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Abstract 

Functional oxides are wide class of materials which exhibit a broad range of novel 

functionalities based on the tuning of their electrical, optical, magnetic and chemical 

properties. Among these oxides, wide band gap semiconductors have attracted much 

attention recently due to their potential for improving performance and extended 

capabilities of products in a number of industrial sectors, including the electronics, 

bio-medical, aerospace, automotive and optoelectronics. The research efforts include 

the design and fabrication of engineered heterostructures, multilayer, nanostructures, 

and composites- that exhibit either enhanced properties and/or multiple 

functionalities. It is desirable to establish the process for producing high quality thin 

films (e.g. higher crystallinity, less strain and less stress) of these oxides for their 

integration into emerging technologies. 

ZnO/TiO2 and TiO2/ZnO thin films have been deposited on single crystal Si (100) 

substrate using pulsed laser deposition (PLD) technique in order to improve structural 

and optical properties of ZnO and TiO2 thin films.  It was observed that the deposition 

of TiO2 film prior to ZnO,  exhibited higher crystallinity along (002) diffraction peak, 

small compressive strain and stress and thereby rendering better optical properties as 

compared to ZnO films deposited directly on Si substrates. On the other hand, TiO2 

thin film deposited on a Si substrate exhibited pure anatase phase while the use of 

ZnO buffer was found to improve the crystallinity of TiO2 thin film.  The 

photoluminescence spectra showed that TiO2 and ZnO buffer layers enhanced 

ultraviolet emissions of the ZnO and TiO2 thin films to a larger extent, respectively.  

The composite of ZnO and TiO2, Zinc titanate (ZnTiO3) ceramics were prepared by 

conventional solid state reaction method using ZnO and TiO2 in a molar ratio of 1:1 

with optimized parameters. It was found that the sample sintered at the 800 oC for 12 

hour exhibit a single hexagonal phase of ZnTiO3. ZnTiO3 thin films have been 

deposited on ITO coated glass substrate using pulsed laser deposition (PLD) 

technique employing a KrF laser source (λ=248 nm). The effect of substrate 

temperature, which leads to transformation of hexagonal phase to cubic phase, has 

been studied. The XRD pattern revealed that pure hexagonal phase of ZnTiO3 appear 
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upto 400 oC and more increment in substrate temperature leads to transformation of 

hexagonal phase to cubic phase. We have observed the blue shift in absorption edge at 

lower temperature. When the substrate temperature increases from 300 to 400 oC the 

band gap decreases due to strong hexagonal phase, but more increment in substrate 

temperature increases the band gap causes by change of phase from hexagonal to 

cubic. The dielectric constant of ZnTiO3 thin film increases as the substrate 

temperature increases due to the enhancement in crystallinity and improved 

morphology. 

The uniform and reliable resistive switching characteristics of the ZnO based RRAM 

device with thin TiO2 layer was proposed and successfully investigated. In this study, 

the effect of the thickness of TiO2 layer on switching characteristics has been 

investigated. Compared with different thicknesses of thin TiO2 layers, the remarkable 

improved resistive switching parameters such as lower forming voltage and the 

narrower variation of endurance are achieved for TiO2 layer of thickness 2 nm. The 

forming voltages are dependent on the TiO2 thickness, which supports the idea that 

forming process is governed by dielectric breakdown like phenomenon. The 

Ti/TiO2/ZnO/Pt device with the 2 nm TiO2 layer exhibits good DC endurance up to 

103 cycles. The non-volatility of data storage is further confirmed by retention test 

measured at room temperature. It has been observed that both low resistance state 

(LRS) and high resistance state (HRS) do not exhibit any degradation for more than 

104 s. 

ZnO/CdTe based inorganic thin film solar cell was proposed and successfully 

fabricated. The efficiency of ITO/ZnO/CdTe/Al and ITO/TiO2/ZnO/CdTe/Al 

inorganic solar cell has been investigated. Open circuit voltage, short circuit current, 

fill factor and power conversion efficiency were calculated using current density-

voltage characteristics. The SEM and AFM image indicate the good crystallinity and 

less roughness of the thin films, overall the quality of thin films is good. The effect of 

ZnO thickness varying from 50 nm to 150 nm was investigated and maximum 

efficiency of about 8.39 % was observed for the 100 nm thickness of ZnO layer. 

However, the efficiency of fabricated solar cells are slightly lower but cost 

effectively. Initially as we increase the thickness of ZnO layer i.e. thicker the active 
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layer, the more the excitons induced by light absorption. This increases the efficiency 

of solar cell. The thickness of ZnO ranging from 75-100 nm also support for perfect 

antireflection coating which increases the absorption of light. However, a more 

increment in the ZnO thickness causes the build-in electric field weaker and the 

pathway becomes longer for transporting the opposite charge carriers derived from 

exiciton separation to their corresponding electrodes at the same time, which makes 

the probability of charge collection by respective electrodes lower.  For further 

improvement in the efficiency, thin layer of TiO2 before ZnO layer was used and 

efficiency was improved upto 8.76 %. Thin TiO2 layer improves device performance, 

excessive thickness degrades the performance of the device because thick TiO2 

reduces mobility and increases series resistance. 

Overall, in this present work we have fabricated high quality ZnO, TiO2 thin films and 

single phase ZnTiO3 thin films using pulsed laser deposition technique. We have 

proposed and fabricated ZnO/TiO2 double layer RRAM devices with improved 

resistive switching characteristics. ZnO/CdTe based inorganic thin fim solar cells also 

proposed and fabricated  with improved photocurrent efficiency. 
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CHAPTER 1 

Introduction 
 

General background of contributed work has been presented in this chapter. The basic 

structural and physical properties of ZnO and TiO2 as a semiconductor material have 

been explained. The different applications of ZnO and TiO2 thin films in 

optoelectronic and nano-electronic devices have been presented. The scope of the 

thesis and organization of the thesis has been elaborated at the end. 

 

 

1.1 General Background 

The world-wide progress of thin film science into a major research area is due to the 

development of new generation ICs (smaller size with higher speed device).  This 

needs new processing techniques and superior materials which are appropriate for 

Giga scale integration technology. The costs of thin film materials as a two 

dimensional system are very less than the bulk material, whereas thin film execute the 

similar task when it comes to surface processes. As a result, research activities to 

increase the knowledge and understanding of the chemical and physical properties of 

the microstructure and the performance analysis of thin films in various applications 

are continuously required [1-2].  

In the last decade, ZnO has drawn a considerable research attention of researchers 

because of its outstanding properties as a semiconductor material of wide band-gap. 

The wide and direct band-gap (3.37 eV), good transparency, high electron mobility, 

large binding energy of exciton (60 meV), high thermal conductivity and easiness of 

growing different nanostructures (nano-flowers, nano-wires, nano-rods, nano-belts 

etc.) with different low cost deposition methods make it a potential candidate for 

several optoelectronic and nano-electronics device applications [3-6]. The radiation 

hardness of ZnO makes it an appropriate choice for space applications [7]. The high 

optical transparency of ZnO provides an opportunity to use it in UV detection and 

solar cell applications [8-9]. ZnO is easily etchable in all alkalis and acids, which can 

be very useful in the fabrication of nano-dimension devices [10]. An intense near-

band-edge excitonic emission of ZnO is due to large exciton binding energy which 
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ensures its application in lasers [11]. Recent reports also confirm that ZnO is also a 

promising material for gas sensing, spintronics, flat panel displays, thin film transistor 

and piezo-electronic nano-generator applications [12-15].  

The attractive chemical, electrical and optical properties of Titanium dioxide (TiO2) 

make it attractive for research interest. Amongst the transparent metal oxides, TiO2 

possesses a high refractive index (>2.5 for anatase phase, and >2.7 for rutile phase) 

and about 10 times lesser optical absorption loss as compared to silicon [16-18]. Other 

characteristic properties of TiO2 are a small thermal expansion coefficient over a wide 

range of temperature (room temperature to 1000 °C) and a high transparency over a 

wide range of wavelength.  In view of these advantages, TiO2 has been used for 

different optical application i.e. sensors [19], multilayer optical filter [20], IR detectors 

[21], photo-catalysts devices [22], antireflective coating [23], integrated optical planar 

waveguides, [24], solar cell [25] and optical amplifiers [26] etc. 

1.2 Functional Oxides 

1.2.1 Overview  

Functional oxides belong to a wide class of materials which have a wide range of 

functionalities based on the tuning of their electrical, optical, magnetic and chemical 

properties. Functional oxides exhibits, anions with deficiencies (vacancies) and cations 

with mixed valence states. The properties of these oxides can be tuned by varying either 

or both of these characteristics, giving the opportunity of fabricating smart devices. 

However, it might happen that the very property that one is trying to use for desired 

applications, may get modified with a reduction in particle size. This diversity makes 

these materials interesting for both the fundamental and technological approach. 

Searching new routes for synthesis and processing of functional oxide thin films and 

understanding the relationship between the structures and the properties are part of the 

rapidly growing field of nanotechnology. This interest is fueled by the possibility of 

miniaturizing electronic devices to much smaller length scales than is currently possible, 

one would like to grow controlled nano-scale structures with specific tunable properties 

[27-28]. 
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Fig. 1.1: Atomic structure of a two-dimensional nano-structured material. The atoms in the 

centers and boundary core regions of the "crystals" are indicated in dark and open circles, 

respectively [29]. 

Among various functional oxides, wide band gap semiconductors have been paying 

more attention due to their potential for improving performance in the different field. 

The research efforts among these include the design and fabrication of nanostructures, 

multilayer, hetero-structures and composites―that exhibit either improved properties 

and/or various functionalities. Composite materials with two or more component 

materials which have inhomogeneity in nanometer scale are called nano-composites 

which consist of nanometer-sized building blocks mostly crystallites separated by grain 

boundaries. The composition of grain boundaries and crystallite varies in nano-

composite materials. Fig. 1.1 shows the formation of alloys in nano-composite materials 

with difference in densities of grain boundaries and density of crystallites. A key 

requirement in preparation of materials is to control the structural and compositional 

development for attaining excellent properties [29-30]. 

1.2.2 Zinc Oxide (ZnO) 

All the applications of ZnO mentioned in above section originate from its material 

properties. Hence it is crucial to discuss the various properties of ZnO. This section 

explains the various properties of ZnO that makes it a popular candidate for variety 

nano-electronic and optoelectronic device applications. The most desirable features of 

zinc oxide are listed as follows: 

 The direct and large band-gap of ZnO i.e. 3.37 eV with high exciton binding 

energy (60 meV) makes ZnO a promising material for photonic and optoelectronic 

applications at room temperature [31].  
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 A large band-gap of ZnO ensures its usability in ultraviolet application whereas 

sufficiently higher binding energy of exciton as compared to GaN (~25 meV) permits 

the efficient excitonic emission even at the room temperature. The large binding 

energy of exciton is an indication of efficient radiative recombination of photo-

generated carriers that make ZnO a potential alternate to GaN in optoelectronic 

applications [32]. 

 ZnO thin films behave as transparent layers for the visible wavelength range (400-

700 nm) that can be very advantageous in solar cell and transparent electronics 

applications [33-34]. 

 ZnO is the II-VI group compound semiconductor whose ionicity lies between 

ionic and covalent semiconductors [35]. 

 Furthermore, the heavily n-type doped ZnO acts as a excellent transparent 

conducting material with resistivity comparable to the indium tin oxide (ITO) [36-37]. 

 ZnO gets crystallized in either hexagonal wurtzite or cubic zinc blend structure. In 

wurtzite structure, each anion is surrounded by four cations at the corner of a 

tetrahedron and vice versa. The nature of this tetrahedral coordination is sp3 covalent 

bond. A substantial ionic character also exists in these kind of materials that can 

increase the band-gap beyond the one expected from covalent bonds. The wurtzite 

structure consists of hexagonal unit cell with lattice constants varying in the range of 

3.2475-3.2501 Å and 5.2042-5.2075 Å for a-parameter and c-parameter respectively. 

Various point defects such as oxygen vacancies, Zn interstitial and threading 

dislocations are the probable reasons for the deviation of lattice constants from their 

ideal values [38-39]. The hexagonal wurtzite structure of ZnO is shown in fig. 1.2.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2: Wurtzite Hexagonal structure of ZnO [38] 

(Different parameters are listed in Table 1.1) 
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Table 1.1: Properties of hexagonal wurtzite structure of ZnO at room 

temperature 

Crystal structures  Wurtzite, Zinc blende, 

Rock salt 

Lattice parameter: 

a (Å) 

c (Å) 

c / a  

u  (bond length parallel to the c-axis) 

 

3.25 

5.20 

1.602 

0.345 

Space group C4
6ν or P63mc 

Density (g/cm3) 5.606 

Melting point (oC) 1975 

Thermal conductivity (Ω-1 cm-1) 0.6 -1.2 

Static dielectric constant 8.656 

Linear expansion coefficient (/oC)   ao: 6.5X10-6, co: 1.0X10-6 

Refractive index 2.008 

Energy band gap (eV) 3.37 

Intrinsic carrier concentration (cm-3) < 106 

Exciton binding energy (meV) 60 

Electron effective mass 0.24mo 

Electron Hall mobility for low n-type conductivity (cm2/V.s) 200 

Typical defects  Zinc vacancies, Zinc 

interstitials, Oxygen 

Vacancies 

Relative dielectric constant  8.66 

Solubility in water  0.16 mg/100mL 

Hole effective mass 0.59mo 

Hole hall mobility for low p-type conductivity (cm2/V.s) 5-50 

 



 

6 
 

1.2.3 Titanium Dioxide (TiO2) 

TiO2 is n-type, wide and indirect band gap semiconductor and demonstrates 

outstanding optical transmittance in the visible and near infrared regions. TiO2 has 

applications in electro chromic displays, gas sensors, dye sensitized photovoltaic cells 

and antireflective coatings. TiO2 exhibits outstanding photo catalytic property because 

of its wide band gap and photo-generated holes and electrons have a long lifetime [40-

44]. However, there are two main shortcomings during the photo catalytic process: (i) 

high electron–hole recombination rate (ii) the less use of solar spectrum. The band gap 

of anatase phase is 3.2 eV and that of rutile phase is 3.0 eV [45]. TiO2 crystallizes in 

three different polymorphs: anatase, rutile and brookite. The unit cell structure of three 

polymorphs of TiO2 is shown in fig. 1.3. Traditionally, experimentally as well as 

theoretically, the rutile phase has been widely investigated, due to the comparatively 

simple crystal structure. But now a day’s experimental studies have also been paying 

attention on the anatase phase, due to its potential efficiency for photo catalytic 

applications [46]. The various structural and physical properties of three different 

polymorphs of TiO2 are shown in Table 1.2. 

    

 

Fig. 1.3: Crystal structure of TiO2 polymorphs   (A) Rutile, (B) Anatase and (C) 

Brookite (small black sphere- Ti, large gray sphere- O) [46]. 
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Table 1.2: Properties of three different polymorphs of TiO2 

Polymorphs Rutile Anatase Brookite 

Crystal structure Tetragonal Tetragonal Orthorhombic 

Lattice constants (Å) 
a = 4.5936 

c = 2.9587 

a = 3.784 

c = 9.515 

a = 9.184 

b = 5.447 

c = 5.145 

Ti-O bond length (Å) 
1.949 (4) 

1.980 (2) 

1.937 (4) 

1.965 (2) 
1.87~2.04 

Space group P42/mnm I41/ amd Pbca 

O-Ti-O bond angle 
81.2o 

90.0o 

77.7o 

92.6o 
77o ~ 105o 

Molecular/cell 2 4 8 

Volume/molecule (Å3) 31.2160 34.061 32.172 

Density (g/cm3) 4.13 3.79 3.99 

Energy band gap (eV) 3.0 3.2 -- 

Refractive index 2.7 2.5 -- 

Resistivity (Ω cm) 3x10-3 – 2x101 6x10-2  –  8x10-2 -- 

Carrier density (cm-3) 1018 – 1021 7x1018 – 2x1019 -- 

Mobility (cm2V-1s-1) 0.05 – 0.2 6 – 10 -- 

Effective mass ( *

em ) ~ 8-20 0m  ~ 1 0m  -- 

Dielectric constant 6.33 5.62 -- 

   

1.2.4 ZnO-TiO2 composites 

ZnO and TiO2, because of their versatile properties and vast applications, have gained 

a lot of interest both as single material [47-48] and as ZnO–TiO2 composites [49-50]. 

ZnO–TiO2 system has three stable phases including ZnTiO3 (with hexagonal and cubic 

structure), Zn2TiO4 (cubic structure), and Zn2Ti3O8 (cubic structure). Amongst these 

phases, ZnTiO3 is unstable and gets decomposed into Zn2TiO4 and rutile TiO2 at about   

945 °C [51]. 

With the current scenario of progressive microwave applications and vast usage of 

mobile telephones and satellite communication system, the manufacturing and 

betterment of high-quality microwave dielectrics has been intensified. Recent studies 
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have proven ZnTiO3 to be an attractive material for applications in microwave 

dielectrics [52-53]. Because of it’s low sintering temperature and suitable dielectric 

properties, ZnTiO3 has been used for low-temperature cofired ceramics (LTCCs) [54]. 

Considering its importance in industrial sector, ZnTiO3, due to its good 

semiconducting and dielectric properties acts as an active catalyst, paint pigment and 

phosphor. ZnTiO3 works as a good regenerable sorbent for desulphurization of hot 

coal gases. Some studies have reported enhanced catalytic and luminescent properties 

using nano-crystalline ZnTiO3 [55-56].  ZnTiO3 belongs to the limonite structure 

which is a derivative structure of corundum with Zn+2
 and Ti+4 occupying 2/3 

octahedral voids, leaving the rest of the 1/3 octahedral voids vacant. The columbic 

repulsion between the positively charged Zn+2 and Ti+4 ions causes each to shift 

slightly towards the adjacent unoccupied octahedral site. The oxygen ions also shift 

slightly from idealized hexagonal closed packed positions. The phase diagram of ZnO-

TiO2 composite is as shown in fig.1.4. 

 

Fig. 1.4: Phase diagram of ZnO-TiO2 composite [51] 
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1.3 IC Memories 

Semiconductor memory plays a very important role for the development in IC industry 

during the last few decades. Semiconductor memories are mainly categorized as 

volatile memories and nonvolatile memories as represented in fig.1.5. In volatile 

memory the stored data loses immediately as the system power is turned off i.e. to 

maintain the stored information a constant power is essentially required in volatile 

memory. In spite of that, the nonvolatile memory can retain the stored data without 

supplying any power for a long duration [57].  

 

 

Fig. 1.5: Categories of Semiconductor memories  

 

1.3.1 Volatile Memory 

There are two main categories for volatile memory: one is dynamic random access 

memory (DRAM) which has high capacity and density due to small size (i.e. the size 

of DRAM cell consisting 1T1C is about 6-12F2 [58]. But within a few milliseconds the 

stored data will be lost due to the leakage current. So to retain the stored data, DRAM 

cell necessarily refreshed regularly. Other one is static random access memory 

(SRAM). A SRAM cell (size is about 50-80F2, consists six transistors) is more 

complicated than DRAM, but has brilliant endurance performance, no requirement of 

regularly refreshing and the merits of the high operation speed. Consequently, SRAM 

is generally used as a cache memory. 
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1.3.2 Nonvolatile Memory 

The nonvolatile memory (NVM) has the capability to retain the stored information for 

a long duration without supplying power. An ideal NVM should have the following 

properties (i) simple structure (ii) high operation speed (iii) low cost, (iv) 

nondestructive readout (v) small size (vi) high endurance (vii) low operation voltage 

(viii) long retention time etc. [58]. Although, perfect NVM to fulfill all the above 

mentioned properties are not available till now. 

The conventional NVM is flash memory, comprise the NAND flash and NOR flash. 

The NAND flash used for large data storage while the NOR flash has high speed of 

operation, which is appropriate for the application for mobile phones and computer 

coding. The main drawbacks of these memories are (i) low operation speed (ii) high 

operating voltage, (iii) poor retention time, and (iv) coupling interference effect during 

scaling down [59]. Hence, researchers are utilizing the next-generation NVM with the 

benefits of DRAM, SRAM, and flash memory. There are different types of next-

generation NVMs, including magneto-resistive random access memory (MRAM) [60], 

ferroelectric random access memory (FeRAM) [61], resistive random access memory 

(RRAM) [62] and phase change random access memory (PCRAM) [63].  

1.3.3 Next-generation Nonvolatile Memory 

(a) Ferroelectric Random Access Memory (FeRAM) 

Materials having spontaneous electric polarization which can be altered by an external 

electric field are known as ferroelectric material. The ferroelectric material is typically 

perovskite type structure. In FeRAM, the signal “0” and “1” can be renowned from the 

direction of remanent polarization, which can be identified from the polarization 

hysteresis curve of the ferroelectric material as shown in fig. 1.6. In spite of the fact 

that FeRAM has the several advantages, i.e. faster programming speed, lower power 

consumption and compatibility with the semiconductor fabrication process, the size of 

is too large that it cannot match the semiconductor scaling trend [61, 64]. 
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Fig. 1.6: Polarization hysteresis curves of the perovskite materials [64] 

 

(b) Magneto-resistive Random Access Memory (MRAM):  

In MRAM cell, a thin tunneling layer is sandwiched between two magnetic layers 

which form the magnetic tunneling junction as shown in fig. 1.7. The magnetization of 

one magnetic layer which is also known as reference layer is kept fixed and in a 

specific direction, while the magnetization of the other magnetic layer (which is called 

storage layer) can be switched to parallel or anti-parallel with the reference layer by 

applying a specific magnetic field. The logic “1” and “0” is determined by the 

resistance of parallel or anti-parallel state. To read data, a small current flowing 

through the tunneling layer is detected to recognize the resistance states. With the 

evolution of device shrink, the large operation current, the reliability of the tunneling 

layer, and the device scaling limitation could be the most important challenges of 

MRAM [60, 64].  

 

Fig. 1.7 MRAM cell composed of a magnetic tunnel junction [64] 
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(c) Phase Change Random Access Memory (PCRAM) 

The PCRAM is a promising technology to meet the requirements of the ideal NVM. 

The PCRAM utilizes the important property of chalcogenide alloy i.e. reversible phase 

change between the amorphous and the polycrystalline state, which is done by proper 

heating and cooling. In reset process, a high magnitude current pulse with a short 

trailing edge is applied to the programmable volume of the phase change material. As 

shown in fig. 1.8, the temperature of the material is more than the melting point, it 

removes the polycrystalline order in the volume. When the reset pulse is terminated, 

the device cools to “freeze in” the amorphous structure. In set process, a moderate 

magnitude current pulse with sufficient duration is applied to maintain the device 

temperature for crystal growth (fig. 1.8). 

The amorphous structural state (low conductive state) or the polycrystalline structural 

state (high conductive state) is read by applying a low magnitude and long duration 

current pulse. Due to the small area required to change the film crystallinity, the 

programming speed is fast (tens of nanoseconds). However, during set and reset 

process, large Joule heating is applied to the phase change material, and thus, huge 

power is consumed. Therefore, how to reduce the power consumption during the 

PCRAM operation is a significant challenge of the PCRAM. The heat interference in 

the PCRAM is the first obstacle to be overcome when the cell size is scaled down [63].  

 

 

 

Fig.1.8 Schematic of Phase transitions during PCRAM operation. 
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(d) Resistive Random Access Memory (RRAM) 

RRAM or ReRAM is a non-volatile (NV) random-access memory (RAM). The basic 

key pont of RRAM is the change in the resistance across a dielectric solid-state 

material, often referred to as a memristor, with the application of external electric 

field. This technology have some similarities with conductive-bridging 

RAM (CBRAM), and phase-change memory (PCM) [62]. 

CBRAM consists of one electrode which provides ions that get dissolved readily in an 

electrolyte material, whereas PCM involves producing enough Joule heating effect, 

phase changes from crystalline to amorphous structure or vice versa. On the contrary, 

RRAM works by generating defects in a thin oxide layer, acknowledged as oxygen 

vacancies (generated by removal of oxygen from oxide bond locations), which can 

consequently charge and drift with the application of an electric field. The movement 

of vacancies and oxygen ions in the oxide is similar to the movement of holes and 

electrons in a semiconductor. 

The relation between the current (or voltage) polarity and the RS behavior in the 

memory device needs to be distinguished. In general, the process when the resistance 

of the device flips from low resistance to high resistance state is called RESET 

process, while the reverse operation is termed as SET process. The specific resistance 

state (HRS or LRS) can be retained after the electrical stress is cancelled, which 

indicate the non-volatile nature of RRAM. Generally the fresh device stays in its 

original resistance state and switches the resistance state only after the application of a 

voltage higher than set voltage. This is called the forming process or electroforming 

[65]. The resistive switching behaviors can be divided into two modes (uni-polar and 

bipolar) based on the correlation of electrical polarity involving SET and RESET 

processes. In the uni-polar RRAM, the switching direction depends only on the 

amplitude and not on the polarity of applied voltage as shown in fig 1.9 (b). The 

device switching from LRS to HRS take place under the similar voltage polarity as the 

switching from HRS to LRS. The switching mechanism of the uni-polar RRAM is 

ascribed that the formation of the conductive filament under voltage stimulus puts the 

device into LRS and Joule heating caused rupture of the filament switches it back to 

https://en.wikipedia.org/wiki/Memristor
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HRS. Due to the dependence of Joule heating effect on the amplitude of the applied 

current, and does not depend on the polarity of the applied current this type of devices 

shows uni-polar switching behavior. In the bipolar RRAM, polarity of applied voltage 

play a important role for switching direction as shown in fig 1.9(c).  

 

 

 

 

Thus, the process of writing and erasing take place under the different polarity. It i s 

also suggested to make compulsory to set compliance for each switching mode to stay 

away from the permanent dielectric breakdown in the set process which is usually 

provided by the memory cell transistor, series resistor or semiconductor parameter 

analyzer. For reading the data from the memory cell, the state of the cell (low 

resistance state or high resistance state) is detected by applying a small voltage. This 

voltage does not affect the memory cell. 

  

Fig.1.9: (a) Schematic of metal-insulator-metal structure (b) uni-polar I-V 

characteristic curve of oxide RRAM and (c) bipolar I-V characteristics curve  of 

oxide RRAM [66]. 
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1.4 Thin Films Solar Cell 

The Photovoltaic solar cell converts sunlight or solar energy, which is the most 

abundant source of the sustainable and renewable energy on the earth, into electricity. 

Our earth receives ~1.2×1017 W of solar power, which is ~10,000 times larger than the 

rate of worldwide energy consumption i.e. ~1.3×1013 W. Therefore, solar energy alone 

has the ability to fulfill all the planet’s energy requirements for the foreseeable future. 

The operations of a photovoltaic solar cell can be explained using following three 

steps: (i) Light is absorbed by absorbing layer and generates an electron hole pair or 

excitons. (ii) The charge carriers are separated. (iii) The extraction of separated charge 

carriers to an external circuit. fig.1.10 demonstrates the operation of this cell. 

 

Fig1.10: Schematic of solar cell operation [67] 

 

There are different characteristic factors of a solar cell which tell us how efficiently it 

can convert the sunlight to electricity [67-68].  

 

 
Fig1.11: I-V characteristics curve of solar cell [67, 68] 
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Short-circuit Current: It is the current measured from the cell by short circuiting the 

terminals of the cell i.e. the current measured with zero load resistance.  In general, the 

current of the solar cell is represented as current density, Jsc: 

    Jsc =
𝐼𝑠𝑐

𝐴
         (mA/cm2)     (1.1) 

Jsc is the short circuit current density, A=effective area of solar cell; Isc = Short circuit 

current 

Open-circuit Voltage: It is the voltage measured from the cell without any load 

connected to cell. It is the maximum voltage available from a solar cell. 

    𝑉𝑂𝐶 =  
𝜂𝑘𝑇

𝑞
ln ( 

𝐼𝐿

𝐼𝑜
+ 1)      (1.2) 

    VOC =  
𝐸𝐶𝐵

𝑞
+  

𝑘𝑇

𝑞
ln (

𝑛

𝑁𝐶𝐵
) −

𝐸𝑟𝑒𝑑𝑜𝑥

𝑞
           (Volts)  (1.3) 

I0=Dark Saturation Current, IL=Light generated Current, n = number of electron; NCB 

= effective density of states; Eredox = Nernst potential of the redox mediator. 

Series Resistance (Rs): In a solar cell due to the charge transfer resistance and contact 

resistance, there exists a series resistance.  

 Shunt Resistance (RSH): For providing an alternate current path to the photo-

generated charge carriers causing, there exists shunt resistance. 

Fill Factor (FF): From the I-V characteristics of solar cell, it can be clearly seen that 

VOC and Isc are the maximum voltage and current respectively, but power from solar 

cells at both of these operating points is zero. The Fill Factor is defined as the ratio of 

the maximum power (Pm) from the solar cell to the product of Voc and Isc. 

    FF =
𝑉𝑚 Im

𝑉𝑂𝐶 ×𝐼𝑠𝑐
=

𝑃𝑚

𝑉𝑂𝐶 ×𝐼𝑠𝑐
      (1.4) 

Efficiency (η): The efficiency of a solar cell is defined as the ratio of maximum 

electrical power output to the radiation power input from the sun and acts as a measure 

of the performance of solar cells. 

        η =  
𝑉𝑂𝐶

𝑃𝑖𝑛
× 𝐼𝑠𝑐 × 𝐹𝐹                (1.5) 

 
Quantum efficiency (QE):  Also referred to as Incident Photon to Charge Carrier 

Efficiency (IPCE) is a measure of how efficient a solar cell is in producing photo-

generated charge at a given frequency. 

      IPCE (%)  =  1240 × 
𝐼𝑆𝐶

λ

1

𝑊𝑖𝑛
 x 100           (1.6) 

where λ is the wavelength (nm) and Win is the intensity of incident light (W/cm2). 
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1.5 Motivation of the Research Work 

When annealing is performed after the deposition of ZnO thin films on Si substrates, 

oxygen atoms from the ZnO thin films gets captured by Si atoms from the substrate 

thereby deteriorating the quality of ZnO thin films. To overcome this problem, buffer 

layers need to be deposited between ZnO and Si substrates. TiO2  has been chosen as a 

buffer because of following characteristic properties (i) Both TiO2 and ZnO are wide-

band-gap materials. (ii) They possess similarities like high thermal and chemical 

stability, high refractive indices. (iii) TiO2 and ZnO thin films have intense absorption 

in the ultraviolet band and have high transmittance in the visible region, (iv) ZnO and 

TiO2 are abundant and low cost, suitable used in actual production.  

In recent times, the research has been focused on the preparation of single phase 

perovskite materials (due to their unique properties and vast applications). So we have 

made our efforts for the preparation of single phase ZnTiO3 ceramics as well as thin 

films by using the ZnO and TiO2. 

Non-volatile memory technologies are undergoing vigorous research aiming at 

replacing the existing technology. Each memory type has its own advantages, they all 

face their challenges as well. Out of all these memories, RRAM has the best potential 

to be the next generation NVM device. However, the degradation of its reliability such 

as endurance and retention is a great challenge that needs to be solved for memory 

application. The high temperature retention properties in ZrO2-based RRAM device 

make it unstable [69]. It is unable to maintain its memory window after few hundred 

seconds at 200 oC. Besides the HfO2 RRAM devices show the endurance degradation 

and instability in their reliability properties [70]. The thermal instability of HfO2 thin 

film is a critical issue for switching characteristics due to the low crystallization 

temperature (< 400 °C). ZnO is considered to be n-type high-band gap semiconducting 

materials. Although the origin of its electron conductivity is not clear, Zni (zinc 

interstitial) and VO (oxygen vacancy) defects are attributed for lower resistance. A 

large number of these defects may result in insufficient switching properties. So an 

attempt has been made in the investigation of switching characteristics in TiO2/ZnO 

double layer resistive switching memory device. The focus was on the improvement 

of thermal stability, endurance and retention degradation of high performance in the 

ZnO based RRAM devices with TiO2 intermediate layer. Different materials and 

technologies have been used to fabricate low cost and high efficiency solar cell. CdTe 
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is one of the most promising candidates for low cost solar cell. Here we have made 

efforts to improve the efficiency of CdTe solar cell by the use of ZnO and ZnO/TiO2 

buffer layers. 

 

1.6 Organization of the Thesis 

The main objective of this thesis is to make a systematic investigation on ZnO and 

TiO2 based Solar Cell and Resistive Random Access Memory (RRAM). The thesis 

consists of eight chapters, organized as follows. 

Chapter 1 provides an overview of nano-crystalline oxide thin films and material 

background of selected semiconductors i.e. ZnO, TiO2. The chapter includes the 

discussions on the structural, optical and transport properties of these oxides. An 

insight of ZnO-TiO2 has also been presented. The basic working principles of Solar 

cell and RRAM have also been included in this chapter. 

Chapter-2 compiles some important state-of-the-art work in this area. The major work 

done in this field by various research groups is presented in brief. A detailed review on 

latest trends in the field of ZnO, TiO2, ZnO-TiO2 nano-composite thin films and their 

applications in solar cell and RRAM have been reviewed in detail. Based on the 

literature survey, various research gaps in this area have been identified. Finally, the 

motivation behind this study has been outlined at the end of the chapter.  

Chapter 3 presents the details of experimental techniques, which have employed for 

the preparation and characterization of nano-crystalline thin films and devices. This 

chapter is divided into three sections which deal with synthesis techniques, basic 

characterization and measurement of physical properties. Section 3.1- Most of the 

synthesis of thin films in present thesis has been carried out by PLD technique, which 

uses pulses of KrF excimer laser energy to remove material from the surface of a 

target. Amongst various Physical Vapor Deposition (PVD) techniques such as 

evaporation, sputtering and molecular beam epitaxy; PLD allows stoichiometries 

transfer of material from the target to substrate being a non-equilibrium process.  The 

other techniques used are RF sputtering and thermal evaporation technique. Section 

3.2- The first measurement that is usually carried out after synthesis is to record the X-

ray diffraction pattern of the deposited nano-composite material. Analysis of the 

position and width of the Bragg reflections gives an idea of the crystallographic phase, 

presence of impurities, particle size etc. Further the surface morphology and 
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microstructure were studied using Field Emission Electron Microscopy (FESEM) and 

Atomic Force Microscopy (AFM). Section 3.3- Optical properties of these films were 

studied by using UV-Vis-NIR spectrophotometer and photoluminescence 

spectrometer. Current density-voltage characteristics of the devices were measured 

with a Keithley electrometer with illuminating the devices with solar simulator. 

Chapter 4 presents the study of structural and optical properties of ZnO/TiO2 and 

TiO2/ZnO thin films deposited through PLD technique. Deposition of ZnO/TiO2 and 

TiO2/ZnO thin films have been done on single crystal Si (1 0 0) substrate using pulsed 

laser deposition (PLD) technique in order to improve structural and optical properties 

of ZnO and TiO2. The effect of ZnO and TiO2 buffer layer on structural and optical 

properties of TiO2 and ZnO thin film, respectively, have been studied. 

Chapter 5 describes the work carried out on investigation of ZnO and TiO2 nano-

composite thin films. Zinc titanate (ZnTiO3) ceramics have been prepared using 

conventional solid state reaction technique taking ZnO and TiO2 in a molar ratio of 1:1 

with optimized parameters. The sample sintered at the 800 oC for 12 hours exhibited 

formation of single hexagonal phase of ZnTiO3. Deposition of ZnTiO3 thin films has 

been done on ITO coated glass substrate using pulsed laser deposition (PLD) 

technique employing a KrF laser source (λ=248 nm). In the present work, the effect of 

substrate temperature, which leads to transformation of hexagonal phase to cubic 

phase, on optical and dielectric properties has been studied. 

Chapter 6 describes the application of ZnO and TiO2 thin films in RRAM non volatile 

memory. The uniform and reliable resistive switching characteristics of the ZnO based 

RRAM device with thin TiO2 layer are successfully investigated. In this study, the 

effect of the thickness of TiO2 layer on switching characteristics has been investigated. 

Chapter 7 presents the application of ZnO and TiO2 thin films in the Inorganic solar 

cell. The efficiency of ITO/ZnO/CdTe/Al and ITO/TiO2/ZnO/CdTe/Al inorganic solar 

cell has been investigated. The effect of ZnO or TiO2 thickness has been studied. Open 

circuit voltage, short circuit current, fill factor and power conversion efficiency were 

calculated using current density-voltage characteristics.  

Chapter 8 presents the summary and conclusions of the entire work presented in the 

thesis and also propose the future directions in which these studies can be extended.  
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CHAPTER 2 

Thin Films for RRAM and Solar Cell Application: A Literature 

Review 
 

This chapter presents a review on some important state-of-the-art work reported by 

various research groups in the area of ZnO and TiO2 thin film based Solar Cell and 

RRAM Applications. 

 

2.1 Introduction 

Literature survey plays an important role in any kind of research. A thorough 

understanding of the state of the art work in any research area can only be envisaged 

by the future trends in that particular research area. Therefore, this chapter is dedicated 

to presenting some important state of the art work reported by different research 

groups in the area of ZnO and TiO2 thin films. This chapter provides a comprehensive 

review on the recent advancements in the field of Solar cells and RRAM.  

2.2 ZnO and TiO2 Thin Films  

Thin films can be defined as the layers whose thickness varies from nanometers to a 

few micrometers. They exhibit better properties than bulk materials for a variety of 

applications. Thin film technology has emerged as a very potential candidate for 

optical coatings and electronic device applications. The nano-structured thin film 

reduces the material losses, enhances the efficiency of solar cells, improves the 

sensitivity of gas sensors due to larger surface area to volume ratio and can be very 

useful in a wide variety of applications. The pivot influence of thin film technology in 

diverse and challenging frontiers such as optical coatings, metallurgical coatings, 

micro magnetism, surface science, superconductivity mechanism and microelectronics 

is now a part of literature survey.  

ZnO has attracted much attention due to its potential to grow with large number of 

nano structures. Recently, different ZnO based nanostructures such as nano wires, 

nanotubes , nano flowers  and nano walls etc. [71-80] have attracted a significant 

research interest due to their potential applications in next generation sensor and 

molecular technology. Different techniques such as spin coating [81], thermal 

evaporation [82], metal organic chemical vapor deposition (MOCVD) [83], pulsed 
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laser deposition (PLD) [84] and RF sputtering [31] have been employed in the past to 

grow different ZnO nanostructures. ZnO with metal doping acts as a multifunctional 

material simultaneously possessing optical, semi-conducting and magnetic properties. 

A significant research interest in doping ZnO is to improve these properties and put it 

in various applications. Doping of metal into ZnO allows the creation of sub energy 

levels in the band gap to make use of it as UV detectors and light emitters. ZnO was 

doped with Mn [85], Sn [86], Al [83], In [87], Fe [88] etc. for electrical and optical 

applications. The properties of ZnO thin films also depend on the temperature 

treatment (Substrate temperature, annealing temperature) as reported earlier [89]. The 

level of Zn or O atom defects depends on the gas environment within the chamber 

during the deposition process [82].  The quality of thin films also depends on the used 

substrate and it can be improved by using a buffer layer which has less mismatching of 

lattice and thermal expansion coefficient. Y.S. Lim et al [90] reported that insertion of 

thin CaO buffer layer between ZnO and sapphire substrate increase crystallinity and 

alleviate the compressive strain. 

TiO2 thin films have also attracted interest of researchers due to its potential 

applications. TiO2 have been prepared by different chemical and physical vapor 

deposition techniques. Several efforts have been made to improve the quality of TiO2 

thin films, so that it can be efficiently utilized in the concern applications. 

Several studies have been reported on the characteristics of ZnTiO3 (composite of ZnO 

and TiO2) powder synthesized through solid state reaction and sol–gel methods [91-

92]. Kim et al. and other researchers [93-94] have reported the suitable dielectric 

properties by controlling the composition in ZnO–TiO2 binary system and/or 

substituting zinc with Ba, Ca, Sr, and Mg. Some unique physical and chemical 

properties of the perovsktite-type ZnTiO3 have been observed, such as high quality 

factor (Q=3000), the low band gap (2.88 eV), small temperature coefficient of the 

resonant frequency (τf =55×10-6/°C) and high dielectric constant (ε=19) [95]. The 

dielectric constant and loss tangent for the pure hexagonal phase of bulk ZnTiO3 was 

found εr ≈ 19 and tan δ ≈ 0.01, respectively, which is suitable for application in 

microwave resonators, filters etc. [96]. Most of the research investigations are based 

on bulk system. Also, there are minimal studies reporting characteristics of zinc 
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titanate based thin film.  In this work we have made efforts to prepare single phase 

ZnTiO3 thin films and further investigate the effect of phase transformation on optical 

and dielectric properties. Some of the previously reported works on ZnO, TiO2 and 

ZnO-TiO2 composites are shown in Table 2.1. 

Table 2.1: Some of the studies done on growth of ZnO, TiO2 and ZnO-TiO2 composites 

from previously published work 

Structure Type Matrix Technique 

Growth 

Reagent and 

Condition 

Results Ref. 

ZnO 
nanocrystalline 

thin films 
(orientation along 

the c-axis) 

ITO 
Substrate 

DC magnetron 
sputtering 

 

Target: Zn 
metal, Ar and 
O2 gas ratio 

Higher optical band gap 
attributed to small 

particle size. 

[31] 

ZnO nano flowers - 
Hydrothermal 

synthesis 

Zinc acetate, 
sodium citrate 

and sodium 
hydroxide 

Observation of  
photocatalytic activity 
toward degradation of 

metamitron. 

[4] 

ZnO nano wires TCOs 
Microwave 

heating 
Method 

Precursor 
solution, the 

growth rate is 
58–78 nm/min 

Increase in power 
conversion efficiency 
with nano wire length 

[5] 

ZnO thin film 

 

CaO buffer 
layer on 
sapphire 
substrate. 

sputtering 
 

ZnO target 

Attainment of 
Crystallinity and 

alleviated compressive 
strain 

[3] 

Nano crystalline 
anatase-TiO2 thin 

films 
 

Glass 
substrate 

DC magnetron 
sputtering 

 

TiO2 

Room 
temperature 

 

Transparency higher than 
90% with sharp 

ultraviolet cut off 
[21] 

Nano crystalline 

rutile and anatase-
TiO2 thin films 

 

Glass 
substrate 

Pulsed laser 
deposition 

TiO2, Different 
substrate 

temperature 

Laser-pulse repetition rate 

is an important factor for 
highly efficient photo 

catalytic TiO2 thin films 

[22] 

TiO2–ZnO thin 
films 

 

Glass 
substrates 

Sol–gel process 

Titanium 
isopropoxide-

based and zinc 
acetate-based 

precursor 
solutions 

Maximum photo catalytic 
response by TiO2 thin 

films  

[49]  

ZnO/TiO2  

composites 
- 

Solid–state 
reaction 

ZnO, TiO2 

High/Low values of dc 
conductivity (10−9 – 

10−5 S/cm) and activation 
energy (0.13–1.19 eV) 

were obtained 

[50] 
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2.3 A Brief Review on Resistive Random Access Memory 

The first observation that oxide insulator can undergo an abrupt switching event to 

transit into a conductive state has been reported in 1962 [97]. The device structure is 

simple capacitor-like metal-insulator-metal (MIM) structure. It indicated that the 

resistive switching occur in metal-insulator-metal (MIM) structure can be changed by 

an electrical signal applied on it. In 2004 Samsung has shown NiO memory array 

integrated with the 0.18 μm silicon CMOS technology [98]. Since then, research 

activities have been concentrated on binary oxides such as NiOx [99], TiOx [100], 

ZrOx [101], ZnOx [102], HfOx [103], TaOx [104], AlOx [105] etc., due to the 

simplicity of the material and good compatibility with silicon CMOS fabrication 

process. There are two types of resistive switching memory. The first one based on the 

conductive filaments (CF) of oxygen vacancies (Vo); the other type is based on the CF 

of metal atoms, which is also called conductive-bridge RAM (CBRAM). The 

resistance switching behavior attracts broad interest about its memory application from 

2004 to present.  

Recently, there are many various acronyms to call the memory device which using the 

resistance switching behavior, such as (1) OxRAM: TMO-based resistive random 

access memory, (2) ReRAM: Redox-based resistive random access memory, (3) 

memristor: named by Chua (who predicted the existence of the fourth elementary 

circuit component with a resistor, capacitor, inductor, and memristor [106] in 1971, 

and (4) RRAM: resistive (switching) random access memory.  

The significant milestone of the improvement of RRAM performance was proposed by 

Lin et al. in May 2007 [107]. Lin indicated that the resistive switching properties of 

the RRAM device with binary metal oxide film (the ZrO2 film was used in his study) 

can be improved by using an active metal (such as Ti) as top electrode, which can 

confine the switching reaction region in the interface between top electrode and 

resistive switching layer. Since that, various high-k dielectric materials or metal oxides 

with the active Ti as top electrode devices were studied for making high performance 

RRAM. In 2008, Lee et al. published one paper of using the HfO2 based RRAM 

device at the IEDM [108]. As the same concept of the active Ti as top electrode can 

improve the resistive switching properties, Lee fabricated the HfO2 based RRAM 

device with 1T1R structure (CMOS compatible) for high performance memory 

properties. This was another breakthrough in RRAM history, because the HfO2 based 
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RRAM shows the highly compatible in advanced high-k metal gate (HKMG) CMOS 

technology. Therefore, RRAM reveals high potential being a main NVM device to 

replace the currently Flash memory in the future. 

This section presents the systematic literature survey for the investigation of resistive 

switching mechanism, the device structure and the current issues of the resistive 

random access memory device.  

2.3.1 Resistive Switching Mechanisms 

A. Charge Transfer 

Odagawa et al. reported that the Pt/PCMO/Ag RRAM devices shows its resistive 

switching is belonging to trapping and de-trapping of carriers (holes), due to the 

currents of the PCMO-based devices follow the trap-controlled SCLC conduction 

mechanism [109]. This type of resistive switching mechanism causing by trapping and 

de-trapping of trap states, and changes in valences, is defined as charge transfer. The 

resistive switching phenomenon is based on the combined nature in the traps filling 

and traps de-filling processes caused by strong electron correlation. Moreover, Chen et 

al. make an effort to explain the resistive switching behavior in the CuxO-based system 

corresponded to carriers trapped and de-trapped in deep level traps [110].  

B. Schottky Barrier Modulation 

The resistive switching mechanism on metal/perovskite-oxide hetero-interfaces has 

been modeled on the basis of experiment results. It has been reported that contact 

resistance resulted from the Schottky barrier formation at the metal/perovskite-oxide 

interface is altered by bias voltage. The value of the contact resistance is calculated 

from the Schottky barrier height and the depletion layer width.  In addition, the Fermi 

level lies at the top of the occupied energy level of interface states in a metal electrode 

while the interface state density is high. Hence, the barrier height and width varies 

with the net charge in the interface states and an energetic distribution of those in the 

band gap. At the metal/perovskite-oxide interface, interface states are provided by the 

existence of oxygen vacancies. According to the viewpoint of the interface-state-

induced band bending, application of a high voltage at the metal/perovskite-oxide 

interface, leads to accumulation (extraction) of a large amount of electrons into (from) 

the interface states upon reverse (forward) bias. Accordingly, change in the net charge 

of the interface states will results in a modification of a Schottky-like barrier width 

and/or height, as the degree of the band bending depends on a net charge in the 

interface states [111]. 
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C. Oxygen ions migration 

Most of resistive switching behaviors are caused by the oxygen ions migration near the 

interface between the electrode and the resistive switching layer that leads to Schottky 

barrier [112], and conduction filament [113].  

D. Metal ion migration 

In solid-state electrolyte, bipolar resistive switching characteristics has been observed 

when metal electrode is placed in between the range of the electrochemical potential 

series and formed mobile cations such as Ag+ and Cu+. The resistive switching 

mechanism is explained on the basis of electrochemical redox processes. In the ion-

conducting chalcogenide phase, the process of electrochemical formation of metallic 

filaments is considered as set process, while reset process is activated by dissolution of 

these metallic filaments. The set process involves the following steps: (1) oxidation of 

metallic Ag to Ag+ near the Ag electrode following the reaction Ag→Ag+ + e-, (2) 

migration of Ag+ to the Pt electrode because of the potential difference between the Ag 

and the Pt electrodes, and (3) reduction of Ag+ to metallic Ag according to the reaction 

Ag+ + e-→Ag at the Pt electrode, leading to the formation of a highly conductive 

filament and the RRAM device switched to LRS. An electrochemical dissolution of 

the conductive bridges takes place by reversing the polarity of the applied voltage bias, 

switching the system into the HRS. Therefore, the resistive switching behavior is 

voltage-polarity dependent [114]. 

 2.3.2 RRAM Device Structures 

The architecture of RRAM device is a metal-insulator-metal (M-I-M) structure, in 

which the insulator often represents the resistive switching thin films. In order to 

improve the resistive switching properties, several modified RRAM structures have 

been proposed. According to the present developments, the feasible composed stacks 

are comprehensively separated into bottom electrode, interface layer-1, resistive 

switching layer-1, embedded metal, resistive switching layer-2, interface layer-2, and 

top electrode. 

A. Bottom Electrode 

The bottom electrode exhibits the effects of the work function, electro negativity, 

oxygen affinity, the interface reaction, and the inter-diffusion. In addition, the 

crystallinity and crystal orientation of the resistive switching films are deeply 

influenced by the bottom electrode which results in the significantly noticeable 
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resistive switching properties. The bottom electrodes are generally prepared by using 

novel metals such as Pt, Au, and Ru, which has less reaction and the inter diffusion 

with the resistive switching films. The activity materials such as TiN, Ti, Al also work 

as the bottom electrodes and modulate the resistive switching behavior via formation 

an interface layer near the switching layer, where function as an oxygen reservoir 

leading to the formation/rupture of the conducting filaments near the interface. 

However, the activity bottom electrode faces a serious thermal budget issue because 

that the following high temperature process may lead to the excessive reaction 

between the bottom electrode and resistive switching thin film [115-116]. 

B. Top Electrode 

Several research reports on the effects of top electrodes on the resistive switching 

behaviors have been published. The current-voltage (I-V) and the capacitor-voltage (C-

V) curves are used to distinguish between the Ohmic contact and the Schottky contact 

since the Ohmic contact shows the symmetric I-V curve in two voltage bias polarities, 

but the Schottky contact exhibits the rectifying property causing the difference 

between the forward and reverse bias currents. The authors determined the I-V curves 

for Pt/ZnO/Pt device by applying the bias voltage on the top electrode and observed 

the uni-polar resistive switching behavior. But when the device structure was 

Ag/ZnO/Pt, then bipolar resistive switching behavior was observed. It may be 

concluded that switching behavior strongly depends on the electrode materials. The 

uni-polar and bipolar resistive switching performance are likely bulk-controlled which 

can be explained by the formation and disruption of the Filamentary [115-117]. 

C. Resistive Switching Layer 

The binary metal oxides such as MgO, ZnO, NiO, TiO2, ZrO2, HfO2 etc., complex 

metal oxide materials include Bi4Ti3O12 (BTO), Ba0.7Sr0.3TiO3 (BST), SrTiO3 (STO), 

SrZrO3 (SZO), LiNbO3 (LNO), PbTiO3 (PTO), and the carrier-doped manganites with 

the perovskite structure such as Pr1-xCaxMnO3 (PCMO), La1-xCaxMnO3 (LCMO), La1-

xSrxMnO3 (LSMO), and Nd0.7Ca0.3MnO3 (NCMO) are used as resistive switching 

layer. A variety of techniques can be used for the preparation of composite and 

multilayer resistive switching thin films such as reactive DC sputtering, RF sputtering, 

sol-gel method, pulsed laser deposition (PLD), atomic layer deposition (ALD), 

electron cyclotron resonance (ECR) sputtering, metallorganic chemical vapor 

deposition (MOCVD), plasma-enhanced chemical vapor deposition (PECVD) and 
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solid-state reaction method. Furnace oxidation and plasma oxidation are proposed to 

oxidize Zr, Ti, Ni, W, and Cu metallic films into the binary metal oxide films, which 

are the convenient manners to manufacture the resistive switching films [115-117]. 

D. Interface Layer 

The formation and rupture of the conducting filaments are the most feasible and 

favored resistive switching mechanism. The conducting filaments are created in the 

localized high electrical field region and consequently the LRS can be attained and 

then ruptured due to the reoxidization induced by local Joule heating resulting the 

device back into the HRS.  The formation and rupturing of the conducting filaments 

within the localized region (3-10 nm thick) near the anode [115-117].  

  

2.3.3 Forming Process 

Since the initial resistance of fresh RRAM devices is generally very high, so to trigger 

the following RS a large voltage is required; this is called the “electroforming” process 

or “forming” process. The forming process is the common phenomenon in the RS 

films which is the same as the dielectric breakdown, and then the RRAM device is 

activated and developed with the RS property. However, the physical meaning of the 

forming process and the effects of the forming process of the RS mechanism have not 

been specified yet. There are different forming process for the RS mechanism such as 

formation of metal islands and the formation of oxygen vacancies [118-119].  

 

2.3.4 Current Issues and scaling ability of RRAM Devices 

A. Operation Variation 

RRAM can exhibit the outstanding memory reliability such as good memory 

endurance and long-time data retention. In spite of that, the realization of RRAM is 

one of the critical issues due to the requirement of minimizing the dispersion of 

memory switching parameters such as Ron, Roff, Von, and Voff. Here, Ron and Roff 

represent the resistance values of the ON- and OFF-states, respectively, and Von and 

Voff are the required voltages for resistive transition from the OFF-state to the ON-

state and vice versa. Several methods have been suggested for RRAM to minimize the 

RS variations. Some of them are (i) reducing active device area by plug-bottom 

electrode [120] (ii) insertion of IrO2 buffer layer to stabilize local oxygen migrations 

[121], (iii) embedding Cr metal layer to reduce the effective RS region [122], (iv) 

creating locally strong electric field of process control [123].  
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B. Current Reduction 

The crucial drawback of RRAM devices in series with transistor is larger reset current 

(1-100 mA), which limits the RRAM application combined with CMOS technology, 

because the allowable channel current of 0.18 μm MOSFET device is too low to 

switch the memory from the ON-state to the OFF-state. Besides, the larger reset 

current not only results in unacceptable power consumption, but also leads to serious 

reliability degradation. In the prior studies, buffer layer is used to reduce the reset 

current as referred. If the resistive layer and the electrode combinations are well 

chosen, operation current could be reduced significantly. The operating current is 

influenced by the material systems deeply [124-125]. 

C. Device Yield 

Device yield is one of the important issues in a forward-moving research of RRAM, 

deciding whether RRAM application can be realized in future NVM devices. Metal 

doping into oxides, which might modulate defect distribution and concentration in the 

RS films, was widely used in the fabrication of RRAM devices for the improvement of 

device yield. Metal doped binary oxide, such as Al:ZnO, Cu:MoOx, Cu:Al2O3, and 

epitaxial Al:ZnO, possessed much better device yield than undoped samples [126]. A 

strong correlation is believed to exist between device yield and defect distribution and 

concentration in the RS thin films. Therefore, the addition of buffer layer, the surface 

treatments, and the embedded metal all can enhance the device yield as well. 

D. Scaling Ability 

Although RRAM shows highly scaling ability, it is interesting to investigate its scaling 

limit. Several limits have been proposed by Waser [66]. First, scaling limit is imposed 

by the tunneling distance between neighboring cells together with the leakage current 

from the word and bit line, again potentially dominated by tunneling. Another limit is 

due to the lateral extension of the effective switching area, typically the cross-section 

of the switching filament as mentioned above. These limits are dependent on the class 

of the RS mechanism. Technologically, the fabrication of effective, dependable and 

authentic electrode contacts and interconnects is also the scaling limit of the RRAM. 
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2.3.5 Status of ZnO-Based Resistive Switching Memory Devices 

For RRAM applications, ZnO is appearing as a high potential material with its 

versatile properties and vast applications. A number of investigations have been 

carried out to study and regulate the switching characteristics of ZnO-based switching 

memory devices. The effectiveness of ZnO layer with different type of structures, 

various filament formations, and divergent modes of switching has been reported. The 

call in question for having ZnO based RRAM is actually of ultra-thin and low power 

devices. Nonetheless, ZnO not only possess decent memory properties but also has a 

uniqueness of flexible and transparent nonvolatile memory devices. Table 3.2 

demonstrates the switching parameters and performances of ZnO based RRAM device 

studied earlier.  

 

Table 2.2: Switching parameters and performances of ZnO based RRAM device 

Structure 
Switching 

mode 

CC 

(mA) 

Vf 

(V) 

VR 

(V) 

VS 

(V) 

Endurance 

(Cycle) 

Retention 

(sec) 
Ref. 

Pt/ZnO/Pt Uni-polar 30 ~ 3.3 -1 ~-2 100 - [127] 

Ag/ZnO/Cu 
 

Bipolar - 2.5 ~-1.3 ~1.3 ˃ 500 - [128] 

Al/ZnO/Al 

 
Uni-polar 1 - ~0.5 ~2.5 219 103 [129] 

Au/Ti:ZnO/ITO 
 

Bipolar - FF ~-3 ~3 200 2x103 [130] 

Al/IGZO/Al 
 

Bipolar - ~5 ~5 ~-5 100 - [131] 

Pt/Co:ZnO/Pt 

 
Bipolar 10 FF ~-1 1.5-3 300 - [132] 

Al/ZTO/Pt 
 

Bipolar ~10-5 ~-2 ~1 ~-2.5 50 104 [133] 

Pt/ZnO/ZrO2/Pt 
 

Bipolar 10 ~-6.5 -4 ~3 100 - [134] 

Pt/ZnLaO/ZnO/Pt Uni-polar 10 ~3.5 ~1 ~2.3 100 104 [135] 

Ag/GZO/ZnO/Pt/Ti 
 

Bipolar 10 FF 0.55 0.40 40 1.1x 104 [136] 

AZO/ZnO/ITO 
 

Bipolar 10 ~3.5 -2 ~1.5 104 - [137] 

ITO/ZnO/ITO 
 

Uni-polar 15 3.2 1.8 2.6 102 105 [138] 

ITO/IGZO/ITO 
 

Bipolar 10 FF 3.5 ~-1 102 104 [139] 

CC= current compliance, VF= forming voltage, VS= set voltage, VR=reset voltage, FF=free forming 
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2.4 A Brief Review on Solar Cell 

A variety of technologies and materials are investigated to fabricate highly efficient 

solar cell with low cost and high conversion efficiency. The various types of solar cell 

are shown in fig. Conventional solar cells are generally made from silicon, which 

includes single/mono-crystalline, and poly/multi crystalline type of structure. At 

present, solar cells available for residential use are silicon solar cell, which are more 

efficient and durable than non silicon based cells. But Si based solar cell shows poor 

efficiency at high temperature. Poly-crystalline silicon solar cells are cheaper to 

manufacture as compared to mono-crystalline silicon solar cell (efficiency of 18-20 

%.) but have less efficiency about 12-15 % [140-141]. 

 

 

 

 

 

Compound 

CIGS 

CdTe 

Organic Solar Cell 

Solar Cell Technology 

Silicon 

Mono-Si 
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Poly-Si 

Thin Film Crystalline Silicon Novel Technology 

Dye -Sensitized Organic Thin film 

HIT 

Tandem 

Fig.2.1: Classifications of solar cells 



 

31 
 

Thin film solar cells, which have multiple layers in each cell which shrinks the losses 

of current, are proposed for the high conversion efficiency. When the light spectrum 

endeavor on solar cells, photons get absorbed and converted into electrical energy. 

Some of the photon doesn’t have efficient energy and will be wasted as heat energy 

[142]. In order to improve the efficiency in next generation solar cell, different buffer 

layer and absorber layers are used to minimize the energy loss. Most of the thin-film 

solar cells are fabricated by sandwiching one conducting layer between two glass 

sheets to make a module.  In thin-film technologies, amorphous silicon, cadmium 

telluride, Copper Indium Gallium Selenide (CIGS) materials are mainly used as an 

absorbing layer. A literature review of traditional silicon solar cell and thin film solar 

cells show that CdTe is cost-effective and CIGS are considerably higher efficiency. 

The maximum output of solar cell is observed for the most favorable energy band gap 

(Eg) between 1.3-1.6 eV for the absorbing layer. CdTe has band gap near to 1.45eV 

which is appropriate for optimum output of the solar cell [143-144].  

On the basis of this study, we conclude that CdTe solar cells can be used as a future 

energy resource in the world. The CdTe solar cell is a renewable source of energy and 

cost efficient. This next generation (hybrid and CdTe) solar cell has many advantages 

over traditional solar cells. For the fabrication of Tradition (Si solar cell) solar cells 

very pure silicon is needed. This Si solar cell has a high efficiency compared to next 

generation solar cells, but the price for fabrication is high because of very pure silicon 

and due to this price is high compared for unit power output. The objective of this 

comparative study between traditional solar cell and next generation solar cell is to 

show that next generation solar cells like CdTe are more cost-effective to be used as a 

renewable energy resource compared to costly traditional solar cells. 

Some of the recent work related to CdTe based solar cell is reviewed and briefly 

reported as follows: 

Hui li et al [145] have studied the effect of temperature treatment on CdS thin film on 

the performance of n-CdS/p-CdTe solar cell. It has been observed that CdTe film 
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prepared on CdS thin film with cooling and reheating process had the largest grain size 

and higher efficiency of a solar cell with a comparison to without treatment of CdS 

film. Kai Shen et al [146] demonstrated that the use of V2O5 buffer layer on the Au- 

back contacts formed the lower Schottky barrier, which improves the solar cell 

performance. The J-V characteristics, stability with time and band alignment of the 

reported device is shown in fig.2.2. 

 

 

  

 

J. M. Kephart et al [147] have made an effort to improve the performance of the CdTe 

based solar cell using the SnO2 and ZnO based high-resistance transparent layer. These 

HRT layers effectively attached to band alignment of the solar cell. H. A. Mohamed 

[148] theoretically optimized the condition of the CdTe based solar cell. In this study 

the effect of different layer thickness, i.e. front contact, window layer absorber layer 

on the solar cell performance has been investigated. H. A. Mohamed et al. [149] has 

also theoretically reported that ZnO and ZnO based alloys is a substitute material of 

ITO to improve the efficiency of the CdTe based solar cell. The best performance was 

obtained for Al-ZnO within the studied alloys. E. Hernandez-Rodriguez et al. [150] 

have made an effort to improve the stability of CdTe based solar cells using the TiO2 

buffer layer. TiO2 buffer layer with 15 nm thickness shows the improved photo 

response and stability against temperature. 

Fig.2.2 : J-V characteristics, stability with time and band alignment of CdTe based solar 

cell [146] 
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Chen Li et al.[151] have reported a review article on defects in CdTe thin-film solar 

cells using STEM. The research traces the relations between the structures and 

electrical activities of individual defects, including intra-grain partial dislocations, 

grain boundaries and the CdTe/CdS interface as shown in fig.2.3 to fig.2.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3. (a) STEM image showing 30° Shockley partial dislocations associated by an 

intrinsic stacking fault, (b1-b2) Super cells of individual Te core, band structure and 

DOS,.  (c1-c2) super cells of individual Cd core, band structure and DOS [152]. 

 

Fig. 2.4: A schamatic p-n-p junction band diagram at the GB [153] 
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The interpretations of the physical origin underlying the structure-property correlation 

provide insights that should further the development of future CdTe solar cells. 

 

 

 

 

 

 

 

Xiaoyan Yang et al. [154] have reported an improved window layer with the use of 

CdS/Cdse bilayer (thickness of each layer was kept about 70 nm) which was grown 

using PLD techniques. The best results were observed for the layers which were 

grown at 400 oC substrate temperature. V. V. Brus et al.[155] studied the CdTe solar 

cell with graphitic carbon Schottky heterojunction and observed maximum short 

circuit current density of Jsc = 8.47 mA cm−2, an open-circuit voltage of Voc = 0.435 V 

and fill factor of FF = 0.37. 

 

  

Fig.2.5: (a) Super cell of Cd-core for DFT calculation, which includes two 

Cd3Te dislocation cores (red dashed circles). (b) The calculated Cl segregation 

energy profile. (c-f) The calculated band structures for zero, two, four and five 

Cl atoms dope in Te sites [153].  
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CHAPTER 3 

Fabrication and Characterization Techniques 

 

This chapter presents the basic working principle of the deposition techniques that has 

been used to prepare thin films. It also describes various techniques used for the 

characterization of thin films, Resistive Random Access Memory and Solar cell. 

 

In order to satisfy the requirements of preparing high quality ZnO thin films, different 

thin film deposition techniques have been used by researchers in the past. This chapter 

presents the working principles of Pulsed Laser Deposition (PLD), RF sputtering and 

thermal evaporation techniques to grow high quality thin films for resistive random 

access memory and solar cell applications. The basic working mechanisms of various 

structural, optical, dielectric and electrical characterization techniques such as XRD, 

AFM, SEM, XPS, I-V and C-V etc. have also been presented. 

3.1 Preparation of thin films 

Formation/Deposition of thin films consists of three different stages; beginning with 

nucleation, followed by coalescence and then growth of films; all of which get s 

changed with varying deposition parameters.  The characteristic property of thin films 

for a particular material varies with the film’s real structure which acts as a link 

between thin films deposition parameters and its properties. Any one of the three 

growth models for thicker films can occur depending upon interaction energies of 

substrate and film atoms [156]. 

A. Layer by layer: In the two-dimensional, adatom-substrate interaction is stronger 

as compared to interaction between adjacent film atoms, which result in atomically 

smooth layers, also known as Frank–van der Merwe mode. 

Fig 3.1: Frank-Van der Merwe mode of growth of thin films:  

Layer by layer growth 
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B. Islands: In the Volmer–Weber mode, adatom-adatom interaction is stronger than 

that of adatom-substrate interaction, which results in the generation of three-

dimensional adatom clusters or island. 

 

C. Layer plus islands: Growth is an intermediate process in the Stranski–Krastanov 

mode, which is further followed by both layer (two-dimensional) and island (three-

dimensional) growth. Transition from Frank–van der Merwe mode to Volmer–Weber 

mode takes place at a critical layer thickness which varies to a large extent with the 

physical and chemical properties of the film deposited and the substrate used. 

 

Various chemical vapor deposition (CVD) and physical vapor deposition (PVD) 

techniques have been applied to fabricate nanocrystalline thin films such as spray 

pyrolysis [157], sol-gel [39, 81], magnetron sputtering [48], molecular beam epitaxy 

(MBE) [158], pulse laser deposition (PLD) [84], metal- organic chemical vapor 

deposition (MOCVD)[83] with each technique having its own specific advantages and 

disadvantages. The choice of a particular technique generally depends on the 

requirement of the specific characteristics of thin films or application of interest. If the 

primary requirement is to get highly uniform composite thin films with a moderate 

size distribution, then PVD techniques such as laser ablation, magnetron sputtering 

and evaporation are found to be very efficient whereas for large area deposition, 

chemical vapor deposition (CVD) techniques such as spin coating and spray pyrolysis 

technique are found to be more effective. In the present work, Pulsed Laser Deposition 

Fig. 3.3 Stranski-Krastanov: layer + island growth 

 

Fig 3.2: Volmer-Weber: Island growth 
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(PLD) and RF sputtering techniques has been employed to deposit functional oxide 

thin films. 

 

3.1.1 Pulsed Laser Deposition Technique 

Pulsed laser deposition (PLD) is used for the growth of high-quality thin films, 

multilayers and multi-component materials. In 1965, this technique has been for the 

first time used by Smith and Turner to synthesize dielectric and semiconductors thin 

films. PLD as a film growth technique has shown a large interest after it has been 

successfully used to produce superconducting material. Generally, PLD process is 

comprised of the four steps: (i) laser-target interaction; (ii) dynamics of the target 

materials removed through vaporization (ablated materials); (iii) deposition of the 

ablated target materials on the substrate; and (iv) nucleation and growth of thin film 

onto the substrate surface. Each of the above steps is critical to attain good quality 

characteristic of the films, i.e. crystallinity, stoichiometry, uniformity, and surface 

roughness. The most important features of the PLD are as follows: 

 The capacity of reproduction of the stoichiometry of the transferred material 

from the target to substrate, i.e., deposited thin films have the exactly similar 

chemical composition of the material to be deposited. This happens as a result 

of the nonequilibrium nature of the ablation process due to high laser energy 

density absorbed by a small volume of material. 

 High deposition rates (~ 100s Å/min) can be attained at a reasonable laser 

fluence with a good control of film thickness by simply varying the number of 

laser shots. 

 Cost-effectiveness, several vacuum chambers can be arranged around a single 

laser source and the laser beam can be directed to each chamber just by using 

different optical assembly. 

 Deposition can take place in the presence of both inert and reactive background 

gases due to the usage of laser as an external energy source. 

 Multilayer films can be deposited without breaking vacuum for changing the 

targets due to use of the carousel. 

 It produces a highly forward-directed and confined plume of materials 

resulting in less contamination during deposition. 
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Fig. 3.4 shows the different stages involved during interaction of a laser beam with the 

target material in PLD technique. In the first stage, strong electromagnetic field is 

generated by laser pulse which removes the electrons from the target material and free 

electrons starts oscillating within the generated electromagnetic field. A collision 

between these free electrons and atoms of bulk materials results in the energy transfer 

from free electrons in the lattice of the target material within the surface region. 

Heating of the target surface results in vaporization of target material and generation 

of plasma with a high temperature of about 104 K.   

In the second stage, because of Coulomb repulsion and recoil from the target surface, 

the material expands in the form of plasma in a direction parallel to the normal vector 

of the target surface towards the substrate. The spatial distribution of the plume 

depends on the background gas inside the PLD chamber. In vacuum the plasma plume 

is very narrow and forward directed whereas more diffused expansion of the plume 

can be observed in high background gas pressure. In case of intermediate background 

pressure, high energy ions get split from the less energetic ones. After the termination 

of the laser pulse, the plasma expands adiabatically. As, during expansion, conversion 

of a major part of thermal energy to kinetic energy takes place, no more energy is left 

for expansion and therefore elongation of plasma in shorter dimensions takes place 

thereby retaining its profile during the deposition process.   

The third stage is important for determination of the quality of the deposited films. 

The high energetic species ablated from the target bombarding the substrate surface 

may sputter some of the atoms from the surface and a collision region is established 

between the incident flow and the sputtered atoms. This collision region serves as a 

Incident Laser beam 

Bulk target Evaporated target  

Plasma Plasma expansion 

Fig 3.4: Various stages involved during interaction of laser with 

the target material in PLD technique [159] 

y 
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source of condensation of particles. At a high enough condensation rate, a thermal 

equilibrium is attained and the growth of film on the substrate surface takes place at 

the expense of the direct flow of ablation particles [159]. 

 

 

Fig. 3.5 shows the schematic diagram of the PLD system. The system assembly 

mainly consists of an external laser source, a vacuum chamber with inside target, 

substrate mountings and vacuum pumps for creating low pressure atmosphere and 

gauges for monitoring the pressure inside the chamber.  

The Pulsed Laser System is a COMPex Pro TM manufactured by Lambda Physik 

Laser Technik using KrF excimer laser source of 248 nm wavelength. The pumps and 

gauges fitted into the chamber are from Pfeiffer Vacuum. The system chamber is 

specially designed and developed to overcome the gas leakage and achieve high 

vacuum in short duration. Target holder is fitted inside the chamber, which can hold 

six different targets at a time. Circular discs of composite oxides with 15 mm diameter 
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Fig. 3.5: Schematic diagram of the pulsed laser deposition system 
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and 3-5 mm thickness were used as target materials, which were fixed on the target 

holder. For the fabrication of thin films, the substrates were fixed on a substrate heater 

(Range: Room temperature - 850 °C) using clips and silver paste. Substrate 

temperature was maintained using the temperature controller linked with the substrate 

heater. The target is irradiated by a KrF excimer laser beam. The laser source is 

operated externally with an automatic laser control machine by fixing the total number 

of laser pulses required for deposition. 

3.1.2 Sputtering 

The process of ejecting surface atoms by bombardment of high velocity positive ions 

(usually inert gas ions), through momentum transfer process between the sputter gas 

and target atoms is commonly known as sputtering (cathode sputtering). Argon is 

commonly used as the sputtering gas. The ejected atoms can be made to condense on a 

substrate at an optimal distance from the target to form a film. Apart of the neutral 

atoms, charged atoms and electrons are also emitted from the surface. The sputtering 

yield ‘S’ (number of atoms ejected from the target surface per incident ion) depends 

on the target material composition, binding energy, characteristics of the incident ion 

and the experimental geometry. It also depends on the voltage and current (sputter 

power) at which sputtering takes place. Schematic of a conventional sputtering 

process is given in Fig 3.6. The target is connected to a negative voltage supply 

(cathode) and the substrate holder along with the chamber maintained at a ground 

potential acts as the anode and faces the target during sputtering. The plasma is 

maintained between the target and the substrate. The process deals with energy of few 

tens of eV and hence adhesion of the film on a substrate is better in sputtering. 

In sputtering, the entire surface of the target is the source, unlike the evaporation 

process where a point (where the electron beam hits) on the target is the source. The 

surface source implies a higher coverage area during deposition as compared to other 

evaporation techniques. The deposition process in sputtering is not purely ballistic. In 

sputtering the evaporants bombard the substrate surface, rearrange themselves and 

then condense on the substrate. The higher kinetic energy of the sputtered particles (~ 

tens of eV) giving rise to better adhesion to the substrate. Some of the main 

advantages of sputtering as a thin film deposition technique are due to high kinetic 

energy of the sputtered atoms, causing their re-distribution on the substrate, leading to 

(a) high uniformity, density and interface roughness of the deposited film,                
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(b) deposition over a large surface area. By incorporating target cooling provision in 

sputtering, higher melting point elements can be deposited. With a better 

understanding of the sputtering processes, it has become one of the most versatile 

methods for preparing high quality thin solid films of any material. 

The sputtering process is classified as DC or RF depending on the type of power 

supply used. DC sputtering is generally preferred for conducting materials and RF 

sputtering can be used for depositing semiconductor and non-conductive materials. In 

RF magnetron sputtering, the magnets near the target increase the electron travel path 

which results in many more collisions and hence plasma density increases. In addition 

to this, magnetic fields near the target traps the electrons in its vicinity and keep the 

electrons away from the substrate which reduces substrate heating and film damage 

due to high energy electrons. AC current in RF range prevents the self biasing of the 

sputtering target which enables the deposition of the insulating films too. 

 

 

Fig.3.6 Experimental setup of RF sputtering system (Company: Advanced Process 

Technologies, India). 
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Sputtering involves many parameters that affect the deposition process such as: base 

vacuum, sputter gas pressure during deposition (here argon), sputter power, target and 

substrate temperature, etc. The microstructure of the film or its quality which includes 

surface roughness, adhesion, impurity, density of the film produced by sputtering 

process is a result of the interplay of the above parameters. The contribution of such a 

large number of parameters makes the process complex, but also provides a large 

degree of control over the film growth process, if optimized properly. Apart from the 

above parameters the deposition geometry, that is the relative orientation of the target 

and the substrate, also plays an important role that affects the thin film growth process. 

Some of the important factors that are important for sputtering are discussed below. 

 

3.1.3 Thermal Evaporation Technique: 

Thermal evaporation is one of the popular deposition technique in which electrical 

energy is used to vaporize the solid material by heating it to a sufficiently high 

temperature. In thermal evaporation, a high current is passed through the 

filament/crucible which is generally made-up of metals like tungsten, molybdenum or 

tantalum so that it can sustain at very high temperature. The selection of the 

filament/crucible material is dictated by the evaporation temperature and chemical 

reaction between the material and crucible. Fig.3.7 shows the schematic diagram of the 

thermal evaporation system. When high electrical current is passed, the material in the 

crucible gets evaporated and condenses over the substrate in order to form a thin film. 

Generally, low deposition pressure in the range of 10-5-10-7 mbar is required to avoid 

the reaction between the vapor and atmosphere. At lower deposition pressure, the 

mean free path of evaporated material and vacuum chamber has the same order, so that 

these evaporated particles travel in a straight line from source to substrate. High 

vacuum is also a necessary condition to obtain contamination free films. Fig. 3.8 

shows the experimental setup for thermal vapor evaporation system. 
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Fig.3.7 Schematic diagram of thermal vapor evaporation technique 

 

Fig.3.8 Experimental setup of thermal vapor evaporation technique  

(Model: BC-300 HHV). 
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3.2 Basic structural characterization techniques 

3.2.1    X-ray diffraction (XRD) 

X-ray diffraction is a non-destructive and most powerful technique for determining the 

crystal structure, preferred orientation, crystallite size, lattice constants, stress, phase 

analysis, etc. of solid matter. When X rays, of a fixed wavelength and of the order of 

interatomic distance of the crystal are incident on a crystalline sample, they get 

diffracted. In order for constructive diffraction to take place the Bragg’s law as given 

in equation 3.1 must be satisfied 

     2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                    (3.1) 

Where n is an integer that indicates the order of the reflection, θ is the angle between 

the incident ray and scattering plane called as Bragg angle, and λ is the wavelength of 

the X-ray beam.  

The structural properties of any crystal can be determined through X-ray diffraction 

irrespective of it’s presence as a pure state or with presence of any other substances as 

impurities. The XRD data is characterized by intensity of diffracted rays (I) obtained 

as a function of diffraction angle 2 θ. The peak in the diffraction pattern is obtained 

depending upon the wavelength of incident radiation and interplanar spacing of the 

lattice. Quantitative characterization of the sample can be performed through 

determination of the area under the peaks as the intensity of the diffraction pattern is a 

function of the concentration of different constituents in the given specimen. 

Qualitative analysis of any specimen can be performed by identifying the respective 

diffraction pattern for that specimen. For crystals in the nano range, size is an 

important parameter, which is obtained using the Scherrer formula 

  t=
0.91 𝜆

𝛽 cos 𝜃
 (3.2) 

Where t is the crystallite size in perpendicular direction to reflecting planes, β is 

FWHM (Full width at half maximum) of the diffraction peak in radians and θ is the 

Bragg reflection angle. Broadening is XRD peak can also be caused due to strain and 

other instrumental factors and hence it is important to separate these factors to 

correctly determine the broadening corresponding to crystallite size [160]. 
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In the present study Bruker D8 Advance X-ray diffractometer (fig. 3.10) used to 

determine the formation, quality and structure of the samples.  The diffractometer uses 

the monochromatic X-ray (CuKα = 1.5418 Å) radiation in a wide range of Bragg angle 

at room temperature. NaI scintillation counters are used as detectors to determine the 

intensity of the diffracted beam for wavelengths ranging from 0.5 to 3 Å 

Monochromators, aperture diaphragm was used to improve the quality of diffraction 

patterns measured as shown in fig. 3.9. 

 

   

  

 

 

 

 

 

 

 

Fig. 3.10: Experimental setup of Bruker D8 Advance X-ray diffractometer   

Fig. 3.9: Schematic diagram of beam path in the X-ray diffractometer [160] 
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3.2.2    Scanning Electron Microscopy (SEM): 

When an incident electron beam strikes the specimen composed of a crystalline and 

amorphous structure, it undergoes a series of complex interactions with the nuclei and 

electrons of the atoms of the sample (figure 3.11). 

 

 

Fig. 3.11:  A schematic representation of the various interactions of an electron beam 

with a solid target [161] 

The Scanning Electron Microscope generally produces largely magnified images of 

deposit films using electrons, so that the surface morphology of the deposited films 

can be analyzed. Figure 3.12 and figure 3.13 shows the basic working principle and 

experimental setup of SEM. An electron gun at the top of the microscope is used to 

produce a high energy electron beam having energy typically in the range of a few 

hundred eV to 50 keV. The beam travels vertically through the electromagnetic fields 

and lenses under vacuum to fall over the sample surface. When the focused electron 

beam strikes the sample surface, X-Rays, secondary electrons and back scattered 

electrons are ejected from the sample which are collected by detectors and converted 

into the signals that can be seen at computer screen [161]. 
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Fig.3.12: Basic working mechanism of scanning electron microscope[161] 

 

 Fig.3.13 Experimental setup of scanning electron microscope  

(Model: Nova Nano FESEM 450). 
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3.2.3 Atomic Force Microscopy (AFM) 

The Atomic Force Microscope (AFM) is used to obtain surface forces and images at 

nano and micro level. Fig. 3.14 shows the working principle of AFM. The cantilever 

spring is attached with standard microscopic tip. The basic working of AFM depends 

upon the bending of the cantilever spring when some external force is applied. When 

an adhesive interaction between tip and surface takes place, very sensitive cantilever 

bending due to surface and tip contact comes into the picture. In order to detect this 

bending, a laser beam from the laser source is focused on the cantilever that reflects 

from cantilever and reaches towards the position sensitive detector as shown in fig. 

3.14. Depending upon the deflection of the cantilever, the position of reflected laser 

beam changes. The position sensitive detector senses this deviation and converts this 

change into electrical signals. The surface imaging of the surfaces in AFM can be done 

using two measurement methods.  

Contact Mode: In contact mode, physical contact between sample and tip takes place. 

The electronic feedback maintains the resulting deflection at a constant value by 

changing the Z position and thus the force is measured. 

Non-contact mode: In the non contact mode, the tips scans the surface, maintaining a 

distance of about 50 - 150 Å. The topographic images are constructed by sensing Van 

der Waals forces between the tip and top surface of the sample. 

 

Tapping Mode: In tapping mode, the cantilever tip is forced to vibrate near the 

resonant frequency. The vibration amplitude of cantilever decreases with the 

decreasing distance between tip and top surface of the sample and hence the 

interaction force between the tip and the surface will shift the resonant frequency. In 

tapping mode, the surface is scanned in terms of change in oscillation amplitude. The 

atomic force microscope can achieve a lateral resolution of 0.1-10 nm. Fig. 3.15 shows 

the experimental setup for atomic force microscope. 
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Fig 3.14: Schematic diagram of AFM [161] 

 

Fig.3.15 Experimental setup of atomic force microscope  

(Model: Multimode -8 Scanning Probe Microscope from Bruker). 
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3.2.4 X-Ray Photoelectron Spectroscopy (XPS) 

A primary incident particle (photon) with sufficient energy can knock-out the inner 

shell electron, and consequently the kinetic energy of the emitted electrons can be 

measured. According to the following equation, it is possible to determine 

characteristic electron binding energy from the following relationship: 

Ebinding = Ephoton – (Ekinetic + φ)     (3.3) 

where Ebinding is the binding energy of electron, Ephoton is the energy of incident X-ray 

photon (h·ν), Ekinetic is the energy of measured knock-out electron and ɸ is the work 

function of spectrometer (not the material). XPS spectrum gives a variation of quantity 

(number) of detecting electrons with the binding energy of the emitted electrons. Each 

chemical element produces a specific set of peaks at characteristic binding energy and 

according to the peaks it is possible to confirm the element's presence in the specimen. 

These peaks correspond with an electron configuration, for example 1s, 2s, 2p, etc. 

Based on the physical principles, XPS enables the detection of all elements, but the 

real X-ray sources are able to analyze the elements from lithium. The measured 

volume (analyzed depth) is very small, usually around 2-10 nm, depending on the 

chemical composition and the density of the material. The XPS analysis can also be 

used for the determination of the chemical and electronic states of the elements that 

exist within any material. The final spectrum evaluation is not trivial due to the 

presence of a lot of state effects such as satellite and “ghost” peaks, multiplet slitting, 

shake-up (and off) satellites, asymmetric (non-) metallic lines, noise, contamination on 

the top and shifting causes due to the charging or interaction with other electrons (so 

called chemical shifting). 
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3.3 Measurement of Optical, Dielectric and Electrical Properties 

3.3.1 UV-VIS-NIR Spectroscopy 

UV-VIS-NIR spectroscopy provides direct evidence about electron energy jumps 

between the two distinct energy levels. A large number of phenomena; such as 

reflection, transmission, diffusion, absorption, refraction, polarization; can take place 

when a beam of light interacts with a solid. The probability of occurrence of a certain 

phenomenon depends on the incident beam's angle of incidence with respect to the 

solid. UV/Vis/NIR spectroscopy makes it possible to estimate the proportion of light 

reflected, transmitted or absorbed by the specimen within the spectral range between 

200 nm and 3300 nm. 

In the present study, UV-VIS-NIR spectrometer (Varian Cary 5000 model) has been 

used for optical characterization of the deposited nanocomposite thin films and 

multilayers. Figure 3.16 shows the schematic diagram of the optical arrangement of 

the spectrometer. The spectrometer is equipped with three continuous light sources a 

mercury lamp for measuring transmission in the NIR range (from 3300 nm to 1100 

nm), tungsten lamp for visible range (1100 nm to 320 nm) and a deuterium lamp for 

the measurement in the ultraviolet range (from 320 nm to 200 nm). The Schwarzschild 

coupling optics are used which ensures the maximum level of light throughput. They 

Schwarzschild coupling 

optics 

‘Plug-n-Go’ lamp   

Slits can be fixed in the NIR 

as well as the UV-VIS 

Cary’s out of plane 

double  

monochromator   

Detector  

Common beam mask   

Sample compartment   

Chopper   

Fig 3.16: Schematic diagram of the optical system arrangement of Varian 

Cary 5000 UV-VIS-NIR spectrometer 
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are coated with silica so that they can be cleaned without any damage to the reflective 

surface. Double holographic grating monochromator are used to minimize the 

photometric noise and stray light which provide high resolution. The slits can be fixed 

in the NIR as well as the UV-Visible region. The radiation source and fixing of slit is 

automatic during monochromator slewing. After passing through the monochromator, 

the height of the beam is precisely adjusted to match samples of different dimensions 

by using a common beam mask in the arrangement. The use of chopper provides a 

switch between the sample and the reference beam. PbS detector is used which 

provide flexibility in the NIR range. Before loading the sample, we have made 

zero/baseline correction in the setup. This is done by loading the clean substrate for 

reference data and black sample to block the beam for baseline data. Then the setup 

automatically subtracts these data when the film deposited on a substrate is loaded for 

characterization, thus finally we get the precise data of the thin film. Let Io defines the 

intensity of the reference beam with very less or ideally no light absorption and I 

defines the intensity of sample beam, then for a sample compound which does not 

absorb given wavelength radiation we have I = Io. For a sample that absorbs given 

light radiation, we will have I < Io.  For such samples Absorption may be presented as 

A = log Io/I = log (1/T).   

 

3.3.2 Photoluminescence Spectroscopy 

Photoluminescence spectroscopy is a contactless, nondestructive method through 

which electronic structure of the materials can be determined. When a material is 

irradiated with light of sufficient energy, it absorbs and gains excess energy through a 

process called photo-excitation. Dissipation of this excess energy can be done with the 

sample through the emission of light, or luminescence. This luminescence is called 

photoluminescence. The intensity and spectral content of photoluminescence provide 

important material information about surface state density and band gap shifting. Two 

types of spectra can be obtained by PL measurement: (i) photoluminescence-excitation 

(PLE) spectrum and (ii) photoluminescence spectrum. Measurement of 

photoluminescence excitation spectrum can be performed by studying the variation of 

luminescence intensity at fixed wavelength whereas the variation of luminescence 

intensity as a function of wavelength provides an idea about photoluminescence 

spectrum. 
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In the present study, Perkin Elmer LS 55 Fluorescence spectrometer was used to study 

PL spectra of nanocomposite thin films and multilayers. Figure 3.17 shows the 

schematic diagram of the PL set-up. Xenon lamp was used as the excitation source in 

the spectrometer. Excitation diffraction grating was used to select the desired 

wavelength for the excitation beam. Light from the Xenon arc lamp is 

monochromatized by the excitation diffraction grating and is incident normally on the 

sample surface. The emitted PL light is collected to the front face geometry which 

again monochromatized by the emission side grating and then sent to the 

photomultiplier and finally recorded by the computer. 

3.3.3 Impedance Analyzer 

Impedance is an important criteria used for characterization of electronic circuits, 

components, and the materials used to manufacture components. Impedance (Z) is 

represented as a complex quantity and defined as the total opposition offered by an 

electronic component or circuit to the flow of an alternating current (AC) at a given 

frequency. The quality factor Q, defined as Q = X/R, is a dimensionless quantity. It is 

defined as the ratio of the energy stored in an electronic component to the energy 

dissipated by that component and serves as a measure of reactance purity; in other 

words, how close it is to being a pure reactance with no resistance. Loss tangent, 

defined as tan δ=R/X, is the reciprocal of Q. The real and the imaginary parts of 

Photomultiplier 

Excitation diffraction 

grating 

Emission diffraction 

grating 

Xenon arc lamp 

Sample 

Front face geometry 

Fig 3.17: Schematic diagram of the PL experimental set-up 

(Perkin Elmer LS 55 Fluorescence spectrometer) 
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impedance can be measured by an impedance analyzer.  We have used Agilent 4294A 

Precision Impedance Analyzer 40 Hz to 110 MHz for the measurement of dielectric 

properties. 

3.3.4 Electrical Analysis of RRAM Device 

The RS properties of various combinations of the electrodes and the memory films are 

characterized by the semiconductor parameter analyzer (Agilent B1500A) and the 

pulse pattern generator (Agilent 81110A) with a low-leakage switch mainframe 

(Agilent E5250A) to switch the input and output signals. All the above measurement 

instruments are controlled by a computer with the assistant of the Agilent VEE 

software. During the electrical analyses, the voltage source is applied to the top 

electrode with the bottom electrode common. Fig. 3.18 shows that the measuring 

schematic diagram of the combination of the Agilent B1500A, E5250A, and VEE 

software, which is used to measure current-voltage (I-V) curve, data retention time, 

endurance, and nondestructive readout properties. Fig. 3.18 depicts the combination of 

the Agilent B1500A, 81110A, E5250A, and VEE software, which is employed to 

perform the electrical-pulse-induced resistance (EPIR) change phenomenon and the 

electric pulse endurance measurement.  

A. Current-voltage Measurement The current-voltage (I-V) characteristics of 

various combinations of electrodes and memory films are performed by Agilent 

B1500A. The RS phenomenon is that the resistive state of the memory device can be 

altered by applying a specific voltage, which is reproducible. While switching the 

device from OFF-state to ON-state, a large current pass through the RRAM device 

and a current compliance is imposed on the memory device to prevent the electrical 

damage. In addition, the relevant conduction mechanisms in insulator, listed in table 

2-1, are studied by analyzing I-V characteristics, which can help to reveal the 

corresponding physical meanings. The conduction mechanisms in the different 

memory states are also discussed to elucidate the origin of the RS mechanisms. 

B. Data Retention Time Measurement The data retention time is the time of the 

stored information which can be kept without any power supply. In this dissertation, 

the retention time of the memory device is measured by Agilent B1500A. First, two 

identical devices were switched to different memory states, respectively. After a 

specific period, a small voltage, cannot change the current memory states of the 

device, is applied to read the current to calculate the resistance value of the memory 
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states. The data retention time measurement is performed in a dry environment at 

room temperature or at higher temperature to perform the thermal acceleration test.  

C. Nondestructive Readout Measurement The nondestructive readout, measurement 

of the memory devices is demonstrated by Agilent B1500A. Various memory states of 

the devices are obtained by sweeping DC voltage bias or applying an electric pulse. 

Subsequently, a dc voltage bias is applied on the device to read the current of various 

memory states over 104 s at room temperature or at 85 oC. Based on the experimental 

results, the maximum read times and the stability of the memory states can be 

estimated.  

D. Endurance Measurement The endurance is the number that a memory device can 

be stably operated among various memory states by sweeping voltage bias or applying 

a voltage pulse, and the endurance cycle with excellent stability is expected to be as 

large as possible. Endurance measurement by sweeping voltage bias is achieved by 

Agilent B1500A, and that by applying a voltage pulse is achieved by the VEE 

program, Agilent B1500A, 81110A, and E5250A. 

3.3.5 I-V measurement and Solar Simulator 

Solar Simulators are used to provide illumination approximating natural sunlight. It 

basically provides, under laboratory conditions, a controllable indoor test facility used 

for the testing of solar cells.  A solar simulator generally consists of three main 

components (i) source(s) of light (ii) associated power supply; (iii) optics and filters 

for modification of the output beam to match the classification requirements. In our 

measurements we have used Xenon Lamps as a light source with AM1.5 filter. The 

xenon lamp allows the design of an optical system that produces an intense, collimated 

beam as shown in Fig.3.18. Keithley electrometer 6517A is used to measure of I-V 

characteristics of the solar cell. 

 
Fig. 3.18: Working principle of a 1 Lamp Solar Simulator, using a Xenon short arc lamp 
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CHAPTER 4 

Structural and Optical Properties of Pulsed Laser Deposited 

ZnO/TiO2 and TiO2/ZnO Thin Films 

In this chapter structural and optical properties of pulsed laser deposited ZnO/TiO2 

and TiO2/ZnO thin films has been reported. An effort has been made to improve the 

quality of ZnO and TiO2 thin film using a buffer layer of TiO2 and ZnO, respectively. 

The pulsed laser deposition technique was used for the preparation ZnO and TiO2 thin 

films on Si (100) substrate at room temperature. Structural and optical properties have 

been investigated and it has been observed that the crystallinity and 

photoluminescence spectra of ZnO and TiO2 considerably improved by using TiO2 

and ZnO buffer layer, respectively. 

 

4.1 Introduction 

ZnO is suitable and potential candidate for the fabrication of light emitting devices and 

the future electronic devices due to its large binding energy of excitons (60 meV) and 

wide band gap (3.37 eV) [31]. ZnO thin films have an important role in solar cells, 

solid-state display devices, and exciting acoustic waves at microwave frequencies 

[162]. Consequently, for the design and analysis of various optical and optoelectronic 

devices using ZnO, it is desirable to have the precise understanding of the structural 

and optical properties of ZnO. The structural and optical properties of ZnO thin films 

depend on the fabrication methods, pre and post deposition temperature treatment, 

type of substrate material etc. TiO2 thin films have good photocatalytic behaviour [42], 

high refractive index [40], and high transparency in visible light [43], due to which 

TiO2 thin films have been widely studied. In addition, TiO2 thin films have good 

thermal stability and high dielectric constant, which make it appropriate for capacitors 

in microelectronics, high-density dynamic-memory devices, insulated gate in MIS 

structures, etc. in Si devices [163].  Furthermore, it has also been reported that when 

the crystallinity of dielectric film increases, its dielectric constant increases and 

smooth film surface leads to the decrease in leakage current. Many researchers have 

studied the ultraviolet and visible region emission properties of TiO2 thin film.  It is 

reported that the exciton related recombination process is dependent on the structural 

imperfection and defects. So it is essential to fabricate high quality films for high 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TX9-4JWFBTP-T&_user=1143371&_coverDate=01%2F31%2F2007&_alid=1318224614&_rdoc=5&_fmt=high&_orig=search&_cdi=5585&_sort=r&_docanchor=&view=c&_ct=1215&_acct=C000051781&_version=1&_urlVersion=0&_userid=1143371&md5=b5f7004f3ae2b48873bac2a16d2155b0#bib1
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TX9-4JWFBTP-T&_user=1143371&_coverDate=01%2F31%2F2007&_alid=1318224614&_rdoc=5&_fmt=high&_orig=search&_cdi=5585&_sort=r&_docanchor=&view=c&_ct=1215&_acct=C000051781&_version=1&_urlVersion=0&_userid=1143371&md5=b5f7004f3ae2b48873bac2a16d2155b0#bib3
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TW0-4PXM67W-8&_user=1143371&_coverDate=07%2F01%2F2008&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000051781&_version=1&_urlVersion=0&_userid=1143371&md5=66dcc1d2308c51aad1788e7109842a3f#bib2
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TW0-4PXM67W-8&_user=1143371&_coverDate=07%2F01%2F2008&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000051781&_version=1&_urlVersion=0&_userid=1143371&md5=66dcc1d2308c51aad1788e7109842a3f#bib1
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TW0-4PXM67W-8&_user=1143371&_coverDate=07%2F01%2F2008&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000051781&_version=1&_urlVersion=0&_userid=1143371&md5=66dcc1d2308c51aad1788e7109842a3f#bib3
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TW0-4PXM67W-8&_user=1143371&_coverDate=07%2F01%2F2008&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000051781&_version=1&_urlVersion=0&_userid=1143371&md5=66dcc1d2308c51aad1788e7109842a3f#bib5
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efficiency solar cell applications. TiO2 thin films have been deposited using different 

techniques like, aerosol pyrolysis, molecular beam epitaxy, sol–gel method, chemical 

vapour deposition, and electro-deposition technique. The investigation of the influence 

of various substrates such as Si (100), glass and ITO coated glass has also been 

studied. 

Above all, the choice of substrate is very important for the fabrication of the thin film 

because the crystal growth behaviour of the film is strongly depends on the matching 

in lattice parameters between the film and substrate. When metal oxides thin film e.g. 

ZnO, TiO2 thin films are prepared on Si substrates at high temperature or it has been 

treated with high annealing temperature, It has been observed that Si atoms available 

at surface easily capture oxygen atoms from ZnO thin film [164], which reduces 

oxygen atoms in the films or increases oxygen vacancies and as a result the quality of 

the ZnO thin films become poor. 

Therefore, it is supposed that the use of single or multi buffer layer between ZnO film 

and Si substrates may improve the quality of thin films. Some research groups have 

reported high quality ZnO thin films grown on homo ZnO buffer layer and CaO buffer 

layer [3]. The choice of buffer layer material depends on the value of lattice 

parameters, thermal expansion coefficient and physical properties. Here, we have 

chosen TiO2 as a buffer layer material for ZnO thin film and vice versa, based on the 

considerations that both TiO2 and ZnO are wide-band-gap materials, both have high 

refractive indices, high chemical and thermal stability, high transmittance in the visible 

region, intense absorption in the ultraviolet band, abundant and low cost, suitable used 

in actual production. 

4.2 Experimental Details 

4.2.1 Thin Film Preparation: The targets of ZnO and TiO2 were prepared using 

99.99% pure ZnO and TiO2 powder as the starting materials (Loba Chemie, India), 

respectively. ZnO and TiO2 powder were grounded for 24 h and then calcined at 400 

0C for 12 h.  The calcined powder was reground for 6 h and was then pressed into 

pellets of 15 mm in diameter and 2 mm thickness under the pressure of 90 MPa. Then, 

the pallets were sintered at 800 oC for ZnO and 1000 oC for TiO2. The Si (100) 

substrates were cleaned sequentially with a diluted HF solution, distilled water and 

acetone. ZnO thin films have been deposited on different substrate using pulsed laser 
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deposition (PLD) technique employing a KrF laser source (λ=248 nm). The thickness 

of the grown film is typically ~200 nm and buffer layer thickness is ~50 nm, which is 

confirmed using a surface profilometer. The pulse repetition rate was 10 Hz with laser 

fluence of about 2–3 J cm−2. The target to substrate distance, working O2 pressure and 

deposition temperature were kept 35 mm, 50 mTorr, and 500 °C respectively. The 

thickness of the grown film is typically ~200 nm which is confirmed using the surface 

profilometer.  

4.2.2 Thin Film Characterization: The phase and orientation of as-grown thin films 

were characterized by X-ray diffractometeter (XRD, Bruker AXS D-8 Advance 

Diffarctometer) using CuKα (λ=1.5407 Å) radiation. The surface topography and 

microstructure were examined by atomic force microscope (NTMDT: NTEGRA 

model). Photoluminescence study in the wavelength range 200 nm to 800 nm was 

done using Perkin Almer LS-55.  

The facility of pulsed laser deposition technique and characterization techniques 

provided by functional nanomaterials research laboratory (FNRL), IIT Roorkee and 

Materials Research Centre, MNIT Jaipur. 

 

Table 4.1: Parameters used for the thin films preparation using PLD technique 

 

Target used   :  ZnO, TiO2 

Laser source   :  KrF eximer source 

Laser wavelength  :  248 nm 

Laser fluency   :  2-3 J-cm-2 

Laser energy   :  300 mJ 

Repetition rate   :  10 Hz 

Gas used    :  High purity oxygen (99.7%) 

Base pressure   :  2 × 10-6
 Torr 

Background pressure  :   50 m Torr 

Substrate used   :   Si (100) 

Target to substrate distance :    35 mm  
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4.3 Results and discussion 

4.3.1 Effect of Buffer Layer on Structural Properties  
 

XRD pattern shows that ZnO thin film grown on Si (100) substrate was preferentially 

oriented along the c-axis with a hexagonal wurtzite structure and the use of  TiO2 

buffer layer increases crystallinity along (002) diffraction peak as shown in fig.4.1. On 

the other hand, TiO2 thin film exhibit pure anatase phase and crystallinity was 

improved along (200) plane by inserting the ZnO buffer layer between substrate and 

TiO2 thin film. 
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Fig.4.1: XRD pattern of ZnO and TiO2 thin films 
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The improved crystallinity of thin film using buffer layer resulted from the mismatch 

in thermal expansion coefficient between TiO2 and ZnO, which is smaller than that of 

between ZnO and Si or TiO2 and Si. The lattice mismatch between substrate Si (100) 

and ZnO is 40%, whereas for their counterparts i.e. between anatase-structured TiO2 

and ZnO is 14%. As a result, the decrease of lattice mismatch is an additional reason 

for the improved crystallinity. 

The crystallite size of these samples was calculated using the following Scherrer’s 

expression [165]: 

    𝑡 =
0.91 𝜆

𝛽 cos 𝜃
                             (4.1) 

where λ= wavelength of x-rays (1.5407 Å), β = Full width at half of the maximum 

peak (FWHM), θ = Angle of maximum intensity. The crystallite size of the samples 

calculated along the (101) orientation for TiO2 and along the (002) orientation for ZnO 

thin films using Scherrer’s formula is shown in Table 4.2.  

The lattice parameter is calculated using the following formulas: 

Hexagonal:    
1

d2
=

4

3
(

h2+hk+k2

a2
) +

l2

c2
               (4.2) 

Tetragonal:    
1

d2
= (

h2+k2

a2
) +

l2

c2
                   (4.3) 

where h, k, l are miller indices of crystal planes and d is the spacing between adjacent 

planes. For a lattice spacing d value, the h, k, l value can be found by comparing with 

standard data and then by using above equation a and c can be calculated. 

The strain along the c axis, ε zz is given by the following equation [166]: 

                                               ɛ𝐳𝐳 =
(𝐜−𝐜𝟎)

𝐜𝟎
× 100 %                      (4.4) 

where c0 is the lattice parameter of unstrained ZnO, c is the lattice parameter of the 

strained ZnO films, calculated from X-ray diffraction data . According to the above 

equation the strain can be negative (compressive) or positive (tensile). ɛzz values are 

calculated using the equation (4.4) and are summarized in Table 4.2. 
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The lattice mismatching between the film and substrates, results in the stress in the 

thin films which arises during the growth process. The numerical values of stress can 

be camputed by the following formula: 

   𝜎 =
2c13

2 −c33(c11+c12)

2c13
×

c−c0

c0
                4.5 (a) 

   σ = −453.6 × 109 ×  
c−c0

c0
          4.5 (b) 

 𝜎 = −282.76 × 109  
𝑐−𝑐0

𝑐0
           4.5 (c) 

where cij is elastic constant, c0  is the lattice constant of bulk and c is the lattice 

constant of thin films.  

Fig 4.2: AFM images of the ZnO and TiO2 thin films prepared by PLD 
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Table 4.2: Various calculated parameters of ZnO and TiO2 thin films using XRD and AFM 

 

The lattice mismatch between the film and substrates can result in varying degrees of 

stress during the growth process of thin films. The results show that the compressive 

strain is present in all fabricated ZnO and TiO2 films, which is derived from a lattice 

mismatch between substrates and films owing to increase in crystallite size, and the 

stress is decreased with the buffer layer. Fig. 4.2 shows the AFM image of the 

deposited thin films. The grain size and average surface roughness increases when 

buffer layer is used due to enhancement in crystallinity.  

4.3.2 Effect of Buffer Layer on Optical Properties  

Fig. 4.3 shows the room temperature PL spectra of ZnO and TiO2 thin films grown on 

Si substrate with and without buffer layer. The ZnO film deposited on Si (100) 

substrate exhibits a strong ultraviolet emission peak along with weak green–yellow 

emission band. The ultraviolet emission of ZnO films is generally considered to be 

resulted from recombination of free exciton, whereas the green emission is mainly 

resulting from oxygen vacancies. The PL spectra of TiO2 thin film deposited on Si 

(100) substrate shows a broad emission band from 390 to 450 nm and there are two 

emission peaks superimposed on the broad emission band. The peak before 350 nm 

(~3.5 eV) is ascribed to direct electron-hole recombination, which should be equal to 

or slightly bigger than the TiO2 band gap. The emission band from 390 to 450 nm 

Sample 

FWHM 

(β) 

(degrees) 

Crystallite 

size 

(nm) 

Lattice-

constant 

(Å) 

Strain 

(x 10-2) 

Stress 

( 109 N/m2) 

Grain size 

AFM (nm) 

Roughness 

(nm) 

ZnO 0.256 32.02 5.182 0.442 2.00 68 6 

ZnO/TiO2 0.236 35.31 5.198 0.127 0.69 94 8 

TiO2 0.318 25.57 9.427 0.792 2.24 82 5 

TiO2/ZnO 0.287 36.36 9.472 0.319 0.902 162 9 
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(corresponding to 3.2–2.75 eV) arises from indirect band gap and surface 

recombination processes. Further observation indicates that there are two small peaks 

in the wavelength range from 460 to 500 nm. These PL signals are attributed to 

excitonic PL, which mainly result from surface oxygen vacancies and defects of the 

films.  
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Fig. 4.3: Room temperature photoluminescence of thin films deposited on Si 

(100) substrate 
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It is observed that ZnO thin film deposited on the TiO2 buffer layer shows stronger 

ultraviolet emission, as compared to ZnO thin film grown without buffer layer, with no 

visible emission. The absence of visible emission shows the defect free formation of 

film. Similarly, the use of ZnO buffer layer also removes the oxygen defects emission 

peak of TiO2 thin film.   

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4: Energy band alignment of ZnO/TiO2 composite. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5: The photoluminescence transitions of PLD deposited ZnO thin film: (1) 

transition from near conduction band edge to deep acceptor level, (2) transition from 

deep donor level by oxygen vacancies to valence band. 
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The enhanced ultraviolet emission from ZnO thin films grown on TiO2 buffer layer is 

also probably connected with fluorescence resonance energy transfer (FRET) between 

ZnO and TiO2. Fluorescence resonance energy transfer (FRET) is a process to express 

the transfer of energy between two molecules. The molecule which is in excited state 

(donor) may transfer its energy to another molecule which is in lower energy state 

(accepter). This process is based on non dipole-dipole coupling phenomenon. After the 

excitation of electron–hole pairs in TiO2 layer, the energy is easily transferred to ZnO 

films due to resonance effect [167] as a result, the band gap emission of ZnO is 

enhanced. 

The value of the direct band gap was found to be 3.29 and 3.24 eV for ZnO thin films 

grown on Si substrate without and with TiO2 buffer layer, respectively. On the other 

hand, the value of indirect band gap was found to be 3.24 and 3.19 eV for TiO2 thin 

films deposited on Si (100) substrate without and with a ZnO buffer layer. The 

decrease in the optical band gap of the films could be related to the enhancement in 

crystallite (grain) size leading to a smaller number of grain boundaries. On the other 

hand the compressed lattice will provide a wider band gap because of the increased 

repulsion between the oxygen 2p and the zinc 4s bands [168]. 

4.4 Conclusion 

ZnO, TiO2, ZnO/TiO2 and TiO2/ZnO thin films on Si (100) substrate were prepared by 

pulsed laser deposition technique. XRD and AFM result demonstrate that the 

crystallinity of ZnO and TiO2 thin films are considerably improved by using TiO2 and 

ZnO buffer layer, respectively. Compared with PL of ZnO thin film, UV intensity of 

ZnO grown on TiO2 buffer layer has increased about two fold. Similarly, the ZnO 

buffer layer improved the UV emission of TiO2 thin film. The band gap of ZnO and 

TiO2 thin film grown on the buffer layer found to decrease due to improved 

crystallinity. 
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CHAPTER 5 

Effect of Phase Transformation on Optical and Dielectric Properties 

of Pulsed Laser Deposited ZnTiO3 Thin Films 

In this chapter, the effect of substrate temperature, which leads to transformation of 

hexagonal phase to cubic phase, has been studied. The structural, optical and dielectric 

properties have been measured and the effect of phase transformation has been 

analyzed. 

 

5.1 Introduction 

Perovskite-phase metal oxides reveal a variety of attractive physical properties which 

include dielectric, ferroelectric, piezoelectric and pyroelectric behavior. Particularly, 

the materials having linear dielectric behavior shows linear polarization as a function 

of applied field. In ferroelectric ceramics the permanent electric dipole can be oriented 

with the application of applied electric field. On the other hand Pyroelectric materials 

exhibit spontaneous polarization and the direction of polarization cannot be reversed 

by external electric field. Piezoelectrics materials either suffer mechanical deformation 

as external electric field is applied or exhibits an electrical charge as mechanically 

stressed are applied. In general, these various properties occurs from the crystal 

symmetry adopted by these materials [169]. 

The multifunctional development of high-frequency electronic materials becomes 

essential due to the requirements of electronic components with the highest reliability. 

Zinc titanate (ZnTiO3) has been reported to have superior electrical properties that are 

adequate for applications of microwave dielectrics [52]. ZnTiO3 has also been 

regarded as a good candidate for low-temperature cofired ceramics (LTCCs) due to its 

relatively low sintering temperature and good dielectric properties [54]. The ZnO – 

TiO2 system has three stable phases, including ZnTiO3 (with hexagonal and cubic 

structure), Zn2TiO4 (cubic structure), and Zn2Ti3O8 (cubic structure). Amongst these 

phases, ZnTiO3 is unstable and gets decomposed into Zn2TiO4 and rutile TiO2 at about 

945 °C [51].  To the best of our knowledge, references concerning the characteristics 

of zinc titanate based thin film are lacking.  
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In this work, we have reported the effect of phase transformation on optical and 

dielectric properties of ZnTiO3 thin films prepared by pulsed laser deposition 

technique using solid state reacted ceramic target. Various parameters are optimized in 

order to achieve single phase ZnTiO3 thin film. 

5.2 Experimental Details 

5.2.1 Thin Film Preparation: The conventional solid state reaction method was used 

for the preparation of ZnTiO3 target material.  ZnO and TiO2 powder (99.99% pure, 

Loba Chemie, India) was taken in a molar ratio 1:1. The materials were ground for 24 

h followed by calcinations at 400 oC for 12 h. After that powder was reground for 6 h 

and pressed into pellets (1.5 cm in diameter and 1.15 mm thickness) under the pressure 

of 90 MPa. Then, the pallets were sintered at different temperatures ranging from 700 

oC to 1000 oC for 12 h.  Thin films were deposited using KrF excimer pulsed laser 

system.  The wavelength of KrF excimer laser source was 248 nm. The laser fluence 

of about 2–3 Jcm–2 was kept with pulse repetition rate 10 Hz. The distance between 

target and substrate was kept at 35 mm. Before deposition of thin films, the base 

pressure in the chamber was 2x10–6 Torr, and after that the pure oxygen was 

introduced and sustained at a pressure of 50 mTorr. The chamber was filled to 900 

mTorr oxygen after the deposition of thin films and the films were cooled down 

naturally. The film thickness was measured using a surface profilometer and found to 

about ~200 nm. 

5.2.2 Thin Film Characterization:  The orientation and phase of as prepared thin 

films were characterized by X-ray diffractometry (XRD, Bruker AXS D-8 Advance 

Diffarctometer) using CuKα (λ=1.5407 Å) radiation. The surface topography and 

microstructure were examined by atomic force microscope (NTMDT: NTEGRA 

model). Absorption spectra have been taken using UV-vis-NIR spectrophotometer 

(Varian Cary 5000) in the wavelength range 200 to 800 nm. Dielectric properties as a 

function of frequency were studied using an impedance analyzer (Agilent 4294A 

precision). 

The facility of pulsed laser deposition technique and characterization techniques 

provided by functional nanomaterials research laboratory (FNRL) IIT Roorkee and 

Materials Research Centre, MNIT Jaipur. 
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5.3 Results and Discussion 

5.3.1  Structural and Surface Morphology Study 

The preparation of single phase ZnTiO3 is usually difficult due to the coexistence of 

both cubic and hexagonal phases at low temperature and the decomposition of ZnTiO3 

into Zn2TiO4 and TiO2 (rutile) at high temperature. Consequently, we need to optimize 

several parameters to prepare the single phase ZnTiO3 in the form of powder and thin 

film. Fig. 5.1 shows the XRD patterns of the ZnO-TiO2 composites sintered at 

different temperatures varying from 700 oC to 1000 oC for same time period (for 12 h). 

The ZnO-TiO2 composite powder sintered at 800 oC reveals pure crystalline hexagonal 

phase of ZnTiO3 without any existence of cubic-phase. This sample is used as a target 

material for the fabrication of ZnTiO3 thin film using pulsed laser deposition 

technique. The ITO coated glass substrate was used for the preparation of thin films. 

 

 

 

 

 

  

Fig.5.1:  XRD patterns of ZnTiO3 pallet obtained at different sintering 

temperatures. 
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Fig. 5.2 shows the XRD patterns of the ZnTiO3 thin films at different substrate 

temperatures varying from room temperature to 550 oC. At room temperature film was 

amorphous nature, only single peak appears of substrate. When we increase the 

substrate temperature from room temperature to 300 oC hexagonal phases starts to 

appear and become more intense at 400oC. Further increases in substrate temperature 

the XRD pattern shows the coexistence of both cubic and hexagonal-phases. 
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The crystallite size of these samples was calculated along the (104) orientation of 

hexagonal ZnTiO3 phase using the Scherrer’s formula [165]. The crystallite size of the 

thin films at various substrate temperature calculated using Scherrer’s formula are 

shown in Table 1 and the variation of FWHM and crystallite size are shown in Fig. 5.3 

(a). It is observed  as the substrate temperature increases the crystallite size increases 

Fig.5.2: XRD patterns of ZnTiO3 thin film at different substrate temperatures 
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and FWHM decreases. This is because of the Ostwald ripening [170], according to that 

particle size increases due to the amalgamation of the smaller particles into larger ones 

and is a result of the potential energy difference between larger and smaller particles. 

This can occur through solid state diffusion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The approximate percentage of hexagonal-phase was calculated from the ratio of areas  

under the hexagonal-phase peaks to the areas of all peaks using the equation as 

follows: 

    H(%) =
Ah

Aall
× 100                     (5.1) 

Here, Ah and Aall denote the areas of hexagonal-phase of ZnTiO3 and the areas of all 

peaks of ZnTiO3, respectively. The results are listed in Table 1. 

Fig. 5.3(b) demonstrates the variation of unit cell volume and lattice parameter with 

substrate temperature.  It is found that lattice parameter and unit cell volume decreases 

with substrate temperature. This is because of shifting the (104) peak to the larger 

angle representing the existence of residual stress. The residual stress occurs due to 

different thermal expansion coefficients between substrate and ZnTiO3 film after 

cooling down [28]. Compared to the unstressed bulk value of  a=5.077 Å , the large 
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 Fig. 5.3(a): Variation of FWHM and crystallite size with substrate temperature. 
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value of lattice constant for ZnTiO3 film grown at room temperature shows that the 

unit cell is elongated along the a axis, and compressive force acts on the plane of the 

film. As substrate temperature increases, the compressive force decreases, however, as 

the substrate temperature reaches to 4000C, the lattice constant of the ZnTiO3(104) 

films becomes shorter than that of bulk ZnTiO3, which indicates that the compressive 

stress in the film plane changes to a tensile one with a substrate temperature 

increasing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.1: Various parameters of ZnTiO3 thin films deposited at different substrate 

temperature. 

Substrate 

temperature 

( oC ) 

Lattice 

Constants 

Unit 

cell 

volume 

(Å3) 

Hexagonal 

phase 
percentage 

(%) 

FWHM 

(degree) 

Crystallite 

Size (nm) 

Grain 

size  

AFM 

(nm) 
a (Å) c (Å) 

300 5.086 13.856 310.40 100 0.3395 24.39 43 

400 5.078 13.854 309.38 100 0.2981 27.78 61 

500 5.074 13.847 308.73 64.65 2.7191 37.90 85 

550 5.066 13.846 307.74 59.33 0.1945 42.58 102 
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Fig. 5.3(b): Variation of lattice parameter and unit cell volume with substrate 

temperature 
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Fig. 5.4 shows the surface morphology of the ZnTiO3 thin film prepared at different 

substrate temperature. The the average columnar grain size  and RMS roughness were 

computed from the AFM images. It has been found that the average value of grain size 

increases from 43 nm to 102 nm and roughness of surface increases from 5 nm to 10 

nm over the substrate temperature range.  

  

Fig.5.4: AFM image for  ZnTiO3 thin film deposited at various substrate temperatures 
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It is believed that high temperature provided sufficient energy to the atoms to obtain 

high surface mobility, which endorse the formation of the larger columnar structure 

grains. The surface roughness increases  due to the increase in the average grain size. 

 

5.3.2 Optical Properties 

The optical absorption spectra of ZnTiO3 thin film deposited at different substrate 

temperature are shown in Fig.5.5 (a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

One can see that the absorption edge of the crystalline thin film moves to longer 

wavelength as compared with that of amorphous film. It is also observed that the 

ultraviolet absorption edge of single hexagonal-phase ZnTiO3 has a red-shift, 

compared with that of cubic/hexagonal mixed phase ZnTiO3.  
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Fig.5.5 (a): Optical absorption spectra of ZnTiO3 thin film deposited at different 

substrate temperature 
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The relation between photon energy (hν)  and the absorption edge for the indirect 

band-gap semiconductor  can be expressed as follows [171]: 

   αhν = A (hν − Eg)
2
                                                 (5.2) 

where A is a constant , α is the absorption coefficient, Eg is the optical band gap, h is 

Planck’s constant, ν is the photon frequency. The plot of hν vs (αhν) 1/2 of thin films 

prepared at different substrate temperature is demonstrated in Fig. 5.5 (b). The value 

of optical band gap Eg was measured from an extrapolation of the linear region of the 

plot of (αhν) 1/2 on the y-axis versus photon energy (hν) on the x-axis. ZnTiO3 thin 

films showing indirect band gap which is arises from the best fitting of (αhν) 1/2 versus 

(hν) plot. It is also consistent with the reported in literature [172].  The variation of 

band gap with substrate temperature is shown in inset of Fig.5.5 (b).  We have 

observed the blue shift in absorption edge is caused by the poor crystallinity of ZnTiO3 

thin films prepared at low temperature. The crystallinity of the ZnTiO3 thin films 

prepared below 400 °C was poor and reveal polycrystalline structure. The physical 

model of the structure can be viewed as various nanocrystalline islands embedded in a 

matrix of amorphous ZnTiO3. Qualitatively, the interatomic spacing of amorphous 

structure would be relatively long and more disordered than crystalline structure due to 

the absence of long-range translational periodicity. As the fraction of amorphous 

ZnTiO3 phase increases in the films grown at low temperature, the extended 

localization in the conduction and valence bands increases [173]. As a result, the 

absorption of photon is mainly contributed by amorphous ZnTiO3 and hence the 

absorption edge blue shifted. When the substrate temperature increases from 300 oC to 

400 oC the band gap decreases due to strong hexagonal phase, but more increment in 

substrate temperature increases the band gap causes by change of phase from 

hexagonal to cubic. 
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Fig.5.5 (b):  (αhν) 1/2 versus hν plot of ZTO sintered at different substrate temperature. 
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Fig. 5.5 (c): The variation of band gap with substrate temperature 
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5.3.3 Dielectric Properties 

Fig. 5.6 (a-c) shows the measured capacitance, loss tangent and relative dielectric 

constant as a function of frequency in the range 500 Hz to 5 MHz of the ZnTiO3 thin 

films deposited at different substrate temperature. Dielectric constant εr is calculated 

from the measurement of capacitance value which can be obtained using the following 

equations: 

  εr =  
t × Cp

A×ε0
  = 

t × Cp  

π (
  d

 2
 )2  ×ε0

                   (5.3) 

where, Cp= equivalent parallel capacitance which is obtained from the measurement 

data, t = film thickness, d = diameter of the electrode, ε0 = permittivity of vacuum. 

 It has been observed that in high frequency region dielectric constant remains 

constant; while for lower frequencies a steep decrease in the dielectric constant with 

increase in frequency has been observed. The dielectric loss tangent is also found to 

almost constant at higher frequency region but decreasing in the lower frequency 

region. This indicates that frequency dispersion in the dielectric properties are 

negligible at higher frequency region for ZnTiO3 thin film, which is an important 

property suitable for many applications. 
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Fig. 5.6 (a): The capacitance as a function of frequency ZnTiO3 thin films deposited at 

different substrate temperatures 
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Fig. 5.6 (b): The relative dielectric constant as a function of frequency ZnTiO3 thin 

films deposited at different substrate temperatures 
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different substrate temperatures 
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The high value of dielectric constant at lower frequency is associated with the 

contributions from ionic, space charge and interface polarization. At higher frequency, 

dielectric constant becomes independent of frequency. It is due to the inability of 

electric dipoles to follow the fast variation of the applied electric field. Fig. 5.7 shows 

the variation of relative dielectric constant and loss tangent with substrate temperature. 

The dielectric constant of ZnTiO3 thin film deposited at room temperature is lowest 

due to its amorphous nature. When the substrate temperature increases, dielectric 

constant increases due to the enhancement in crystallinity. The improved film 

morphology by the increment in substrate temperature might also contribute to the 

enhancement of dielectric properties. 

5.4. Conclusion 

Pure phase ZnTiO3 thin films were prepared by pulsed laser deposition using ZnO-

TiO2 composite ceramic which was sintered at 800oC. At room temperature film was 

amorphous in nature, when we increase the substrate temperature hexagonal phase 

starts to appear. Further increases in substrate temperature film shows the coexistence 

of both cubic and hexagonal-phases. It is also observed that the ultraviolet absorption 

edge of single hexagonal-phase ZnTiO3 has a red-shift, compared with that of 

cubic/hexagonal mixed phase ZnTiO3. The dielectric constant and loss tangent is 

steeply decreasing in the lower frequency region and has an almost constant value at 

the higher frequency region. 
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CHAPTER 6 

Switching Characteristics in TiO2/ZnO Double Layer Resistive 

Switching Memory Device 

The uniform and reliable resistive switching characteristics of the ZnO based RRAM 

device with thin TiO2 layer are successfully investigated. In this study, the effect of the 

thickness of TiO2 layer on switching characteristics has been investigated. Compared 

with different thicknesses of thin TiO2 layers, the remarkable improved resistive 

switching parameters such as lower forming voltage and the narrower variation of 

endurance are achieved for TiO2 layer of thickness 2 nm. 

6.1 Introduction 

The modern electronic technologies/devices require high speed and denser memories.  

The use of non-volatile memory (NVM) devices is continuously increasing for recent 

microprocessor-based devices e.g. mobile phones, computer, digital cameras, cars, 

portable electronic gadgets and so many other wireless products. Current nonvolatile 

memory technology, such as flash memory, is based on charge storage and this 

technology is rapidly reaching its physical limits. Therefore, non-charge based nano-

scale memories e.g. magnetic random access memory (MRAM), ferroelectric random 

access memory (FeRAM), resistive random access memory (RRAM) and phase 

change random access memory (PCRAM) are being intensively studied for upcoming 

nonvolatile memory applications. Recently, RRAM has fascinated great consideration 

due to its potential for the replacement of flash memory in next-generation NVM 

applications [60-63]. The RRAM devices composed of a simple metal-insulator-metal 

(MIM) structure has the merits of high speed operation, low power consumption and 

high density integration. The current-voltage (I-V) characteristics of the MIM structure 

exhibit an intense change of resistance between the high resistance state (HRS) and the 

low resistance state (LRS) for logic signal (off and on states). The conductive 

mechanism of the resistive switching (RS) phenomenon is due to the formation and 

rupture of conductive filament consisting of oxygen vacancies. A number of metal 

oxides such as HfO2 [103], TiO2 [100], ZrO2 [101], Al2O3 [105], SrTiO3 [174], Ga2O3 

[175], SiO2 [176], ZnO [102] etc. have been studied for RRAM applications. Among 

them, ZnO is one of the promising materials in semiconductor foundry, which has 

been extensively studied for RRAM application because of its simple constitution and 

compatibility with the standard CMOS technology. In addition, some reports indicated 
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that the multilayer-based RRAM devices could obtain excellent resistive switching 

(RS) performance, such as high HRS/LRS ratio, fast switching speed, great scalability 

and low power. 

In this study, the RS behaviors of double layer TiO2/ZnO films in RRAM structure are 

investigated. A thin TiO2 layer with different thickness deposited on the ZnO RS layer 

leads the significantly different resultant switching curve form that without TiO2 layer. 

The TiO2/ZnO double layer structure with 2 nm TiO2 thin films can improve the 

resistive switching behavior compared to the single ZnO layer. Moreover, the bipolar 

switching behavior with high performance was demonstrated in this structure. It could 

be expected in future that this kind of double layer metal oxide based RRAM device 

would open a new way to the research and development of RRAM and what is more, 

to the exploration of the mechanism of RS. 

6.2 Experimental Details 

In First step the cleaning of p-type Si (100) wafer was done using the standard RCA 

cleaning process for device fabrication. An isolation thick layer of SiO2 with 200 nm 

was grown on the Si wafer at the 950 oC by wet oxidation to avoid the leakage current 

from Si wafer. After that adhesion layer of Ti metal film with thickness 20 nm was 

deposited on the SiO2 substrate. Further inert bottom electrode (Pt) with thickness 50 

nm was deposited on the Ti adhesion layer.  Both Pt and Ti layers were deposited at 

room temperature using the e-beam evaporation technique. The ZnO thin film with 

thickness 10 nm and TiO2 thin film with thickness 2 nm, 5 nm and 10 nm were 

deposited at 200 oC and room temperature, respectively, by using radio frequency 

magnetron sputtering. Finally, top electrode and capping layer of Ti with 50 nm 

thickness and Pt with 20 nm thicknesses, respectively, were deposited by electron 

beam evaporation at room temperature to form the Ti/TiO2/ZnO/Pt RRAM structure. 

Besides, the control sample without the TiO2 thin film was fabricated by the same 

processes described above. The switching characteristic of the all devices was 

measured using an Agilent B1500A semiconductor parameter analyzer. Thermo 

Scientific Theta Probe Angle-Resolved X-ray Photoelectron Spectrometer System 

used for the measurement of oxygen vacancies in ZnO and TiO2 thin films using Al Kα 

X-ray source (1486.6 eV). The facility of RRAM device fabrication and 

characterization techniques provided by the Department of Electronics Engineering 

and Institute of Electronics, National Chiao Tung University, Taiwan. 
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Fig. 6.1(a): Schematic structure of the fabricated RRAM device 

 

  RCA Clean of p-type Si (100) substrate 

 

Wet oxide (SiO2 growth), Isolation layer of 200-nm 

 

20-nm Ti Layer (adhesion layer) and then bottom electrode (Pt 

layer of 50 nm) deposited by electron beam evaporation 

 

10 nm-ZnO and TiO2 (different thickness varying from 2 nm to 

10 nm) deposited by sputtering at 200 oC 

 

50 nm-Ti as top electrode were deposited by electron beam 

evaporation 

Fig. 6.1(b): Experimental flow diagram for fabrication of RRAM device 
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6.3 Results and Discussion 

Fig. 6.1 (a-b) shows schematic diagram and experimental flow of the Ti/TiO2/ZnO/Pt 

device architecture. For the I–V measurements, the voltage was applied to the top 

active electrode while the bottom electrode was grounded. To evaluate the memory 

effects, I–V characteristics of these device structures were studied by dc voltage sweep 

measurements. The forming process of devices are needed to activate the RS 

properties, as shown in Fig. 6.2 (a).  
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Fig. 6.2 (a) Forming processes of Ti/ZnO (10 nm)/Pt and Ti/TiO2 (2 nm, 5 nm and 8 

nm)/ ZnO (10 nm)/Pt devices structure. 

 

After the initial forming process, the Ti/ZnO/Pt device was switched from HRS (OFF 

state) to LRS (ON state). The forming voltage (VF) increases linearly with the film 

thickness of TiO2 as shown in Fig. 6.2 (b). A large forming voltage (VF) of about 8 V 

is observed for the Ti/TiO2 (10nm)/ZnO/Pt structure, while only about 3.5 V is need to 

switch the Ti/ZnO/Pt structure from initial HRS to LRS. The linearly dependence of 

VF on the TiO2 film thickness supports the idea that forming process are governed by 

dielectric breakdown like phenomenon [177].  
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Fig.6.3 shows the typical bipolar RS process of the Ti/ZnO/Pt and Ti/TiO2 (2nm, 5nm, 

10nm)/ZnO/Pt devices, both devices show bipolar resistive switching behaviors. The 

compliance current was set as 1 mA. To further study the conduction and switching 

mechanism of the RRAM devices between HRS and LRS, the I–V characteristics are 

re-plotted in log–log scale and fitted the positive voltage region. As shown in Fig.6.4, 

the slopes of current (log I) vs. voltage (log V) in LRS of the ZnO/TiO2 double layer 

RRAM devices with different thickness of TiO2 are around one, which indicates that 

the LRS is dominated by Ohmic conduction mechanism. The conduction mechanism 

of LRS suggests that our devices belong to conductive filament formation/rupture 

model. The HRS shows linear fitting with slope around 2, this suggests that the current 

conduction mechanism of our memory device is dominated by a trap-controlled space-

charge-limited current conduction mechanism. Oxygen vacancies might be serving as 

the trap sites [178-179]. 

 

Fig 6.2 (b): The variation in forming voltage with TiO2 thickness 
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Fig. 6.3: Typical DC sweep I-V characteristics of all the devices. 
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Fig. 6.4:  I–V characteristics curve of the RRAM devices in log-log scale of the  
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(c) ) Ti/ ZnO (10nm)/ TiO2 (10nm)/Pt 
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To confirm the reliability of the device, the RS characteristics of the devices during 

continuous switching cycles are measured and the results are shown in Fig. 6.5. The 

resistances in high and low resistance states are measured at 0.3V read voltage. 

Significantly fluctuations of both HRS and LHS states are observed in the Ti/ZnO/Pt 

device structure as shown in Fig.6.5 (a). But when we apply thin layer of TiO2 (2nm) 

between ZnO and Ti, it shows narrower distribution and the resistance ratio between 

HRS and LRS can well maintain for more than 103 cycles without any degradation  as 

shown in Fig.6.5 (b). These results indicate that the formation and rupture of 

conductive filament can be easily performed in the interface between Ti and TiO2 film 

comparison to that in the Ti/ZnO interface.  In addition, the effect of the different 

thicknesses of TiO2 layer on the RS characteristics is also studied. As the thickness of 

TiO2 layer increases to 5 nm and 10 nm as shown in Fig 6.5(c-d), device exhibit the 

unstable RS behavior and switching cycles less than 102. When the TiO2 thickness 

increases, it increases the variation of formation and rupture of the conducting 

filament. The large variation may be caused by the random rupture of the conducting 

filaments implying that the region for filament rupture might be large. The endurance 

test suggests that the Ti/TiO2(2nm)/ZnO (10 nm)/Pt structure is reliable for nonvolatile 

memory application. 

To obtain further information on oxygen vacancies, the X-ray photoelectron 

spectroscopy (XPS) measurements were taken for ZnO and TiO2 thin film as shown in 

Fig.6.6. For the ZnO thin film, the O1s peak is located at around 530.eV, while for 

TiO2 thin film the O1s peak is located at higher binding energy at around 530.3 eV. 

The results reveals that more defect (more oxygen vacancies) are available in TiO2 

thin film as compare to ZnO, which indicate that the TiO2 layer exhibit a highly non-

stoichiometric property than ZnO layer [180]. The higher oxygen vacancies inside 

TiO2 film favorable stable switching cycles [181]. Therefore, the Ti/TiO2 (2nm)/ZnO 

(10 nm)/Pt device shows the better RS property than Ti/ ZnO (10 nm)/Pt. 
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Fig.6.5 (a) DC endurance test for device with Single ZnO (10nm) layer measured at 

room temperature with a read voltage of 0.3 V. 
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Fig.6.5 (b) DC endurance test for device with TiO2 (2nm)/ ZnO (10nm) layer 

measured at room temperature with a read voltage of 0.3 V. 
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Fig.6.5 (c) DC endurance test for device with TiO2 (5 nm)/ ZnO (10 nm) layer 

measured at room temperature with a read voltage of 0.3 V. 
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Fig.6.5 (d) DC endurance test for device with TiO2 (10 nm)/ ZnO (10 nm) layer 

measured at room temperature with a read voltage of 0.3 V. 
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The RS mechanism of the demonstrated devices is schematically illustrated in fig. 6.7 

and fig. 6.8. The conducting filaments are composed of the oxygen vacancies, hence, 

as for the conducting filaments model, the forming process has been known as the 

defect-induced dielectric soft breakdown and oxygen vacancies are created by external 

electric field and lined up to form the low resistance conducting filaments in the 

resistive switching thin film. Moreover, it is believed that the formation and rupture of 

conducting filament occurs in a specific, confined, and local area of resistive switching 

layer, rather than in homogeneous one. Hence, the resistance of LRS is dependent of 

device area.  

The defect generate inside the switching layer to form a conductive filament between 

the bottom electrode and the top electrode under applied high positive voltage. The 

device exhibits the bipolar resistive switching behavior due to the active Ti metal as 

the top electrode modifying the distribution of the oxygen vacancies in the resistive 

switching layer. The active Ti metal can easily attract oxygen from non-stoichiometric 

(more oxygen vacancies) TiO2 layer rather than that from stoichiometric ZnO layer, 

which is confirmed by XPS spectra. 
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Fig. 6.6: The O 1s XPS spectra of ZnO and TiO2 layer 
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 Fig.6.8: (a)-(d) Schematic diagrams for the conduction mechanism of resistive 

switching in Ti/TiO2/ZnO/Pt device. 

Fig. 6.7: Schematic illustration of the switching process in the simple binary metal-

oxide RRAM [183] 
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Fig.6.9(a) Retention behavior of both resistance states measured at room 

temperature     for Ti/TiO2(2nm)/ZnO(10nm)/Pt. 

Fig. 6.9 (b) Temperature dependence of the current for LRS and HRS of 

Ti/TiO2 (2nm)/ZnO(10nm)/Pt. 
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The conductive filament forms and rupture at the interface between Ti electrode and 

TiO2 interface due to the active Ti metal as the top electrode [182], which modifies the 

distribution of the oxygen vacancies in the TiO2 layer, and then the device is in LRS to 

HRS (ON-state to OFF state). On the other hand, the fluctuation in ZnO device is 

attributed to that the Ti metal is not easy to oxidize and reduction with the ZnO film 

due to its more stoichiometric property than TiO2 film. Therefore, the inserting TiO2 

thin film between Ti top electrode and the ZnO switching layer can stable the 

endurance property.  

The non-volatility of data storage for Ti/TiO2 (2nm)/ZnO (10 nm)/Pt device is further 

confirmed by retention test measured at room temperature is shown in Fig.6.9 (a). It is 

clearly observed that both HRS and LRS do not exhibit any degradation for more than 

104 s. The temperature dependence of the electrical conductivity is used to study the 

current transport mechanism during the RS of fabricated device as shown in Fig 6.9 

(b). The LRS current is constant with temperature ranges from 300 K to 425 K, which 

also shows a metallic ohmic behavior [184]. On the other hand, the conduction of the 

HRS current strongly relies on temperature exhibits a semiconductor – like behavior 

[185], where the current increase with an increase in temperature. The semiconductor - 

like Ohmic conduction is expressed as [186] 

)exp(
T

C
VJ




     (6.1)
 

where T is the absolute temperature and C is a constant. This result indicates that the 

conduction path is composed of oxygen vacancies rather than metal atoms. 

6.4 Conclusion 

The switching characteristics in TiO2/ZnO double layer resistive switching memory 

device with different thickness of TiO2 (2 nm, 5 nm and 10 nm) are demonstrated. A 

remarkable switching uniformity improvement was demonstrated in the TiO2 layer for 

2 nm-thick. The lower forming voltage and more stable RS characteristics were 

obtained in the double layer for 2 nm thickness of TiO2. In addition, Ti/TiO2 

(2nm)/ZnO (10nm)/Pt structure demonstrates the stable DC sweep endurance upto 103 

cycles, satisfactory retention are achieved. From the electrical characteristics, the 

present device exhibits the potential for future nonvolatile memory applications. The 

proposed technical solution to achieve the uniform RS behaviors could provide a 

guideline for the optimization of future generation oxide based RRAM technology.   
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Chapter-7 

Investigation of Photocurrent Efficiency of ZnO/CdTe based 

Inorganic Thin Film Solar Cell 

In this chapter the investigation of photocurrent efficiency of ZnO/CdTe based solar 

cell has been presented. The effect of ZnO thickness on the solar cell performance has 

been reported. For further improvement in the solar cell performance, TiO2 buffer 

layer was used.  

7.1 Introduction 

CdTe is II–VI semiconductor compound, which shows the optical band-gap of 1.5 eV 

that is nearly optimally matched to the solar spectrum for photovoltaic (PV) energy 

conversion, has been recognized as a potential material for thin film solar cells. High 

absorption coefficient, more than 5x105/cm also make it suitable for the application in 

solar cell, i.e. maximum photons with energy greater than the band-gap (Eg) can be 

absorbed within 2 µm of CdTe film [187-189] Another benefit is that CdTe is a binary 

compound; therefore it is easier to maintain stochiometry than ternary or quaternary 

compounds .  

CdS thin film has been frequently used as a window layer in the CdTe solar cell due to 

its wide band gap. But the use of CdS thin film as a window layer limits the device 

permanence. To improve the blue spectral response, CdS thickness reduced, it improve 

the Jsc but adversely impact Voc and FF.  To resolve this issue, high-resistivity ZTO 

(zinc stannate) buffer layer was used between CdS and CdTe thin film to minimize 

these unfavorable effects [190]. On the other hand, the lattice mismatching between 

CdS and CdTe thin film is about 10 %, which causes the high defect density at the 

junction region. High temperature device fabrication method must be used to improve 

the inter diffusion of the CdS and CdTe films and form an intermixed layer (CdTe1-

xSx), which again causes the new defects that limits the improvement of device 

performance. Therefore, The best way to solve these issue is to find new window 

material that has both the higher optical band-gap and a better lattice match with the 

CdTe absorber, for further improving CdTe cell performance [191]. 

ZnO is suitable for the production of light emitting devices and a promising candidate 

for the next generation of electronic devices due to its wide band gap (3.37 eV) and 

large exciton binding energy (60 meV). ZnO thin films play an important role in solid-

state display devices, solar cells and exciting acoustic waves at microwave 
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frequencies. ZnO is referred to as a window layer or a transparent conducting oxide 

(TCO) material for solar cell application [23, 25]. In this work, we report ZnO/CdTe 

based inorganic solar cell in which ZnO layer work as window layer as well as 

antireflection layer. The main objective of this work is to study the effect of ZnO layer 

thickness on the efficiency of solar cell. For further improvement in the solar cell 

performance, TiO2 buffer layer was used before ZnO layer. 

7.2 Experimental Details:  

The ZnO film on ITO glass substrate was grown by the RF sputtering system 

(Company: Advanced Process Technologies, India) at room temperature. The distance 

between the sputtering target and the deposition substrates was kept at 5.5 cm. High-

purity argon (99.999%) was used as during the process. The thickness of ZnO thin 

film was varied from 50 nm to 150 nm for different device structure. CdSe, MoO3 and 

metal contacts were prepared using thermal evaporation technique (Model: BC-300 

HHV). The thickness of CdTe was kept at 1 µm. The surface topography and 

microstructure were examined by atomic force microscope (Multimode -8 Scanning 

Probe Microscope from Bruker) and FE-SEM (Model: Nova Nano FESEM 450). 

Current density-voltage characteristics of the devices were measured with Keithley 

electrometer with illuminating the devices with solar simulator (Xe- source of light). 

The light intensity was adjusted to 100 mW/cm2. The facility of Solar Cell device 

fabrication and characterization techniques provided by Materials Research Centre, 

MNIT Jaipur and Department of Electronics Engineering and Institute of Electronics, 

National Chiao Tung University, Taiwan 

7.3 Effect of ZnO Layer Thickness on the Photocurrent Efficiency 

The schematic structure of fabricated ZnO/CdTe based solar cell is shown in Fig. 7.1. 

The experimental flow for fabrication of device is shown in fig. 7.2. The fabricated 

solar cells have five layers as follows:  

1. Transparent conducting oxides layer (ITO), which is also work as front contact due 

to its higher conductivity. The main features of this layer are: highly transparent for 

visible region, highly conducting at room temperature and good adhesion to glass 

substrate.  

2. Window layer (ZnO), which also work as antireflection coating for incident light 

and electron transport layer for separating the excitons. The main features of this layer 

are: n-type semiconductor, relatively high transparency, thin layer so that maximum 

absorption take place in  the CdTe absorber layer, to avoid  short circuiting this layer 
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should not much less, It should have higher photoconductivity so that it may not able 

to change the spectral response of solar cell.  

3. Absorber layer (CdTe): This layer is made on top of ZnO layer and is used as p-type 

semiconductor. CdTe has an ideal band gap (1.5 eV) and high absorption coefficient. 

These make it suitable material for absorbing layer.  A thin layer of CdTe is enough to 

absorb maximum incoming sunlight. 

4. Hole transport layer (MoO3): This layer provide the barrier to electrons and easier 

path to hole. So that holes can effectively collected at electrode. 

5. Metal contact layer (Al), which is also known as the back contact and is deposited 

on top of the hole transport layer. This layer must have high work function (>4.5 eV) 

to form ohmic contact with CdTe layer. 

Fig. 7.3 shows the band alignment with respect to the vacuum of the designed solar 

cell structure. It is clear that ZnO layer and MoO3 layer works as electron transport 

layer and hole transport layer, respectively. The normal incident light will penetrate 

glass, ITO, and ZnO layers before entering in the active CdTe absorber layer. Through 

this path, a part of the incident light will be lost in these layers due to reflection from 

air-glass, glass-ITO, ITO-ZnO and ZnO-CdTe interfaces and absorb in glass, ITO, and 

ZnO layers. The reflectivity from the interface between two layers depends on the 

values of refractive index (n) and extinction coefficient (k) of the contacting materials. 

The spectral dependence of refractive index and extinction coefficient of glass, ITO, 

ZnO and CdTe layers on wavelength.  

When one of the ITO, ZnO and CdTe layers is used as a single layer (i.e., the 

interfaces are between air-ITO, air-ZnO, and air-CdTe), the calculated reflection 

dependence on wavelength. The absorption coefficient α (λ) can be calculated using 

the data of extinction coefficient k (λ) according to the following equation [192]: 

  α (λ)= 4πκ/λ             (7.1) 

The losses caused by recombination process is determined by the width (W) of the 

space charge region i.e. depletion layer. It is mainly depends on the uncompensated 

concentration of acceptors (Na-Nd). It is also used to determine the efficiency of 

photoelectric conversion for CdTe layer. The electronic processes take place in the 

CdTe depletion layer is similar to the depletion layer of the Schottky diode, due to the 

high photo conduction of ZnO layer. The depletion layer (the space–charge region) of 

the ZnO/CdTe formation is nearly placed in CdTe and band bending also falls onto 

CdTe [193]. 
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Fig. 7.1: Schematic diagram of Designed Solar cell 

Fig. 7.2: Experimental flow for fabrication of Solar cell 

Fig. 7.3: Band alignment of the designed solar cell structure 
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Fig. 7.4: SEM image of ZnO thin film with different thickness 
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Fig. 7.5: AFM image of ZnO thin film with different thickness 



 

98 
 

 

 

 

 

 

 

 

 

 

 

 

 

  

(a) (b) 

(c) (d) 

 

0.0 0.2 0.4 0.6 0.8 1.0

0

5

10

15

20

 

 

J
 (

m
A

/c
m

2
)

Voltage (V)

 ZnO ( 50 nm)

Jsc= 17.2 mA/cm
2

Voc= 0.72 V

Vm= 0.53 V

Jm= 13.2 mA/cm
2

FF= 0.56



 

0.0 0.2 0.4 0.6 0.8 1.0

0

5

10

15

20

 

 

Jsc= 17.4 mA/cm
2

Voc= 0.74 V

Vm= 0.56 V

Jm= 13.6 mA/cm
2

FF= 0.59



J
 (

m
A

/c
m

2
)

Voltage (V)

 ZnO (75 nm)

Fig. 7.6(a): J-V characteristics of solar cell with ZnO thickness of 50 nm 

Fig. 7.6(b): J-V characteristics of solar cell with ZnO thickness of 75 nm 
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Fig. 7.6(c): J-V characteristics of solar cell with ZnO thickness of 100 nm 
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Fig. 7.6(d): J-V characteristics of solar cell with ZnO thickness of 125 nm 

Fig. 7.6(e): J-V characteristics of solar cell with ZnO thickness of 150 nm 

Fig. 7.6(f): Comparison of J-V characteristics of solar cell with different thickness 

of ZnO layer 
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Thickness of 

ZnO layer 

(nm) 

Jsc 

(mA/cm
2
) 

Voc  

(V) 

Fill 

Factor 

(FF) 

Vm (V) 
Jm 

(mA/cm
2
) 

Efficiency 

η (%) 

50 17.2 0.72 0.56 0.53 13.2 6.99 

75 17.4 0.74 0.59 0.56 13.6 7.61 

100 17.7 0.77 0.61 0.59 14.2 8.38 

125 17.3 0.73 0.60 0.56 13.5 7.56 

150 16.9 0.72 0.57 0.52 13.3 6.96 
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Table 7.1: Various characteristics parameters of solar cell with different ZnO layer 

thickness 

Fig.7.7: Variation of Voc and Jsc with different ZnO layer thickness 

Fig.7.8: Variation of photo conversion efficiency with different ZnO layer thickness 
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The surface morphology of the ZnO thin films were characterized using AFM and 

SEM. The observed images of ZnO thin films with different thickness from AFM and 

SEM are shown in fig. 7.4 and fig. 7.5, respectively. It is clearly seen from images that 

the uniformity of grains and quality of films are good. The roughness observed from 

AFM is between 2-3 nm. The J-V characteristics of the fabricated solar cells are 

shown in fig. 7.6 (a-f). The calculated characteristics parameters of solar cells from J-

V characteristics are listed in Table 7.1. 

The internal and external quantum efficiency is the main parameters to determine the 

performance of PV solar cell. The internal quantum efficiency is observed more than 

80% using thin film device technology but reported maximum external efficiency for 

Si solar cell is about 25%. The poor light entering capacity of the solar cell structure 

which results from the Fresnel reflections causes this large difference between these 

two efficiencies.  

The intensity of Fresnel reflected light is dependent on the refractive index of two 

layers [194], given as: 

  IR = [n2 -n1]2 / [n2 +n1]2                     (7.2) 

Antireflection coating is used to reduce Fresnel refection, which is based on the 

Interference of light in thin film. The thickness of antireflection coating and refractive 

index should satisfy the following equation [194]: 

  d = λ / (4×nf )            (7.3) 

     nf = √(n×n0 )                    (7.4)  

Where, λ is the light wavelength and n0 is the refractive index of the air.  

Initially, short circuit current increases with ZnO thicknesses from 50 nm to 100 nm 

but more increment in the thickness causes the reduction in the short circuit current. 

The maximum value is achieved at 100 nm; this is due to satisfaction of destructive 

interference condition more properly.  

The variation of Jsc, Voc and efficiency with respect to ZnO layer thickness is shown in 

fig. 7.7 and fig. 7.8, respectively. Initially as we increase the thickness of ZnO layer, 

the more the excitons encouraged by light absorption. This increases the efficiency of 

solar cell. The thickness of ZnO ranging from 75-100 nm also support for perfect 

antireflection coating which increases the absorption of light. However, more 
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increment in the ZnO thickness causes the longer pathway due to the weaker build-in-

electric field for transporting the opposite charge carriers. At the same time, the 

weaker exiciton separation to their corresponding electrode is also lower. 

7.4 Effect of TiO2 Layer Thickness on the Photocurrent Efficiency 

A buffer layer in a heterojunction solar cell is used to form a junction with the 

absorber layer/window layer to provide maximum amount of light to the junction 

region and absorber layer. Additionally, buffer layer should also have minimal 

absorption losses and capable of separating the photo generated carries with minimal 

electrical resistance and with minimum recombination losses. The main features of 

this layer are: (i) For high optical transmission, it should have large energy band gap, 

(ii) Optimal band discontinuities, it increase the probability of the interface cross-

recombination, (iii) Lattice mismatching should be less and (iv) sufficient doping 

density to confine the space charge region at absorber. As we have mentioned the 

properties of TiO2, TiO2 fufill the above mentioned requirements. So we have used the 

TiO2 buffer layer for ZnO layer in order to improve the performance of the solar cell. 

The schematic structure of fabricated TiO2/ZnO/CdTe based solar cell is shown in Fig. 

7.9. The experimental flow for fabrication of device is shown in fig. 7.10. The TiO2 

film on ITO glass substrate was grown by the RF sputtering system (Company: 

Advanced Process Technologies, India) at room temperature. The distance between the 

sputtering target and the deposition substrates was kept at 5.5 cm. High-purity argon 

(99.999%) was used as during the process. The thickness of TiO2 thin film was varied 

from 20 nm to 40 nm for different device structure. After that ZnO thin film of 100 nm 

(which gives the best result in above section) was prepared using sputtering technique. 

The Band alignment of the designed solar cell structure is shown in fig. 7.11. It is clear 

from that TiO2 layer provides the path to electrons for collecting at the electrode. The 

J-V characteristics of the fabricated solar cells are shown in fig. 7.12 (a-c). The 

calculated characteristics parameters of solar cells from J-V characteristics are listed in 

Table 7.2. 
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Fig. 7.9: Schematic diagram of Designed Solar cell 

Fig. 7.10: Experimental flow for fabrication of Solar cell 
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Fig. 7.11: Band alignment of the designed solar cell structure 
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Fig. 7.12(a): J-V characteristics of solar cell with TiO2 thickness of 20 nm 

Fig. 7.12(b): J-V characteristics of solar cell with TiO2 thickness of 40 nm 

Fig. 7.12(c): Comparison of J-V characteristics of solar cell with different thickness 

of TiO2 layer 
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The results indicate that thin TiO2 layer between ITO and ZnO improves device 

performance while excessive thickness degrades the performance of the device. This is 

because of the reduce mobility and increases series resistance in thick TiO2 film. 

Additionally, as concluded in chapter 4, the use of TiO2 buffer layer increases the 

crystallinity of ZnO layer. This results the easier transportation of charge carriers and 

consequently increase performance of the solar cell. But more increment in TiO2 layer 

causes the longer pathway for the charge carriers causes the reduced performance of 

the solar cell. 

 

7.5 Conclusion 

Glass/ITO/ZnO/CdTe/MoO3/Al structured inorganic thin film solar cell was 

successfully fabricated. The effect of ZnO thickness varying from 50 nm to 150 nm on 

the performance parameters of solar cell (open circuit voltage, short circuit current, fill 

factor and power conversion efficiency) was investigated. The maximum efficiency of 

about 8.39% was observed for the 100 nm thickness of ZnO layer.  For further 

improvement in the efficiency, thin layer of TiO2 (20 nm) before ZnO layer was used 

and efficiency was improved upto 8.76%. 

  

Thickness of 

TiO2 layer 

(nm)  

Jsc 

(mA/cm
2
)  

Voc  (V)  
Fill Factor 

(FF)  
Vm (V)  

Jm 

(mA/cm
2
)  

Efficiency  

η (%)  

0  17.7  0.77  0.61  0.59  14.2  8.38  

20  18.1  0.81  0.60  0.63  13.9  8.76  

40  17.2  0.71  0.60  0.55  13.4  7.37  

Table 7.2: Various characteristics parameters of solar cell with different TiO2 

layer thickness 
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Chapter-8 

Conclusions and Future Scope 

This Chapter presents the summary and conclusions of the entire work and also 

proposes the future directions in which these studies can be extended. 

 

The main aim of the present work was to fabricate high quality ZnO and TiO2 

nanocrystalline thin films and to use these films for solar cell and resistive random 

access memory. Following is a brief summary and conclusion of the entire work done 

and the directions in which it can be pursued further. 

8.1 Conclusions 

ZnO and TiO2 thin films, with and without buffer layer, were deposited on single 

crystal Si (100) substrate using pulsed laser deposition (PLD) technique with KrF 

excimer laser source. Structural properties of the deposited thin films were 

characterized using XRD and AFM. It has been observed that ZnO thin film with 

TiO2 buffer layer exhibited higher crystallinity along (002) diffraction peak.  ZnO thin 

film deposited on TiO2 buffer layer possesses small compressive strain and stress. 

Therefore, it shows better optical properties as compared to ZnO thin films grown 

directly on Si substrates. TiO2 thin film deposited on a Si substrate showed pure 

anatase phase while the films deposited with ZnO buffer was found to have improved 

crystallinity than bared TiO2 thin film.  A TiO2 and ZnO buffer layer respectively 

enhances the ultraviolet emissions of the ZnO and TiO2 thin films to a larger extent. 

The optical band gap of ZnO and TiO2 thin film with buffer layer found to decrease as 

compared to bared ZnO and TiO2 thin films due to the improved crystallinity. 

Perovskite materials (ZnTiO3type materials) exhibit many interesting and intriguing 

properties from both the theoretical and the application point of view. Recently, much 

attention has been focused on the synthesis of single phase perovskite materials 

(because of their unique properties). In the present work, single phase ZnTiO3 thin 

film were successfully fabricated on ITO coated glass substrate through pulsed laser 

deposition (PLD). Substrate temperature has significant effect on transformation of 

hexagonal phase to cubic phase. Therefore, effect of substrate temperature on optical 

and dielectric properties was studied. The pure hexagonal phase of ZnTiO3was 

observed upto 400 oC substrate temperature and more increment in temperature leads 

to transformation of hexagonal phase to cubic phase.When the substrate temperature 



 

107 
 

increases from 300 to 400 oC the band gap decreases due to strong hexagonal phase, 

but further increment in substrate temperature increases the band gap. This increase in 

band gap is due to change of phase from hexagonal to cubic. The dielectric constant of 

ZnTiO3 thin film increases as the substrate temperature increases due to improved 

crystallinity and morphology. The dielectric constant and loss tangent shows a steep 

decrease in the lower frequency region while a constant value was observed at the 

higher frequency region. 

The resistive switching characteristics of TiO2/ZnO double layer RRAM device were 

successfully investigated. The effect of thickness of TiO2 layer (2 nm, 5 nm and 10 nm) 

on switching characteristics was studied using Agilent B1500A semiconductor 

parameter analyzer. It was observed that device with 2 nm thickness of TiO2 layer 

show stable resistive switching characteristics. The forming voltages of the fabricated 

RRAM devices were dependent on the TiO2thickness which supports the idea that 

forming process is governed by dielectric breakdown. It was observed that the RRAM 

device with the 2 nm TiO2 layer exhibits good dc endurance up to 103 cycles. 

Moreover, both low resistance state (LRS) and high resistance state (HRS) do not 

exhibit any degradation for more than 104 s. The study of electrical characteristics 

reveals that the present device exhibits the potential for future nonvolatile memory 

applications. The proposed technical solution to achieve the uniform RS behaviors 

could provide a guideline for the optimization of future generation oxide based RRAM 

technology.   

The sputtering and thermal evaporation method was employed to fabricate ZnO/CdTe 

based inorganic thin film solar cell. The SEM and AFM image indicate good 

crystallinity and less roughness of the thin films thus suggesting the good quality of 

thin films. The J-V characteristics of solar cell were measured using Keithley 

electrometer with illuminating the device with solar simulator ( Xe-Source of light and 

AM 1.5G filter). The effect of ZnO thickness varying from 50 nm to 150 nm was 

investigated and maximum efficiency of about 8.39 % was observed for the 100 nm 

thickness of ZnO layer.  For further improvement in the efficiency, thin layer of TiO2 

between ZnO and ITO layer was introduced. It has been observed that the efficiency 

was improved upto 8.76 % with 20 nm thickness of TiO2 layer. It may be concluded 

that thin TiO2 layer improves device performance while the excessive thickness 

degrades the performance of the device due to reduced mobility and increase in series 

resistance. 
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8.2Future Scope 

The quality of ZnO and TiO2 thin film is an important determining factor of the device 

performance for thin film based devices. An experimental study may be performed on 

the effect of variation of thickness of ZnO and TiO2 buffer layer on TiO2 and ZnO thin 

films, respectively. There is a scope for extending the research to perform the 

investigation on the ZnO/TiO2multilayer.The single phase ZnTiO3 thin films may be 

prepared on different substrates like glass, Si, silica wafer, Al2O3etc. and the role of 

substrate matrix on the growth of film could be investigated.Electrical studies, like I-V 

characterization and Hall measurement could be carried out for the above prepared 

samples. 

We have addressed the key problems of the relatively poor uniformity and large 

variability of the resistive switching properties in RRAM devices, and its solutions 

through innovations in device materials and structures. Transition metal oxide (TMO) 

based resistive random access memory (RRAM) reveals high performance memory 

behavior, such as large endurance, long retention, and low operation voltage. 

However, the small on/off ratios and large variation during endurance characteristic in 

TMO based RRAM are big challenges that need to be solved. Recently, the conductive 

bridge switching memory (CBRAM) is seen as a major contender for future memory 

replacement with large on/off ratio and good retention property. The major challenge 

is cycle to cycle variation as well as device to device variation. To acheive this, it is 

necessary to have a complete understanding of the conduction and resistive switching 

mechanism. The solution may come from a combination of insulator-electrode 

material and device structures. 

The solar cell may be designed and fabricated using other II-VI compounds like ZnS, 

CdSe, CdTe, ZnO etc. Doping and reduce particle size may enhance optical absorption 

and making it more efficient. To increase the electrical property, quantum assembly 

and conducting polymer may be used to conduct single electron from dot to dot 

through matrix and increase the quantum efficiency of the device.So far, most of the 

solar cells are entirely made of inorganic semiconductors, but these materials are not 

as energy efficient as organic semiconductors. The new method lies in the groundwork 

for building a new generation of solar cells made up of both organic and inorganic 

materials.  
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CORRECTIONS TO REVIEWER COMMENTS 

Thank you for the useful comments and suggestions on the technical aspects of my 

thesis. I have modified the thesis accordingly and the detailed corrections are listed 

below point by point: 

Reviewer 1: 

Comment 1: Based on the XPS result of Fig.6.6, the oxygen vacancy of TiO2 layer is 

higher than that of ZnO layer. But the conducting filament shown in fig. 6.8, the 

filament in TiO2 has the same size with that of ZnO. It is contradictory. They should 

have different filament size between two layers due to different amount of oxygen 

vacancy containing. Consequently, it needs to make necessary correction in the figure 

and explanation of conduction mechanism. 

Answer: Figure 6.8 has been corrected as per reviewer suggestion and a 

comprehensive explanation of conduction mechanism has been added. 

 

 

 

There are various models already proposed to elucidate the resistive switching mechanism, 

however, the real original of resistive switching phenomenon in RRAM is still under 

discussion. Recently, there is a general agreement on the conducting filaments formation and 

rupture as the resistive switching model. It is well-known that the conducting filaments are 

composed of the oxygen vacancies, hence, as for the conducting filaments model, the forming 



process has been known as the defect-induced dielectric soft breakdown and oxygen 

vacancies are created by external electric field and lined up to form the low resistance 

conducting filaments in the resistive switching thin film. Moreover, it is believed that the 

formation and rupture of conducting filament occurs in a specific, confined, and local area of 

resistive switching layer, rather than in homogeneous one. Hence, the resistance of LRS is 

dependent of device area. The strength and number of the conducting filaments are 

proportional to the value of compliance current (set current) during set process, so that set 

current is comparable to reset current because that the high reset power is required to rupture 

the more number and stronger conducting filaments.  

 

Comment 2: In chapter 5, Fig. 5.6 (b) and Fig. 5.6 (c) depict dielectric constant and 

loss tangent changed with frequency, respectively. The description given in p.76 

seems different from the results shown in these figures. The author should provide 

more detailed explanation about the dielectric constant and loss tangent steeply 

increased in low frequency region. Why? 

Answer: As per the reviewer suggestions the text has been modified and a 

detailed explanation of variation of dielectric constant and loss tangent in the 

lower frequency region has been provided. 

Fig. 5.6 (b-c) shows the measured relative dielectric constant and loss tangent as a 

function of frequency in the range 500 Hz to 5 MHz of the ZnTiO3 thin films 

deposited at different substrate temperature. Dielectric constant εr is calculated from 

the measurement of capacitance value which can be obtained using the following 

equations: 

εr =  
t ×Cp

A×ε0
  = 

t ×Cp

π (
  d

 2
 )2  ×ε0

   (5.3) 

where, Cp= equivalent parallel capacitance which is obtained from the measurement 

data, t = film thickness, d = diameter of the electrode, ε0 = permittivity of vacuum. 
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It has been observed that in high frequency region dielectric constant remains 

constant; while for lower frequencies a steep decrease in the dielectric constant with 

increase in frequency has been observed. 

Dielectric constant values decreased on increasing frequency because when the 

applied field frequency increased, it was assumed that the dipoles present in the 

composite cannot re-orient themselves fast enough and therefore dielectric constant 

decreases. 

Fig. 5.6(b): The relative dielectric constant as a function of frequency ZnTiO3 thin films 

deposited at different substrate temperatures 

 

Fig. 5.6(c): The loss tangent as a function of frequency ZnTiO3 thin films deposited at 

different substrate temperatures 



The high value of dielectric constant at lower frequency is associated with the 

contributions from ionic, space charge and interface polarization. At higher 

frequency, dielectric constant becomes independent of frequency. It is due to the 

inability of electric dipoles to follow the fast variation of the applied electric field. 

The decrease of dielectric constant with frequency can be explained on the basis of 

Koop's theory, which assumes the dielectric structure as an inhomogeneous medium 

of two layers of the Maxwell–Wagner type. This model assumes that the dielectric 

structure is consisting of well conducting grains, separated by poorly conducting grain 

boundaries. Moreover, at lower frequencies the grain boundaries are more effective 

for dielectric constant and conductivity than grain. Consequently, dielectric constant 

is high at lower frequency and decreases with increase of frequency 

 

Comment 3: The style of References is not consistent in the thesis. Some references 

are repeat, such as 101, 103, 107 and 108. The page number description, for example, 

pp.154 is wrong, it should be p.154. 

Answer: All corrections suggested by the reviewer have been done. Any repetition in 

reference number has been omitted and also the page number description as suggested 

by the reviewer has been modified. The references are written as per standard format. 

 

Comment 4: There are mistakes: such as: (004) plane mentioned in line 7 of p.59 is 

not shown in the index of XRD pattern of TiO2/ZnO/Si. The unit of frequency in Fig. 

5.6 (b) is not correct. 

Answer: TiO2 thin film exhibit pure anatase phase and crystallinity was improved 

along (200) plane by inserting the ZnO buffer layer between substrate and TiO2 thin 

film.  

A correction has been made as per reviewer suggestion. (004) plane in text was 

written by mistake in place of (200) plane. 

The unit of frequency in Fig. 5.6 (b) has been corrected i.e. MHz in place of Hz. 

  



Reviewer 2: 

Comment 1: Page No. missing on some pages i.e. 103,104 

Answer: The page number has been inserted as per reviewer suggestion. 

Comment 2: Page No. 11, in figure 1.6 rewrite the text, as text is not readable. 

Answer: Figure 1.6 (page no. 11) has been modified as per reviewer suggestions. 

Comment 3: Page No. 15, Figure 1.10, rewrite the text; some of text is very light. 

Answer: The corrections have been incorporated.  

Comment 4: Page No. 16 in eq. 1.1 to 1.6, define the parameters η, Pm, Pin, FF, λ, φ. 

Also add the reference of these equations. 

Answer: In eq. 1.1 to 1.6, all the parameters i.e. η, Pm, Pin, FF, λ, φ have been 

defined. 

η = the photocurrent efficiency of a solar cell 

Pm= maximum power from the solar cell 

Pin=the radiation power input 

FF= Fill factor 

λ= wavelength of the photons 

φ= Work function  

References of these equations have also been added.  

Comment 5: Page No. 40, statement “Schematic of conventional sputtering process is 

given in Fig 2.2”.  Write figure 3.6 in place of Figure 2.2. 

Answer: The corrections have been made as per reviewer suggestion. 

Comment 6: Page No. 55 in figure 3.18 rewrite the text. 

Answer: Figure 3.18 (page no. 55), text has been modified as per suggestion. 


