [2]. The 

agglomeration of film increases with the increase of surface mobility of ad-atoms 

which reduces the nucleation density. As a result, continuity of the film increases 

with relatively less defects [6]. The pressure and nature of the residual gasses during 

deposition also have significant influence on the crystallite size and other properties 

of thin films. 

The properties of deposited films such as crystallinity, surface smoothness and 

density can also be improved by post annealing. In evaporation technique, the mean 

free path of the evaporating atoms or molecules can also effect the properties of thin 

films [7], it should be large enough as compared with the dimension of the system. If 

this condition is fulfilled, the collisions among evaporating species and residual gas 

atoms will be minimum and ultimately we will have contamination free film. 

 

2.1.3 Resistive heating evaporation (RHE) 

Schematic diagram of a typical RHE has been shown in Fig. 2.1. In RHE 

electrical energy is used to heat the boat or filament, which in turn heats the 

deposition material up to the point of evaporation. This technique is widely used to 

deposit variety of thin films of low melting point metallic, dielectric and 

semiconductor materials. The boat or filament is generally made of high melting 

point refractory metals such as W, Mo, and Ta. The resistive heating source must 

have the following characteristics for best deposition results: 
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• Source should not have any chemical reaction with the charge. 

• The structure of boats/filaments should be stable at evaporation temperature of 

the charge. 

• Vapor pressure of the source material must be low enough so that a negligible 

amount of source material is evaporated. 

• The sources of resistive heating must have enough capacity to hold charge. 

 

  The resistive heating sources are available in the form boats and coils of 

different shapes made of wires and sheets of refractory metals. Before charge loading 

these sources are heated at high temperature in vacuum to remove contaminations and 

adsorb gasses. The RHE is a simple and low cost technique, but the disadvantages 

associated with this technique are contaminations from boat or filament, reaction of 

charge with source material and only low melting point materials can be evaporated.   

Fig. 2.1 Schematic of resistive heating system. 

Cu electrode 

Boat/crucible 
Coating material 

Clamp for 
holding boat 

Substrate 
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2.1.4  Electron beam evaporation 

Schematic diagram of electron beam (e-beam) evaporation system is shown in 

Fig. 2.2. The e-beam is a most commonly used technique for the evaporation of low 

to high melting point materials. Electrons are emitted when cathode ‘K’ is heated by 

DC power supply and extracted from cathode region by positively biased anode ‘A’. 

The electrostatic focusing of electron beam is achieved by applying voltage across the 

wehnelt plates ‘W’. The focused electron beam is then deflected at an angle of 270 

degree by the applied magnetic field. Finally the deflected beam enters into the water 

cooled crucible where material to be evaporated is placed. The electrons lose their 

energy in the coating material very rapidly; this energy transfer mechanism depends 

on the kinetic energy of electrons and the atomic number of evaporating material. The 

coating material is evaporated as a result of the energy transfer from the incident 

electrons. The advantages and disadvantages associated with electron beam 

evaporation technique are given below. 

Advantages 

• Direct heating of evaporant material ensure deposition of thin films with 

minimum contaminations. 

• Crucible is water cooled which minimize the possibility of its interaction with 

evaporating material.   

• High melting point materials can be evaporated. 

Disadvantages 

• The electron beam dissociates most of the compounds, which may cause non 

stoichiometric deposition of thin films. 

• A part of the residual gas molecules and evaporated vapor may ionized by the 

electron beam. 
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Fig. 2.2  Schematic of the electron beam evaporation system 
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Fig. 2.3  Internal view of coating chamber (BAK 640 from M/s Balzers). 
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2.1.5 Closed Space Sublimation (CSS) 

The close space sublimation is a simple and low cost deposition technique 

which offers the deposition at high transport efficiency and can also work under low 

vacuum conditions. A graphite boat heated by quartz lamp is used to sublimate the 

coating material. A mica sheet is used as an insulator to keep boat and substrate at 

different temperatures. Due to very close distance between source boat and substrate 

(few millimeters) it is very difficult to control substrate temperature. Therefore, it is 

not possible to control the substrate temperature in conventional device. The 

deposition rate is controlled by controlling source temperature and film thickness is 

determined by the duration of deposition. Therefore, precise measurement of 

deposition rate and film thickness is not possible. In conventional CSS, limited 

number of materials can be deposited because of limited heating capacity to heat 

source material. In order to rectify these disadvantages of conventional CSS, we have 

constructed a modified CSS equipment at Optics Laboratories Islamabad. In 

conventional CSS, the source to substrate distance is usually few millimeters, but we 

kept source to substrate distance equal to 50 mm. Within this distance we installed 

film thickness/deposition rate measurement device and shutter. Schematic of 

modified CSS system is shown in Fig. 2.4. 

The films deposited by CSS usually have high crystallographic orientation and 

adequate optoelectronic properties for photovoltaic applications. In CSS technique, 

wastage of coating material is very low as compared to other techniques. The highest 

efficiency ~ 16% of CdTe based thin film solar cell is achieved by the CSS technique 

[8-10]. In this deposition technique, source materials can be provided in the form of 

powder, sheet or grains. The modified CSS technique which have been used during 

this work have following advantages over conventional CSS. 

 

i) The main disadvantage of conventional CSS deposition system is that there 

was no thickness monitoring system to check the growth rate and thickness of 

the film. We have inducted a quartz crystal system for thickness and 

deposition rate monitoring. 
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Fig. 2.4  Schematic diagram of CSS. 
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ii) Because of indirect heating of graphite boat CSS method can only be used for 

limited number of materials i.e. materials which can be sublimated at low 

temperatures. Moreover, at high temperature it is difficult to control substrate 

temperature due to small distance between boat and substrate. Due to the use 

of resistive heating in modified CSS device the materials having high 

sublimation/evaporation temperature can be deposited. Also due to relatively 

larger source to substrate distance it is possible to grow films at lower 

substrate temperature.  

iii) Shutter could not be used in conventional CSS device due to the limited space 

between source and substrate. Now in modified CSS device a shutter has 

been introduced between source and substrate to avoid the vapor stream 

directly reaching the substrate. It will restrict the deposition during the initial 

heating process of source material. As soon as the required source 

temperature is achieved the shutter may be removed to start the film growth 

process. After achieving the required thickness shutter is used to stop the film 

deposition.  

 

2.2 Characterization techniques 

2.2.1 X-ray diffraction (XRD) 

X-ray diffraction technique is a non-destructive method for the analysis of 

crystallographic structure and chemical composition of pure and manufactured 

materials. XRD is used to determine the degree of crystallinity, lattice parameters, 

size of the crystallites and phases present in the film. In this technique, a 

monochromatic X-ray beam falls on the surface of a sample (See Fig. 2.5) and beam 

is scattered in all possible directions. But due to the regular arrangement of atoms in 

the crystalline structure, the scattered waves constructively interfere with one another 

in a certain directions while in others they interfere destructively. Constructive 

interference takes place only between those scattered rays, which obey the Bragg’s 

law: 
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θλ sin2d=                  (2.3) 

Where λ  is the wavelength of the X-ray beam incident upon a crystal at angle θ with 

the family of planes whose spacing is d [11]. The XRD spectra are thus recoded at 

various diffraction angles. For thin films it is recorded in the range of 20-90 degrees. 

In case of single crystal the recorded spectrum has a single sharp peak. Where as in 

polycrystalline samples many peaks appear which correspond to various phases of 

crystalline structures. XRD spectrum is then compared with the data of Joint 

Committee on Powder Diffraction Standards (JCPDS) to identify crystalline phases. 

JCPDS data is also used to determine whether the deposited films showed any degree 

of preferential orientation. The crystallite size is determined by using well known 

Scherrer formula as 

θβ
λτ

cos
K

=                (2.4) 

Where K is the shape factor that is usually taken equal to 0.9, λ is the wavelength of 

x-ray source, β is the full width at half maximum (FWHM) of (111) peak and θ is the 

Bragg diffraction angle in degrees. 

The lattice spacing, d, is calculated from the Bragg’s formula 

θλ sin2/=d                (2.5) 

The lattice parameter, a, is determined using the relation 

( ) 222221 alkhd ++=             (2.6) 

Where h, k and l represent the lattice planes. 

For the dislocation density following relation is used  

τθβδ a4/cos15=              (2.7) 

The value of strain ε is evaluated by the following relation  

4/cosθβε =              (2.8) 
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In the present work X-ray diffractometer (Bruker D8 Discover) equipped with 

Cu Kα radiation (λ = 0.15418 nm) was used to record XRD spectra of the films and 

the measurements were made at room temperature. Full Width at Half Maximum 

(FWHM) was determined using most intense peak with the help of EVA software of 

Bruker (Karlsruhe, Germany). The error in fitting was less than 5%.  

 

 

 

 

 

 

 

 

 

 

 

2.2.2 Atomic Force Microscopy 

Atomic Force Microscopy (AFM) is a most extensively used for surface 

topography and texture analysis. The samples especially thin films of few nanometers 

can be scanned at room temperature as well as at the elevated temperatures. Powder 

samples may also be scanned. The basic arrangement for a typical AFM is presented 

in Fig. 2.6. A sharp tip is attached at one end of the cantilever, which acts as a probe. 

Most commonly silicon nitride tip of cylindrical cone or square based pyramid form 

is used. The upper surface of the cantilever (opposite to the tip) is coated with Al or 

Au.  The scanning is performed by a sharp tipped probe across the sample surface of 

the interest. At very close distance between tip and sample surface, the attractive or 

repulsive forces varies with the surface roughness. These variations are recorded and 

translated into surface image of the specimen at nanometer or sub-nanometer scale 

(depending on the resolution of equipment and sharpness of the tip). In addition to 

much higher resolution as compared to conventional microscopes, AFM does not 

 
Fig. 2.5  Schematic of X-ray diffraction 
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require special sample preparation and sample is scanned in ambient condition [12, 

13].     

The x/y and z piezo can be actuated separately with precision; so that 

distances at the atomic scale can be measured. Using coarse and fine adjustments, the 

tip of the probe is brought into gentle contact with the sample surface and scanned 

across the sample surface with the help of piezoelectric actuators. Due to the variation 

of surface smoothness the beam of laser light is reflected from the reverse side of the 

cantilever onto a position sensitive photodetector. Deflection in the cantilever 

produces a change in the position of the laser spot on the photodetector [14, 15]. 

Changes in the laser spot position on the detector is recoded and translated to surface 

roughness using the software named Scan Atomic SPM Control Software V4.05.7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.3 Scanning electron microscopy (SEM) 

The SEM is a type of electron microscope which can produce high resolution 

images of a surface by utilizing an electron beam. The schematic diagram of a SEM is 

shown in Fig. 2.7. SEM consists of the following five major sections [16, 17]: 

i. Electronic optic column, built on the sample chamber  

ii. Vacuum system to obtain a high vacuum  

 

Fig. 2.6  Schematic diagram of AFM. 
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iii. Detectors to collect signals from sample  

iv. Video display to examine the pictures 

v. Electronic device to handle all the functions 

In a typical SEM electrons are emitted from a hot tungsten or lanthanum 

hexaboride (LaB6) cathode/filament and then accelerated towards the anode by the 

high voltage (up to 30 KV). These accelerated electrons passes through series of 

condensers and apertures under high vacuum and finally a fine probe raster scan 

electron beam over a small rectangular area of the sample. The electrons inelastically 

scattered from the atoms of the sample. The primary electron beam effectively 

spreads and fills a teardrop-shaped volume (see Fig. 2.8), known as the interaction 

volume [18]. From interaction region number of emissions in the form of electrons 

and radiations takes place which are Auger electrons, secondary electrons, back 

scattered electrons, continuum X-rays and characteristics X-rays. The secondary 

electrons emitted from the few nanometer depth are used for image formation. Hence 

a highly magnified image similar to the traditional microscopic image is obtained 

with a much greater depth of field and resolution. 

X-rays, which are also produced by the interaction of electrons with the sample, 

may also be utilizes for elemental analysis of sample. Main applications of SEM are 

high magnification imaging typically ranging from 1000X to 150,000X and elemental 

analysis (compositional). SEM imaging requires a conductive sample whereas non-

conductive samples are usually coated with a thin (few nm) conducting layer of gold 

or carbon to avoid charging of the sample. Two types of the methods are used for the 

detection of X-rays which are emitted from the sample [16, 17].    

(i) Energy Dispersive X-ray Spectrometer (EDS) 

(ii) Wavelength Dispersive X-ray Spectrometer (WDS) 

EDS is most commonly used and rapid method, where as WDS is utilized for high 

resolution analysis. The spectra obtained by EDS or WDS are compared with known 

X-ray energies and composition of the sample is obtained. 
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Fig. 2.7  Schematic diagram of scanning electron microscope [19]. 
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2.2.4  Spectrophotometer 

The transmission spectra of thin films have been measured by using Perkins-

Elmer Lambda 19 UV-Visible-NIR spectrophotometer (see Fig. 2.9). It is a double-

beam, double monochrometor, ratio recording spectrophotometer operating in the 

UV, Visible and NIR spectral ranges. Instrument is controlled via external personal 

computer using operating software uvwinlab. Two radiation sources, a deuterium 

lamp and a halogen lamp cover the working wavelength range (190 – 3200 nm) of the 

spectrophotometer. 

 

 

 

 

Fig. 2.8  Different regions of electron beam interactions [18]. 
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Fig. 2.9  Schematic diagram of optical system of double beam spectrophotometer 

[20]. Where M1 – M10: Mirrors, HL: Halogen Lamp, DL: Deuterium Lamp, FW: 

Filter Wheel Assembly, G1 & G2: Gratings, SA: Slit Assembly, C: Chopper 

Assembly, S: Sample Beam, R: Reference Mirror, BM: Beam Mask. 

 

2.3 Optical characterization 

Optical properties of thin films such as absorption coefficient, extinction 

coefficient, refractive index and optical energy band gap can be determined by 

several techniques which includes interferometric, transmission or/and reflection 

method, spectrophotometric method, critical angle method and ellipsometry. 
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However, transmission data is most widely used to determine optical constants due to 

simplicity of the calibration procedure and high wavelength resolution of the 

spectrophotometer [21, 22-26]. Most of the materials absorbs radiation and the 

intensity of the attenuated radiation is given by  

teII α−= o ,                  (2.9) 

Where I, Io, α  and t are transmitted intensity, incident intensity, absorption 

coefficient of material and thickness respectively [20]. The absorption coefficient is 

related to the imaginary part of the refractive index. 

λπα /4 k= ,                  (2.10) 

And the refractive index of absorbing martial is given by the following relation [21, 

28]. 

2)( iknn += ,               (2.11) 

There are two types of energy band gaps exist in semiconductor materials. 

i. Direct energy band gap 

ii. Indirect energy band gap 

(i) In direct energy band gap semiconductors, electrons transferred vertically between 

minimum of the conduction band and maximum of the valance band without any 

change in momentum (K). Non-vertical transitions are forbidden in direct energy 

band gap semiconductors. II-VI group binary and ternary materials have this type of 

energy band gap. The optical absorption coefficient for direct transition is given by 

the following relation.  
2/1)( gEhA −= να                (2.12) 

Where for allowed transition ),/()/(1038.3 2/1
0

17 νhEmmnA ge
−×= 0m is the free-

electron mass, ν  is the frequency of the radiation, and n is the refractive index. 

(ii) In case of indirect energy band gap semiconductors, the conduction band minima 

and the valance band maxima occur at different values of K, optical transitions from 

the valance band to the conduction band require the participation of phonons in order 

to conserve momentum because of the change in the electron wave vector. Phonon is 
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either emitted or absorbed. The absorption coefficient for an allowed indirect 

transition is given by 

 

)/exp(1
)(

1)/exp(
)( 22
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gp
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gp

−−

−−
+

−

−+
=

νν
α           (2.13) 

Where νh is the photon energy, PE is the phonon characteristic energy and C is a 

constant. First term of the above equation represent the contribution of phonon 

absorption and must be taken equal to zero for pg EEh +≤ν . Direct transition 

occurs with a lower probability and gives rise to an absorption edge that is less steep 

than that of direct transition. In case of heavily doped semiconductor materials, the 

absorption edge shifts towards shorter wavelength as compared to the intrinsic case. 

This shift or effect is called Moss-Burnstein shift [28]. When impurity concentration 

is very low, shallow impurities form discrete localized energy levels in the forbidden 

gap. With the increase of impurity concentration an impurity band is formed in which 

electrons and holes are free to move. When impurity increases further, bands become 

more broaden and ultimately overlap with the main band edge and form a density of 

state with its tail extending into the forbidden gap. 

 

2.3.1 Nonlinear curve fitting of experimental transmission curve 

The schematic diagram of an absorbing thin film which is deposited on a non 

absorbing (transparent) substrate is shown in Fig. 2.10. The top surface of thin film 

and rare surface of glass is exposed to air. The refractive indices of air, film and 

substrate are no =1, n = n-ik and s respectively. Transmission is measured at normal 

incident angle from the air exposed surface of the thin film as shown in Fig. 2.10. The 

data which is obtained directly from the film is transmittance. Other optical properties 

are determined from the transmittance data.  
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Fig. 2.10  Schematic diagram of a thin film deposited on glass. 

 

For fitting of the transmittance spectra, the number of parameters should be 

minimum. In order to minimize the fitting parameters it is assumed that 22 nk << . 

The mathematical equation of transmittance (T) for an absorbing film on transparent 

substrate surrounded by air with normal incident angle is given by the relation [22, 

23, 29, 32]: 

 

2)cos( DxCxB
AxT

+−
=

φ
                (2.14) 

Where A = 16 n2 s, B = (n+1)3 (n+s2), C = 2(n2- 1) (n2- s2), D = (n-1)3 (n-s2), 

φ  = ndπ4 / λ , x = )exp( dα− , k = παλ 4/ , d is the film thickness and α  is the 

absorption coefficient of the film and λ is the wavelength at which transmittance is 

taken. Assuming that in transparent region refractive index varies slowly with the 

wavelength within two consecutive maxima (cos (φ ) =1) and minima (cos (φ ) = -1) 

and solving TM (maximum transmission) and Tm (minimum transmission) for n gives: 

2
])4([ 2

1
22 sNNn −+

= ,                 (2.15) 
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Where, 

)(41 2
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++= , and                  (2.16) 
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n
d

λλ
λλ
−

=                                (2.17) 

From Eqs. (2.15) and (2.17) we can determine values of n and d respectively, which 

are used for initial least square fitting parameters in Eq. (2.14). For best fitting the 

appropriate model for n and α should be used. For calculating α in the high 

absorption region the values of n and d obtained from fitted curve are used. The 

solution of Eq. (2.14) is given by following equation. 

)2/(}]4)/[()/{( 2/12
11 DBDTACTACx −+−+= ,                    (2.18) 

where C1= )cos(φC . All the constants of Eq. (2.18) are already defined. Using Eq. 

(2.18) we can calculate α  in the high absorption region as, 

α = – ln(x) /d                         (2.19) 

 

2.3.2 Models used for the determination of n and α   

For the determination of dispersion relations for refractive index and 

absorption coefficient in low absorption region we utilized Wemple-Didomenico (W-

D) single oscillator model [24, 25, 27, 28, 30-34], which is simple and most 

commonly used for the determination of refractive index verses wavelength, 
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where Em is single oscillator energy, Ed is the dispersion energy, h is Planck constant, 

ν  is the photon frequency and n0 is the refractive index of an empty lattice at infinite 

wavelength. The W-D model can also be written as: 
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By applying power series on Eq. (2.20) we have: 
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The contribution of the terms containing higher powers are very small (for the 

wavelength range 500-2500 nm), therefore we get following relation after neglecting 

higher power terms 

20 λ
bnn += ,                             (2.22) 

Where b is constant that depends on the thin film properties, its value can be 

determined by fitting the experimental results. This model is also used by Swanepoel 

[22, 23] for the determination of refractive index.  

The absorption in the transparent/low absorbing region could be due to the 

defects, multi-phonon absorption, Urbach tail, light scattering etc. Due to the complex 

nature of the absorption phenomena, wavelength dependence of the absorption 

process is complicated and could not be given by a simplified formula. However, the 

exponential dependence of absorption coefficient on wavelength (Urbach relation) 

can give best fitting for transparent film which is given by, 

)/exp()/exp(0 λναα fcEh e +== ,               (2.23) 

where 0α , Ee, c and f are constants related to the characteristic slope of absorption 

coeffcient. Another model forα  is [22, 23] 

2λ
fc+

=α 10 ,                    (2.24) 

where c and f are constants. 

For the doped film, a term representing the absorption due to doped atoms could be 

added to Eq. (2.23) and Eq. (2.24) respectively as, 

)/exp( λα bag ++= ,               (2.25) 

2λ

fc
g

+
+=α 10                      (2.26) 

If total absorption coefficient is small (in low and medium absorption regions), then 

by using Taylor series absorption coefficient can be written in more simple form (3rd 

degree and higher power terms are small and therefore neglected), 
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,2λλ
α gfc ++=                               (2.27) 

where c, f and g are constants which can be determined from the fitting data. 

Near the high absorption region or edge the optical energy gap (Eg) for allowed direct 

transition could be calculated by using the well-known relation )(~2
gEh −να  [35]. 

The energy band gap is calculated by extrapolating the linear region of square of the 

absorption coefficient (α2) versus incident photon energy (hν). 

 

2.4 Resistivity measurement 

The samples were made in rectangular shape and resistance was measured 

parallel to the surface of the film by two probe method. Contacts on the film were 

made by conducting silver paste. The DC bias voltage was supplied by Keithly 

source meter 2410-C and corresponding voltage drop was measured with Keithly 

multimeter 2010. The following relation has been used for the measurement of 

resistance [36]: 

b
l

d
R ρ

=  ,                                                                               (2.28) 

where ρ  is the resistivity, d is the thickness, l and b are the length and the width of 

the sample.                                                                                           

If ,bl =  the Eq. (2.28) becomes  

,sR
d

R ==
ρ                                                                           (2.29)  

Above relation revealed that resistance sR of square film does not depend on 

the size of square, it depends only on resistivity and thickness of the film. Where sR  

is known as sheet resistance of the film and is expressed in ohms per square. It is very 

useful parameter for the evaluation of thin films for optoelectronic applications. If we 

have the thickness of film then its resistivity can be obtained from the following 

relation, 

dRs=ρ ,               (2.30) 
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For the measurement of resistivity, it is necessary to ensure that the contacts are 

ohmic. 

 

2.5 Glass substrates 

 Two types of glasses (quartz and soda lime) have been used to deposit thin 

films. These glasses were selected due to their high transparency in the required 

wavelength range (UV- visible and NIR).  Fig. 2.11 shows the recorded transmission 

spectra of both glass substrates used in this study. 

 

 

2.6 Ion-beam facility and electron yield measuring device 

The detailed description of the ion-beam facility used in this study is given 

elsewhere [37-39]. Briefly 2 to 10 keV Ar+ ions produced in a duoplasmatron ion 

source were focused at the entrance aperture of E×B velocity filter by an Enzel lens. 

After charge and mass selection by E×B velocity filter, the pulsed ion beam was 

directed on to the target films that were placed inside a cage (see Fig. 2.12). The 

current density at the target surface was in the range of 0.8-5 μA/cm2. The pressure in 

Fig. 2.11   Transmission spectra of soda lime and quartz glasses. 
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the target chamber was maintained at about 10-9 mbar by 400 l/s Varian ion pump. 

Target films were placed perpendicular to the ion-beam direction in a cage (see Fig. 

2.12). A beam defining collimator serves to prevent the incoming ions from directly 

impacting the forthcoming striping and rejection apertures and has a diameter of 2 

mm. A potential of +100 V is applied to beam defining collimator to minimize ion-

induced emission of electrons from its edges. The striping aperture prevents ions 

scattered by the collimator from entering the target region. The striping and rejection 

apertures have diameter of 3 and 3.5 mm respectively. A cage that is operated with a 

± 80 V square wave generator surrounds the target in order to collect or suppress 

electrons emitted from the target. The cage has an aperture of 4.5 mm for ion beam 

entrance, through which the incident ion beam collimated to 2 mm in diameter is able 

to reach the target surface. A rejection electrode at a potential of –100V was placed 

before the cage that prevents electrons from escaping and thus further enhances the 

electron collection efficiency. Target current was determined from the voltage drop 

across a 1 MΩ resistor using a digital storage oscilloscope. 

When applying + 80 V to the cage with respect to the target, the total current I+ that is 

measured at the target consists of two components, the currents of incoming ions Ii 

and the current of emitted electrons Ie. 

 ( )qIIIII iiei γ+=+=+                                                            (2.31) 

Where q is the charge of incoming ion. For – 80 V applied to the cage leads to a 

target current I- that is equal to the incoming ion current 

 

iII =−                                                                          (2.32) 

Therefore, the total electron yield is given as [40] 

( ) −

−+ −
==

I
IIq

qI
I

i

eγ                                                              (2.33) 

Previously, Lakits et al. [41] have reported that merely - 20 V on cage are enough for 

complete suppression of the electrons to the target. Therefore the potential of - 80 V 

on the cage are sufficient to suppress all electrons to the target. 
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Fig. 2.12 Schematic diagram of the experimental setup used for secondary electron 

yield measurement. (A) Beam defining collimator, (B) Striping aperture, (C) 

rejection aperture, and (D) cage. 
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Chapter 3 
 

Effect of annealing on structural and optoelectronic 

properties of nanostructured ZnSe thin films 

 

 
Thin films of ZnSe were deposited on soda lime glass substrates by thermal 

evaporation and annealed in vacuum at various temperatures in the range of 100–300 
oC. Structural and optoelectronic properties of these films were investigated and 

compared with the available data. XRD studies revealed that as-deposited films were 

polycrystalline in nature with cubic structure. It was further observed that the grain 

size and crystallinity increased, whereas dislocations and strains decreased with the 

increase of annealing temperature. The optical energy band gap estimated from the 

transmittance data was in the range of 2.60 to 2.67 eV. The observed increase in band 

gap energy with annealing temperature may be due to the quantum confinement 

effects. Similarly, refractive index of the films was found to increase with the 

annealing temperature. The AFM images revealed that films were uniform and 

pinhole free. The RMS roughness of the films increased from 1.5 nm to 2.5 nm with 

the increase of annealing temperature. Resistivity of the films decreased linearly with 

the increase of temperature. 
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3.1 Introduction 

Zinc selenide (ZnSe) has unique physical properties, such as wide optical 

energy band gap (~2.7 eV), high refractive index, low optical absorption in the visible 

and infrared spectral region. ZnSe films, therefore, have several potential applications 

in electro-optics devices [1,2], optical coatings, thin film transistors and 

heterojunction solar cells [3]. At present CdS is the most extensively used buffer layer 

material for solar cells. However, due to the toxic nature of CdS layers much attention 

has been focused on developing Cd-free buffer layers. One such substitute of CdS is 

ZnSe. ZnSe is not only environment friendly but have wider band gap as compared to 

CdS (~2.4 eV), consequently ZnSe buffer layer may transmit even higher energy 

photons to the absorber layer of the solar cell. There are reports in the literature that it 

is possible to fabricate ZnSe based solar cells with efficiency > 11 % [4, 5].  

Among the various techniques that have been used to prepare ZnSe thin films 

[6-8], thermal evaporation is relatively simple, low cost and provide high deposition 

rate. It is well known that the structural and optical properties of a thin film depend 

very much on the conditions in which the deposition has been carried out. However, 

the properties of as-deposited thin film could be tailored, to some extent, by thermal 

annealing. For annealing treatment, various annealing parameters such as 

temperature, duration, atmosphere and pressure could be varied. Previously, the 

influence of annealing parameters on the properties of ZnSe thin film have been 

investigated, for instance Bacaksiz et al. [9] showed that annealing temperature of 

200-400 ºC did not affect the predominant (111) crystallographic texture but affected 

the degree of preferred orientation of ZnSe thin film deposited at the substrate of –73 

ºC and 275 ºC. Also there was no appreciable change in optical band gap with 

annealing temperature. The annealing process reduced the electrical resistivity of the 

film deposited at –73 ºC, but opposite trend was observed for the film deposited at 

275 ºC. Kale et al. [10] reported that thermal annealing transformed metastable cubic 

phase into stable polycrystalline hexagonal phase, slightly reduced the optical band 

gap and electrical resistivity of the ZnSe films deposited by chemical bath deposition 

technique. Oh et al. [11] prepared low resistivity p-type ZnSe epilayer by annealing 

ZnSe film in N2 environment. 
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In this work, ZnSe films have been deposited on the soda lime glass by thermal 

evaporation and annealed at various temperatures in vacuum for one hour. The effects 

of thermal annealing on the structural, optical and electrical properties of the films 

have been investigated and discussed. 

 

3.2 Experimental setup 

High purity (99.99%) ZnSe material was used to deposit ZnSe films on soda 

lime glass substrates. The substrates were cleaned with detergent and washed in 

running water followed by cleaning with isopropyl alcohol (IPA) in an ultrasonic 

bath. The films were deposited by resistive heating technique, using a coating unit 

(Edward 610A). The vacuum better than 1×10-5 mbar was maintained in the chamber 

during deposition. The substrate was kept at room temperature (~25 oC) during 

deposition. The source to substrate distance was kept 35 cm and the substrate holder 

was rotated at 35 revolutions per minute. Film thickness and deposition rate were 

controlled by in-situ quartz crystal monitor (FTM5). Average deposition rate and 

intended thickness of the films were 1.2 nm/s and 500 nm respectively. 

The films were annealed in vacuum (about 1×10-5 mbar) at various temperatures 

ranging from 100 to 300 oC for one hour. Structure of these films was determined by 

X-ray diffraction (XRD). XRD measurements were performed using Bruker D8 

discover diffractometer equipped with Cu Kα radiation in the scanning mode. Optical 

transmittance of the films was measured at in the wavelength range of 300–2500 nm 

using Perkin Elmer Lambda 19 UV/VIS/NIR Spectrophotometer and UV Win Lab 

software.  

Band gap and refractive indices of these films were calculated by fitting the 

transmittance data. The surface morphology of the films was investigated by atomic 

force microscope (AFM) (Quesant Universal SPM, Ambios Technology, USA). The 

contact mode of operation was used to study the morphology of the film. All images 

were taken in air ambient. The mean RMS roughness was taken at different sites of 

each film at atmospheric pressure and room temperature. The composition of the 

films was measured by Rutherford Back Scattering (RBS) technique. The 2.08 MeV 

doubly charged helium ions beam was used for the analysis. The RBS results were 
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simulated by a computer code named RUMP. Electrical resistivity of the ZnSe films 

was measured using two-probe method. 

 

3.3 Results and discussion 

3.3.1 Composition and surface analysis 

The deposited ZnSe thin films were uniform, pinhole free and well adherent 

with the substrate. Fig. 3.1 shows a typical RBS spectrum of ZnSe film annealed at 

200 oC along with simulated spectrum. The RBS results revealed that films were 

nearly stoichometric along with Si, Na and O elements from the substrate. Thickness 

of the films determined by RBS technique, quartz crystal and fitting the transmittance 

data were in good agreement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Simulation

Experimental
Se

Zn

Si Na 

O

Fig. 3.1 Rutherford back scattering spectrum of ZnSe film annealed at 200 oC. 
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Fig. 3.2 depicts 3D AFM images of the films annealed at 100 and 300 oC.  The 

photographs indicate that the films are smooth and continuous without any 

pinholes/cracks.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

 Fig. 3.2 Three dimensional AFM (1000 x 1000 nm2) images showing the 

surface morphology of ZnSe films; annealed in vacuum for 1 h at (a) 100 oC,  

(b) 300 oC. 
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AFM images also revealed that the grain size increases with the annealing 

temperature, which is also confirmed by XRD data (see below). RMS roughness of 

the films annealed at 100 and 300 oC was 1.5 nm and 2.5 nm respectively, indicating 

that roughness increases with the increase of annealing temperature. 

 

3.3.2 Structural properties 

Fig. 3.3 shows XRD patterns of as-deposited and annealed ZnSe films. It is 

observed that all films are polycrystalline in nature having cubic crystal structure, 

preferred orientated along (111) together with other planes (220) and (311). 

 

 

 

20 30 40 50 60 70 80 90

 

(220)

(111)

 

2θ (degree)

 
 

41.0 nm

25.7 nm

20.5 nm

45.2 nm
(311)

annealed at 200 oC for 1 hr

annealed at 100 oC for 1 hr

as-deposited

In
te

ns
ity

 (a
.u

)

annealed at 300 oC for 1 hr

 
Fig. 3.3 X-ray diffraction patterns of as-deposited and annealed ZnSe thin 

films. 
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 Our results are in good agreement with the previous studies [12, 13], which 

showed that ZnSe films grown by thermal evaporation have cubic structure. 

However, hexagonal wurtzite structure and cubic zinc blend structure, or some times 

a mixture of both phases have been observed for the ZnSe films deposited by various 

other techniques [14]. This shows that the structure of ZnSe films depends mostly on 

the deposition technique. Fig. 3.3 also shows that the intensity of (111) reflection 

increases with the annealing temperature. This increase of peak intensity is due to the 

enhancement of clusters, rearrangement of atoms and removal of residual 

stresses/defects created with the formation film [15]. Subbaiah et al [14] reported 

similar increase of (111) reflection with the increase of substrate temperature up to 

300 oC for ZnSe films deposited by close-spaced sublimation. The peaks due to (220) 

and (311) reflections became weak at higher annealing temperatures because of the 

improvement in crystallinity of the films. The average crystallite size, τ, was 

estimated using Scherrer formula [16] 

θβ
λτ

cos
K

=                  (3.1) 

Where K is the shape factor that was taken equal to 0.9, λ is the wavelength of X-ray 

source, β is the full width at half maximum (FWHM) of (111) peak and θ is the Bragg 

diffraction angle in degrees. 

The lattice spacing, d, is calculated from the Bragg’s formula 

θλ sin2/=d                  (3.2) 

The lattice parameter, a, for cubic ZnSe film was determined using the relation. 

( ) 222221 alkhd ++=               (3.3) 

Where h, k and l are the lattice planes. 

The dislocation density was determined using following the relation [17] 

τθβδ a4/cos15=                (3.4) 

The strain ε values were evaluated by the following relation [18] 

4/cosθβε =                         (3.5) 

Structural parameters for the (111) peak such as lattice constant a, lattice spacing d, 

grain size τ, dislocation density δ, and strain ε are summarized in Table 3.1. Data 
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shows that the lattice constant of the films deviates from the bulk which indicates that 

crystallites of films are under strained that may be due to the change in nature and 

concentration of the native defects [13]. The strain and dislocation density decreases, 

whereas grain size increases with the increase of annealing temperature, which 

indicates the improvement in crystallinity of the films. 

 

Table 3.1: The structural parameters for (111) peak of ZnSe films annealed at various 
temperatures 

 
 

3.3.3 Optical properties 

The optical parameters of ZnSe thin films, thickness and the refractive index were 

calculated by fitting the transmission data to the following equation [19,20], 

2cos DxCxB
AxT

+−
=

φ
,                       (3.6) 

where T is the normal transmittance of the system consisting of a thin film on a 

transparent substrate surrounded by air, and taking into account all multiple 

reflections at the interface for the case of  k2 << n2, which is true for this kind of 

semiconductor thin films [20-22]. The other variables are defined as A=16n2s, B = 

(n+1)3 (n+s2), C = 2(n2-1)(n2-s2), D=(n-1)3 (n-s2), φ =4π nd/ λ , x =exp(-αd), 

k=α λ /4π . Here n and s are the refractive index of the film and glass substrate 

respectively, d is the thickness, α is the absorption coefficient and k is the extinction 

coefficient of the film. An empirical formula for n dependence of λ  is given as [19, 

20], 

Annealing 
temperature 

degree C 

2θ 
(degree) 

a (Å) d (Å) Grain 
size τ 
(nm) 

Strain 
x 10-3 

ε(lin-2 m-4) 

Dislocation 
density x 1015

δ (lin m-2) 
25 

(As deposited) 
27.17 5.680 3.279 20.50 

 
1.70 2.30 

100 
 

27.21 5.675 3.276 25.70 1.39 
 

1.49 

200 
 

27.20 5.674 3.275 41.00 0.90 0.60 

300 
 

27.21 5.675 3.276 45.20 0.80 0.49 
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2λ
ban +=   ,                                          (3.7) 

where a and b are constants. The α dependence of λ  can be approximated as 

2λλ
α gfc ++= ,                                                          (3.8) 

where c, f and g are constants. Fig. 3.4 shows the resulting fit of Eq. (3.6) to the 
experimental data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 It is clear that it provides a good fit in transparent as well as in medium absorption 
region. By using the values of n and d, which were determined from the fitted curve, 
α was calculated in the high absorption region. In this case the exact solution of Eq. 
(3.6) for x is 

D
BDTACTACx 2

]4)/)cos([(]/)cos([ 2/12−+−+= φφ
                      (3.9) 

)ln(1 x
d
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Fig. 3.4 Optical transmittance along with fitted spectrum of ZnSe film 

annealed at 300 oC.  
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where all the parameters are defined earlier. Fig. 3.5 shows transmission of the films 

annealed at various temperatures as a function of wavelength. The interference peaks 

present in each spectrum confirm that the films are uniform. The sudden fall of 

transmission below 500 nm is most probably due to the absorption edge. The films 

annealed at 100 and 200 oC show less transmittance at shorter wavelengths, whereas 

film annealed at 300 oC revealed higher transmittance. The variation in absorption 

edge most probably due to the increase in crystallinity, reduction of stresses/defects 

and quantum confinement effects [21-23].  

The films showed blue shift with the increase of annealing temperature, which 

indicates that absorption edge shifting towards bulk ZnSe. The blue shift may be 

attributed with structural changes in the films such as growth of nanocrystallites into 

larger crystallites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5 Optical transmission of ZnSe films as a function of wavelength.  

The direct energy band gap, Eg, was determined using the well known relation 
2/1)( gEhh −= ννα , where hν is the photon energy. Eg of the ZnSe films annealed at 

various temperature were estimated by extrapolating the linear portion of (αhν)2 vs. 

(hν) curves to (αhν)2 = 0 as shown in Fig. 3.6. 
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Fig. 3.6 Plot of (αhν)2 vs. photon energy (hν) of ZnSe films.  

 

  The energy band gap of the films annealed at various temperatures is plotted 

in Fig. 3.7. The band gap at annealing temperature 300 oC was found to be 2.67 eV, 

which is very close to that of bulk ZnSe (2.70 eV) [24].  The increase in energy band 

gap from 2.60 to 2.67 eV may be related with the existence of high-density levels 

within the energy band gap [25] and the structural changes causing quantum 

confinement effects in the ZnSe films with annealing temperature [21-23]. The 

calculated values of band gap are in good agreement with that of the films deposited 

by vacuum evaporation (2.63-2.64 eV) [9], screen-printing (2.66 eV) [26] and two-

source evaporation (2.68 eV) [27] methods. But the band gap values reported in this 

study are higher than that of the films deposited by closed spaced sublimation (2.57-

2.61 eV) technique [14].  
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Fig. 3.7 Energy band gap of ZnSe films as a function of annealing temperature. 

 

The refractive index of ZnSe films annealed at 100, 200 and 300 oC is plotted as a 

function of wavelength in Fig. 3.8. The refractive indices of all films are tabulated in 

Table 3.2.  
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Fig. 3.8 Refractive index of ZnSe films as a function of wavelength. 
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Table 3.2: Optical parameters of ZnSe films annealed at various temperatures 
 

 
The reported values of refractive indices are in good agreement with films 

deposited by hot wall evaporation (n ~ 2.75 at 550 nm) [28], but higher than the values 

reported for the film deposited by closed spaced sublimation (n ~ 2.54 at 550 nm) [14]. 

Our results indicate that refractive index increases with the increase of annealing 

temperature that may due to the improvement in crystalline structure, increase of grain 

size and reduction of dislocation density (Table 3.1). 

  

3.3.4 Electrical properties 

The electrical resistivity of ZnSe thin films was measured in the temperature 

range of 300–550 K. For this study samples were cut into dimensions of 10x10 mm2, 

gold was deposited on samples for making contact and silver paste was used for 

connections. The resistivity of semiconductor at any temperature T is given by the 

Arrhenius relation. 

)/exp( kTEaορρ =                   (3.10) 

Where ρ○ is constant, k is Boltzmann’s constant and Ea is activation energy. The 

variation of resistivity with absolute temperature is shown in the Fig. 3.9.  Linear 

behavior of the graph indicates that the film conductivity is in good agreement with the 

Arrhenius relation. The activation energy of as deposited film calculated from slope of 

the graph is ~0.45 eV. The increase in conductivity with increase of temperature 

indicates the semi-conducting behavior of ZnSe films.  

Annealing 
temperature 

degree C 

Refractive index 
n  = a + b/λ2 

Band gap 
Eg (eV) 

Thickness of films 
determined by 

fitting (nm) a b (nm)2 

25 
(As deposited) 

2.4801 8.5618 x 104 2.60 540 
 

100 
 

2.4883 8.5812 x 104 2.62 
 

530 

200 
 

2.49363 8.8249 x 104 2.63 520 

300 
 

2.5046 8.7331 x 104 2.67 495 
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The reduction of resistivity with the increase of temperature may be due to the thermal 

excitation of carriers from the grain boundaries to the region of grains [29]. The low 

temperature conductivity can be explained by hopping of carriers between the localized 

states (Efors-Shkloskii conduction mechanism), whereas at high temperatures Mott’s 

hopping may be responsible for the higher conductivity [30]. 

 3.4 Conclusions 

The ZnSe films were prepared on glass substrates by vacuum evaporation and 

annealed in vacuum at various temperatures. The films were uniform and pinhole free. 

All the films were nearly stoichiometric and have a cubic structure with preferred 

orientation along (111) plane. The crystalline quality of the film found to increase with 

the increase of annealing temperature. Optical studies revealed that the energy band-gap 

and refractive index increases with the increase of annealing temperature. Electric 

analysis showed linear increase in conductivity of the film with the annealing 

temperature. The results given in this chapter are useful for the designing of 
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Fig. 3.9 Temperature dependence of resistivity of as deposited ZnSe film. 
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optoelectronic devices, optical coating for infrared applications and buffer layer for 

solar cells. 
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Ion-induced secondary electron emission from ZnS 

thin films deposited by closed-spaced sublimation 
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Chapter 4 
 

Ion-induced secondary electron emission from ZnS thin 

films deposited by closed-spaced sublimation 

 
ZnS thin films were deposited on soda lime glass and aluminum substrates by 

close-spaced sublimation technique. The change in composition, structural and 

optical properties of the films was investigated as a function of the substrate 

temperature. The deposited films were stoichiometric and crystalline in nature having 

cubic structure oriented only along (111) plane. The energy band gap of the films 

deposited at the substrate temperature of 150, 250 and 350 oC was 3.52, 3.58 and 3.63 

eV respectively. These films were then bombarded with 2-10 keV energy pulsed Ar+ 

beam and their electron yield was determined from impinging ion and emitted 

electron currents. The electron yield of ZnS films was much high as compared to the 

metals.  The electron yield of ZnS films increased with energy of the incident ion and 

got saturated at about 8 keV. The most important result of this study was that the 

electron yield of ZnS films having same composition was different. Monte Carlo 

simulations performed to interpret these experimental findings showed that the 

dissimilar electron yields of ZnS films is due to the combined effect of energy band 

gap, surface barrier potential and density of the films. 
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4.1 Introduction 

Ion-induced electron emission (IEE) from surface of the solid is of genuine 

interest in fundamental research and plays an important role in many technological 

applications such as the electron multipliers, surface analysis techniques, mass 

spectrometry, plasma-wall interaction in fusion devices, etc. There are two known 

mechanisms of IEE, namely potential and kinetic emission. Potential energy of 

incident ion is responsible for potential electron emission while kinetic electron 

emission is due to the transfer of kinetic energy of incident ion to the target electron. 

The process of ion-induced kinetic electron emission (IKEE) is usually described by a 

so-called three-step model [1, 2]. These steps are: (1) excitation of electrons in solid 

by kinetic energy deposition from incoming ions, (2) transport of these electrons to 

the surface of the solid, and (3) transmission of electrons through the surface into the 

vacuum. The relative importance of these steps has been separately analyzed in 

theoretical studies but this separation is difficult in experimental studies. The IKEE is 

usually characterized by a coefficient γ, which is defined as the number of electrons 

emitted per incident ion. According to the most frequently applied theoretical models 

[3-5], γ should be proportional to the energy loss of the ion near the solid surface, i.e.  

eSΛ=γ                   (4.1) 

where Λ is a constant that depends on the material properties like the mean energy 

required for producing free electron within solid, the mean free path of electrons in 

solid and the escape probability of electrons to overcome the surface barrier, and Se is 

the electronic stopping power. A substantial amount of reliable data on the kinetic 

electron yield of metal targets with ions of low [6,7] and medium-to-high [8-10] 

energy range is available.  There are only a few studies of non-metals that include 

some oxides [11-13] and alkali halides [14,15]. But the experimental data on the 

IKEE yield of II-VI group semiconductor compounds does not exist in literature. 

IKEE from the semiconductor compound material is an intriguing phenomenon 

because large energy band gap of these materials can play a significant role in IKEE. 

For instance: firstly, the large band gap of the semiconductor compounds can 

suppress electron excitation process but at the same time excited electrons may have 

larger escape depth due to reduced electron scattering. Secondly, these materials have 
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lower surface barrier potential as compared to metals. As opposed to large band gap, 

large electrons escape depth and lower surface barrier of semiconductor compound 

materials are in favors of higher kinetic electron yield. 

Here we report first experimental study that is conducted to measure IEE yield 

of ZnS thin films. For this purpose, ZnS films were deposited by close-spaced 

sublimation (CSS) and their IEE yields for 2-10 keV energy Ar+ impact was 

determined using current measuring technique. And Monte Carlo simulation was 

performed to interpret the experimental results.  

4.2 Experimental 

High purity (99.99%) ZnS powder was used as a source for deposition of ZnS films 

on Soda lime glass and aluminium substrates. The glass and mechanically polished 

aluminium substrates were first treated with detergent and washed in running water. 

The substrates were then dried with a fine tissue paper and cleaned with isopropyl 

alcohol (IPA) in an ultrasonic cleaner. The films on glass and Al substrates were 

deposited under the same experimental conditions by CSS technique. In conventional 

CSS device source to substrate distance is kept few millimetres. The disadvantages of 

CSS that are due to short source to substrate distance are: (i) one cannot install the 

device for in situ monitoring of the film thickness and growth rate, (ii) it is difficult to 

control substrate temperature independent of the source and (iii) deposition of the 

film at a constant deposition rate is not possible because deposition is usually slow in 

the beginning. In order to overcome these shortcomings of the CSS device the 

substrate was placed at 50 mm from the source. Within this distance a mechanical 

shutter and film thickness/deposition rate measuring device was installed. The shutter 

prevents the film deposition during initial heating time. After establishing the 

required source temperature the shutter was removed to start film growth process. 

When required thickness was achieved shutter was brought back to stop deposition 

process.  

Previously, Subbaiah et al [16, 17] have showed that this arrangement can be 

used to deposit high quality poly crystalline ZnS and ZnSe films. The lateral 

uniformity of the films was checked by measuring the transmittance at various 

portions of each film and found that interference fringes of transmittance curves 



 

 76

overlap nicely which mean films are deposited uniformly on the substrates. Thickness 

of various films was in range of 380 to 400 nm. The molybdenum boat was used as 

source for ZnS powder.  A pressure of ≤ 1× 10-5 mbar was maintained in the chamber 

during deposition. The substrate was heated using a UV lamp and temperature was 

measured by a K-type thermocouple. The error in temperature measurement was ±4 
oC. Film thickness and deposition rate (1.20 – 1.40 nm /s) were monitor in situ by the 

Edwards Film Thickness Monitor FTM5. Structure of the films was determined X-ray 

diffraction (XRD) patterns using Bruker D8 discover diffractometer equipped with 

Cu Kα radiation. The surface morphology of the films was meaured by atomic force 

microscope (AFM) (Quesant Universal SPM, Ambios Technology, USA). The 

contact mode of operation was used for this study. Transmission of the films was 

measured in the range of 200 – 1200 nm using Perkin Elmer Lambda 19 UV/VIS/NIR 

spectrophotometer and UV Win Lab software. The energy band gap of the films were 

determined by fitting the transmittance data. The composition of deposited films was 

measured by Energy Dispersive X-ray Spectroscopy (EDS). 

The experimental setup of ion-beam system used in this study is shown in Fig. 

4.1. The detailed description of the ion-beam system is given in Chapter 2 (please see 

section 2.6).  
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Fig. 4.1 Schematic of the secondary electron yield measurement device. (A) Ion 

beam collimator, (B) Striping electrode, (C) rejection electrode, and (D) cage. 

 

4.3 Simulation Model 
We have developed a simulation program based on the direct Monte Carlo 

technique for the calculation of ion-induced electron studies from ZnS film. Like the 

computer program SRIM [18], our model is also base on the classical ion solid 

interaction theory. The scheme of our Monte Carlo method is based on the following 

path of large number of incident ions individually. Also the path of each recoiling 

atoms and electrons excited in a target has to be followed. Each projectile starts with 

known initial position, kinetic energy and direction. The projectile ion as well as the 

recoil atom will lose its energy by nuclear/electronic stopping. The probability of 

interaction between the projectile and target atom is determined by nuclear stopping 

power while that of projectile and electron interaction is determined from electronic 

stopping power. The stopping powers are calculated like the computer program SRIM 

[18]. The path length between two collisions is given by PL=N-1/3 where N is the 

atomic density. The binary material thin film ZnS is symbolized as a pretend-atomic 
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element with zavg = 23 [19]. Nuclear stopping (NS) and electronic stopping (ES) 

powers have been used to determine the nature of interaction (here it may be elastic 

or inelastic). The probability of all interactions (resemble by total stopping power, 

TS, at a given energy) is equal to unity. So if the ratio (NS)/(TS) is less than a 

indiscriminate number then elastic interaction is taken into account otherwise the 

chance is of inelastic interaction. In the elastic interaction projectile loses energy and 

changes its direction while producing a recoil atom. Between the collisions the 

projectile is considered to move in straight free-flight-paths. From the impact 

parameter the scattering angle is calculated as by the Ziegler et al. [18]. The random 

selection of the impact parameter is done by maxpRp n= , where pmax is the highest 

collision parameter, calculated by πPL  for amorphous materials and Rn is a 

number between 0 to 1. History of the projectile ion (or the recoil atom) is ended 

when the particle drifts out of the surface or its energy drops below the surface 

workfunction. The displacement energy is ignored like the previous MC programs 

[19-22]. If we select the inelastic interaction then target electron is excited by 

projectile ion (or recoil atom). By the conservation of energy, loss of energy by the 

projectile ion (or recoil atom) is calculated, which is equal to the energy gained by the 

target electron Ee but restricted by band gap energy (Eg) and some fraction of valence 

band energy. The direction of motion of the excited electron is regard as isotropic and 

selected randomly. The excited electrons then experience elastic/inelastic interaction 

with the atoms and electrons. The screened Rutherford formula have been used to 

calculate the elastic mean free path, where the screening parameter (= 350) was 

obtained by interpolation of data given in the reference [23]. At each inelastic 

interaction an extra electron is excited, consequently electron avalanche is started in 

the solid. The electron inelastic mean free paths are obtained by extrapolation of data 

reported by Tanuma et al. [24]. After scattering the energy as well as direction of both 

the incident and the excited electron is calculated. But energy of the excited electron 

is restricted by band gap (Eg) and random fraction of the valence energy. Each excited 

electron is pursued till it leaves the surface, or energy of the electron become smaller 

than the surface barrier (ESB). For insulators ESB is taken equivalent to electron 
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affinity (EA) that is like a surface barrier for metals, Φ+= FEU , here EF and Φ 

represents respectively the Fermi energy and surface potential [19]. The EA is taken 

equal to 3.9 eV [25] for the film having Eg = 3.63 eV. The EA of other two films is 

increased by the amount that corresponds to decrease in the measured Eg of the 

respective film. While the energy, E, from top of the valence band to the vacuum 

level is kept constant (see Fig. 4.2). Fermi energy is taken equal to 3 eV for all three 

targets films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

At low energies the electron loses its energy by electron-phonon interaction rather 

than by exciting another electron in inelastic interaction. During electron phonon 

interaction the energy loss of an electron is very small [26]. So in order to incorporate 

this effect and to reduce the computational time it is assumed that the electron which 

is in the vicinity of the surface (i.e. at a distance less than 7 nm below the surface) 

will be emitted when its energy in between surface barrier potential and 1.5×Eg. The 

validity of this assumption was checked by calculation of the energy spread of 

 
Fig. 4.2 A simplified energy band diagram of ZnS. Shown are the valance band Ev, 

conduction band Ec, energy band gap Eg, electron affinity EA and the energy from 

top of the valance band to the vacuum level E. 
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electrons released by impact of 3 and 10 keV energies Ar+ ions. For both ion 

energies, the energy distribution of electrons has a strong peak at ~0.6 eV followed by 

a gradually decreasing tail towards higher electron energies. This structure is 

comparable to the previously reported energy distribution of the electron ejected from 

various metal surfaces bombarded by He+, Ar+ and Xe+ ion [27, 28]. Similar to the 

previous MC programs [19-21], we did not consider release of deep-shell electrons. 

Each Monte Carlo calculation is carried out for 10,000 projectile ions. 

 

4.4 Results and discussion 

The ZnS films prepared by CSS at various substrate temperatures were 

uniform, pinhole free and strongly adherent to the substrate. The atomic percent ratios 

Zn/S of the films evaluated from EDS data is shown in Table 4.1, which shows that 

the deposited films are stoichiometric.  

Table 4.1: Chemical composition of ZnS films prepared at various substrate 

temperatures 

Substrate temperature 

(oC) 

Glass substrate 

Zn/S 

Al substrate 

Zn/S 

150 1.05 0.98 

250 1.08 1.03 

350 0.99 1.06 

 

The XRD profiles of ZnS films grown on the glass at the substrate 

temperatures of 150, 250 and 350 oC are shown in Fig. 4.3. All the films exhibit a 

single peak at 2θ ≈ 28.50o that is due to the (111) reflection of ZnS. The reflections 

due to other planes of ZnS were not detected, which suggest that films have cubic 

structure.  
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Fig. 4.3 XRD pattern of ZnS films grown at various substrate temperatures. 

 

The XRD spectra also show that the (111) peak intensity and sharpness 

increases with the increase of substrate temperature. The enhancement in crystallinity 

with the increase of substrate temperature may be due to the increase of horizontal 

velocity of ad-atoms and the coefficient of condensation [17]. Ad-atom is an atom 

that lies on the surface and can be thought as opposite of the surface vacancy. As the 

substrate is heated, the vibration or horizontal velocity of the ad-atom increases with 

the substrate temperature. Therefore the probability of occupying vacancy by ad-

atoms on the surface of film is high at elevated substrate temperatures. These results 

are in good quantitative agreement with the recent work of Subbaiah et al. [16] for 

ZnS films prepared by CSS technique. The structure of ZnS film known to depend on 

the deposition technique: for instance, thermally evaporated ZnS films are generally 
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cubic [29,30], ZnS films grown by sulfurizing of RF sputtered ZnO was hexagonal in 

nature [31] and films grown by spray pyrolysis had mixed cubic and hexagonal 

phases [32]. AFM studies of the films revealed that the films were continuous, 

smooth and without any cracks/pinholes. The RMS roughness of the films grown at 

the substrate temperature of 150, 250 and 350○C was 12, 9 and 8 nm respectively, 

indicating that roughness slightly decreases with the increase of substrate 

temperature. 

The energy band gap, Eg, of the semiconductors is related to the absorption 

coefficient, α, as [33] 

( ) 21
gEhAh −= ννα                   (4.2) 

where hν is the photon energy and A is the constant. The α was determined from the 

transmittance T as T= e-αx, where x is thickness of the film. The energy bandgap Eg 

was obtained by extrapolation of the linear portion of  (αhν)2 vs. (hν) curves to  (αhν)2 

= 0 ( Fig. 4.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 (αhν)2 vs. (hν) curves of  ZnS films prepared at various substrate 

temperatures. 
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The Eg values so obtained for the films grown at the substrate temperatures of 

150, 250 and 350 οC were 3.52, 3.58 and 3.63 eV respectively. As it is already 

indicated in reference [16] the increase in Eg of ZnS films with the substrate 

temperature is most probably related to Burstien-Moss effect [34]. 

Next ion-induced secondary electron yield of ZnS films deposited on the aluminum 

substrates was measured. In order to avoid the surface charging pulsed ion beam of 

~95 μs duration was used. Typical target current (i.e. I+ and I-) pulses measured 

during 10 keV Ar+ impact on the ZnS film for three consecutive projectile ion pulses 

are plotted in Fig. 4.5, which shows that measured target currents are reasonably 

stable indicating that the target surface is not being charged. Also note about five 

times rise in target current when positive bias (+ 80 V) is applied to the cage.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. 5 Typical target current pulses (for the cage potential of +80 V and -80 V) 

measured for three consecutive 10 keV Ar+ incident ion pulses. 

 

The electron yields γ obtained using Eq. 2.31 (Chapter 2) for the ZnS thin 

films deposited at the substrate temperature of 150, 250 and 350 ºC are plotted in Fig. 

4.6. The indicated errors bars show statistical error due to the current measurements. 

The measured electron yield of ZnS films is much high as compared to the metals 
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[35], for instance see in Fig. 4.6 the electron yield of aluminum measured using the 

same experimental arrangement [23]. This may be due to the large electron mean free 

path and a lower surface barrier potential of ZnS as compared to metals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6 The measured ion-induced secondary electron yield of ZnS films grown at 

various substrate temperatures. The secondary electron yield of Al (○) is also plotted 

for comparison. Smooth curves through data points are drawn to guide the eye.  

 

Moreover, the electron yield of ZnS films increases with the ion energy to a 

maximum value and then seems to reach saturation above 8 keV. The saturation of 

electron yield at higher ion energies is due to the fact that the fast projectile ions 

deposit their energy deep inside the target and most of the electrons produced there 

cannot reach the surface with sufficiently high energy needed to over come the 

surface barrier.  For example the projected range of 10 keV Ar+ ion in ZnS is about 

9.9±3 nm, but our simulation showed that the most of electrons contributing to 

secondary electron yield comes from the distance less than 6 nm below the surface.  

But the most important result of this study is that the electron yield of ZnS films 

grown at various substrate temperatures is not same (Fig. 4.6). The electron yield of 

ZnS film, especially above 3 keV ion energy, increases with the temperature of the 
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substrate at which film was deposited. One of the observed dissimilarities in these 

films is energy band gap (Fig. 4.4). The increase of Eg may have two different effects 

on the secondary electron emission. One effect is to decrease the secondary electron 

production due to the high threshold energy required for the electron excitation by 

primary projectiles (ions, recoiling target atoms and electrons). Conversely, another 

effect of the increase of Eg is to increase the electron mean free path because the 

migrating secondary electrons having energy less than Eg do not lose energy in 

electron excitation consequently a lot of secondary electrons reach the surface with 

enough energy to overcome the surface barrier. Another dissimilarity in properties of 

these films is the improvement in crystallinity with the increase of substrate 

temperature (Fig. 4.3).  In this regard, Matulevich et al. [36] have experimentally 

shown that ion-induced electron yield for cubic, tetragonal and monoclinic ZrO2 are 

same. Therefore we think that slight improvement in cubic phase is not responsible 

for the observed dissimilar electron yield of ZnS films.  

As it is indicated in introduction, the kinetic electron emission is a three-step 

process, i.e. excitation of secondary electrons, their transport towards the surface and 

transmission through the surface potential barrier. The excitation and transport of 

secondary electrons towards the target surface depends upon the chemical 

composition, density and energy band gap of the target material. As the chemical 

composition of all three films (Table 4.1) is identical, the observed difference in 

electron yield of ZnS films is most probably related to the dissimilar energy band gap, 

surface barrier energy and density of the target films.  Based on this assumption a 

Mote Carlo simulation is performed to interpret the results of Fig 4.6. The energy 

band gaps of films deposited at the substrate temperature of 150, 250 and 350 ºC are 

taken equal to 3.52, 3.58 and 3.63 eV respectively. The surface barrier energies 

shown in Table 4.2 are chosen according to respective band gap energies (see detail 

in section 4.3 and Fig. 4.2). While density of the film is varied to fit the experimental 

data. It can be seen in Fig. 4.7 that fitting is quite good especially above 3 keV ion 

energy. The film densities so obtained (see Table 4.2) are in good agreement with the 

literature, for instance Oikkonen et al [37] reported that the density of cubic ZnS 

films deposited by atomic layer epitaxy is in the range of 3.7 - 4.1 g/cm3.  
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Table 4.2: Parameters of ZnS films prepared at various substrate temperatures 

Substrate 

temperature 

(oC) 

Energy band gap 

(eV) 

surface barrier 

energy (eV) 

density 

(g/cm3) 

150 3.52 4.01 3.8 

250 3.58 3.95 4.1 

350 3.63 3.90 4.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7 The measured ion-induced secondary electron yield of ZnS films prepared at 

150 ºC (■), 250 ºC (●) and 350 ºC (▲). The curves are the results of Monte Carlo 

simulations.  

 

Next in order to estimate the individual contributions of Eg and EA, and 

density of the film, simulations were also performed for fixed density (4.1 g/cm3) and 

three possible Eg and EA values. The results showed that at a given ion energy 73% 

increase in secondary electron yield is due to the increase in the density of the film. 

While 27% increase in electron yield is attributed to the combined effect of the 
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change in Eg and EA of the film. The reason for overestimated electron yield at low 

ion energies (see Fig. 4.7) is due to the simplifying assumption used in the program to 

reduce the computational time. It was assumed that the electrons which have energies 

in between surface barrier potential and 1.5×Eg will not lose energy by inelastic 

interaction to excite another electron. Their mode of energy loss is electron phonon 

interaction, in which energy loss of the primary electron is very low [26]. Therefore 

the electrons that are produced near the surface (we took 7 nm limit) with the energy 

in the above mentioned range are considered to be emitted. The range of 3 keV Ar+ 

ion in ZnS is less than 7 nm (~ 6.4 nm as calculated by SRIM [20]). So all the 

electrons produced in this region and have energy in between surface barrier potential 

and 1.5×Eg will be counted as emitted electrons. 

In summary, we have measured ion-induced secondary electron yield of ZnS 

films deposited by closed-spaced sublimation technique. The observed projectile ion 

energy dependence of electron yield and remarkably dissimilar secondary electron 

yields of ZnS films having same composition have been interpreted using Monte 

Carlo simulations. The dissimilarity in the electron yield of various ZnS films has 

been explained in terms of the variation in energy band gap, surface barrier potential 

and density of the films.  
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Chapter 5 
Optical and structural properties of ZnSxSe1-x thin films 

deposited by thermal evaporation 
 

The ZnSxSe1-x (0≤ x ≤ 1) films were deposited on soda lime glass substrates 

by thermal evaporation technique. Optical and structural properties of these films 

were compared with the ZnSxSe1-x films deposited by various other techniques. XRD 

measurement showed that ZnSxSe1-x films are polycrystalline in nature with the 

preferred orientation along [111]. It was observed that the lattice constant decreases 

and the optical energy band gap increases with the sulfur content of the film. These 

results are in good agreement with the properties of ZnSxSe1-x films deposited by 

various other methods. Additionally, it was observed that the refractive index of a 

ZnSxSe1-x film decreases with increasing sulfur content. The results reported in this 

chapter suggest that the lattice constants, optical energy band gap and refractive index 

of ZnSxSe1-x film can be tailored for a specific application by selecting suitable value 

of x. 
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5.1 Introduction 

The buffer layer in a thin film solar cell plays an important role in improving the 

overall efficiency of the cell. For decades, scientist and engineers are engaged in 

improving the efficiency of the solar cells. The highest cell efficiency has been 

reported using a CdS buffer layer [1, 2]. However, due to the narrow band gap of CdS 

(2.42 eV) about 20% of photons having energies greater than the energy band gap of 

the buffer layer are absorbed in CdS layer [3]. Secondly, for industrial production of 

the solar cells, it is required to replace CdS with a less toxic buffer layer material. 

Thirdly, 10% mismatch of CdS and most commonly used absorber layer CdTe has 

been reported [4] which is generally responsible to produce defects at the CdS-CdTe 

interface in a solar cell. In order to produce cadmium free buffer layer, besides the 

InSe, several Zn-based materials such as ZnSe, Zn1-xMgxO, ZnInxSe1-x, ZnSxOyHz and 

ZnSxSe1-x have been investigated. In addition, the use of ZnSxSe1-x thin films in 

semiconductor lasers as wave guiding layers [5] and also as a host material for 

luminescence centers in electroluminescent devices has been reported [6]. 

 Previously, ZnSxSe1-x thin films have been deposited by Atomic layer epitaxy 

[7], Molecular beam epitaxy [8], metalorganic chemical vapor deposition [9], electron 

beam evaporation [6] and close-spaced sublimation methods [10]. In the present work 

ZnSxSe1-x thin films were deposited using powder mixture of ZnS and ZnSe by 

relatively simple and commonly used thermal evaporation technique. The structural 

and optical properties of these films are compared with the similar films deposited by 

the closed-spaced sublimation, atomic layer epitaxy, screen-printing, two source 

evaporation and hot-wall techniques. As compared to these techniques, the thermal 

evaporation technique is rather simple and has the capability to produce a large 

number of films in a single run. The effect of sulfur content on the refractive indices 

of ZnSxSe1-x thin films is also investigated. 

 
5.2 Experimental setup 

 The material ZnSxSe1-x (0≤ x ≤ 1) was prepared by mixing pure ZnS and ZnSe 

(99.99%) powders in different concentrations (x = 0.00, 0.20, 0.40, 0.60, 0.80, 1.00). 

The desired material for various values of x was prepared as 
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Weight of ZnS = 97.46 × x gram 

Weight of ZnSe = 144.35 × (1- x) gram 

  As the weights are quite large, small quantities for the evaporation were 

prepared by reducing   them in same proportion. Soda lime glass slides (5x5 cm2) 

were used as substrate. The substrates were first treated with detergent and washed in 

running water.  The substrates were then dried with a fine tissue paper and cleaned 

with isopropyl alcohol (IPA) in an ultrasonic cleaner. All the films were deposited by 

resistive heating technique, using coating unit (Edward 610A). The vacuum better 

than 1×10-6 mbar was maintained in the chamber during deposition. The substrate 

was kept at room temperature (~ 25◦) during deposition. Film thickness and film 

growth rate (~1.20 nm /s) was measured by quartz crystal thickness monitor FTM5. 

Structure of the films was investigated by X-ray diffraction (XRD) at room 

temperature by Bruker D8 diffractometer using Cu Kα radiation in the scanning mode. 

The surface morphology of the films was determined by atomic force microscope 

(AFM). Transmission of the films was measured in the range of 400 – 2500 nm using 

Perkin Elmer Lambda 19 UV/VIS/NIR spectrophotometer. Thickness and refractive 

indices of these films were determined by fitting the transmittance data.  

 
5.3 Results and discussion 

 The ZnS, ZnSe and ZnSxSe1-x films prepared by resistive heating were 

uniform and strongly adherent to the substrate. Fig. 5.1 shows the AFM surface 

images of ZnS, ZnSe and ZnS0.4Se0.6 films. The roughness of the films varies from 

~17-35 nm. The measured thickness of ZnSxSe1-x films was ∼400 nm.  
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Fig. 5.1 AFM images of (a) ZnS (b) ZnSe and (c) ZnS0.4Se0.6 films. 

 

 

(a) 

(b) 

(c) 
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 The XRD profiles of ZnS, ZnSe and ZnS0.4Se0.6 films deposited at room 

temperature are shown in Fig. 5.2. It has been observed that all films were 

polycrystalline in nature with preferred orientation along (111) together with other 

planes (220) and (311). It is reported in literature that ZnS films deposited by thermal 

evaporation are mostly cubic [11] and ZnSe exists generally in the cubic form [12]. 

As the XRD pattern of ZnSxSe1-x is similar to that of ZnS and ZnSe, therefore most 

probably these films are cubic. However possibility of hexagonal phase cannot be 

totally excluded. The XRD profiles revealed that the variation of chemical 

composition did not affect the structure significantly. It was also observed that the 

(111) peak position shifted towards higher 2θ values as the S content increases (Fig. 

5.3). This observation is in good quantitative agreement with a previous study 

conducted on ZnSxSe1-x films grown by close-spaced sublimation [10]. The values of 

lattice constant ‘a’ and the interplanar spacing ‘d’ related to c(111) reflection are 

given in Table 5.1. Fig. 5.4 shows the variation of lattice constant of ZnSxSe1-x films 

as a function of sulfur content. Contrary to the films deposited by the close-spaced 

sublimation [10], we observed non-linear variation of lattice constant a with increase 

of sulfur content in the film that may be due to the peculiar thermal strain between the 

substrate and the film interface. 
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Fig. 5.2 XRD pattern of (a) ZnSe, (b) ZnS0.4Se0.6 and (c) ZnS thin 
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Fig. 5.3  Variation of (111) peak position with chemical composition x.  
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  Table 5.1: Variation of lattice constants in ZnSxSe1-x alloy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

x-value Lattice constants 

     a (Å)                         d (Å) 

0.00 5.68 3.28 

0.20 5.65 3.27 

0.40 5.61 3.24 

0.60 5.58 3.22 

0.80 5.51 3.18 

1.00 5.41 3.14 
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Fig. 5.4 Variation of the lattice constant a of ZnSxSe1-x films deposited by two 

different methods. 
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 Transmission of the ZnSxSe1-x films was measured in the range of 300 to 2500 

nm. It was observed that as the sulfur content increases from 0 to 1, the absorption 

edge shifts from approximately 470 nm to 340 nm. The improvement of the blue 

response of the film is beneficial in several optical applications like the photovoltaic 

devices, laser diodes etc. The energy band gap of ZnSxSe1-x films were calculated 

using the Tauc relation [13] in which a graph between (αhν)2 vs. (hν) is plotted. 

Where α is the absorption coefficient and hν is the photon energy. The absorption 

coefficient α was determined from the transmittance T as T= e-αx, where x is thickness 

of the film. The energy band gap Eg has been obtained by extrapolation of the linear 

portion of   (αhν)2 vs. (hν) curves to  (αhν)2 = 0. The variation of Eg as a function of 

the composition of the films is also plotted in Fig. 5.5. The increase of Eg when sulfur 

content in the film increases, seems to be related with a broadening of the energy 

band gap caused by the decrease of the lattice constant (Fig. 5.4).  As it is already 

reported by Gordillo and Romero [11], the decrease of the lattice constant induces an 

increase of the interaction between the wave functions associated with the valence 

electrons which in turn lead to the broadening of the energy band gap. As it can be 

seen in Fig. 5.5, the variation of energy band gap with chemical composition of the 

film is not linear.  

( ) 72.236.071.0 2 ++= xxxEg                          (5.1) 

 The quadratic equation provides best fit to the experimental data. For 

comparison, we have also plotted in Fig. 5.5 the energy band gap of ZnSxSe1-x films 

deposited by various other techniques. It can be seen that results of the present study 

are quite similar to the films deposited by the close-spaced sublimation [10], atomic 

layer epitaxy [14] and screen-printing methods [15]. 
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 Next, the refractive index ‘n’ of the ZnSxSe1-x films was determined by fitting 

by the transmittance data with the help of following relation [16, 17] 

 2cos DxCxB
AxT

+−
=

φ
                (5.2) 

Where T is the normal transmittance, snA 216= , ( ) ( )231 snnB ++= , 

( )( )222 12 snnC −−= , ( ) ( )231 snnD −−= , λπφ nd4= , ( )dx α−= exp  and 

παλ 4=k . Here ‘s’ is the refractive index of the glass substrate. The ‘n’ and ‘α’ 

both vary with wavelength as 2λ
ban +=  and 2λλ

α gfc ++=  respectively [16-18]. 

Where a, b, c, f and g are constants. By considering all the reflections from interfaces 

of air, glass and film, Eq (5.2) provides best fitting in low and medium absorption 
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 Fig. 5.5 Variation of energy band gap of ZnSxSe1-x films deposited by various 

methods. 
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region. The refractive index of four ZnSxSe1-x (for x = 0, 0.2, 0.8 and 1) thin films as 

function of wavelength is plotted in Fig. 5.6. Following trends can be deduced from 

this investigation: (i) the refractive index of a ZnSxSe1-x film decreases with 

increasing sulfur content, (ii) the refractive indices of films are higher at shorter 

wavelengths and (iii) decreases with increase of the wavelength towards infrared 

region (IR). The trends (ii) and (iii) are quite similar to that of ZnSe films deposited 

by hot wall [19] and two-source evaporation methods [20]. It is important to point out 

that the refractive index values of the ZnSe films deposited during present study are 

less than the films deposited with hot wall [19] and slightly higher than the films 

deposited by two source method [20]. We do not know the reasons for the 

discrepancy in refractive index values of ZnSe films deposited by various methods. 

Nevertheless, controlled variation in the refractive index of ZnSxSe1-x films, shown in 

Fig. 5.6, is useful for designing of optical coatings for several applications. 
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Fig. 5.6 Refractive index of ZnSxSe1-x films as a function of the wavelength for  

x = 0, 0.2, 0.8 and 1. 
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5.4 Conclusions 

 The composition dependence of lattice constants, energy band gap and 

refractive indices of the ZnSxSe1-x (0≤ x ≤ 1) films deposited by thermal evaporation 

has been investigated. It was observed that the lattice constant decreases and the 

optical energy band gap increases with the increasing sulfur content of the film. These 

results are in good agreement with the properties of ZnSxSe1-x films deposited by the 

close-spaced sublimation, atomic layer epitaxy and screen-printing techniques. 

Additionally, it was observed that the refractive index of a ZnSxSe1-x film decreases 

with increasing sulfur content. The results reported in this chapter will be useful for 

designing of ZnSxSe1-x based buffer layer for solar cells, blue wavelength 

optoelectronic devices and optical coatings in IR region. 
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Chapter 6 

 
Characterization of ternary MgxZn1-xO thin films deposited 

by electron beam evaporation  

 
MgxZn1-xO (0≤ x ≤ 1) thin films were deposited on glass and quartz substrates 

by electron beam evaporation and effect of the Mg content of the film on its 

structural, optical and electrical properties were investigated. The structure, surface 

morphology, optical transmittance, band gap, refractive index and electrical resistivity 

found to depend on the Mg content of the film. XRD data revealed that films were 

polycrystalline in nature. The structure of the films having Mg content in the range of 

1-0.74 was cubic, mixed cubic-hexagonal phases for x = 0.47 and hexagonal phase for 

x = 0. The composition analysis showed that Mg content in MgxZn1-xO film is high as 

compared to the corresponding target alloy. It was observed that the optical band gap 

increases from 3.3 to 6.09 eV, refractive index at 550 nm decreases from 1.99 to 1.75, 

transmittance increases from about 70% to 90% and electrical resistivity increases 

from 0.5 to 1.48×106 Ω-cm with the increase of Mg concentration in the film from 0 

to 1. The results reported in this work are useful for window layer of solar cells and 

other optoelectronic devices.   

 

 



 

 108

6.1 Introduction 

ZnO thin films have attracted considerable attention due to the possibility of 

engineering reliable high-efficiency photonic devices like solar cells, light emitters, 

modulators, UV detectors and transparent conductors for displays [1]. The wide band 

gap (3.3 eV) and a large exciton binding energy (60 meV) of ZnO are beneficial for 

efficient operation of optical devices. In order to fabricate ZnO hetrostructure 

devices, synthesis of ternary MgxZn1-xO and BexZn1-xO alloys have been reported, 

which has the band gap wider than ZnO [2-5]. But due to the toxic nature of Be metal 

[6], MgxZn1-xO films are considered as a promising material for several optical 

applications due to its high exciton binding energy and wide tunable band gap [7]. As 

regard the structure, ZnO has a wurtzite hexagonal structure (a = 3.24 Å and b = 5.20 

Å), but MgO has a NaCl type cubic structure (a = 4.24 Å). Phase diagram of the 

binary ZnO-MgO system indicates that thermodynamic solid solubility of MgO in 

ZnO is just 4 mol % [8]. But it has been reported that the solid solubility of MgO in 

ZnO depends on growth technique and deposition parameters. For instance, Ohtomo 

et al. [9] reported 33 mol% solid solubility of MgO in ZnO for the films deposited by 

pulsed laser deposition (PLD) and Park et al. [10] deposited MgxZn1-xO films with 49 

mol% of Mg by using metal-organic vapor-phase epitaxy (MOVPE) technique.   

MgO is a low refractive index material with n of about 1.62 - 1.74 (at λ = 550 nm) 

[11-13], while ZnO has a relatively high refractive index with n of about 1.9 - 2.02 (at 

λ = 550 nm) [14]. Thus MgxZn1-xO films are expected to have a tunable refractive 

index, which may help to improve the performance of optical devices. Ternary 

MgxZn1-xO alloy also provide an alternate to group III nitride based materials for 

application in short wavelength optoelectronic devices [15] and CdS window layers 

in solar cells. CdS is a toxic material and its transparency in visible region is less than 

that of MgxZn1-xO alloy [16]. 

Previously, pulsed laser deposition (PLD) [17–20], molecular beam epitaxy 

(MBE) [21], metalorganic vapor-phase epitaxy (MOVPE) [10] sol gel [22], spray 

pyrolysis technique [23] and electron beam evaporation (EBE) [24] have been used to 

deposit MgxZn1-xO films. In this work we deposited MgxZn1-xO (0≤ x ≤ 1) films by 

using electron beam evaporation technique, which is relatively simple and large 
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number of good quality films can be grown in a single run. The variations of 

structural, optical and electrical properties were investigated as a function of the Mg 

content of the film. Possibility to prepare a MgxZn1-xO film of the required properties 

may help to improve the performance of optoelectronic devices. 

 

6.2  Experimental  

MgxZn1-xO (0≤ x ≤ 1) target alloy was prepared by mixing MgO and ZnO 

powders in different molar concentrations (x = 0.00, 0.10, 0.20, 0.50, 0.75, 1.00). The 

desired material for various values of x were formed as  

Weight of MgO = 40.30 × (1- x) gram 

Weight of ZnO = 81.38 × x gram 

The mixed material was calcined in air at 500○C for 8 h. Then material was pelletized 

into 3 mm thick discs of 20 mm diameter. These discs were then sintered at 1000○C 

for 12 h. Glass (50 x 50 mm) and quartz (25 mm dia.) slides were used as substrate. 

These substrates were cleaned with detergent, washed in running water and then 

cleaned with isopropyl alcohol (IPA) in an ultrasonic cleaner for about 30 minutes.  

Films were deposited by electron beam using the high vacuum coating unit (Balzer 

640). The accelerating voltage of the electron beam was kept 6 kV and emission 

current was in the range of 200-250 mA. The chamber was evacuated up to ~ 1×10-6 

mbar and oxygen was introduced during deposition. Oxygen partial pressure of ~4 x 

10-4 mbar was maintained during deposition. The substrate was kept at ~250 ºC 

during deposition. The substrate was rotated at 20 rpm for uniform deposition of the 

film. The growth rate (~0.20 nm /s) and thickness of films were measured by quartz 

crystal. Structure of the films has been determined by X-ray diffraction (XRD) 

patterns using Bruker D8 discover diffractometer equipped with Cu Kα radiation. 

XRD data was used to calculate the lattice constant. Transmission of the films was 

recorded in the range of 200 – 1200 nm using Perkin Elmer Lambda 19 UV/VIS/NIR 

spectrophotometer and UV Win Lab software. Band gap and refractive indices of 

these films have been determined by fitting transmittance data. The surface roughness 

of the films was determined by atomic force microscope (AFM) (Quesant Universal 

SPM, Ambios Technology, USA). The contact mode of operation was used to study 
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the films morphology. All images were taken in air ambient. The mean RMS 

roughness was taken at various sites of the films. The images of films were also taken 

in vacuum by Scanning Electron Microscope (JSM- 5910) and the composition of 

deposited films was measured by Energy Dispersive X-ray Spectroscopy (EDS). 

 

6.3 Results and discussion 

6.3.1 Structural properties 

The X-ray diffraction patterns of MgxZn1-xO films grown on glass substrates 

are shown in Fig. 6.1. For the film having no Mg content (i.e. x = 0), the peaks are 

attributed to the standard (100), (002), (101), (102) and (103) diffractions of 

hexagonal ZnO. For the film having x = 0.47, the presence of (002), (101) hexagonal 

peaks along with (200) and (220) cubic peak indicates the coexistence of two phases. 

With further increase of Mg content beyond x = 0.47, cubic (NaCl like structure) 

MgO phase was observed. One of the reasons for cubic phase dominance is the lower 

vapor pressure of MgO as compared to ZnO [24]. As a result MgO molecules are 

more easily adsorb on the substrate as compared to ZnO molecules. Since there is a 

competition between the adsorption of MgO and ZnO molecules, initially MgO 

epitaxial layer is deposited on the substrate. Then in subsequent growth of MgxZn1-xO 

films Zn atom occupy Mg atom sites in the cubic lattice and as a result the cubic 

structure of the film is slightly distorted because radius of Zn2+ is larger than that of 

Mg2+ (the radius of Zn2+ and Mg2+ are 0.74 and 0.71Ǻ, respectively) [25]. Most 

probably due to this reason the measured lattice constant of MgxZn1-xO (0.47 ≤  x  ≥ 

0.83) is slightly larger than that of standard cubic MgO structure (see Table 6.1). Also 

note that the lattice constant of cubic phase increases with the decrease of Mg content 

in the film, which is also due to the difference in ionic radii of Zn2+ and Mg2+ that 

causes strain in the films. 
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Fig. 6.1 XRD spectra of MgxZn1-xO (0≤ x ≤ 1) films deposited on glass substrate. 

JCPDS file numbers for the films having x = 1 is 79-0612, x = 0.83 to 0.47 is 

71-5958 and x = 0 is 89-1397. 

 

 

x = 1.00

20 30 40 50 60 70 

c(220) 

c(200) c(111) 

h(101)

h(002)

h(100) h(102)  h(103) 

h(101) 
h(002)

c(200)

2θ (degree) 

In
te

ns
ity

 (a
.u

.) 

x = 0.78

x = 0.83 

x = 0.74

x = 0.47

x = 0 

c(220) 

ZnO

MgO 

Mg.83Zn.17O 

Mg.78Zn.22O 

Mg.74Zn.26O 

Mg.47Zn.53O 



 

 112

Table 6.1: Various parameters of MgxZn1-xO films as a function of Mg content 

 

 

6.3.2 Composition and surface analysis 

The composition of MgxZn1-xO films determined by EDS (see Table 6.1) 

shows that the Mg content of MgxZn1-xO (0.83 ≥ x ≤ 0.47) film is higher than that of 

the corresponding target alloy.  In addition, the increase of Mg concentration of the 

film is much faster than that of target alloy. According to the phase diagram of ZnO-

MgO binary system, the thermodynamic solid solubility of MgO-ZnO is less than 4 

mol % [8]. But results reported in this chapter indicate substantial solid solubility 

under thin film growth condition using electron beam evaporation. A typical 3D AFM 

image of a Mg0.83Zn0.17O film is shown in Fig. 6.2a, which indicates that the film is 

uniform, continuous and without any crack. AFM analysis revealed that grain size of 

the film decreases with the decrease of Mg content in the film. It was also observed 

that the root-mean-square roughness of the film increases with the decrease of Mg 

content and it was in the range of 2.40 to 3.40 nm. The SEM analysis revealed that 

MgxZn1-xO films consisting of large number of grains and grain boundaries on the 

surface of films. A typical SEM image of a Mg0.83Zn0.17O film is shown in Fig. 6.2b.  

 

 

 

Mg content x 

of target alloy 

Mg content x of the 

film (EDS data) 

Lattice 

constant 

(Å) 

Thickness 

of films 

(nm) 

Bang gap 

(eV) 

1.00 1.00 4.19 459 6.09 

0.75 0.83 4.21 355 4.99 

0.50 0.78 4.22 273 4.82 

0.20 0.74 4.24 250 4.72 

0.10 0.47 4.25 221 3.40 

0.00 0.00 5.21 

(c-axis) 

180 3.30 
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Fig. 6.2(a) 3D AFM and (b) SEM image of a representative Mg0.83Zn0.17O film. 

(a) 
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6.3.3 Optical properties 

The optical parameters, thickness and refractive index of MgxZn1-xO thin films 

were determined by fitting the transmittance spectra with the following equation [26, 

27] 

2cos DxCxB
AxT

+−
=

φ
                (6.1) 

where T is the transmittance measured at normal incident angle of a thin film grown  

on a glass surrounded by air. By considering all the reflections from interfaces of air, 

glass and film, Eq (6.1) provides best fitting in low and medium absorption region 

[27, 28]. Other variables of Eq. (6.1) are defined as A=16n2s, B = (n+1)3 (n+s2), C = 

2(n2-1)(n2-s2), D=(n-1)3 (n-s2), φ =4π nd/ λ , x =exp(-αd) and k=α λ /4π . Where n 

and s are the refractive index of the film and glass substrate respectively, k is the 

extinction coefficient, d is the thickness and α is the absorption coefficient of the 

film. An empirical formula for n dependence of λ  is given as [26, 28]: 

2λ
ban +=                                              (6.2) 

where a and b are constants. The α dependence of λ  can be approximated as: 

2λλ
α gfc ++=                                                           (6.3) 

where c, f and g are constants. Fig. 6.3 shows the resulting fit of Eq. (6.1) to the 

transmittance plot of a representative Mg0.78Zn0.22O film, which revealed that Eq. 

(6.1) provides good fit to the transmittance curve. The value of α was calculated in 

the high absorption region by using the values of n and d determined from the fitted 

curve. In this case the exact solution of Eq. (6.1) for x is given as: 

D
BDTACTACx 2

]4)/)cos([(]/)cos([ 2/12−+−+= φφ
                       (6.4) 

)ln(1 x
d

−=α                 (6.5) 

The direct energy band-gap, Eg, was determined by using the well known relation 
2/1)( gEhh −= ννα , where hν is the photon energy. Eg of MgxZn1-xO films were 
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estimated by extrapolating the linear portion of (αhν)2 vs. (hν) curves to (αhν)2=0 

(see Fig. 6.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3 Transmittance curve of a Mg0.78Zn0.22O film along with the curve fitted by 

using Eq. (6.1). 
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Fig. 6.4 (αhν)2 vs. (hν) curves of  MgxZn1-xO (x = 0 – 1) films. 
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The effect of Mg content on the transmittance, in ultraviolet-visible region, of the 

MgxZn1-xO films is shown in Fig. 6.5. The transmittance spectra of the films indicate 

that: (1) the transmittance is greater than 80% for the films having x in the range of 

0.74 - 1.00 and greater than 70% for x < 0.74, (2) the overall transmittance of the film 

increases with the Mg content, (3) there is a gradual shift of the absorption edge 

towards shorter wavelength with the corresponding increase in Mg content from x = 0 

to 1 and (4) the presence of interference fringes in each spectrum. The decrease of 

transmittance with Mg content of the film may be due to the fact that the ionic radii 

and electronegativity of Mg and Zn ions is quite different. When Mg atoms replace 

Zn atoms, new defects/scattering centers are introduced in the lattice. The added 

reflection losses due to increase of refractive index with decreasing Mg (see Fig. 6.7) 

content may also be responsible for the observed decrease in transmittance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.5 Transmission spectra of MgxZn1-xO films with various Mg contents. 
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The shift in absorption edge towards shorter wavelength may be due to the 

lower electron affinity (Ea) of MgO (Ea = 0.9 eV) [29] as compared to that of ZnO (Ea 

= 4.5 eV) [30], which creates new energy levels due to more free electrons. Two 

absorption edges at 350 and 200 nm indicate phase separation into wurtzite and cubic 

MgZnO alloys. The interference fringes in the spectra result from the interference 

between two interfaces: the air-epilayer and the epilayer-substrate. The well-

oscillating transmittances imply that all the films have uniform thickness and flat 

surfaces. Similar trends in the variation of transmittance and shift of absorption edge 

are also reported by A. Kaushal et al [2] and Choopun et al. [5] for MgxZn1-xO films 

deposited by PLD.  

The measured Eg of MgxZn1-xO films as a function of x is plotted in Fig. 6.6, which 

increases from 3.30 to 6.09 eV when x increases from 0 to 1. Three samples were 

used to measure the energy band gap. The error bars in Fig. 6.6 indicate statistical 

error of the measurement. The increase in Eg is initially slow but the abrupt increase 

occurs after x = 0.47. It is important to mention that the phase transition from 

hexagonal to cubic also occurs at about x = 0.47 (see Fig. 6.1). Previously, similar 

discontinuity in Eg has been reported at about x = 0.35 for the MgxZn1-xO film 

deposited by pulsed laser deposition [5].  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.6 Variation of energy band gap as a function of Mg contents. 
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This behavior is attributed to the limited solubility of MgO into ZnO: initially 

Mg atoms occupy lattice sites and later on, for the films having higher values of x, 

most of Mg atoms are incorporated at interstitial sites/grain boundaries. The variation 

of band gap with composition is beneficial for design of ZnO based heterostructure 

devices such as quantum wells, waveguides, cladding layer etc [2]. 

The refractive indices of MgxZn1-xO films calculated by fitting the transmittance data 

are plotted in Fig. 6.7. The refractive indices of cubic MgO [31] and hexagonal ZnO 

[14] films deposited by magnetron sputtering and pulsed laser deposition respectively 

are also shown in Fig. 6.7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.7 Refractive index of  MgxZn1-xO films as a function of wavelength. Refractive  

index of  MgO (■) and ZnO (○) are taken from references [30] and [14] 

respectively.  

 

It can be seen that our results for MgO (x = 1) and ZnO (x = 0) films are in 

agreement with the literature [31, 14]. In addition our results show that the refractive 

index of the film decreases with the increase of Mg content. It is due to the fact that 

refractive index of the pure MgO is lower than that of the pure ZnO, therefore the 

refractive index of compound MgxZn1-xO will decreases with the increase of Mg 
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content. Similar trend in variation of the refractive index with Mg concentration have 

also been reported for the films deposited by PLD [2] and spray pyrolysis [16]. The 

thickness of MgxZn1-xO films calculated from the transmitted data is given in Table 

6.l.  It can be seen that the film thickness decreases with the increase of Zn content in 

the films, although all the films were deposited under same condition and for same 

duration. Most probably the evaporation rate of ZnO is lower than that of MgO at the 

same evaporation temperature. 

 

6.4 Electrical properties 

Fig. 6.8 shows the effect of Mg concentration on the electrical resistivity of 

MgxZn1-xO films. The electrical resistivity increases from 0.5 Ωcm to 1.48×106 Ωcm 

with corresponding increase in Mg concentration x from 0 to 1. The initial abrupt 

increase of resistivity up to x = 0.74 indicates change of phase from hexagonal ZnO to 

cubic MgO structure. But increase of resistivity is rather slow beyond x = 0.74. The 

increase in resistivity of the film with Mg content is most probably due to the increase 

of energy band gap, reduction of Zn interstitial sites and oxygen vacancies in films.  
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Fig. 6.8 Variation of electrical resistivity of MgxZn1-xO films as a function of Mg  
           content. 
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The resistivity of MgxZn1-xO films deposited by various techniques has been 

reported, for instance resistivity of MgxZn1-xO films prepared by pulsed laser deposition 

increases from 0 to 600 Ω-cm when x increases from 0 to 1 [2], for the films deposited 

by ultrasonic spray pyrolysis resistivity increases from 0 to 1.25×104 Ω-cm when x 

increases from 0 to 0.9 [32], and for the films deposited by spray pyrolysis resistivity 

increases from 5 to 1.2×105 Ω-cm with corresponding increase of x from 0 to 0.3 [33]. 

Whereas to the best of our knowledge resistivity of MgxZn1-xO films deposited by 

electron beam evaporation has not been reported. It is clear that resistivity of MgxZn1-

xO films depends on the deposition technique. Our results also show that the resistivity 

of MgxZn1-xO films deposited by electron beam is quite high as compared to the films 

deposited by other techniques, especially for the films having Mg content x ≥ 0.74.  

 

6.5 Conclusion 

In conclusion, good quality polycrystalline MgxZn1-xO (0≤ x ≤ 1) thin films have 

been grown on glass and quartz substrates by electron beam evaporation. The effect of 

Mg concentration on optical, structural and electrical properties has been studied. The 

XRD spectra revealed that the structure of the MgxZn1-xO films having Mg content, x, 

in the range of 1- 0.74 was cubic, mixed cubic-hexagonal phases for x = 0.47 and 

hexagonal phase for x = 0.  It has been shown that the optical band gap, refractive index 

and resisitivity of the MgxZn1-xO film can be tailored in broad range with the variation 

of Mg content. The results reported in this chapter are useful for the fabrication of 

MgZnO-related hetrostructures and application of MgxZn1-xO thin films in 

optoelectronic devices. 
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Appendix 1 
 

Measurement of the laser induced damage threshold of 
MgxZn1-xO thin films 

 
The optical coating designers always remain in search of new materials with 

better properties such as low optical losses, environment stability and high laser 

induced damage threshold (LIDT). LIDT is one of the limiting factors for the use of 

optical materials for the laser applications. Previously, LIDT of few compound thin 

films were measured. The reported values of LIDT of SiO2, HfO2 and MgF2 thin films 

were 12 J/cm2 [1], 8.98 J/cm2 [3] and 49 J/cm2 [4] respectively for the 1064 nm 

wavelength pulsed Nd:YAG laser. In the present study, LIDT of MgxZn1-xO films as a 

function of the Mg concentration of the film was measured. The MgxZn1-xO films 

were fabricated by electron beam evaporation technique. Laser induced damaged 

threshold of MgxZn1-xO thin films were measured by using a pulsed Nd:YAG laser. 

The experiment was performed according to ISO 11254 – 1 (1- on -1 regime) [5]. The 

details of structural and optical properties of MgxZn1-xO films used in this experiment 

are given in Chapter 6 (see section 2, page 103). The parameters of Nd:YAG laser 

beam used for LIDT experiment are given in Table 1. The 1/e2 diameter of laser beam 

was measured and analyzed by knife-edge scanning method [6]. In order to obtain the 

damage matrix the target film was mounted on the x-y manipulator. The laser beam 

was focused to the spot size of about 300 µm in diameter by a convex lens. The pulse 

energy of the laser beam was monitored with the help of an energy meter (model 

Gentec-E0).  

 

Table 1: Parameters of laser beam used during LIDT measurements. 

 
Wavelength  

 
1064 nm 

 
Laser energy 
distribution 

 
Gaussian 

 
Pulse width  

 
7 ns 

 
Laser mode 

 
TEM00 

 
Pulse energy  

 
850 mJ 
(Maximum) 

 
Incident angle 

 
0۫ 
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The energy spread of the laser beam was in the range 4-7%. Laser energy was varied 

by using interference filters of different transmissions. The CCD camera coupled with 

magnifying lens was employed for in situ initial observation of damage but final 

confirmation of the damage was obtained using optical microscope. Each film was 

exposed to the 30-40 laser shot of the same fluence at various sites. The experimental 

arrangement for the LIDT is shown in Fig. (1).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.  Schematic diagram of the experimental setup used to measure LIDT of 

MgxZn1-xO thin films. 

 

The LIDT data was recorded on the basis of damage probability. The range of 

laser fluence was broad enough to ensure the energy density with no damage is more 

than the minimum energy density with damage [7]. Energy density was calculated by 

the following equation: 

( ) ( )
( )221 radiuse

totalE
Area
JoulesE

π
=         (1) 

Damage threshold was determined by taking an average between the highest energy 

density at which no damage occurs and the lowest energy density at which damage 

takes place. Therefore damage thresholds measured with this procedure is 50% 

damage probability threshold [8]. 

Nd:YAG laser 

Attenuator 

Focusing lens 

Power meter 

Beam splitter 

CCD camera 

Sample 
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The LIDT and absorption coefficient of MgxZn1-xO films deposited on glass 

substrate are given in Table 2. This shows that the LIDT of MgO film is highest and 

that of ZnO is lowest. LIDT of other films lies in-between these two extreme values. 

These results showed that absorption coefficient increases and damage threshold 

decreases with the decrease of Mg content of the film. Thus the LIDT of MgxZn1-xO 

films depends on the absorption coefficient of film. MgxZn1-xO films were also 

qualified the entire test as per MIL standard MIL-C- 675. The results reported in this 

appendix showed the MgxZn1-xO is suitable optical material for laser grade optical 

coatings. 

Table 2: The absorption coefficient and LIDT of MgxZn1-xO films 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Sample I.D 

Absorption 
coefficient 

∝ x 103 (1/cm) 

Damage 
threshold 

ED 
(J/cm2) 

 
MgO 

 
3.03 

 
25.0 ± 1 

 
Mg.83Zn.17O 

 
3.13 

 
23.4 ± 2 

 
Mg.78Zn.22O 

 
3.14 

 
22.5 ± 5 

 
Mg.74Zn.26O 

 
3.20 

 
21.8 ± 3 

 
Mg.47Zn.53O 

 
8.27 

 
21.0 ± 1 

 
ZnO 

 
8.30 

 
19.8 ± 2 
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