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 Preface 


In recent years scientists have made rapid and significant advances in the field 
 of semiconductor physics. One of the most important fields of current interest in 
 materials science is the fundamental aspects and applications of conducting 
 transparent oxide thin films (TCO). The characteristic properties of such coatings are 
 low electrical resistivity and high transparency in the visible region. The first 
 semitransparent and electrically conducting CdO film was reported as early as in 1907 
 [1]. Though early work on these films was performed out of purely scientific interest, 
 substantial technological advances in such films were made after 1940. The 
 technological interest in the study of transparent semiconducting films was generated 
 mainly due to the potential applications of these materials both in industry and 
 research.  Such films demonstrated their utility as transparent electrical heaters for 
 windscreens in the aircraft industry. However, during the last decade, these 
 conducting transparent films have been widely used in a variety of other applications 
 such as gas sensors [2], solar cells [3], heat reflectors [4], light emitting devices [5] 


and  laser damage resistant coatings in high power laser technology [6]. 


Just a few materials dominate the current TCO industry and the two dominant 
 markets for TCO’s are in architectural applications and flat panel displays. The 
 architectural use of TCO is for energy efficient windows. Fluorine doped tin oxide 
 (FTO), deposited using a pyrolysis process is the TCO usually finds maximum  
 application. SnO2 also finds application ad coatings for windows, which are efficient 
 in preventing radiative heat loss, due to low emissivity (0.16). Pyrolitic tin oxide is  
 used in PV modules, touch screens and plasma displays. However indium tin oxide 
 (ITO)  is mostly used in the majority of flat panel display (FPD) applications. In 
 FPDs, the basic function of ITO is as transparent electrodes. The volume of FPD’s 
 produced, and hence the volume of ITO coatings produced, continues to grow rapidly. 


But the current increase in the cost of indium and the scarcity of this material created 
the difficulty in obtaining low cost TCOs. Hence search for alternative TCO materials 
has been a topic of active research for the last few decades. This resulted in the 
development of binary materials like ZnO, SnO2, CdO and ternary materials like 
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Zn2SnO4, CdSb2O6:Y, ZnSO3, GaInO3 etc. The use of multicomponent oxide materials 
 makes it possible to have TCO films suitable for specialized applications because by 
 altering their chemical compositions, one can control the electrical, optical, chemical 
 and physical properties. But the advantages of using binary materials are the easiness 
 to control the chemical compositions and depositions conditions. Recently, there were 
 reports claiming the deposition of CdO:In films with a resistivity of the order of 10-5
 ohm cm for flat panel displays and solar cells. However they find limited use because 
 of Cd-Toxicity. In this regard, ZnO films developed in 1980s, are very useful as these 
 use Zn, an abundant, inexpensive and nontoxic material. Resistivity of this material is 
 still not very low, but can be reduced through doping with group-III elements like In, 
 Al or Ga or with F [6]. Hence there is a great interest in ZnO as an alternative of ITO. 


In the present study, we prepared and characterized transparent and 
 conducting ZnO thin films, using a cost effective technique viz Chemical Spray 
 Pyrolysis (CSP). This technique is also suitable for large area film deposition. It 
 involves spraying a solution, (usually aqueous) containing soluble salts of the 
 constituents of the desired compound, onto a heated substrate. In the present work, 
 several attempts were carried out to modify the structural, electrical and optical 
 properties of ZnO films and results are discussed in the thesis systematically. The 
 thesis is divided into 8 chapters and a brief description of content in each chapter is 
 given below. 


CHAPTER 1 is a general introduction to transparent conducting oxides with 
 a specific emphasis on the properties of ZnO material. An exhaustive review on ZnO 
 material is also given in this chapter 


CHAPTER 2 gives a general description on the preparation techniques used 
for the deposition of ZnO films. A brief description of different characterization 
techniques used in the present work is also given. In the next section, optimization of 
preparation conditions of spray pyrolysis is given. Zinc acetate dissolved in ethanol 
and distilled water taken in the ration 1:1 was the precursor. The optimized conditions 
for obtaining a low resistive transparent ZnO from the present work can be 
summarized as follows: volume of spray solution is 200 ml, substrate temperature is 
400°C and spray rate is 10 ml/min. The molarity of zinc acetate was 0.6 M. Films 
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prepared with these conditions were used for studying the effects doping and ion beam 
 irradiation and details through which the optimization conditions were reached are 
 included in this chapter. 


CHAPTER 3 deals with the results of swift heavy ion irradiation induced 
 modifications in ZnO films. 120 MeV Au ions and 80 MeV Ni ions were used for the 
 irradiation. Structural, compositional, optical and electrical characterizations of the 
 films were carried out using X-Ray Diffraction (XRD), X-ray Photoelectron 
 Spectroscopy (XPS), Photoluminescence, electrical resistivity, optical absorption and 
 transmission. Surface analysis was done using Atomic Force Microscopy (AFM). 


Crystalline quality of the films was found deteriorated due to Au irradiation while it 
 was slightly affected by the Ni irradiation. Electrical resistivity decreased with the 
 increase in fluence of Au ions while it increased with the fluence of Ni ions. However 
 optical absorption edge remained unaffected in both cases. A reasonable explanation 
 is given for the origin of controversial blue-green emission in ZnO thin films and it 
 was suggested that this emission was assumed to be due to the transition from the 
 conduction band to the acceptor level resulting from the “antisite oxygen”. Defect 
 levels were identified using Thermally Stimulated Current (TSC) measurements also. 


In order to make the ZnO film low resistive, doping with indium was tried. 


CHAPTER 4 describes the effects of indium doping on the structural, electrical and 
optical properties of ZnO films. Indium was introduced in the film by adding indium 
chloride in the spray solution and it was observed from XPS analysis that, chlorine 
was present in the film in elemental form at higher doping concentration. Electrical 
resistivity decreased with indium, at low concentration. But it increased at higher 
doping concentration. It was suggested that this increase in resistivity was presumably 
due to the presence of chlorine in the film. Crystallinity and luminescent properties 
were also affected adversely due to the doping. In order to avoid unintentional doping 
of chlorine, indium was doped through thermal diffusion of a thin layer of metallic 
indium, deposited using thermal evaporation. Electrical resistivity decreased 
monotonically with increase in mass of indium deposited. Another advantage of this 
kind of doping was that, both structural and luminescent properties of the film were 
slightly affected by the indium incorporation. In order to reduce the resistivity further, 
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indium was introduced in the form of indium nitrate and then a thin layer of metallic 
 indium deposited over this. Annealing of this bilayer (ZnO/In) at 673 K resulted the 
 lowest resistivity of 1.45 x 10-3 ohm cm. This value was one of the lowest resistivity 
 obtained for the ZnO film prepared by chemical routes. Interestingly absorption edge 
 remained unaffected on doping. Temperature dependent conductivity measurements 
 were performed to identify the defect levels in these films. 


Presence of chlorine, in elemental form, was identified as the cause of 
 increase in resistivity in ZnO thin films. In order to confirm this behavior, chlorine 
 was doped separately using ammonium chloride. CHAPTER 5 illustrates the effects 
 of chlorine and fluorine doping on ZnO films. It was seen that, electrical resistivity 
 increased with increase in doping concentration. Crystallinity also deteriorated 
 considerably due to chlorine doping. Earlier, it was claimed that, chlorine could act as 
 donor in TCO, when it substituted oxygen in its lattice [7-10]. But in those reports, 
 clear evidence of the presence of Cl in the film was not given. In one of the reports 
 [10], a decrease in resistivity was obtained for the ZnO, prepared using MOCVD, 
 when n-butyl chloride was used as precursor. As the ionic radius of Cl is much higher 
 than that of O, it maybe argued that, the substitution of O by Cl might be difficult. We 
 also proposed that chlorine might segregate in grain boundaries and/or occupied in 
 interstitial position. Fluorine, having comparable ionic radius of O, was also used for 
 doping. In this case, interestingly, electrical resistivity decreased at lower doping 
 concentration, while it increased slightly at very high doping level, and this was 
 probably due to the scattering of carriers. From these experiments, it was suggested 
 that, chlorine might be acting as an electron trap, when it segregated in grain 
 boundaries or was in interstitials in elemental form. Optical absorption, Transmission, 
 Photoluminescence, Temperature dependent conductivity measurements were also 
 done. 


CHAPTER 6 deals with the effects of 100 keV O+ ion implantation in ZnO. 


Crystalline to amorphous phase transition and formation of highly resistive ZnO were 
the two important results obtained from this work. Creation of high resistive region in 
semiconductors are most important for inter device isolation in several applications 
like heterostructure lasers, heterojunction bipolar transistors etc. Sheet resistance of 
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ZnO films increased to the order of ~ 1010 Ω/  on O+ ion implantation. Structural, 
 Optical, TSC and Photoluminescence measurements were also done. 


CHAPTER 7 is a summary of the entire work. All the important points are 
highlighted. The chapter ends with future scope of the present work. 



(20)Chapter 1 
 
REVIEW OF EARLIER WORKS ON ZNO  1.1 Introduction  


In recent years, scientists have made rapid and significant advances in the 
 field of material science, especially in semiconductor physics. One of the most 
 important fields of current interest in materials science is the fundamental aspects and 
 applications of conducting transparent oxide thin films (TCO). The characteristic 
 properties of such coatings are low electrical resistivity and high transparency in the 
 visible region. First semitransparent and electrically conducting CdO film was 
 reported as early as in 1907 (1). As the early works on these films were performed out 
 of purely scientific interest, substantial technological advances in such films were 
 observed only after 1940. Interest in the study of transparent semiconducting films has 
 been generated mainly by their potential applications in industries related to opto-
 electronics and photovoltaic device fabrication.  Such films have demonstrated their 
 utility as transparent electrical heaters for windscreens in the aircraft industry. 


However, during the last decade, these conducting transparent films have been widely 
 used in a variety of other interesting applications such as gas sensors, solar cells, heat 
 reflectors, protective coatings, light transparent electrodes and laser damage resistant 
 coatings in high power laser technology. (1) 


Just a few materials dominate the current TCO industry and the two dominant 
 markets for TCO’s are in architectural applications and flat panel displays. The 
 architectural use of TCO is for energy efficient windows. Fluorine doped tin oxide, 
 deposited through pyrolysis process, is the TCO most often used for this. SnO2 can 
 also be used as coatings for windows, which are efficient in preventing radiative heat 
 loss due to low emissivity (0.16). Pyrolitic tin oxide is used in PV modules, touch 
 screens and plasma displays. However indium tin oxide (ITO) is the TCO used most 
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(21)often in the majority of flat panel display (FPD) applications. In FPDs, the basic 
 function of ITO is as transparent electrodes. The volume of FPDs produced, [and 
 hence the volume of ITO coatings] continues to grow rapidly. But the enormously 
 high cost of indium and the scarcity of this material create the difficulty in obtaining 
 low cost TCOs. Hence search for other alternative TCO materials has been a topic of 
 research for the last few decades. It includes some binary materials like ZnO, SnO2, 
 CdO and ternary materials like Zn2SnO4, CdSb2O6:Y, ZnSO3, GaInO3 etc. The 
 introduction of multicomponent oxide materials resulted in the design of TCO films 
 suitable for specialized applications. This is mainly because one can control their 
 electrical, optical, chemical and physical properties by altering the chemical 
 compositions. But the major advantages of using binary materials are that their 
 chemical compositions and depositions conditions can be controlled easily. Even 
 though CdO:In films have been prepared with a resistivity of the order of 10-5 ohm cm 
 making them quite useful for flat panel displays and solar cells, currently these are of 
 not much importance because of the toxicity of Cd. Doped ZnO developed in 1980s, 
 uses Zn, an abundant, inexpensive and nontoxic material. Resistivity of this material is 
 still not very low, but can be reduced further by doping it with group-III elements like 
 In, Al or Ga or with F. Hence there is a renewed interest in ZnO as an alternative of 
 ITO. 


Important parameters related to the physical properties of ZnO are tabulated 
 in Table 1.1 [2]. It should be noted that still there exists uncertainty in some of these 
 values like hole mobility, thermal conductivity etc. 
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(22)  


      Property       Value 
 Lattice parameters at 300 K 


 a0    0.32495 nm 


  c0  0.52069 nm 


  a0/c0 1.602 


  u 0.345 


Density   5.606 g/cm3 


Stable phase  Wurtzite 


Melting point  1975C 


Thermal conductivity  1-1.2 


Linear expansion coefficient (/C)  a0: 6.5x10-6 
 c0: 3.0x10-6 
 Static dielectric constant  8.656 


Refractive index  2.008-2.029 


Energy band gap  3.4 eV, direct 


Exciton binding Energy  60 meV 


Electron effective mass  0.24 


Electron Hall mobility  200 cm2/Vs 


Hole effective mass  0.59 


Hole Hall Mobility  5-50 cm2/Vs 


Table 1.1 Different parameters of physical properties of ZnO Material 


Recently large number of papers is published on this interesting material. A 
 brief review of some of the works is included in the following sections of this chapter. 
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(23)
1.2 Defect Studies in ZnO 


Till now, most researchers focused only on the production and optical 
 properties of ZnO and many of the fundamental properties were poorly understood. 


However some recent interesting reports on the theoretical aspects of intrinsic defects 
 of this material had shed light on these problems. As we know, the defects play very 
 important role in the structural, optical and electrical properties of materials. Hence in 
 the present work, attention was made to include a brief review on theoretical as well 
 as experimental studies on intrinsic defects in ZnO. 


Generally there are two types of electrons traps in ZnO varistors; traps located 
 at ZnO-ZnO grain boundaries known as ‘interface traps’ and traps located within the 
 bulk of the ZnO grains known as ‘bulk traps’. Bulk traps can exist throughout the  
 ZnO grains and are located much deeper within the band gap [3]. These traps are 
 accessible to Admittance spectroscopy or deep level transient spectroscopy techniques 
 [4].  Admittance spectroscopy was used to determine the activation energies of the 
 bulk traps in ZnO varistors [5] and the values were found to be 0.17 eV and 0.33 eV 
 below the conduction band edge. These were assigned to be the native defects. Kasai 
 used electron spin resonance to study acceptors and donors in ZnO and showed that 
 oxygen vacancy is a deep donor [6].  


Effects of surface point defects [like oxygen vacancies on ZnO (I0Ī0) surface] 


on Schottky barrier formation were studied. It was found that, with and without 
 surface defect states, ZnO could form almost identical Schottky barrier features, 
 independent of evaporated metal [7]. It was also found that, barrier formation was 
 relatively slow for Au on ZnO, while Al induced pronounced dipole with first half 
 monolayer.  


DLTS measurements were done on ZnO single-crystals, grown using 
 hydrothermal technique, to identify the defect levels [8]. An electron trap was 
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(24)identified at 0.3 eV and this defect level was attributed to singly ionized oxygen 
 vacancies.  


In an interesting work on ZnO, using interferometric method [9], Wacogne et 
 al concluded that, in order to increase the accuracy of the optical loss measurements, 
 one has to take care of the variation of refractive index with film thickness.  It was 
 also suggested that this method could be used as long as the film was transparent. 


Work function of ZnO thin film was determined using temperature dependent 
 I-V measurements of the hetero-junctions ZnO/n-ZnO and ZnO/p-Si [10]. Work 
 function was found to be between 4.45 and 4.5 eV.  


Another interesting report was on the band gap of ZnO [11]. The band gap reported 
 for the ZnO at room temperature in the literature was in the range of 3.1 to 3.3 eV. 


Srikant and Clarke compared the results of different measurements done on same 
 crystal and concluded that room temperature band gap is 3.3 eV and the other values, 
 [3.1 eV or 3.2 eV] were due to the existence of a valence band – donor transition.  


Tomlins et al studied the effect of oxygen diffusion in ZnO single crystal for 
 the first time and found that the diffusion was isotropic [12].  


Look et al reported the growth of high quality n-type ZnO boules using a new vapor-
 phase transport method. Electrical properties were studied using temperature 
 dependent Hall measurements [13] and the maximum value of Hall mobility was 
 obtained to be 2000 cm2/Vs at 50 K. PL measurements were also done which 
 confirmed the high quality of the crystals. 


Look et al performed high-energy electron irradiation experiment also on ZnO 
 crystal, which produced shallow donor level at about 30 meV [14]. The production 
 rate of donors was found to be much higher in Zn-face than O-face. This donor was 
 identified as a Zn – sub lattice defect, most likely the interstitials [or ZnI ] related 
 complex. From the values of donor energy of the unirradiated samples discussed in 
 literature, it was clear that the dominant shallow donor in ZnO was Zn interstitials. 
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(25)Cohen et al used ‘first principle pseudopotential method’ to determine the 
 electronic structure, atomic geometry and formation energy of native point defects 
 [15]. The result showed that both Zn and O vacancies are the relevant defects in ZnO. 


A possible transition mechanism and the defect center responsible for the 
 controversial green emission were also discussed. According to their studies, green 
 luminescence was originating due to the transition between conduction band and 
 acceptor level created by vacancy of zinc. First principle ‘plane-wave pseudopotential 
 method’ was used to investigate the formation energies and electronic structure of 
 native defects in ZnO [16]. It was seen that, when p-type conduction was assumed, the 
 formation energy of donor-type defects could be low; under n-type conditions, 
 vacancy of oxygen had lowest formation energy. However, from electronic structure 
 calculations, zinc interstitials and zinc antisite were found to be responsible for n-type 
 conduction.  


To identify the shallow donors in ZnO, Yuming et al performed FP-LMTO 
 method on ZnO:VO, ZnO:VZn and ZnO:ZnI and it was seen that VO formed a deep 
 donor level at ~1.3 eV below from the conduction band [17]. VZn and ZnI formed 
 shallow acceptor (~0.3 eV above from the valence band) and shallow donor levels ( 


~0.5 eV below the conduction band) respectively. 


Yoshino et al studied the properties of piezoelectric bulk acoustic wave 
 resonators fabricated using ZnO thin films, with negative temperature coefficient of 
 frequency (TCF) and substrates with positive TCF [18]. Two resonators with different 
 frequencies were fabricated. 


The effective electromechanical coupling coefficient was studied using thin 
 film bulk acoustic wave resonators and an increase in this coefficient was observed 
 with increase in the ZnO film thickness [19].  


Effects of strain [along the c-axis] and grain size on the optical properties of 
 ZnO films were also subjects of study [20]. It was seen that the excitonic transition 
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(26)energies varied in the presence of strain field. Another important observation was that, 
 strain was relieved and texture improved with larger grain size.  


Thermally Stimulated Current [TSC] measurements were done on ZnO 
 varistors to know the degradation properties [21]. This study also revealed that the 
 activation energy was 0.39 eV, which was found to be very close to the reported value 
 for Zn interstitials. 


Toumisto et al proved the presence of Zn vacancy, as the dominant acceptors 
 in ZnO, with the help of positron annihilation spectroscopic [PAS] technique [22]. 


Concentration of Zn vacancy, obtained from PAS studies, was in good agreement with 
 the total acceptor density determined by temperature dependent Hall measurements. In 
 the electron irradiated ZnO samples, the Zn vacancies were dominant; but the 


‘negative-ion-type’ defects, introduced by irradiation also contributed significantly. 


In another interesting report, Xu et al studied the electronic structure of ZnO 
 materials and their spectral properties using “Full – potential Muffin – Tin orbital 
 method” [23]. Position of the defect state levels was found to be in the energy band of 
 ZnO. Based on the results, mechanism of absorption and emission spectra were 
 explained. 


Sun and Wang reported the ab initio calculations of tetrahedrally and 
 octahedrally native interstitials in ZnO, using the full-potential linear muffin – tin 
 orbital method [24]. The results showed that both tetrahedral and octahedral zinc 
 interstitials could contribute to the native n-type conduction while zinc vacancy and 
 octahedral oxygen interstitials might contribute to the p-type conduction. They 
 suggested that 31 meV and 61 meV donors might originate from tetrahedral and 
 octahedral zinc interstitials, and the study was based on temperature dependent Hall 
 measurements. 


Electrical and optical properties of defects and impurities in ZnO were 
 discussed in detail, along with the possibility of group V elements converting the ZnO 
 to p-type [25]. It was also observed that Nitrogen might be the best candidate for the 
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(27)type conversion. Another observation was that, ZnO was highly radiation resistant 
 material [25]. 


Imai and Watanabe performed band calculations of ZnO doped with different 
 elements [26]. They used ‘first principle pseudopotential method’ within a framework 
 of local density approximation and compared the results with the resistivities. Main 
 features of the total DOS curves of doped ZnO were the same as that of pure ZnO, 
 except for ZnO: Cr and ZnO: Mn. The Fermi level shifted upward from middle of the 
 energy gap in the case of ZnO: (Al, Ga, In), ZnO: Y, ZnO:Ti. However a downward 
 shift was observed in the case of ZnO: V and ZnO: Fe 


The effect of substrate-induced strain in polycrystalline [sol-gel derived] ZnO 
 thin films, on different substrate like GaN, saphire, quartz, Si/SiO2 and glass was 
 analysed through a detailed study [27]. There was a strong dependence of orientation, 
 crystallite size and electrical resistivity upon the substrate-induced strain along the c-
 axis. It was seen that electrical resistivity of the films increased with increase in strain 
 while the excitonic peak position shifted to lower energy side increase in strain. The 
 conclusion from the study was that GaN substrate produced ZnO films, with better 
 crystallinity and lower resistivity. 



1.3 Deposition techniques 


The growth technique played a significant role in controlling the properties of 
 ZnO films, because the same material deposited by two different techniques, usually 
 had different physical properties. This was due to the fact that the electrical and 
 optical properties of the films strongly depended on the structure, morphology and  
 nature of impurities present. Moreover the films grown using any particular technique 
 might have different properties due to the variation of the deposition parameters and 
 hence the properties can be tailored by controlling the deposition parameters. It was, 
 therefore, important and necessary to make a detailed investigation on the different 
 techniques used for the deposition of ZnO films.  
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(28)1.3.1Chemical Routes 


A fully automatic, Single Ionic Layer Adsorbtion and Reaction [SILAR] 


technique was used for the deposition of highly photoconductive and transparent ZnO 
 films [28].  Zinc sulfate and ammonia were the starting solutions. Crystalline films 
 with slight preferential orientation along (002) plane were obtained even at room 
 temperature. Band gap was 3.42 eV for very thin films and it reduced to 3.35 eV for 
 thicker films. A very high photocurrent response (~105) was also reported in these 
 films. 


High quality ZnO films were deposited on silica and silicon substrates using 


‘spin coating technique’ in which zinc nitrate solution with glycine was used. Wurtzite 
 structure evolved after the heat treatment at 1000 ºC in air [29]. Raman Studies were 
 used for the first time in this report to identify the wurtzite phase and relatively flat 
 surface was obtained in samples. 


ZnO buffer layers were deposited over p-CuInS2 thin films using Chemical 
 Bath Deposition [CBD] technique to improve the light transmission in the blue region 
 [30]. Here, ZnSO4, ammonia and distilled water were used to prepare the starting 
 solution. The ‘as prepared film’ contained both ZnO and Zn (OH)2 and annealing at 
 higher temperature converted ZN(OH)2 to ZnO. Another technique employed was 
 SILAR and experiment was performed at 97 ºC. In this case, ZnO films exhibited 
 zincite structure with average optical transmittance of 80-90%. The efficiency of the 
 cell fabricated using this film was nearly 4%.  


Shimono et al used ‘Spin coating technique’ for the deposition of transparent 
 and conductive ZnO thin films [31]. They used Zinc acetate mixed with 
 diethanolamine and ethanol for the undoped film and aluminium nitrate and nickel 
 nitrate for doping with aluminium and nickel, along with zinc acetate. As deposited 
 films were amorphous, but annealing at 500°C resulted in wurtzite structure. Sharp 
 absorption edge was obtained at 380 nm. A slight increase in optical band gap was 
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(29)observed after annealing in hydrogen. As prepared films were highly resistive; but 
 post deposition heat treatment in hydrogen resulted in low resistive films.  


ZnO films were grown on plastic substrates using atomic layer controlled 
 growth and these films were highly conducting and transparent [32]. Doping with Ga 
 lowered the resistivity further. 


A thin film transistor was fabricated with ZnO deposited using dip-coating 
 technique, in which zinc acetate dissolved in 2-propanaol by adding diethanolamine 
 was the starting solution [33]. Silicon wafers, with a thermally oxidized SiO2 layer, 
 were used as the substrates. After heat treatment at 600ºC, a thin layer of Zn2SiO4 was 
 formed at the interface of ZnO and SiO2. The interface structure was analyzed using 
 TEM.  


A simple and a novel method was employed to deposit ZnO films over glass 
 and Si substrates, using two different techniques together viz., (SILAR) and (CBD)  
 [34]. It was seen that when glass was used, films were preferentially oriented along 
 (002) plane. As deposited films were smooth, dense and highly reflecting. More over, 
 the emission property was found to be independent of substrate type. 


Structural changes stimulated by UV light irradiation, on sol-gel derived 
 amorphous ZnO thin films, were also subject of investigation [35]. When the samples, 
 kept in air, were exposed to UV light from a low-pressure mercury lamp, a transition 
 from amorphous state to crystalline phase was observed. On irradiation, oxygen ionic 
 species and oxygen atoms, produced from oxygen molecules, oxidized the defective 
 sites, and hence promoted the rearrangement of the Zn-O networks. 


Electrical and optical properties of ZnO thin films prepared using sol-gel 
 method was discussed earlier [36]. Drying the as deposited film at 350ºC and 
 annealing at 600ºC resulted in sharp XRD peak along the (002) plane. As the drying 
 temperature increased, a decrease in resistivity was observed. However the 
 transmittivity was unaffected after the heat treatments.  
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(30)ZnO films oriented along the (002) plane were grown using sol-gel method in which 
 zinc acetate dihydrate, 2-methoxyethanol and monoethanolamine (MEA) were used as 
 starting solutions [37]. When the as deposited films were dried and then annealed at 
 600°C, highly oriented films were obtained having an average transmittance of ~80 % 
 in the visible region and a band gap of  [nearly] 3.3 eV.  


Another study, on sol-gel derived ZnO films, was reported by Ghosh et al 
 [38]. They studied the effect of thermal annealing in different ambient conditions on 
 the properties of ZnO films. Structural properties were almost unaffected in nitrogen 
 and vacuum ambients. But the samples were slightly oriented along (002) when 
 annealed in air. However vacuum annealing resulted in a drastic decrease in 
 resistivity.  


Recently Kobayashi et al reported the fabrication of highly oriented (along 
 (002) plane) ZnO thin films using a chemical method with Zn/O ratio 45/55 in the 
 film [39].  Stoichiometry of the films was determined using EPMA and XPS. The 
 presence of Zn (OH)2 was  also identified using XPS. Films were showing high 
 resistivity and low optical transmittivity. 


1.3.2 Chemical Vapor Deposition (CVD) 


Low-pressure metal organic chemical vapor deposition (MOCVD) technique 
 was successfully used for the deposition of ZnO with zinc acetate as precursor 
 solution [40]. Different substrates like InP, GaAs, Si and glass were used and these 
 films were analysed using EDAX and RHEED techniques. Films were polycrystalline 
 with no preferred orientation. 


Transparent and conductive ZnO thin films were deposited over Si and InP 
 substrates using CVD and characterized using X-ray diffraction (XRD), AFM, optical 
 measurements etc [41]. The main observation was that the preferred orientation of the 
 ZnO crystallite was along (112) for Si and (002) for InP substrates.  
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(31)Sallet et al also reported the growth of ZnO on (0001) sapphire substrates 
 using MOCVD [42]. Diethylzinc and tertiarybutanol were used as zinc and oxygen 
 sources respectively. In this paper, the authors had given details of growth conditions 
 such as the substrate temperature and the precursor partial pressures. The influence of 
 the cleanness of the MOCVD silica reactor was also emphasized, since it modified 
 both layer quality and crystalline orientation. More over it also affected the steps in 
 the growth process like sapphire thermal treatment and buffer layer deposition. ZnO 
 epitaxial layers were characterized by scanning electron microscopy (SEM) [to assess 
 the surface orientation and morphology], X-ray diffraction (XRD) and 
 photoluminescence (PL).  


Highly conductive polycrystalline ZnO films were grown using MOCVD 
 technique with dimethyl zinc, dimethyl zinc-triethylamine and tertiary butanol as 
 precursors [43].  Films grown using dimethyl zinc-triethylamine were oriented with 
 the c-axis in the growth direction. Resistivity was of the order of 3x10-4 ohm cm. 


Studies were done on high quality ZnO grown using MOCVD, over sapphire 
 substrate [44]. High-resolution TEM and XRD analysess were done on these samples. 


Films were found to be strain free from low temperature photoluminescence studies. 


Another report on ZnO thin films, prepared using plasma assisted MOCVD 
 on sapphire substrate, was using the results of XRD, photoluminescence and optical 
 transmittance studies [45]. Here also the films were preferentially oriented along (002) 
 plane.  


Cooray et al discussed two different preparation techniques, viz., sputtering 
 and MOCVD, for the deposition of n-ZnO window layers on CIGS based solar cells 
 [46]. Al doped ZnO films were prepared using DC magnetron sputtering while Boron 
 doped ZnO were prepared using MOCVD technique. Efficiency greater than 14 % 
 was achieved in this solar cell having an active area of 3.2 cm2. 


ZnO films were grown on R plane sapphire substrates for the surface acoustic 
 wave (SAW) filters; an epitaxial relation was also obtained between ZnO and R-plane 
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(32)sapphire substrates using X-ray diffraction technique [47]. Surface morphology was 
 also studied using SEM and TEM techniques. 


Stoichiometric ZnO films were grown on Si substrate using Plasma enhanced 
 CVD with a zinc organic source and carbon dioxide gas mixture [48]. Substrate 
 temperature was kept at 503 K initially with different gas flow rate and then keeping 
 gas flow rate constant, substrate temperature was varied. Films were oriented along 
 (002) plane at higher substrate temperature, while at low temperature, films were 
 polycrystalline with different orientation. Room temperature exciton absorption peak 
 was observed in these films, which vanished at lower substrate temperature.  This 
 observation was correlated with the crystalline quality of the film.  PL studies were 
 also done at room temperature.  


1.3.3 Pulsed Laser Deposition (PLD) 


Pulsed Laser Deposition (PLD) technique was one of the sophisticated 
 techniques for the deposition of ZnO thin films.  In an interesting report, Myoung et al 
 described the effect of film thickness on the properties of laser deposited ZnO thin 
 films [49]. It was shown that crystallinity was improving with the increase in film 
 thickness. Another interesting observation was the decrease in carrier concentration 
 with increase in the film thickness. PL studies revealed two emissions; one in UV 
 region and the other in visible region.  


Effect of laser wavelength and substrate temperature on the properties of PLD  
 films was investigated by Ianno et al [50]. Films were characterized using XRD and 
 optical emission spectroscopy. It was seen that, as the laser wavelength increased to 
 1064 nm, the films became dull gray in color. High quality film was obtained at 532 
 nm radiation. As the laser fluence increased, quality of the film became better. 


Moreover, the increase in the substrate temperature also, enhanced the film quality. 


Millon et al reported the deposition of ZnO films on different substrates using 
 femto second pulsed laser [51]. Films were crystalline, smooth, and dense with 
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(33)hexagonal texture. Channeling and rocking curve experiments performed on these 
 films revealed that the film was not as good as that obtained with nanosecond pulses. 


ZnO thin films were deposited on Si(1 1 1) substrates, at different substrate 
 temperature, using PLD technique, in oxygen atmosphere [52]. An Nd: YAG pulsed 
 laser, with a wavelength of 1064 nm, was used as the source. Influence of the 
 deposition temperature on the thickness, crystallinity, surface morphology and optical 
 properties of ZnO films were analyzed with the help of X-ray diffraction (XRD), 
 scanning electron microscopy (SEM), selected area electron diffraction (SAED), 
 photoluminescence (PL) spectrum and infrared spectrometer. The results showed that, 
 the ZnO thin films deposited at 400 °C had the best surface morphology and 
 crystalline quality. The PL spectrum with the strongest ultraviolet (UV) peak and blue 
 peak was observed in this condition.


Synthesis and tribological evaluation of alumina doped ZnO films, prepared 
 using PLD technique were also reported [53]. Films were found to be highly 
 crystalline with (002) orientation. The friction coefficient was found to be less for 
 doped films.   


Choopun et al discussed the effects of oxygen background pressure on the 
 growth, epitaxy, point defect chemistry, optical and electrical transport properties of 
 Laser deposited epitaxial ZnO thin films [54]. By tuning the oxygen background 
 pressure during the initial and final growth stages, smooth and epitaxial films with 
 high optical quality, high electron mobility and low background carrier concentration 
 were obtained. Highest mobility (70 cm2/Vs) was observed for the film prepared at a 
 pressure of 10-4 Torr. 


Transparent conducting thin films of ZnO-ZrO2 were prepared using PLD 
 technique [55] in which KrF excimer laser was the source. The substrate was kept at 
 673 K.  All the films were found to be oriented along (101) plane and average surface 
 roughness [measured using AFM] was 4.4Å. Optical transmittance was about 80% in 
 the visible region. 
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(34)Studies on Al-, B- and Ga- doped ZnO films [with a low resistivity and high 
 optical transmittivity], deposited using PLD technique for solar cells applications were 
 also done [56]. Among these, Al-doped samples were highly transparent and low 
 resistive. Solar cell was fabricated using ZnO:Al and ZnO:Ga with Cu(In,Ga)Se2 and 
 an efficiency > 10% was obtained. 


Studies like Photoluminescence and Raman scattering were done on PLD 
 ZnO films grown on Si substrate and the effects of strain on PL emission and Raman 
 mode were also discussed [57]. ZnO films were also grown on Si substrate with thin 
 buffer layer of AlN and GaN over Si. TEM analysis showed those films deposited on 
 GaN and AlN buffer layers were epitaxial, while films deposited on Si substrate were 
 showing random in-plane orientation [57]. 


Effect of variation of substrate temperature on the structural and optical 
 properties of ZnO films grown on Si substrate using PLD technique were reported 
 [58]. Substrate temperature was varied from 250ºC to 700ºC and high crystalline 
 quality films were obtained at substrate temperature 650 and 700ºC. PL measurements 
 were also consistent with the XRD analysis. 


Heo et al reported the room temperature photoluminescence and ultra violet 
 photoconductivity of epitaxially grown, phosphorous-doped ZnO. These samples were 
 prepared using PLD technique [59].  It was observed that UV emission was shifted to 
 higher energy side for the as prepared, P-doped ZnO films with a reduced intensity.  


Annealing in oxygen pressure also resulted in the reduction of the intensity of UV 
 emission; however a new emission, related to oxygen defect, was also found. 


Duclere et al reported the studies of c-axis oriented ZnO layers, grown on 
 platinum buffer layers using PLD technique [60]. The Pt bottom layer was found good 
 in plane lattice matching with c-ZnO, enabling epitaxial re-growth of ZnO.  


Another recent and interesting study was on the optical properties of ZnO thin 
 films deposited on γ-LiAlO2 substrate using again, PLD technique [61]. Films were 
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(35)found to be highly crystalline with an optical transmittance of ~ 85 %. PL emission at 
 550 nm was attributed to the oxygen vacancy caused by the Li diffusion from the 
 substrate.  


1.3.4 Molecular Beam Epitaxy (MBE) 


Plasma assisted Molecular Beam Epitaxy (P-MBE) was used to grow ZnO 
 thin films over Al2O3 substrate, under various Zn/O ratios [62]. Highest quality ZnO 
 was obtained when stoichiometric flux conditions were applied. It was seen that, the 
 growth rate increased when Zn flux increased. It was also observed that when the 
 growth temperature increased, Zn flux should be increased to get stoichiometric films. 


Surface analysis revealed the presence of hexagonal shaped 2D islands. XRD and PL 
 studies were also used on these samples. 


An interesting report was on MBE grown ZnO films over lattice matched 
 ScAlMgO4 substrate [63].  To avoid, even the very small (0.09%) lattice mismatch, a 
 buffer layer of ZnO annealed at high temperature was used. On such a surface of 
 annealed ZnO buffer layer, ZnO films were deposited with different laser repetition 
 conditions. Crystallinity of the material was analyzed using high resolution XRD. Flat 
 surface was obtained with low laser repetition, while terrace and step structures were 
 observed at higher repetition. Low temperature PL measurements were also done to 
 identify excitonic emissions. 


Electroless chemical deposition of ZnO was reported in which zinc sulphate 
 and tin chloride were used as starting solution [64]. Growth kinetics was studied with 
 Quartz crystal Microbalance in a bath, having thermostat. SEM analysis was done to 
 know the surface morphology. 


Highly transparent and conductive ZnO films were grown by atomic layer 
 controlled growth on various substrates including glass, sapphire and polyethylene 
 tetraphthalate (PET) at different temperatures [65]. Effect of doping with Ga was also 
 discussed in this report. 
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(36)Single crystal ZnO was grown using vapor phase technique and Schottky 
 barrier diodes (with gold; Au/ZnO) were fabricated [66]. Investigations with the help 
 of DLTS could identify four different shallow donor levels. According to this report, 
 crystals grown by this technique were superior to the other single crystals of ZnO 
 reported earlier.  


Influence of annealing temperature on the properties of ZnO thin films, 
 deposited using thermal evaporation were studied [67].  It was seen that, oxidation 
 started only after 250ºC and XRD peaks of ZnO appeared only at 300ºC. It was also 
 seen that, high conductive Zn films showed a transition to lower conductive ZnO 
 films, as the annealing temperature increased.  


1.3.5 Sputtering  


Effects of r.f sputtering power, pressure in the chamber, substrate temperature 
 and deposition rate on the properties of ZnO thin films were subjected to study [68]. It 
 was seen that perpendicularly oriented ZnO films were obtained with lower deposition 
 rate at lower substrate temperature. Size of the grains was also strongly dependent on 
 the sputtering parameters. 


Optical properties of ZnO films, grown using r.f sputtering technique on 
 sapphire substrate, were reported by Valentini et al [69].  Films were rather 
 homogeneous and high optical transmittance  [~ 85 % in the visible region] wth sharp 
 optical absorption edge at 380 nm. Refractive index was also calculated from 
 reflectance spectra in this paper and values were in the range of 1.9 - 2.1. 


In another paper, structural analysis of r.f. sputtered ZnO films were reported 
 [70]. Studies using XRD and SEM were done on these films having different 
 thickness and prepared at different substrate temperature. Grain size increased with 
 increase in the film thickness and also with the increase in substrate temperature. 
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(37)Properties of sputtered ZnO films were investigated and a junction was 
 fabricated with evaporated CdS film. [71]. A strong interface interactions were 
 observed between CdS and ZnO, which might include interdiffusion and strain. 


Gong et al reported the effects of substrate temperature and pressure ratio, K 
 (PO2/PAr+PO2) on the properties of sputtered ZnO thin films [72]. All the films had 
 preferred orientation along c-axis and highly preferred orientation was obtained with 
 K=40%. Crystallinity increased with the increase in the substrate temperature. Carbon 
 was found to be the main impurity in the films, as revealed by the XPS analysis. The 
 average transmission of the films was found to be ~92% in the visible region.  


Highly conductive and transparent Al doped zinc oxide thin films were grown 
 using off-axis magnetron sputtering on silica surface and the effects of post deposition 
 annealing were discussed in another paper [73]. Optimized ZnO film was having 
 resistivity of 4.5 x10-4 ohm cm and optical transmittance of 85 %.  


Electrical characterization of zinc oxide/glass substrate surface acoustic wave 
 [SAW] filters was also reported [74]. It was found that, SAW velocity decreased with 
 increase in the oxygen concentration. Average crystallite size also increased with the 
 increase in film thickness.  


Results of Capacitance - Voltage measurements of highly resistive Nickel 
 doped ZnO films, deposited using DC sputtering were reported [75]. ZnO capacitor 
 was fabricated on SiO2/Si substrate with Al/Ti electrode in the top and bottom. 


Electron mobility was found to be in the range of 1 – 3 cm2/Vs.  


Tominaga et al reported the deposition of highly conductive ternary 
 amorphous compound films of ZnO-In2O3 using DC planar magnetron sputtering 
 technique [76]. This was achieved by the simultaneous sputtering of ZnO and In2O3


targets. Effects of impurities like Al and Sn were also studied. Doped films were 
 showing slightly less optical transparency. The best film was having a resistivity of 
 4x10-4 ohm cm. 
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(38)Kim et al reported the effects of substrates on the structural properties of ZnO 
 films deposited using r.f. sputtering [77]. P-Si and sapphire substrates were used and 
 crystallinity was higher for samples deposited over sapphire substrates. Lattice 
 mismatch was lower in the case of film deposited on sapphire substrates while surface 
 roughness was lower for the Si substrates. 


Gupta et al investigated the influence of post deposition annealing on the 
 structural and optical properties of r.f. sputtered insulating ZO thin films [78]. The as 
 grown film, deposited over quartz substrate, was in a state of stress with orientation 
 along c- axis. These films became stress-free after the annealing in air at 673 K for 
 1hr. Above this temperature, a process of coalescence was observed which caused a 
 major grain growth. This in turn, resulted in the formation of  ‘microcrack’ and 
 surface roughness. Packing density of 99% was observed for the film annealed at 673 
 K, which indicated almost a void free film.  


Effect of post deposition annealing and ion beam bombardment on magnetron 
 sputtered ZnO films was studied in detail with the help of XRD, PL and optical 
 absorption spectroscopy [79]. Average grain was almost the same for both as grown 
 and ion bombarded films, while it increased much for the annealed samples. UV 
 emission shifted towards the high-energy side in the ion-bombarded film, while the 
 green emission was obtained for the annealed samples. 


Important physical properties like resistivity, optical absorption of sputtered 
 ZnO films were reported [80]. It was seen that the O/Zn ratio determined the 
 properties of ZnO and this ratio was sensitive to the r.f. power, substrate temperature, 
 oxygen partial pressure etc. Resistivity increased with increase in the oxygen partial 
 pressure while it decreased with increase in substrate temperature. It was also 
 observed that, when ZnO films were exposed to atmosphere for several months, its 
 resistivity increased by 150 %.  


A report on the optical and morphological studies of ZnO thin films, prepared 
 using reactive evaporation technique and its application as a transparent window layer 
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(39)in CuInSe2 based solar cells were published [81]. In this report, bilayer structure of 
 n+-ZnO/i-ZnO and n+-ZnO/ZnSe were used and it revealed that the usage of ZnO 
 increased the spectral range of absorbed radiation in comparison with those using 
 CdS/ZnO as optical window. 


Water and Chu reported the physical and structural properties of r.f. sputtered 
 ZnO thin films on Si substrates [82]. Films were characterized as function of 
 deposition temperature, argon-oxygen gas flow rate and r.f. power. Films were
 oriented along (002) plane and were in a state of stress. Stress increased with increase 
 in the substrate temperature and also with the annealing temperature. Surface 
 roughness decreased with substrate temperature. But at very high temperature, it again 
 increased. Also, roughness increased with increase in the oxygen ratio in the chamber. 


Nanocrystalline ZnO thin films were prepared through dc magnetron 
 sputtering in an Ar + O2 gas mixture, using two types of targets; one was 
 commercially available zinc metal (purity 99.99%) and the other was pressed Zn 
 metal powder [83]. Influences of the target conditions as well as the oxygen partial 
 pressure on the structural and optical properties were studied. Microstructure of the 
 films was investigated using XRD and SEM techniques. Optical properties were 
 examined using UV–Visible spectrophotometer. The films deposited from metal 
 target showed better orientation along c-axis and exhibited better optical properties 
 compared to the samples prepared using pressed metal powder target.  


Brett and Parsons discussed the properties of transparent conducting ZnO film 
 deposited using reactive bias sputtering [84]. Electrical resistivity decreased with 
 increase the substrate bias, while mobility increased with increase in the bias voltage. 


The lowest resistivity was obtained was 2x10-3 ohm cm.  


Chen et al reported the results of different experiments [XRD, RBS, Positron 
 annihilation, cathodoluminescence and Hall measurements] performed to investigate 
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(40)the defects of annealed ZnO thin films, prepared using sputtering [85]. Crystallinity of 
 the film improved after the annealing at 1000°C as it was clear from XRD. Electron 
 concentration increased with increasing annealing temperature. From the experimental 
 results, it was seen that the crystal quality, electrical and optical characteristics 
 improved by post deposition annealing. 


Lee et al discussed the heat treatment effects on the electrical and optical 
 properties of ternary compound In2O3-ZnO films prepared by sputtering the mixture 
 of In2O3 and ZnO powders [86]. Comparison of two kinds of films prepared in Ar gas 
 and Ar + O2 gas were made. Heat treatment was made in vacuum and O2 atmosphere. 


Lowest resistivity was obtained after the heat treatment in vacuum at 650 °C. 


Valentini et al reported the structural properties of r.f. sputtered ZnO films for 
 optical applications, taking into account of the efficiency and the relative speed of the 
 RHEED analysis process [87]. Optical properties were studied using the analysis of 
 optical wave-guides.  


A new compressed magnetic field (CMF) magnetron sputtering was 
 introduced for the deposition of ZnO films with high rate sputtering [88]. The 
 radiation damage undergone by the substrate during the deposition of ZnO films was 
 determined from the CV measurements of metal/ZnO/SiO2/Si structures.  


Gupta et al reported the structural properties of ZnO films prepared using the 
 oxidation of metallic zinc, in which the thin film of metallic zinc was deposited using 
 thermal evaporation [89]. In this report, oxidation was carried out at different 
 temperatures and in different atmospheres of oxygen and ozone. By adjusting 
 oxidation time and temperature, texture and microstructure of the films could be easily 
 changed.  


Influence of post deposition annealing of ZnO thin films prepared using 
 electron beam gun evaporation is discussed [90]. It was seen that the as deposited 
 films were colorless and having good crystalline quality. Annealing in air did not 
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(41)modify its optical properties but modified structural properties. These films were 
 having sharp optical band edge at ~3.3 eV. 


X-ray photoelectron spectroscopy analysis was performed on ZnO films 
 prepared on glass substrates by DC reactive magnetron sputtering at different 
 substrate temperature [91]. Two resolved peaks obtained in O 1s spectra, in which the 
 lower energy peak at 530 eV could be assigned to O – Zn bonding and the higher 
 energy peak, located at 532 eV, could be assigned to O-H bond. It was also concluded 
 that the decrease in oxygen component at higher energy was an indication of less 
 porous nature of the film and this was confirmed from SEM. 


Recently the effects of the injected ambient gas during the temperature 
 elevation and the in-situ thermal annealing after the growth of the low temperature 
 buffer layers on the optical and structural quality were investigated on sputtered ZnO 
 films [92]. The introduction of inert gases such as argon and nitrogen as the ambient 
 gases during the thermal treatments of the buffer layers led simultaneously to the 
 reduction of FWHM value in the XRD rocking curve and the improved emission 
 properties. 


 ZnO films with deep ultraviolet emission on (006) sapphire substrates were 
 prepared by RF magnetron sputtering by periodically changing the substrate 
 temperature [93]. It was found that the as-prepared ZnO films consisted of 
 multilayered structures as evident from the SEM images of their cross-sections. Room 
 temperature photoluminescence of ZnO films with this multilayered structure showed 
 two emissions centered at 332 and 388 nm, on excitation using source at 260 nm. The 
 strong and deep ultraviolet emission at 332 nm was due to the O 2p dangling-bond 
 state in the multilayered structure of ZnO films. Raman scattering spectrum of sample 
 showed that such a structured ZnO film possessed strong compressive stress. 


Reflective second harmonic generation (RSHG) was used to analyze the 
 growth condition of poly crystal zinc oxide film having c-axis orientation and grown 
 on the Si substrate using RF magnetron sputtering technique [94]. The relationship 
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(42)between the RSHG intensity and the substrate temperature revealed that the effect of 
 the grain boundaries dominated in the RSHG mechanism. The inclined structures of 
 ZnO films on the Si substrate were explained with reference to these RSHG patterns 


Aluminum doped zinc oxide films were prepared with the help of reactive 
 mid frequency magnetron sputtering. Electrical and optical properties as well as the 
 surface morphology were obtained after wet chemical etching [95]. The carrier 
 mobility could be increased up to 42 cm2/Vs and the transmission between 400 and 
 1100 nm was enhanced by the reduction of aluminum content in the targets. The 
 working point of the reactive sputtering process strongly influenced the etching 
 behavior and was used to optimize the light scattering properties of the ZnO: Al films 
 after wet chemical etching. Finally, the texture-etched ZnO: Al films were 
 successfully used as substrates for silicon thin film solar cells. 


1.3.6 Spray Pyrolysis 


ZnO thin films were prepared using spray pyrolysis technique with different 
 precursors such as ZnCl2, ZnCl2 and Zn acetate [96]. By suitably adjusting the 
 deposition parameters, a resistivity of 10-3 ohm cm could be achieved. It was seen 
 that, the presence of Cl in the films reduced the resistivity. The photoconductivity of 
 the films was ascribed to desorption of oxygen from the film. 


Wu et al reported the properties of ZnO films grown on different substrates by 
 ultrasonic spray pyrolysis method [97]. Single-phase homogeneous uniform films 
 having band gap of 3.27 eV, were obtained by this technique. Particle size was around 
 5 µm. 


Effect of substrate temperature on the properties of ZnO thin films grown on 
 alumina substrate using this technique was investigated in detail [98]. Concentration 
 of starting solution was also varied. The fastest deposition rate occurred between 400 
 and 450ºC. In this temperature range, the films were uniform, dense and oriented 
 along (002) direction. 
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