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Abstract 

Znic Oxide’s peculiar properties such as wide bandgap (3.37eV), large exciton 

binding energy (60 meV), high thermal conductivity, low temperature processing, 

high electron mobility and good transparency have drawn a great interest of 

researchers in recent years. ZnO offer a diverse range of nanostructures with large 

surface to volume ratio that can play a key role to improve luminescence, absorption, 

photo-detection properties of various devices. Based on all these fascinating 

properties, ZnO has emerged as a potential candidate for optoelectronic, photonic, 

piezoelectronic and transparent electronics device applications. Undoubtedly, among 

all p-type substrates, the commercial silicon has drawn a significant attention for ZnO 

based devices due to its lower cost and mature fabrication process. Therefore, our 

objective in this study was to investigate the potentiality of n-ZnO/p-Si 

heterojunctions for optoelectronic and photonic devices that can be very useful in a 

variety of civil and military applications. 

This work presents a systematic study on simulation, fabrication and characterization 

of n-ZnO/p-Si heterjunctions and their application in ultraviolet light detection. First, 

electrical and optical properties of n-ZnO/p-Si based UV detector have been studied 

using ATLAS simulator from silvaco international so that the performance of the 

detector can be optimized over the tool itself with reduced fabrication cost and efforts. 

This simulation study presents a systematic investigation on various important 

detector parameters such energy band diagrams, dark current, quantum efficiency, 

responsivity and noise equivalent power. Effect of parameter variations (such as 

thickness, light intensity, operating wavelength and applied reverse bias voltage) on 

the performance of the photodetector has also been studied.  

Then, high quality ZnO thin films have been grown using RF sputtering technique. 

Various physical and growth parameters such as film thickness, annealing 

temperature, RF power and gas flow rate have been optimized in order to achieve the 

high quality films. Effect of all these parameters over structural and optical properties 

of RF sputtered ZnO thin films have been investigated in detail. The structural 

properties such as crystallographic orientations, grain size, lattice constant, stress, 

strain and surface roughness have been studied using X-Ray Diffraction (XRD), 

Scanning Electron Microscope (SEM) and Atomic Force Microscope (AFM) 



respectively. The various optical properties such as optical bandgap, transmittance, 

absorbance, refractive index, dielectric constant, urbach energy and 

photoluminescence have also been investigated. 

The optimization of ZnO thin films was followed by temperature dependent electrical 

study of n-ZnO/p-Si heterojunction diodes. The results confirmed the high thermal 

stability of fabricated diodes for a temperature range of 25-120°C. Effect of 

temperature over various electrical parameters such as series resistance, reverse 

saturation current, ideality factor and Richardson constant have also been investigated 

in detail. Gaussian distribution function with standard deviation of 0  around the 

mean barrier height has been used to solve the problem of barrier inhomogeneity at n-

ZnO/p-Si interface. Results also confirm that the temperature dependent I-V 

characteristics of n-ZnO/p-Si heterojunction obey the theory of thermionic emission 

with Gaussian distribution.  

Finally n-ZnO/p-Si heterojunction ultraviolet detector was fabricated using RF 

sputtering technique. The structural and surface morphological properties have been 

investigated using XRD, AFM, SEM, TEM and Raman spectroscopy. The various 

electrical parameters such as ideality factor, barrier height, doping concentration, 

built-in potential and depletion width have been derived from current-voltage and 

capacitance-voltage measurements. The performance of the fabricated diode towards 

ultraviolet light was tested using current-voltage characteristics. Various performance 

parameters of the detector such as responsivity and detectivity have also been 

evaluated.  

In this work, demonstration of cost effective n-ZnO/p-Si heterojunction ultraviolet 

detectors suggest that ZnO/Si heterojunction based devices and technologies do have 

a promising potential to get extended from research labs to commercial future market.  
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1 
 

CHAPTER 1 
 
 

Introduction 
 

In this chapter, general background of contributed work has been presented. The basic 

structural, optical and electrical properties of ZnO as a semiconductor material have been 

explained. The different applications of ZnO thin films in optoelectronic and 

nanoelectronic devices have been presented. The objectives and organization of the thesis 

have been elaborated at the end.  

 
 
1.1    General Background 

The invention of semiconductor transistor by Bell Laboratories in 1947 has brought 

incredible pace in semiconductor industry [1]. Fabrication of smaller, faster and highly 

efficient devices with large volume manufacturing at lower cost is advancing day by day. 

In continuation, thin film metal oxide based devices have witnessed a phenomenal 

development in the area of semiconductor science and technology. Nanostructure based 

thin films are supposed to have a revolutionalised impact on semiconductor industry.  

In last decade, ZnO has drawn a significant research interest of researchers due to its 

excellent properties as a wide bandgap semiconductor material. The wide and direct 

bandgap (3.37 eV), high electron mobility, large exciton binding energy (60 meV), good 

transparency, high thermal conductivity and easiness of growing different nanostructures 

(nanorods, nanoflowers, nanbelts and nanowires etc.) with different low cost deposition 

methods make it a potential candidate for a variety of nanoelectronic and optoelectronic 

device applications [2]. The large exciton binding energy of ZnO results in an intense 

near-band-edge excitonic emission which ensures its application in lasers [3]. ZnO is 

easily etchable in all acids and alkalis which can be very useful in the fabrication of nano-

dimension devices. The high optical transparency of ZnO provides an opportunity to use 

it in UV detection and solar cell applications [4]. Recent reports also confirm that ZnO is 

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

transistor and piezoelectronic nanogenerator applications [5].  
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However, ZnO is not a new material and several reports on ZnO are available since 1935 

[6]. But in last decade, it has emerged as the second most popular material after silicon. 

Its popularity in semiconductor industry is increasing day by day.  One important problem 

that is required to overcome before commercialization of ZnO based devices in 

optoelectronic world is: “The reliable and reproducible growth of p-doped ZnO films”. 

However, several reports on p-doped ZnO films with various group-V doping elements 

such as P, N, As and Sb etc. are available in literature [7] but still, the stable and high 

quality p-type conductivity of ZnO films have not been achieved yet. A lot of sincere 

research efforts by various research groups across the globe are going on to grow high 

quality p-type ZnO films. Alternatively, other efforts to deposit n-type ZnO over various 

p-type substrates have also been done so that potentiality of ZnO in many advanced 

device applications can be explored. Some reports where n-ZnO was deposited over 

various p-type substrates such as Si, GaN, NiO, AlGaN, SiC, CdTe, CuO and ZnTe etc. 

are available in literature [8].  

 
 

Fig.1.1 Different applications of ZnO in electronics. 
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1.2 Material Properties of ZnO 

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

properties. Therefore, it is important to discuss the structural, optical and electrical 

properties of ZnO. This section explains the various properties of ZnO that makes it a 

popular candidate for variety nanoelectronic and optoelectronic device applications.  

1.2.1    Structural Properties  

ZnO is one of the widely studied material, and in most of the cases it crystallizes either in 

cubic zinc blend or hexagonal wurtzite form where each anion is surrounded by four 

cations at the corner of a tetrahedron and vice versa [9]. 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 bandgap beyond the one expected from covalent bonds. 

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

covalent semiconductors. Fig.1.2 (a) and (b) shows hexagonal wurtzite and zinc blend 

structures of ZnO. Among all structures of ZnO, hexagonal wurtzite structure is the most 

stable one under ambient conditions. 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 interstitials and threading dislocations are the probable reasons for the 

deviation of lattice constants from their ideal values [10]. 

 

 

 

 

 

 

 

    

                                     (a)                                                                 (b) 

Fig.1.2 (a) Hexagonal wurtzite structure of ZnO (b) Cubic zinc blende structure of ZnO. 
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1.2.2    Optical Properties 

The direct and large bandgap 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. ZnO thin films behave as transparent layers for visible wavelength 

range (400-700 nm) that can be very advantageous in solar cell and transparent 

electronics applications. Large bandgap of ZnO ensures its usability in ultraviolet 

applications whereas large exciton binding energy which is sufficiently higher than that of 

GaN (~25 meV) allows efficient excitonic emission even at the room temperature. The 

large exciton binding energy is an indication of efficient radiative recombination of 

photo-generated carriers that makes ZnO a potential alternate to GaN in optoelectronic 

applications. There exists a variety of optical characterization techniques through which 

various optical parameters such as transmittance, reflectance, refractive index, dielectric 

constant, cathodoluminescence and photoluminescence for ZnO thin films can be 

obtained. Table 1.1 shows various important properties of ZnO [1-10]. 

 

1.2.3    Electrical Properties  

It is really important to understand the electrical properties of ZnO thin films to ensure its 

potentiality for nanoelectronic device applications. The basic current transport mechanism 

for semiconductors depends upon low and high electric fields [10]. When the electric 

field is sufficiently low, the energy gained by electrons due to electric field is very small 

as compared to the thermal energy of electrons which makes the electron mobility 

independent of electric field and obeys Ohm’s law. When the electric field is sufficiently 

high, the external field is no longer negligible as compared to thermal energy of electrons 

and the electron mobility becomes field dependent.  

The current-voltage measurement is the key parameter to investigate the performance of 

various devices like sensors, solar cells and thin film transistors. Various electrical 

parameters such as ideality factor, barrier height and Richardson constant that are 

important to analyze the performance of different devices can be derived from I-V 

measurements. The capacitance-voltage (C-V) measurement is a powerful experimental 

technique to investigate charge distribution and depletion region potential of 
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heterojunction based devices. When two semiconductor materials with different Fermi 

level comes in contact, the charge transfer between the two semiconductors take place 

until the equilibrium state is achieved. This results in the formation of depletion regions 

in both sides of the junction. Various important electrical parameters such as built-in 

potential, barrier height, donor concentration, depletion width and position of fermi levels 

can be derived from C-V measurement of the fabricated devices.    

 

 

 Table 1.1: Material Properties of ZnO  [1-10] 

Molecular formula  ZnO  

Molar mass  81.40 g/mol  

Appearance  Yellowish white/Amorphous white  

Crystal structures  Wurtzite, Zinc blende, Rock salt  

Density  5.606 g/cm3  

Solubility in water  0.16 mg/100mL  

Boiling point  2360oC  

Melting point  1975oC  

Intrinsic carrier concentration (per cm3) 1016 to 1020  

Effective mass of electrons 0.24mo  

Effective mass of holes 0.59mo 

Electron mobility (at 300 K)  200 cm2/V.sec.  

Hole mobility (at 300 K)  5-50 cm2/V.sec  

Lattice constants  a=b=3.25 Å, c= 5.20 Å 

Energy gap  3.37 eV (Direct Bandgap) 

Exciton binding energy  60 meV  

Refractive index  2.0041  

Relative dielectric constant  8.66  

Typical impurities Ga, Al, H, In, Mg, Cd. 

Typical defects  Zinc vacancies, Zinc interstitials, Oxygen 

vacancies. 
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1.3    Basics of ZnO Thin Film Based Devices 

1.3.1    Electrical Contacts 

Metal-Semiconductor (M-S) contacts play a key role in current injected semiconductor 

devices [11]. Their properties govern the current transport mechanism of these electrical 

contacts. The M-S contacts can realize many characteristics of p-n junctions with 

comparatively higher switching speed with much simpler fabrication steps. However, 

poor quality of these contacts may result in large leakage current under reverse bias 

conditions. Ideally, a metal-semiconductor contact will be called as ohmic if the barrier 

formed by metal-semiconductor is zero. In such ohmic contacts, the carriers are free to 

move in or out of the semiconductor so that contact resistance is minimum across the 

metal semiconductor interface. The schottky diodes exhibit rectifying nature and the work 

function of metal remains higher than the semiconductor. In n-type metal-semiconductor 

system, the following different current transport mechanisms may exist: 

(i) For moderately doped semiconductors (e.g. donor concentration <1017cm-3), 

thermionic emission will be the dominating current transport mechanism due to 

sufficiently large barrier height. In this mechanism, the electrons with kinetic energy 

larger than the potential barrier will move from one side to the other in order to contribute 

the current.  

(ii) For highly doped semiconductors where barrier height is sufficiently small due to 

larger doping, quantum mechanical tunneling is the dominating carrier transport 

mechanism. In this mechanism, the electrons with energy in the vicinity of the fermi 

energy level tunnels through the barrier due to the small barrier height at high energy 

levels. 

(iii) Recombination of the carriers in the depletion region can also contribute the current 

in metal semiconductor contacts. 

(iv) Injection of holes from metal to semiconductor which is equivalent to the 

recombination of electrons-holes in the neutral region, can also contribute the current in 

these M-S systems.  

 



 

 7

A.    Ohmic Contacts 

Ohmic and schottky contacts represent the basic metallization techniques for 

semiconductor device fabrication. When metal and semiconductor makes a contact, the 

ohmic and schottky nature of the contact depends upon two parameters (i) work function 

and (ii) electron affinity [12]. As the dimensions of the devices are scaling down, getting 

good ohmic contacts has become more and more important. It is evident from the 

experimental results that the strong dependence of barrier height on metal work function 

is only valid for ionic semiconductors. In the case of III-V compounds, the barrier height 

remains independent of the work function of the metal. Since most of the II-VI 

semiconductor compounds have ionic bonding with large ∆χ, ohmic nature of these 

materials can be realized based on metal work function and semiconductor electron 

affinity. A good ohmic contact should have negligible contact resistance with linear 

current versus voltage characteristics [14]. If the semiconductor is n-type, the metal work 

function should be close to or less than the electron affinity of the semiconductor in order 

to get ohmic contact. For p-type semiconductor, the metal work function must be close to 

or higher than the sum of bandgap and electron affinity of the semiconductor. Fig. 1.3 

shows the energy band diagram of a metal semiconductor contact before junction 

formation and at thermal equilibrium. 
 

 

 

 

 

 

 
 

                                        (a)                                                                  (b) 
 

Fig. 1.3 Energy band diagram of a metal semiconductor contact (a) before junction 
formation and (b) at thermal equilibrium. 
 

B.    Schottky Contacts 

The study of schottky diodes started in early 1960’s to understand the role of surface 
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first schottky contact in 1965 [15]. W. Schottky and N.  F. Mott reported the first model 

in 1935 to describe the formation of such junctions over n-type semiconductors [12]. 

Therefore, these types of contacts are called as schottky-mott diodes or schottky contacts. 

In metal-semiconductor systems, metals do have higher work functions than 

semiconductors (refer Fig. 1.4). It is clear from the band diagram of metal schottky 

contacts that the electrons in the semiconductor will flow towards metal until the fermi 

levels of the two materials will get aligned. 

Fig. 1.4 shows the energy band diagram of a metal-semiconductor schottky contact where 

the work-function of the metal is larger than that of n-type semiconductor. The values 

sq , mq  and q  represents semiconductor work function, metal work function and 

semiconductor electron affinity respectively. In equilibrium stage, ( ( ))bi m sqV q     and 

( ( ))B m sq q     represents the band bending and schottky barrier height respectively.  

Under forward bias condition, the resultant potential difference faced by semiconductor 

side becomes  bi Fq V V , which results in lager flow of electrons from semiconductor to 

metal side. On the other hand, under reverse bias conditions the barriers height becomes 

 bi Rq V V , which reduces the electron flow drastically across the junction due to higher 

barrier potential. As a result, in schottky diodes the net current flow dominates only in 

one direction i.e. forward bias.  

 

 

 

 

 

 

 

 

                         
                                           (a)                                                                        (b) 
 
Fig. 1.4 Energy band diagram of a schottky contact (a) before junction formation and (b) 
at thermal equilibrium 
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1.3.2   p-n Heterojunction Diodes  

A p-n heterojunction is formed by combining two dissimilar semiconductor materials. 

The band discontinuity or band offset formed at the interface due to different band gaps 

of two semiconductors is the unique feature of heterojunction diodes. The band offset also 

plays an important role in the current transport mechanism of semiconductors diodes. 

Based on the alignments of energy bands, the semiconductor heterojunctions can be 

classified in three types [16] (refer Fig.1.5): (i) Type-I (Straddled Type) (ii) Type-II 

(Staggered Type) (iii) Type-III (Broken Gap Alignment).   

Anderson reported first heterojunction of Ge/GaAs in 1960 [17]. The electron affinity 

model proposed by him helped to predict the energy band diagrams of heterojunctions at 

the interface. This model assumes the ideal performance of heterojunction diodes with no 

interface states present at the junction. The current transport is considered to be entirely 

dominated by injection of carriers over the band offsets into the quasi-neutral region of 

the diode. This ideal case rarely exists in typical heterojunctions but generally used as the 

basic model to evaluate the performance of the heterojunctions. 

 

 

 

 

 

 

 

 

 

Fig. 1.5 Types of energy band alignments in heterojunction diodes. 

 

Fig. 1.6 demonstrates the equilibrium energy band diagram of an abrupt n-ZnO/p-Si 

heterojunction. CE  and VE  represents the conduction and valence band discontinuities 

respectively. 
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Fig. 1.6 Energy band diagram for abrupt n-ZnO/p-Si heterojunction diode. 

 

Eq. 1.5 presents the ratio of band bending at the interface of the semiconductor 

heterojunction [18]. 
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Where 1bV , 2bV  represents the band bending and 1N  and 2N represents doping densities in 

n and p regions of the heterojunction interface at thermal equilibrium. It has been 

observed that the Anderson model stands good in predicting the band discontinuities of 

heterojunctions but the current-voltage behavior obtained from experimental data has not 

shown good relevance with this model.  

This is due to the absence of interface states and abrupt heterojunction interfaces which 

are not possible to achieve during the fabrication of the heterojunction. In practical 

heterojunction diodes, the current transport mechanism generally includes (i) 

recombination of carriers in the depletion region (ii) carrier injection over band offsets 

(diffusion or thermionic emission) and (iii) tunneling of carriers into interface states. 

There exist no definite model which can predict the exact current transport mechanism in 

heterojunctions because it is strongly influenced by quality of the fabricated 

heterojunctions.  
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1.3.3    Basic Working Principle of Photodiodes  

Generally, two terminal based metal-semiconductor photodetectors can be classified into 

four categories [19]: (i) photoconductors (ii) schottky photodiodes (ii) metal-

semiconductor-metal (MSM) photodiodes and (iv) metal-insulator-semiconductor (MIS) 

photodiodes. Fig. 1.7 shows the schematic diagrams of different photodiodes. The basic 

working principle of all semiconductor based photodetectors includes two basic steps: (i) 

The wavelength that needs to be detected should be allowed to get absorbed on the active 

area of the photodetector.  (ii) A suitable electric field should be applied across the device 

by choosing appropriate biasing voltages so that the resultant current due to electron-hole 

pair generation in active region can be obtained in the external circuit. The bandgap of the 

semiconductor material decides that which wavelength will be detected by the fabricated 

detector. Some important parameters which are required to be evaluated for measuring 

the performance of the photodetector are as follows: 
 

Quantum Efficiency: Quantum efficiency is the measure of number of electron-hole 

pairs generated per unit photons.  
 

Responsivity: Responsivity of a photodetector can be described as the ratio of 

photocurrent generated to the optical power in linear region of response. Generally in 

phototodetectors, responsivity is highest for the wavelength region in which photon 

energy is somewhat higher than the bandgap energy. 
 

Detectivity: Detectivity allows different photodetectors to be compared independent of 

detector bandwidth and area. High value of detectivity ensures the suitability of 

heterojunction photodetectors for low noise applications. 
 

Noise Equivalent Power: Noise equivalent power is the minimum detectable power for a 

photodetector. 
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Fig. 1.7 Schematic structures of different semiconductor photodetectors. 

 

1.4    Applications of ZnO Thin Films 

1.4.1    UV Photodetector  

As mentioned earlier, ZnO has drawn a substantial attention of researchers for UV 

detection applications. Large and direct bandgap, high surface to volume ratio and other 

superior properties of ZnO has made it a promising choice for ultra violet light detection 

with high selectivity and sensitivity. Mollow observed the ultraviolet response of ZnO 

films first time in 1940s [20]. However, the work on ZnO films based photodetectors 

have got significant attention in 1980s. In the beginning, the results obtained from ZnO 

based detectors were not very good. But the improvement in fabrication process for 

growing high quality nanostructured ZnO thin films has improved the performance of 

these detectors significantly. In past decade, Different ZnO based UV photodetectors such 

as metal-semiconductor-metal photodiode, schottky photodiode and p-n heterojunction 

photodiode have been reported by researchers [16-17]. All the reports available in the 

literature suggests that RF sputtering, pulsed laser deposition, molecular beam epitaxy, 
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metal organic chemical vapor depositions and vacuum coating are the suitable methods to 

fabricate ZnO thin films based UV photodetectors. High responsivity, good UV/visible 

contrast ratio and low noise characteristics of ZnO thin film based detectors has ensured 

their usability in a variety of applications. 

1.4.2    Light-Emitting Diodes (LEDs) 

In past, many wide bandgap materials such as GaN [21], SiC [22] and ZnO [23] have 

been studied for light emitting diodes and other optoelectronic applications. In recent 

years, ZnO has emerged as a promising candidate among all these materials. Many 

favorable properties such as wide and direct band gap, high exciton binding energy (60 

meV), inexpensive nature with good safety and stability has made ZnO one of the most 

suitable choice for LED applications. ZnO can be grown with many novel structures such 

as nanowires, nanowalls, nanorods and nanoribbons that can be very useful building 

block in LED applications. Many efforts have been made to fabricate ZnO based LEDs 

using different deposition techniques on different substrates such as SiC, SrCu2O2 , GaN 

and Si etc. Recent reports on ZnO based homojunction and heterojunction LEDs has 

confirmed the potentiality of ZnO thin films in light emitting diode (LED) applications 

[24-26]. 

1.4.3    Thin Film Transistors and Transparent Electronics 

TFTs for transparent electronics need all the device components such as substrate, gate, 

channel and electrodes to be transparent. High transparency of ZnO in visible wavelength 

region has made it a potential candidate for all transparent electronic applications. ZnO 

thin film based transparent TFTs can be very useful in many transparent electronics 

applications such as touch display panels, flat panel displays and optical coatings. For 

polymer based flexible substrates also ZnO is a suitable oxide material, because it can be 

processed at lower temperature. Nomura et al. demonstrated first transparent ZnO TFT in 

2003 [27]. Recently, many studies on ZnO based TFTs have been reported by researchers 

[28-30]. The main advantage of ZnO thin film based TFT is the magnitude of the electron 

channel mobility which leads to faster operating speeds and high driver currents.  
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1.4.5    Piezoelectric Nanogenerator  

Among the known nanomaterials, ZnO provides three key advantages for piezoelectric 

device applications: (i) ZnO exhibits a diverse range of nanostructures such as nanowires, 

nanosprings, nanobelts, nanoflowers, nanowalls, nanorods, nanobows and nanohelics 

which is very much needed for piezoelectronic device applications. (ii) ZnO is relatively 

non-toxic and bio-compatible so that it can be used for medical applications with less 

toxicity. (iii) It exhibits both piezoelectronic and semiconducting properties which is the 

necessary requirement for sensor and transducer applications. The first ZnO nanowire 

array based piezoelectric nanogenerator which converts the mechanical energy to 

electricity was demonstrated by Wang et al. [31]. They demonstrated the conversion of 

nanomechanical energy into electrical energy by using coupled semiconducting and 

piezoelectric properties of ZnO nanowire arrays. The fabrication of ZnO nanostructures 

over flexible substrates to enhance the conversion efficiency of nanogenerators has 

attracted a wide attention of researchers in recent years. Such nanogenerators can provide 

flexible power sources with their potential applications in sensors, actuators and 

nanoelectromechanical systems.  

1.4.6    Gas Sensors 

Semiconductor oxide based nanostructures have drawn a substantial attention of 

researchers for gas sensing applications. High thermal/chemical stability, wide bandgap 

and large surface to volume ratio of ZnO have made it a suitable candidate for gas sensing 

applications. The larger surface to volume ratio of ZnO thin films/nanostructures results 

in a variety of advantages such as faster sensing response and high sensitivity.  In addition 

to this, excellent surface charge-transfer properties and high surface-adsorption ability 

also ensures the suitability of ZnO thin films for gas sensing applications. Several reports 

are available in literature which demonstrates the sensitivity of ZnO towards different 

gases such as methane [32], hydrogen [33], oxygen [34], NOx [35] and CO [36] etc. 

1.5   Scope of the Thesis 

The fundamental objective of this thesis is to make a systematic investigation on ZnO thin 

film based heterojunctions and devices for electronic/optoelectronic applications. First, 

the simulation study of ZnO/Si heterojunction photodiode have been presented using 
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ATLAS simulator from SILVACO International. In best of our knowledge, no simulation 

reports for ATLAS simulation of ZnO based photodetectors are available in literature. So 

these simulation studies can be very helpful to reduce the fabrication cost and efforts by 

optimizing various device parameters over the simulation tool itself before moving for the 

actual device fabrication. Then, ZnO thin films were grown over silicon and glass 

substrates using thin film deposition techniques. Various physical and growth parameters 

were optimized during the deposition in order to achieve high quality ZnO thin films. A 

detailed investigation on structural, optical and electrical properties of n-ZnO/p-Si 

heterojunctions has been done and the stability of these fabricated diodes at high 

temperature ranges has also been tested. The scope of the work has further been extended 

to investigate the ultraviolet light detection properties of these ZnO based heterojunctions 

for a variety of civil and military applications. The thesis consists of eight chapters 

including the present one entitled as “Introduction”. The remaining chapters are organized 

as follows: 

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 thin films, n-ZnO/p-Si heterojunctions and their 

applications in UV detectors 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 working principles of RF sputtering and thermal vapor deposition 

techniques to grow high quality ZnO thin films for optoelectronic device applications. 

The basic working mechanisms of various structural, optical and electrical 

characterization techniques such as XRD, AFM, SEM, TEM, Ellipsometery, I-V and C-V 

etc. have also been presented. 

 

Chapter-4 presents simulation study and performance analysis of n-ZnO/p-Si 

heterojunction based photodetector. Different electrical and optical parameters such as 

energy band diagram, electric field profile, dark current, quantum efficiency, 

responsivity, detectivity and noise equivalent power of  ZnO/Si heterojunction based 

photodetector have been simulated as a function of device thickness, operating 
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wavelength and applied reverse bias voltage. The simulation software ATLAS™ in 

SILVACO package has been used to describe the effect of n-ZnO/p-Si interface 

properties on its photodetection.  

 

Chapter-5 is devoted to the preparation, characterization and optimization of 

nanocrystalline ZnO thin films using RF sputtering technique. High quality ZnO thin 

films were grown over p-Si (100) and glass substrates by RF magnetron sputtering 

technique. Effect of various physical and growth parameters such as thickness, annealing 

temperature, sputtering power and gas flow rate on structural and optical properties of 

ZnO thin films have been investigated in detail so that high quality ZnO thin films for a 

variety of optoelectronic and photonic devices can be achieved. Surface morphology, 

structural properties and quality of thin film have been studied using X-Ray Diffraction 

(XRD), Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM) and 

Energy-Dispersive X-ray (EDX). The micro structural parameters for the film such as 

grain size, lattice parameters, defect density, stress and strain have been studied in detail. 

Optical properties such as transmittance, reflectance, absorption coefficient, refractive 

index and dielectric constant for a spectral range of 300 nm to 800 nm have been 

evaluated. Photoluminescence (PL) spectra for ZnO thin films have also been 

investigated. 

 

Chapter-6 deals with fabrication and characterization of n-ZnO/p-Si heterojunction 

diodes. Nanostructured zinc oxide (ZnO) thin film were deposited on p-type silicon (Si) 

substrate using vacuum coating technique for fabricating n-ZnO/p-Si heterojunction 

diodes. Structural properties, surface morphology and quality of thin film have been 

studied using XRD, AFM and Energy Dispersive X-ray Spectroscope (EDX) 

measurements. The temperature dependent electrical junction properties were 

investigated by Current-Voltage-Temperature (I-V-T) measurements. Effect of 

temperature variation on various electrical parameters of the fabricated p-n junction diode 

such as series resistance, reverse saturation current,  ideality factor, barrier height and 

Richardson constant have been studied. Gaussian distribution function with standard 
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deviation of 0  around the mean barrier height has been used to solve the problem of 

barrier inhomogeneity at n-ZnO/p-Si interface.  

Chapter-7 presents ultraviolet light detection properties of n-ZnO/p-Si heterojunction 

diodes. ZnO nanocrystalline thin films were deposited over p-Si (100) substrates using 

RF sputter deposition. The structural and surface morphological properties of the 

deposited films were studied using XRD, AFM, SEM, TEM and Raman spectroscopy. 

The junction properties of n-ZnO/p-Si heterojunction diodes were investigated using 

current-voltage and capacitance-voltage measurements. Various important electrical 

parameters such as ideality factor, barrier height, built-in potential, donor concentration 

and depletion width have also been evaluated. The UV detection properties of the 

fabricated diodes were investigated using a UV lamp of 365 nm wavelength.  

Chapter-8 concludes some major findings and outcomes of the thesis. The chapter 

summarizes all the results presented in Chapter 4-7 of the thesis. Finally, the future scope 

of the work is outlined in the end. 
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CHAPTER 2 

 

ZnO Thin Films for Optoelectronic Devices: A General Review 

 

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

various research groups in the area of ZnO thin film based optoelectronic devices. 

 

2.1    Introduction 

Literature survey plays a significant role in any kind of research. A thorough 

knowledge of the state of the art work in any research area can only be predicted by 

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

present some important state of the art work reported by different research groups in 

the area of ZnO thin films. This chapter primarily focuses on some important 

investigations that have been done in the area of ZnO thin film based optoelectronic 

devices over the last decade. Structural, optical and electrical properties of ZnO thin 

films, n-ZnO/p-Si heterojunctions and their applications in UV detection have been 

reviewed in detail. 

2.2    ZnO Thin Films 

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

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

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

coatings and electronic device applications. The nanostructured thin film reduces the 

material loses, enhances the efficiency for solar cells, improves the sensitivity of gas 

sensors due to larger surface area to volume ratio and can be very useful in 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.  

In recent years, different ZnO based nanostructures such as nanowires, nanotubes, 

nano flowers, nanowalls and nanobelts etc. have attracted a significant research 

interest because of their potential applications in next generation sensor and molecular 

technology. ZnO can be grown with a wide variety of nanostructures which makes it 
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one of the most popular nanomaterial. Different techniques such as spin coating, 

thermal evaporation, metal organic chemical vapor deposition (MOCVD), pulsed laser 

deposition (PLD) and RF sputtering have been employed in past to grow different 

ZnO nanostructures. This section presents some recent state-of-the-art work to grow 

high quality ZnO thin films using different deposition techniques. 

2.2.1    Spin Coating Technique 

The synthesis of ZnO thin films using spin coating technique includes three principle 

steps: (i) solution preparation (ii) coating and (iii) heat treatment. Various research 

groups have reported the preparation and characterization of ZnO thin films using spin 

coating technique in past.  

Smirnov et al. [37] investigated the structural and optical properties of ZnO thin films 

using spin coating technique. The precursor solution of ethanol, zinc acetate and 

ammonium hydroxide was used to deposit ZnO films over glass substrates. The nature 

of deposited films was found to be polycrystalline, and transparency of the thin films 

was more than 75% in the spectral range of 450-130 nm. They also investigated the 

effect of spinning speed and heat treatment over structural and optical properties of 

deposited ZnO thin films.  

Tsay et al. [38] studied the effect of Sn doping on crystallinity, structural and optical 

properties of sol-gel derived ZnO thin films. They varied the Sn doping from 1 to 5 at 

.% and found that the doping of Sn in ZnO film improves the surface roughness. They 

also observed that the film doped with 2 at.% Sn concentration have exhibited best 

results with a transmittance, roughness and resistivity of 90%, 1.92 nm and 9.3×102 

Ω-cm respectively.  

Brien et al. [39] prepared ZnO thin films using zinc acetate, isopropanol and 

monoethanolamine. The prepared films were post annealed in a temperature range of 

500-650°C in order to achieve high crystallinity. The transmittance for deposited films 

was found to be more than 85% with absorption edge around ~378 nm. The optical 

bandgap was found to be varied in the range of 3.298-3.306 eV. They also 

investigated the effect of Zn concentration, thickness and annealing temperature on 

structural and optical properties of the deposited films.  

Srinivasan et al. [40] deposited zinc oxide thin films over sapphire substrate using 

spin coating technique. They studied the effect of annealing temperature on ZnO thin 
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films and concluded that annealing improves the crystallinity of deposited films. 

Photoluminiscense spectra of deposited films exhibited two line structure which 

attributes to UV emission and defect related emission. AFM study also confirmed that 

the annealing temperature have improved the surface morphology of the deposited 

films.  

Kim et al. [41] investigated the effect of pre heating on structural and optical 

properties of ZnO thin films. They observed a high transparency of more than 85% for 

pre-heated films. The optical bandgap was found to be varied in the range of 3.24-3.26 

eV. The PL spectra exhibited the UV emission in near band edge with a broad green-

yellow emission at 490 - 620 nm.  

2.2.2    Pulsed Laser Deposition 

Pulsed laser deposition is one of the popular technique to synthesize oxide and nitride 

materials. In pulsed laser deposition, a high energy laser pulse is focused over the bulk 

target to evaporate the source material. When energy density of laser beam is 

sufficient enough, each laser beam can easily vaporize the material which is required 

to be deposited. 

Gondoni et al. [42] investigated structural and functional properties of aluminium 

doped ZnO thin films using pulsed laser deposition in oxygen ambient. They varied 

the deposition pressure from 0.01 to 10 Pa to analyze the effect of defect formation 

and oxygen vacancies over various properties of ZnO thin films. They obtained best 

results for a deposition pressure of 2 Pa and the transparency of deposited films was 

found to be increased with increasing working pressure.  

Drmoshb et al. [43] studied the properties of cu doped ZnO thin films using PLD 

technique. In order to obtain ZnO-Cu composites, pure Zn and Cu targets were 

irradiated with 248 nm KrF laser in a special geometric arrangement. They also 

observed a shift in XRD spectra peak due to Cu doping. The photoluminescence 

spectra also revealed a red shift in the emission peak with decreased bandgap at higher 

doping concentration. They concluded that PLD can give good quality films without 

pre and post heating treatment.  

Doping in semiconductor materials can be very useful to change the bandgap of the 

deposited films. Jiang et al. [44] deposited Cd doped ZnO thin film using pulsed laser 

deposition technique. The bandgap of ZnO thin films with 9.6% cadmium content was 
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found to be 2.88 eV. They also investigated the effect of fluorine doping on structural, 

optical and electrical properties of PLD deposited ZnO thin films. They varied the 

oxygen pressure from 0.1-0.5 Pa. At oxygen pressure of 0.1 Pa, the optimum values of 

resistivity, carrier concentration and hall mobility were found to be 4.83×10-4 Ωcm, 

5.43×1020 cm-3 and 23.8 cm2V-1S-1 respectively.  

Variation in deposition parameters also affects the quality of deposited films 

considerably. Cracium et al. [45] reported how all these parameters affect the quality 

of deposited films in pulsed laser deposition. Zhaoyang et al. [46] investigated the 

impact of laser repetition frequency over surface morphological and optical properties 

of ZnO thin films. The results conclude that the film deposited at 5 Hz frequency have 

exhibited high crystallinity with excellent UV emission.  

2.2.3    Molecular Beam Epitaxy 

Ting et al. [47] studied the impact of MgO and GaN buffer layers over structural, 

electrical and optical properties of ZnO thin films grown over sapphire substrate using 

MBE technique. They reported that GaN and MgO buffer layer reduces the lattice 

mismatch between ZnO and GaN that improves the crystalline quality of deposited 

ZnO film. The X-Ray diffraction analysis revealed that the introduction of buffers 

layers between ZnO and GaN reduces the film strain whereas the nature of stress got 

changed from tensile to compressive with the introduction of buffer layer. They also 

reported that the GaN as buffer layer improves the surface morphology whereas the 

MgO as buffer layer improves the surface roughness significantly.    

Iwata et al. [48] used molecular beam epitaxy technique to grow ZnO thin films over 

silicon substrate. Their study revealed that lower H2/O2 ratio using RHEED pattern 

exhibits a streaky pattern for nitrogen doped ZnO films. The concentration of nitrogen 

in deposited films was found to be 1×1019 cm-3. However no type conversion from n-

type to p-type has been observed due to nitrogen induced trap states.  

Chen et al. [49] used plasma assisted molecular beam epitaxy technique to grow high 

quality ZnO thin films. They used Mg as buffer layer between ZnO and sapphire 

substrate so that lattice mismatch between the two layers can be minimized. The value 

of rectification ratio for the fabricated schottky diode was found to be 104. They 

suggested that the low electron concentration of undoped ZnO layers can be a good 

choice for p-doping.  
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Liu et al. [50] fabricated ZnO thin film based UV photoresistor using molecular beam 

epitaxy technique. Two Knudsen cells with zinc (7N) and magnesium (5N) have been 

used to evaporate the metal. The values of dark resistance and ratio of dark to light 

resistance were obtained as 1010 Ω and 2.3×105 respectively. The responsivity of the 

fabricated detector was found to be 1 Ω-1W-1. A linear relation between 

photoresistance and reciprocal optical power density has also been observed for the 

fabricated structure.  

Przezdziecka et al. [51] demonstrated fabrication and characterization of p-

ZnO:As/n-GaN ultraviolet detector using MBE technique. The fabricated detector 

exhibited high ultraviolet response with faster response time of less than 2 ms.  

Pietrzyka et al. [52] used plasma assisted molecular beam epitaxy technique to 

fabricate ZnO:N/ZnMgO:N/i-ZnO/ZnMgO/ZnO heterojunction. Conventional 

Knudsen cells (Mg (6N) and Zn (6N)) were used to evaporate the metal. The 

photoluminescence spectra confirmed high quality of grown ZnO thin films. In order 

to investigate the defects present into the films, temperature dependent current-voltage 

and capacitance-voltage measurements have also been done. The existence of 

persistence photo-capacitance upto 280 K has ensured the presence of metastable 

centers at relatively higher barrier heights.  

Asghar et al. [53] investigated surface morphological and interface properties of 

Au/ZnO schottky contact. ZnO and Au films were grown over Si substrates using 

MBE and E-Beam techniques respectively. The values for barrier height and ideality 

factor were obtained as 0.61 eV and 2.15 respectively for the fabricated structure 

which confirmed the presence of barrier inhomogeneties at the heterojunction 

interface. They also reported frequency dependent capacitance-voltage study to 

investigate the density of interface. 

2.2.4    Metal Organic Chemical Vapor Deposition  

Wang et al. [54] investigated fabrication and characterization of ZnS/ZnO 

heterojunction properties using MOCVD technique. Thermal evaporation and 

MOCVD techniques have been used to deposit ZnS and ZnO layers respectively. 

They observed that different orientations of ZnS nanobelts may result in different 

surface morphologies of the fabricated ZnS/ZnO heterojunctions. The fabricated 

structure has shown a strong emission peak in green and weak violet regions.  
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Biswas et al. [55] fabricated ZnO based humidity sensor using MOCVD method. ZnO 

nanostructures were obtained over r-sapphire substrates using horizontal reactor 

MOCVD method without any catalyst. The recovery and response time were found to 

be 12 sec. and 3 sec. respectively with high stability and repeatability. They observed 

that the fabricated device has given a quick response to relative humidity changes due 

to quantum side effects. Results concluded that ZnO nanostructures grown by 

MOCVD method can have potential applications in preparation of highly sensitive 

humidity sensors.  

Wang et al. [56] investigated UV electroluminescence properties of n-ZnO/NiO/p-

GaN diode prepared using MOCVD method. The device has shown a diode like 

behavior with a turn voltage of 7.5 V. The use of NiO as blocking layer between ZnO 

and GaN resulted in high resistance state. The values of conduction band offsets for 

ZnO/NiO and ZnO/GaN heterojunctions were found to be 2.93 eV and 0.15 eV 

respectively. They also observed a strong electroluminescence emission peak at 381 

nm which suggests that Ni layer sandwiched between ZnO and GaN can confine the 

electrons in n-ZnO side which will be very effective in ultra violet emission.  

Lie et al. [57] reported fabrication and characterization of InGaN/GaN multiple 

quantum well LEDs using MOCVD method. The fabricated quantum well consists of 

total nine layers. The contacts for electrical characterization were obtained from 

Ti/Al/Au to achieve high conductivity. The study confirms that high quality GaN 

films can be achieved using MOCVD method.  

Biethan et al. [58] investigated photoluminescence properties of ZnO nanostructures 

grown over Si substrate using MOCVD technique. Different samples with ZnO 

nanostructures varying in the range of 20-100 nm at different temperatures ranges 

(500-800 °C) were prepared using MOCVD technique. They observed a decrease in 

nanostructure sizes with increasing growth temperature. The emission peaks for 

prepared samples were observed at 368 nm, 370 nm, 373 nm, 383 nm and 391 nm 

respectively at different growth temperatures. The shift in these peaks is attributed to 

quantum confinement effects. An improvement in crystalline quality of ZnO 

nanostructures with increasing growth temperatures has also been observed. 

Addonizio et al. [59] deposited double textured ZnO:B film plasma etched polymer 

using MOCVD technique. They developed a method to produce highly textured TCO 
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surfaces by growing ZnO:B on a buffer layer consisting of UV curved highly 

transparent acrylic polymer (IBA) with modified surface using RIE process. It is seen 

that the surface properties of double textured ZnO thin films also depend upon etched 

polymer properties. Double textured ZnO:B films have exhibited excellent scattering 

properties with good electrical properties.  

Kim et al. [60] used MOCVD technique to fabricate ZnO based hybrid LEDs over p-

GaN substrate. They used MOCVD technique with vertical wall reactor to fabricate n-

ZnO film/n-ZnO nanorods/p-GaN structure. The fabricated structure has exhibited 

high crystallographic properties. The turn-on voltage of the fabricated structure was 

found to be 11V. 

2.2.5    RF Sputtering 

RF sputtering is one of the popular technique for growing ZnO thin films. Sputtering 

involves removal of surface atoms from the sputtering target due to bombardment of 

high energy particles. Generally, two type of sputtering methods (i) RF magnetron 

sputtering (ii) DC sputtering are used to deposit ZnO thin films. Among these, RF 

magnetron sputtering is more popular due to its simplicity, low cost and lower 

operating temperature. The growth of the films in sputtering is generally carried out in 

Ar/O2 ambient. The argon enhances the sputtering rate and, oxygen acts as reactive 

gas during the deposition. The RF power can be tuned to control the sputtering yield 

from ZnO target.  

Dang et al. [61] used RF sputtering to deposit ZnO thin films. Zinc target with O2/Ar 

gas mixture was used for the deposition. Effect of plasma power, O2/Ar ratio and 

substrate temperature variation on quality of ZnO films have also been studied. They 

concluded that the post annealing has improved the quality of deposited films. Gas 

flow rate and RF power can also be used to control the quality of the deposited films.  

Kumar et al. [62] deposited ZnO thin films over silicon substrate using RF sputtering 

technique. RF power, deposition pressure and annealing temperature were maintained 

at 150 W, 9×10-3 mbar and 500-700 °C during the deposition.  Influence of substrate 

porosity over surface morphological and optical properties have also been studied. 

They found that the deposition of ZnO on mesoporous substrates can have potential 

applications in development of gas sensors.  
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Hardan et al. [63] prepared ZnO/Si structure for photodetection applications using 

RF sputtering technique. Deposition pressure, sputtering power and post annealing 

temperature were maintained at 2×10-2 mbar, 200 W and 900 °C respectively during 

the deposition. They observed a significant enhancement in photocurrent under UV 

illumination for the fabricated structure. Impedance spectroscopy revealed that the 

basing voltage and ultraviolet light affects the grain boundary resistance considerably.  

Bhavanasi et al. [64] studied the substrate temperature dependent light scattering 

properties of RF sputtered ZnO:Al thin films. The values of argon flow rate, 

deposition pressure, RF power and annealing temperature were 15 sccm, 8×10-3 mbar, 

100 W and 300 °C respectively at the time of deposition. They also observed that the 

light scattering capability of the fabricated structure has increased with substrate 

temperature.  

Jouane et al. [65] deposited ZnO thin films over ITO coated flexible substrate using 

sputtering technique. The post annealing temperature was varied in the temperature 

range of 140-180 °C. The RF power and deposition pressure was maintained at 100 

watt and 8×10-3 mbar respectively during the deposition. The optimal performance of 

device was achieved for annealing temperature of 160 °C. The power conversion 

efficiency achieved at this annealing temperature was highest.  

Effect of grain size over ethanol sensing properties of RF sputtered ZnO thin films 

have been reported by Tanvaskos et al. [66]. ZnO thin films with different 

thicknesses where grain size varies from 60-130 nm have been deposited using RF 

sputtering technique. The deposited ZnO films have shown highest sensitivity with 

low ethanol concentration (10-50 ppm). The sensitivity of the deposited structure was 

found to be increased with operating temperature. They reported that the films with 

smaller grain size needs longer time to respond ethanol, but its recovery is faster than 

large grain size samples.  

Duan et al. [67] deposited ZnO:Ag thin film over silicon substrate using RF 

sputtering technique. Firstly, a thin buffer layer of ZnO thin film was deposited over 

Si at 40 watt RF power. Then, ZnO:Ag thin film was deposited over the buffer layer at 

100 watt sputtering power. It was observed that the ZnO thin film deposited over the 

buffer layer has shown larger grain size, good rectification and high carrier mobility 
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with deep level emission. It has also been observed that the buffer layer reduces the 

lattice mismatch which helps to improve the surface quality of the deposited film.  

2.2.6    Thermal Vapor Evaporation 

Thermal evaporation technique uses resistive heating to vaporize the source material. 

It is a simple and low cost method to evaporate various materials. It does not require 

any high temperature growth and catalyst to grow thin films. High quality films can be 

grown using this method. This section presents some recent reports for deposition of 

ZnO thin films using thermal evaporation technique. 

Liu et al. [68] demonstrated the growth and characterization of ZnO nanowires over 

silicon substrate using RF sputtering technique. The structural characterization of 

deposited films has shown high crystallinity of deposited films. The diameter and 

length of the grown nanowires were found to be in the range of 10-100 nm and ~10 

micron respectively. They suggested that high throughput of this technique can be 

very advantageous in variety of nano-device applications.  

Abdulgafour et al. [69] prepared low cost Pd/ZnO structure using thermal 

evaporation method. The value of load resistance for Pd/ZnO heterojunction diode 

under dark and illumination were found to be 80.4 KΩ and 23.5 kΩ respectively. The 

responsivity and quantum efficiency of the fabricated structure were found to be 0.106 

A/W and 43.8 % respectively at a biasing voltage of 5 V.   

Nguyen et al. [70] studied the infrared emission properties of ZnO nanostructures 

grown over Si/SiO2 substrate using thermal evaporation technique. They observed a 

strong ultra violet emission with a broad emission from red to near infrared region for 

the grown nanostructure. The near ultra violet emission is attributed to carrier 

transition between ZnO and O2 interstitials.  

Feng et al. [71] reported the preparation and characterization of ZnO nanoflowers 

using thermal evaporation technique. A strong UV emission at 386 nm wavelength for 

grown ZnO nanoflowers has been observed. In addition to that, weak yellow-green 

emission has also been observed. Growth mechanism of ZnO nano flowers have also 

been discussed in detail.  

Zaier et al. [72] studied the effect of post annealing temperature over surface 

morphological, optical and electrical properties of ZnO thin films grown by thermal 

evaporation. The optical bandgap of prepared ZnO thin films was found to be 
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increased from 3.13-3.25 eV with temperature varying in the range of 200-500 °C. 

The variation in resistivity from 2×10-3- 4×10-2 Ωcm has also been observed with 

varying annealing temperature.  

Singh et al. [73] investigated various optical properties of ZnO thin films grown by 

thermal oxidation of pure metallic zinc. They grown Zn thin films by thermal 

evaporation and then deposited samples were oxidized at different temperatures 

varying in the range of 300-500°C. The films annealed at 500°C have shown highest 

cyrstallinity with a bandgap of 3.32 eV. The study revealed that high quality ZnO thin 

films can be achieved by thermal evaporation provided that annealing has been done 

at optimum temperature.  

Ahmad et al. [74] grown catalyst/seed free ZnO thin films over graphene by thermal 

evaporation of Zn in oxygen ambient. They investigated the effect of substrate 

position over the surface quality of ZnO thin films. They observed that the films 

grown at 600 °C have shown less structural defects. They concluded that both growth 

temperature and substrate position plays an important role in the preparation of high 

quality ZnO thin films. 

Periasamy et al. [75] investigated the time dependent degradation of Pt/ZnO based 

piezoelectronic generator using vacuum coating unit. They demonstrated conversion 

of nanomechanical energy into electrical energy by exploiting the piezoelectronic 

properties of ZnO nano-needles. They observed that nanogenerator performance 

degrades with time which is attributed to tip abrasion by repeated scanning. Table 2.1 

summarizes some recent reports on ZnO nanostructures grown using different 

deposition techniques. 
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Table 2.1: Summary of studies done on growth of ZnO thin films from previously 

published work. 

Structure  
Type 

Matrix Technique Growth  
Reagent 

Growth  
Condition 

Ref. 

ZnO 
 

Au  
coated  Si 

Carbo-thermal  
reduction 

ZnO  &  
graphite 

900°C,  30  
min 

[76] 

ZnO  nano-
Tetrapods 

Silicon Vapour-Phase  
transport 

Zn  & 
Zn(CH3COO)2 

650°C,  15  
min 

[77] 

ZnO 
Nanaowires  

500°C 

MWCNT/
Si 

Thermal  
Vapour 

Evaporation 

Zn 
 

700°C,  3h [78] 

ZnO 
Nanaowires 

 

Silicon Thermal  
Vapour 

Evaporation 

Zn 450°C 
 

[79] 

ZnO  
Nanoflakes  &  

ZnO Nanowires 

Glass Localized  
Oxidation 

Zinc  film 
 

300°C,  5  
min 

[80] 

ZnO 
Nanaowires 

Silicon 
at  700°C 

Vapour-Phase  
Transport 

ZnO  &  
graphite 

1100°C,  30 
min 

[81] 

ZnO  Thin  Film SiO2 MOCVD Diethylzinc,  O2 350°C [82] 
ZnO  

Nanostructures 
MWCNT

s/PG 
Vapour-Phase  
Self-catalysis 

Zn,  ZnO  &  
graphite 

750°C,  15–
30 min 

[83, 
84] 

ZnO  Nanotips SiO2,  
glass,  c-
sapphire 

MOCVD Diethylzinc,  O2 350–475°C,  
50  Torr 

[85,86,
87] 

ZnO  
Nanowire/belts 

Sapphire Thermal  
evaporation 

ZnO 
 

< 1150°C 
 

[88] 

Nanoporus  ZnO  
Film 

 

Au  
coated  
glass 

RF magnetron  
sputtering 

Zinc 300 W, 50 
mTorr 

[89, 
90] 

n-ZnO  Thin  
Film 

 

Borosilica
te  glass 

RF  magnetron  
sputtering 

Zinc 75 W,  1Pa,  
200°C 

[91] 

n-ZnO  Thin 
Film 

 

Glass PLD ZnO 1.5–3  
Jcm−2 

at  3  ×  
10−7torr,   

[92] 

n-ZnO NR 
 

Au/Al2O3 VLS  growth ZnO  &  
graphite 

 

950°C,  20–
30  min,  
300–400  

mbar 

[93] 

n-ZnO  
Nanocombs 

 

Si Silicon Vapour-Phase  
Transport 

ZnO  &  
Graphite 

900°C,  30  
min,  8  ×  
10−1Torr 

[94] 

n-ZnO 
Nanostructures 

 

ZnO-
Ga/SiO2/S

i 

CVD 
 

Zinc 
 

600°C,  30  
min 

[95] 

n-ZnO  
Nanotetrapods 

Quartz  
plate 

Thermal  
Evaporation 

Zinc 
 

900°C [96,97
] 

n-ZnO 
Nanaowires 

Silicon 
 

Thermal  
Evaporation 

ZnO  &  Gold  
Catalyst 

900–950°C   [98] 
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2.3    n-ZnO/p-Si Heterojunctions 

As discussed earlier, ZnO has many potential advantages over other large bandgap 

materials (such as SiC and GaN), including large electron binding energy, high 

quantum efficiency, larger resistance at high energy radiations and possibility of wet 

etching. ZnO has ensured its potentiality for many optoelectronic applications such as 

UV detector, LEDs, gas sensors, solar cells and piezolectronic nanogenerators etc. 

Both n and p doped ZnO is required to develop various ZnO based devices. Since, It is 

really difficult to grow high quality, stable and reproducible p-type ZnO thin films, a 

wide attention have been given to grow n-ZnO over various p-type substrates such as 

Si, p-GaN and p-polymer to fabricate p-n heterojunctions. For next generation 

nanoelectronic devices, it is highly desirable to fabricate high quality p-n 

heterojunctions with lower processing temperature at larger area. In present scenario, 

it is important to integrate ZnO thin films with silicon technology in order to develop 

practical applications of ZnO thin films for a wide range of optoelectronic device 

applications. Silicon is having central position in semiconductor industry. Large area 

availability of Si with low cost and excellent quality has provided a unique 

opportunity to integrate Si with a variety of ZnO based optoelectronic devices. 

However a little progress has taken place so far in the area of electrical 

characterization of n-ZnO/p-Si heterojunctions. The electrical performance of n-

ZnO/p-Si heterojunctions depends upon a variety of parameters such as lattice 

mismatches, p-n junction interfacial characteristics, built-in potential, band offsets, 

film thickness, operating temperature and post annealing temperature etc. This section 

presents some studies reported by various research groups in the area of n-ZnO/p-Si 

heterojunctions.  

Cho et al. [99] fabricated n-ZnO/p-Si heterojunction using RF sputtering technique. 

The RF power and sputtering time was maintained at 70 watt and 1 hour respectively. 

To avoid inter diffusion of Si and Zn atoms, rapid annealing at 600 °C was done for 

fabricated samples. They observed that the post annealing has improved the crystalline 

quality of deposited film which also results in enhanced rectification ratio of 

fabricated p-n heterojunction diode. The barrier height of the fabricated structure was 

found to be decreased from 0.078-0.033 eV. This abrupt reduction in barrier height 

with increased annealing temperature is attributed to diffusion of boron into n-ZnO.  
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It is important to investigate the electrical characteristics of n-ZnO/p-Si heterojunction 

to ensure their potentiality in variety of optoelectronic device application. Aksoy et al. 

[100] studied the effect ambient temperature on electrical characteristics of n-ZnO/p-

Si heterojunction device using sol-gel technique. They varied the ambient temperature 

from 296-383 K to investigate the effect of temperature over ideality factor and barrier 

height of the fabricated heterojunction. The value of ideality factor was found to be 

decreased with increasing ambient temperature whereas barrier height was found to be 

increased with ambient temperature. The value of open circuit voltage and short 

circuit current were found to be 0.19 V and 8.03×10-8 A at 100 Wcm-2 intensity.  

Lee et al. [101] optimized n-ZnO/p-Si heterojunction for photodiode applications. n-

ZnO thin films were sputter deposited over p-Si substrate. The deposition temperature 

was taken as 300 °C, 400 °C, 480 °C and 550 °C during the deposition. Ar/O2 ratio 

was maintained at 6:1 during the deposition. The photoelectric properties of the 

fabricated diode have also been tested using monochromatic red light of 670 nm 

wavelength. The diode fabricated at the substrate temperature of 480 °C have shown 

maximum photocurrent and responsivity whereas ZnO film deposited at 550 °C have 

exhibited best crystalline quality and schotiometery. They concluded that the quality 

of diode junction plays an important role for fabricating efficient photodiode.  

Kim et al. [102] investigated the photoresponse of n-ZnO/p-Si and n-ZnO/n-Si 

heterojunctions using RF sputtering technique. They observed that all n-ZnO/p-Si 

heterojunctions have exhibited a strong rectification whereas the rectification of n-

ZnO/n-Si heterojunction was found to be weak. The photoelectric effect of the 

fabricated heterojunctions has been tested using 670 nm red light. Kim et al. 

concluded that photoelectric properties of the fabricated structure also depend upon 

stoichiometry and crystalline quality of deposited films. High quality of ZnO thin 

films can pass the visible light in p-Si more effectively under reverse bias condition 

which can generate high density photocurrent.  

Solylu et al. [103] investigated the effect of Mg doping on electrical and optical 

properties of n-ZnO/p-Si heterojunction prepared by spin coating technique. The AFM 

study of the deposited ZnO films revealed the nano-particle growth of deposited film. 

Electrical characterization shows that the fabricated n-ZnO/p-Si heterojunction have 

exhibited the non ideal behavior with ideality factor more than 1 which is probably 

due to interface states, interfacial layer and series resistance. A strong influence of Mg 
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doping over SR versus V characteristics have also been observed. They concluded that 

electrical performance of n-ZnO/p-Si heterojunction can be controlled by Mg doping.  

Urgessa et al. [104] grown self aligned ZnO nanorods over p-Si seeded substrate 

using chemical bath deposition at 80°C. The I-V characteristic exhibited very high 

rectification for the fabricated n-ZnO/p-Si heterojunction. The capacitance-voltage 

characteristics have also been investigated to study n-ZnO/p-Si heterojunction 

properties. Based on interface states and energy band diagram, they concluded that the 

hopping of charge carriers through multistep tunneling could be the dominating 

current transport mechanism in n-ZnO/p-Si heterojunctions.  

Zhang et al. [105] grown nanocrystalline ZnO thin films over p-Si using sol-gel 

process. The AFM study revealed that the ZnO thin film consist of 50-100 nm grains 

with hexagonal wurtzite structure. The electrical and current transport properties of 

ZnO/Si heterojunction have been investigated using temperature dependent I-V and C-

V measurements. The temperature dependent I-V study suggested that the multi step 

tunneling current is the dominating mechanism for forward conduction of ZnO/Si  

heterojunction. The activation energy of the saturation current was found to be 0.26 

eV. The capacitance-voltage analysis revealed that the nature of the heterojunction 

was abrupt and built-in potential of the fabricated junction was found to be 1.49 V.  

Wang et al. [106] deposited ZnO over p-Si using atomic layer deposition technique. 

They observed that the use of AlN layer as buffer layer has changed the direction of 

growth for ZnO thin film. The buffer layer (AlN) has also improved the crystalline 

quality of ZnO thin films significantly. The value for valance band offset was found to 

be 0.83 eV, 2.95 eV and 3.06 eV respectively for AlN/Si, AlN/ZnO and ZnO/Si 

heterojunctions respectively. They also observed that the band alignment was 

modified by 0.72 eV after introduction of the buffer layer.  

Buffer layer between ZnO and Si can reduce the lattice mismatch between ZnO and Si 

which can improve the quality of grown films. Lu et al. [107] investigated the 

photoelectrical properties of n-ZnO/p-Si heterojunction by inserting Al2O3 as buffer 

layer.  The deposition was done using atomic layer deposition. They observed that the 

introduction of Al2O3 buffer layer has improved the crystalline quality of deposited 

films. They concluded that the introduction and optimization of ZnO as buffer layer 

can result in high quality preparation of ZnO/Si heterojunctions.  
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Hazra et al. [108] fabricated p-Si/n-ZnO heterojunction diode using thermal 

evaporation method. Firstly, they grown Si nanowire array over p-Si substrate using 

electrodeless metal deposition and etching methods. The rectification, turn-on voltage 

and barrier height of the fabricated p-n heterojunction diode were found to be 190 at ± 

2V, 0.5 V and 0.727 eV respectively. They also investigated the ultraviolet light 

detection properties of n-ZnO/p-Si heterojunction diodes.  

Romero et al. [109] studied the electrical properties of ZnO/c-Si heterojunction using 

chemical spray pyrolysis technique. The crystallographic orientation of ZnO thin film 

was found to be (001). The stability for the fabricated heterojunction for a temperature 

range of 20-150 °C was found to be excellent. It was observed that breakdown voltage 

and turn-on voltage has decreased with temperature whereas the saturation current has 

increased from 0.42-0.67 ߤA with temperature. The effect of temperature on current 

transport mechanism of the n-ZnO/p-Si heterojunction have also been studied and 

reported.  

Current transport studies of n-ZnO/p-Si heterojunction was investigated by Chen et 

al. [110] using plasma immersion ion implantation and deposition method. They also 

investigated that how nitrogen doping affects the structural, optical and electrical 

properties of the fabricated heterojuncton. The I-V characteristics of undoped n-

ZnO/p-Si junction has exhibited ohmic behavior whereas in nitrogen doped n-ZnO/p-

Si heterojunction, the current was proportional to V2 which is attributed to space 

charge limited current phenomenon.  

Growth parameter also affects the quality of heterojunctions. Zhang et al. [111] 

investigated the effect of growth conditions on photovoltaic properties of ZnO/Si 

heterojunctions using DC reactive sputtering technique. They reported that the growth 

temperature and oxygen pressure plays a significant role in enhancing photovoltaic 

properties of the fabricated ZnO/Si heterojunctions. The values of open circuit and 

short circuit voltage per cm2 were found to be 350 mV and 2.5 mA respectively. The 

photoconductive behavior of the fabricated n-ZnO/p-Si heterojunction has also been 

studied in detail.  

2.4     ZnO Based UV Photodetector 

Photodetector generally works in third quadrant. When absorbed photons generate 

electron-hole pairs, only those electron-hole pairs generated in the depletion region, or 
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very close to that, have a chance to contribute electric current, because there is a 

strong electric field there to separate the two different charge carriers. The ones 

outside the depletion region quickly recombine and vanish. 

In reverse biased p-n junction, the width of depletion region increases as we increase 

the applied reverse bias voltage across the diode (proportional to the square root of the 

voltage). So, by applying a larger voltage, more of the incident photons are converted 

to electric current and the efficiency increases (as long as we make sure the increased 

leakage current remains at a manageable level). On the other hand, in forward bias, 

the width of the depletion region reduces, so, only a small portion of the incident 

photons get converted to electric current. 

As mentioned earlier, ZnO nanostructures and thin films are potential functional 

materials for ultraviolet light detection applications. A variety of structures such as 

metal-semiconductor, metal-semiconductor-metal and p-n junction have been reported 

in literature for UV detection applications. In photodetectors, responsivity is one of 

the essential parameter which measures the performance of the photodetectors. The 

responsivity can be defined as the ratio of photocurrent generated to the applied 

optical power. Generally, the photogeneration of ZnO based photodetector is governed 

by adsorption and desorption of oxygen. Several factors such as doping concentration, 

crystallographic orientation, micro-pores, thickness, grain size, annealing temperature 

and encapsulation of ZnO film affects the photodetection properties of photodetectors. 

This section presents some recent studies reported by various research groups on ZnO 

based photodetectors.  

Hardan et al. [112] reported n-ZnO/p-Si heterojunction based photodiode using low 

temperature hydrothermal process. The fabricated detector exhibited an excellent 

rectification of 370 at ±10V. The highest value of responsivity was found to be 0.38 

A/W at 360 nm wavelength. Furthermore, the behavior of the photodiode was found 

to be visible blind which ensures that n-ZnO/p-Si heterojunctions can work as a UV 

detector with visible blind response.  

Keramatnejad et al. [113] investigated the effect of porous silicon substrate with 

various nano structures over UV detection properties of n-ZnO/p-Si photodetectors. 

They observed that the porosication of Si has increased the sensitivity and selectivity 

of the detector. Electrochemical anodic etching was used to prepare different porous 
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substrates at different current densities, anodization times and acid concentrations. 

Their results concluded that the samples with highest porosity have shown highest 

sensitivity of 2×104 at -3V whereas crystalline silicon substrate has shown highest 

responsivity of 1109 A/W at 365 nm respectively. 

Hwang et al. [114] studied ultraviolet response of p-Si/SiOx/i-ZnO/n-ZnO 

heterojunction (p-i-n) fabricated using RF sputtering technique. They reported that the 

leakage current in fabricated p-i-n photodetector was three times less than the 

conventional p-n junction photodiode. It has also been observed that the introduction 

of i-ZnO has increased rejection ratio from 7 to 12. 

Zhang el al. [115] investigated the UV detection potentiality of n-ZnO/MgO/p-Si 

heterojunction visible blind ultraviolet photodetector using molecular beam epitaxy 

technique. The rectification of the fabricated heterojunction was found to be ~104 at 

±2 V. They reported that MgO buffer layer between ZnO and Si acts as a barrier layer 

for the transportation of minority carriers which improves the performance of the 

fabricated detector. The photoresponse spectrum of the fabricated structure reveals the 

visible blind detectivity of the UV detector with a sharp cutoff wavelength of 378 nm.  

Xu et al. [116] reported fabrication and characterization of ZnO based metal-

semiconductor-metal photodetector with interdigital configuration. The value of 

photocurrent under illumination of 365 nm wavelength was found to be 44.89 ߤA at 

the biasing voltage of 6 V. The PL analysis of the detector has shown two peaks, the 

one is near band edge emission and the other peak is deep level visible emission.  

Vasudevan et al. [117] investigated that how electrode dimension and length of the 

nanostructures affect the ultraviolet detection capabilities of ZnO based MSM 

photodetectors. They fabricated MSM detector by arranging the interdigitated 

electrodes in square form. The length of ZnO nanostructures was varied from 20-70 

nm using hydrolysis method. Their study revealed that the responsivity of the detector 

enhances with increasing length of the rods whereas it decreases with diameter of the 

rods. They also observed that the responsivity of the detector depends upon spacing 

and width of the fingers.  

Guao et al. [118] reported ZnO nanowire based ultraviolet detector with different 

interdigital electrode distances using dielectrophoresis method. The distance between 

two adjacent electrodes got varied from 6.5-10 ߤm and the length of the electrodes 
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was 500 ߤm. Results shown that the device with electrode distance of 6.5 ߤm have 

exhibited maximum responsivity of 40 A/W at 10 V. The rising and decaying stages 

of the photocurrent are attributed to relaxation process of deep level states and surface 

states. They also observed that the fabricated detector has exhibited good response at 

high temperature.  

Somvanshi et al. [119] grown Pd/ZnO UV schottky diode over n-Si substrate with Sn 

as buffer layer using vacuum coating technique. The values of turn-on voltage, barrier 

height and ideality factor were found to be 0.50 V, 0.75 eV and 2.67 respectively. 

They investigated the UV response of the fabricated detector using UV lamp of 365 

nm wavelength for a voltage range of -3 to 3 V. The value of responsivity was found 

to be 0.20 A/W for the fabricated photodetector.  

Alkis et al. [120] fabricated n-ZnO/p-Si based UV/Visible photodetector using atomic 

layer deposition technique. They also studied the effect of growth temperature on the 

photodetection properties of fabricated ZnO/Si photodiode. The growth temperature 

was varied in the range of 80-250°C. The rectification of the ZnO photodiode was 

found to be 1000. The ultraviolet and visible region responsivity for the fabricated 

photodetector was found to be 30-37 mA/W and 74-80 mA/W respectively at a 

reverse bias voltage of 0.5 V. They concluded that the performance of the detector can 

be tuned by varying the growth temperature in atomic layer deposition.  

Ko et al. [121] reported fabrication and characterization of ZnO nanorods based 

ultraviolet photodetectors using selective hydrothermal synthesis. They used shadow 

masking for depositing ZnO seed layer between Au/Ti electrodes to bridge the 

electrodes. The fabricated photodiode has exhibited a high photocurrent of 1.91×10-4 

A for biasing voltage of 10 V under 365 nm UV illumination. They also optimized the 

channel width to achieve the high performance of the UV detector. For the channel 

width of 15 ߤm, they found the highest on-off ratio of 37.4.  

Zhang et al. [122] reported modeling and characterization of ZnO based UV detector 

with graphene as transparent contact. They synthesized ZnO nanowires using low cost 

electro-deposition technique. The fabricated detector has shown a high responsivity of 

104 A/W in near ultraviolet region. The urbach energy for fabricated detector was 

found to be 83 meV. They demonstrated that the responsivity of the detector has 

reduced with excitation power. They also proposed photoconductive mechanism 
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which suggests that modulation of conductive surface due to variation in surface 

depletion layer is responsible for high photoconductive gain.  

Baltakesmez et al. [123] grown n-ZnO films over p-Si substrate using 

electrochemical deposition technique. The turn-on voltage of the fabricated diode was 

found to be 1.2 V and 2.1 respectively. They observed an enhancement of 1000X in 

current with illumination wavelength of 400 nm. They concluded that the 

electrochemical deposition can be simple and cost effective method to develop ZnO 

based photodetectors. In addition, they studied various film defects which results in 

high ideality factor so that rectification of fabricated detectors can be improved. 

Chen et al. [124] reported fabrication of p-ZnO/n-Si photodiodes prepared by 

ultrasonic spray pyrolysis technique. The nitrogen-indium doped ZnO films were 

deposited over Si substrate using ultrasonic spray pyrolysis technique. The fabricated 

photodiode exhibited high responsivity in 400-700 nm and 700-1000 nm wavelength 

regions. The values of responsivity and quantum efficiency were found to be 0.20 

A/W and 47.7 % respectively for 530 nm wavelength.  

Shichen et al. [125] grown ZnO nanowall based networks over silicon substrates for 

UV detection using plasma assisted molecular beam epitaxy technique. The thickness 

of the film was 10-20 nm. The values of dark current and responsivity for the 

fabricated detector were found to be 6 ߤA and 15 A/W respectively for a biasing 

voltage of 5 V. The detector exhibited a sharp responsivity in wavelength region of 

250-360 nm with a sharp cutoff at 360 nm. The magnitude of visible rejection was 

found to be more than of 2 orders for the fabricated detector. Table 2.2 summarizes 

some of the studies reported in the area of ZnO thin film based photodetectors for 

ultraviolet light detection. 

Table 2.2: Summary of studies done on ZnO based detectors from previously 

published work. 

Device 
structure 

 

Method 
 

Electro
des 

Detecti
ng 

range 
 

Dark 
current 

 

Responsivity Ref. 

n-ZnO/p-
GaN 

Sputtering Ni/Au;I
n 

UV  
- 

~10−6 A/W at 
0 V bias (370 

nm) 

[126] 
 

p-NiO/ i-
ZnO/n-ITO 

E-Beam  UV 10 nA/cm2 
At -5V 

- [127] 
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2.4     Summary and Concluding Remarks  

This chapter presents some important state-of-the-art research on ZnO thin films, 

ZnO/Si heterojunctions and their application in UV detection applications. The 

literature survey presented in the above sections can be summarized as follows:  

 ZnO has emerged as a potential candidate for a variety of nanoelectronic and 

optoelectronic devices applications. Many potential advantages of ZnO such as 

wide bandgap (3.37eV), high exciton binding energy, low temperature 

processing, abundance in nature, low cost, nontoxicity and high resistivity 

ensures its usability in many potential applications such as gas sensing, UV 

sensors, lasers, UV LEDs, Solar cells, transparent electronics & 

Ni/n-ZnO/p-
Si 

RF 
Sputtering 

Ni UV/Vis 1 µA (at −8 
V) 

110 A/W (850 
nm) and 210 

A/W (390 nm) 
at 

−5 V bias 

[128] 

n-ZnO/p-SiC MBE Au/Al, 
Au/Ni 

UV 2×10−4 
A/cm2 

At -10V 

0.045 A/W 
At -7.5V 

[129] 

n-ZnO/p-Si RF 
Sputtering 

Au-Al UV/Vis  
- 

0.35 A/W (650 
nm) at −5 V bias 

 

[130] 

n-ZnO/p-Si Sol-Gel Au UV/Vis 7.6×10−5 
A/cm2 
(−5 V) 

 
- 

[131] 
 
 

n-ZnO/p-Si RF 
Sputtering 

Ni/Au, 
Ti/Au 

UV/Vis 4.7×10−6 
A/cm2 
(−3 V) 

 
- 

[132] 

ZnO:Al/p-Si Sol-gel Au UV/Vis - 0.22 A/W at −5 
V bias 

(420 nm) 

[133] 

n-
ZnO/SiO2/p-

Si 

Ultrasonic 
Spray 

pyrolysis 

Ni/Au; 
Ti/Pt/Au 

UV/Vis 4.98×10−10

A  (−1 V) 
0.225–0.297 
A/W at −1 V 

[134] 

n-ZnO/i-
MgO/ 
p-Si 

MBE Ti/Au, 
In 

UV <1 nA (at 
−2 V) 

 
- 

 
[135] 

n-ZnO/p-Si RF 
Sputtering 

In , 
Au/Al 

 

UV/Vis  
- 

0.5 A/W (310 
nm) At −30 V 

[136] 
 

AlO coated 
n-ZnO/p-Si 

RF 
Sputtering 

Au-Al, 
In 

UV/Vis - 0.06 A/W at −5 
V bias 

(310 nm) 

[137] 
 

n-ZnO/p-Si RF 
Sputtering 

In; Cu UV/Vis  
- 

0.14–0.29 A/W 
at −5 V 

 

[138, 
139] 
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piezoelectronic generators etc. ZnO nanostructure exhibits large surface to 

volume ratio, high elasticity and single crystalline nature which plays an 

important role in lifetime of the nano-devices. In short, ZnO thin films and 

ZnO based heterojunctions can be explored for variety of nano-electronic and 

photonic device applications.  
 

 The advances in low cost growth of ZnO nanostructures over different 

substrates have made a solid foundation for ZnO to use it in the development 

and commercialization of many nanoscale devices at large scale. However, the 

quality of ZnO nanostructures and films strongly depends upon the growth 

conditions and deposition parameters of a specific substrate. Various ZnO 

based heterojunctions with different p-type substrates such as GaN, 4H-SiC, Si 

and PFO polymers have been reported in past. Among these, silicon is having 

central position in semiconductor industry with many advantages such as high 

quality and availability of large area p-type substrate with lower cost. ZnO 

nanostructures grown over p-type silicon substrates also provide a good choice 

to test the capability of ZnO in several optoelectronic device applications. 

Although many sincere efforts have been made by researchers to grow high 

quality ZnO thin films/nanostructures but still, there exist many significant 

challenges in the synthesis and growth of these films. Controlled and reliable 

growth of films, crystallographic orientation and density of nanostructures are 

some issues which needs a significant attention. In addition, different physical 

and growth parameters such as film thickness, substrate temperature, applied 

power, flow rates and annealing temperature also plays an important role in 

achieving high quality films. Based on previous work progress it is important 

to investigate the effect of all these parameters over structural, optical and 

electrical parameters, so that optimum performance of ZnO thin film based 

optoelectronic devices can be achieved. A systematic study to optimize all 

these physical and growth parameter using a particular deposition method is 

still missing in the reported literature and needs a systematic investigation. 
 

 Difficulty in achieving reliable and reproducible p-type doping has made p-

doping an unsolved problem. Low solubility of p-type dopant, spontaneous 

generation of donor like defects, relatively deeper acceptor states and the 

difficulty in impurity substitution at host atom sites are the probable reasons 
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for this difficulty. Many efforts are going on by various research groups to 

improve the performance of ZnO/Si heterojunctions at room temperature. In 

addition to this, it is also important to study the carrier transport mechanism of 

n-ZnO/p-Si heterojunctions before their adoption in the fabrication of 

nanoelectronic devices. Temperature dependent stability of these 

heterojunctions also needs significant investigation in order to ensure the 

reliability of these heterojunction based devices at high temperature ranges. 

Estimation of barrier height and Richardson constant considering the barrier 

inhomogeneities at the interface of n-ZnO/p-Si heterojunction also needs to be 

investigated systematically. It is apparent that there is enough scope left for the 

researchers to work in this area. 

 Wide bandgap (3.37 eV) and larger surface to volume ratio of ZnO 

nanostructures as compared to bulk ZnO results in efficient absorption of 

ultraviolet light. The photoconductivity of ZnO based ultraviolet detectors 

slightly depends upon photon absorption in active region and largely depends 

upon hole trapping mechanism because of adsorption and desorption of 

oxygen atoms at ZnO surface. The ZnO crystal quality, fabrication process, 

substrate quality and electrode material also plays its important role in the 

performance of ZnO based UV detectors. However, a little work is available 

on ZnO nanostructures based UV detectors in literature, it is important to 

investigate the ultraviolet light detection properties of n-ZnO/p-Si 

heterojunction devices so that the usability of these structures can be ensured 

in variety of civil and military applications.  

Finally, the literature survey presented in this chapter concludes that there is enough 

scope to study ZnO thin films, n-ZnO/p-Si heterojunctions and its application in 

ultraviolet light detection. All these research gaps have motivated us to study ZnO thin 

films and ZnO thin film based heterojunctions for ultraviolet light detection 

applications. 
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CHAPTER 3 

 

Fabrication and Characterization Techniques for n-ZnO/p-Si Heterojunctions 

 

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

been used to prepare thin film heterojunctions. It also describes various structural, 

optical and electrical characterization techniques used for the characterization of ZnO 

thin films and heterojunctions. 

 

 

3.1    Introduction 

Thin film based optoelectronic devices have drawn a wide attention of researchers in 

recent years. Bulk materials have proved their potentiality for transparent electronic 

applications but, optoelectronic device application demands thin films so that the 

potentiality of these materials can be fully utilized in these applications. ZnO has 

emerged as a potential candidate for optoelectronic and microelectronic applications 

due to its unique and favorable properties. In order to satisfy the requirements of 

preparing high quality ZnO thin films, different thin film deposition techniques have 

been used by researchers in past. This chapter presents the working principles of RF 

sputtering and thermal evaporation techniques to grow high quality ZnO thin films for 

optoelectronic device applications. The basic working mechanisms of various 

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

SEM, TEM, Ellipsometery, I-V and C-V etc. have also been presented. 

 

3.2    Thin Film Deposition Techniques 

3.2.1 Sputtering 

Sputtering is one of the widely popular technique for depositing transparent 

conducting oxides. It is widely used to deposit thin films of different materials over 

different substrates. Its many potential advantages such as low temperature deposition, 

high uniformity, good adhesion of films over the substrate, ability of depositing many 

compounds from elemental targets and long-term stability of the process with lower 

deposition cost makes it highly popular technique for depositing thin films.  
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When a material in solid form is bombarded by high energy ions at any temperature, 

the surface atoms of the material may get sufficient energy so that they can come out 

from the target surface and this process is called as sputtering. The sputtering 

technique gives highly crystalline films with good uniformity over the large areas. 

High controllability over various deposition parameters such as sputtering power, gas 

flow rate and substrate temperature makes it a potential choice in semiconductor 

manufacturing where mass production with large area deposition is desired. 

Furthermore, the spitting issues that arise in thermal evaporation for high melting 

point materials do not occur in sputtering method. Fig.3.1 and 3.2 shows the 

schematic diagram and experimental setup of RF sputtering technique.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.1 Schematic diagram of RF sputtering technique. 

In sputtering process, high energy particles usually inert gases such as argon is used to 

withdraw the surface atoms from the source material (generally called as sputtering 

target). Sputtering uses controlled injection of argon in high vacuum environment 

(generally varying between 10-5-10-7mbar) in order to improve the mean free path of 
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sputtered atoms with high purity and controllability. The high vacuum and controlled 

argon flow rate is sufficient to support the dense plasma between two high voltage 

electrodes. When the RF generator is turned on, an electric field gets stabilized 

between the target and substrate. In first phase of alternate supply, the biasing of the 

substrate is at higher potential as compared to the target. Under these conditions, any 

electron present in the chamber due to some background radiations or due to electron 

ejection from target, accelerates towards the substrate and collides with argon atoms 

on the way. This collision between high energy electrons and argon atoms results in 

positive argon ions and additional electrons. These ionized argon atoms are attracted 

towards the sputtering target in order to withdraw the material particles from target. 

The secondary electrons generated during this process again accelerate towards the 

substrate which leads to more collision and ionization. The argon ions which strikes 

the sputtering target can bounce back, can be adsorbed over the surface, can implant 

itself into the target or can remove the target surface ions. The argon ions accumulated 

over the target surface during this process increases the target potential which results 

in self-biasing that can hamper the acceleration of other argon ions towards the target. 

This accumulation of the argon ions over the target surface can be a serious issue in 

the case of insulating targets. However, the RF supply with quick potential reversal do 

not allows the ions to get buildup over the surface. In the second phase of the RF 

supply, the potential of the target become higher than the substrate which results in no 

deposition and argon ions will move away from the target which will minimize the 

self biasing. This self biasing is a serious issue in dc sputtering for insulating targets. 

As a consequence 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.  
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Fig.3.2 Experimental setup of RF sputtering system (Company: Advanced Process 
Technologies, India). 

 

3.2.2 Thermal Evaporation: 

Thermal evaporation is one of the popular deposition technique in which electrical 

energy is used to vaporize the solid material by heating it to 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 

filament/crucible material is dictated by the evaporation temperature and chemical 

reaction between the material and crucible. Fig.3.3 shows the schematic diagram of 

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 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 have the same order, so 

that these evaporated particles travel in a straight line from source to substrate. High 

vacuum is also necessary condition to obtain contamination free films. Fig. 3.4 shows 

experimental setup for thermal vapor evaporation system. 
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Fig.3.3 Schematic diagram of thermal vapor evaporation technique. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.4 Experimental setup of thermal vapor evaporation technique (Model: BC-300 
HHV). 
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3.3     Structural and Surface Morphological Measurement Techniques 

3.3.1    X-Ray Diffraction 

X-Ray diffraction is an important characterization technique to study the atomic 

spacing and crystal structure of deposited films [140]. A variety of micro structural 

parameters such as grain size, lattice constants, dislocation density, stress and strain 

can be derived from XRD data. X-Ray diffraction’s basic working principle is 

constructive interference of crystalline sample and monochromatic X-rays. In XRD, 

cathode ray tube generates the X-rays which are filtered to produce monochromatic 

light. This monochromatic light is collimated and directed over the sample. The 

interaction of X-Ray and sample gives the constructive interference when it satisfies 

the Bragg’s law (i.e. nλ=2dsinθ). Where n is integer, λ is wavelength, d is the inter-

plane spacing in the crystal lattice and θ is the angle between incident beam and 

sample space. The inclined lines shown in Fig.3.5 shows the distance between the 

planes defined using miller indices h, k and l. When X-ray incidents on the sample, it 

gets reflected from the sample and passes through several slits such as collimator and 

filter before reaching to the detector. The samples are scanned through all 2θ angles so 

that all possible diffraction directions due to random orientation of the material can be 

obtained. These diffraction peaks obtained from XRD gives the identification of the 

desired material. The experimental setup of X-Ray diffractometer is shown in Fig. 3.6. 

The different microstructural parameters such as crystalline size (G ), lattice constants 

( cba ,, ), dislocation density ( ), residual stress ( ) and strain ( ) that can be derived 

from XRD data are as follows [141]: 
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


tan4
                                                                                                                 (3.6) 

Where  is X-ray wavelength,   is full width at half maximum (FWHM),  is 

Bragg’s angle  and 0c  (5.206 Å) is the unstrained lattice constant for bulk ZnO.  

 
Fig. 3.5 Basic working principle of X-Ray diffraction technique. 
 

 
 
Fig. 3.6 Experimental setup of X-Ray diffraction system (Model: PANalytical X’Pert 
Pro). 
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3.3.2 Scanning Electron Microscope (SEM) 

The Scanning Electron Microscope generally produces largely magnified images of 

deposited films using electrons so that surface morphology of the deposited films can 

be analyzed [142]. Fig. 3.7 and 3.8 shows the basic working principle and 

experimental setup of SEM. An electron gun at the top of the microscope is used to 

produce high energy electron beam. 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.    

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.7  Basic working mechanism of scanning electron microscope. 
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Fig.3.8  Experimental setup of scanning electron microscope (Model: Nova Nano FE-
SEM 450). 

3.3.3 Atomic Force Microscope (AFM) 

The Atomic Force Microscope (AFM) is used to obtain surface forces and images at 

nano and micro level [142]. The basic working principle of AFM is shown in Fig.3.9. 

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 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. 3.9. Depending upon the deflection of cantilever, the position of 

reflected laser beam changes. The position sensitive detector senses this deviation and 

converts this change into electrical signal. The surface imaging of the surfaces in 

AFM can be done using two measurement methods. (i) Contact Mode (ii) Tapping 

Mode. In contact mode, physical contact between sample and tip takes place. The 

electronic feedback maintains the resulting defletion at a constant value by changing 

the Z position and thus the force is measured. In tapping mode, the cantilever tip is 

forced to vibrate near resonant frequency. As the vibrating tip approaches the surface, 
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the vibration amplitude of the cantilever will decrease and 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. 3.10 shows 

experimental setup for atomic force microscope. 

 

 
 
 

 
 
 
 

 
 
 
 
 
 
Fig.3.9 Basic working mechanism of atomic force microscope in contact mode. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.10 Experimental setup of atomic force microscope (Model: Multimode -8 
Scanning Probe Microscope from Bruker). 
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2.3.4 Transmission Electron Microscope (TEM): 

Transmission electron microscopy is used to obtain detailed images of extremely 

small areas with a magnification of about 1000 kX using electron beam. TEM can be 

used to analyze various features such as crystal structure, dislocations and grain 

boundaries etc [144]. High resolution images obtained from TEM can also be used to 

analyze shape, size, density and quality of the quantum wells, wires and dots. The 

experimental setup and basic working mechanism of transmission electron microscope 

is shown in Fig. 3.11 and 3.12 respectively. In TEM, the electron beam produced from 

electron gun is focused into a thin, small and coherent beam using condenser lenses. 

The condenser aperture is generally used to exclude high angle electrons. The 

transmitted part of condenser aperture beam strikes to the sample and passes through 

the sample depending upon the electron transparency and thickness of the sample. The 

transmitted portion is focused on the phosphor screen using objective lenses. Some 

optional objective lenses can also be used to improve the contrast by blocking the 

electron diffraction at higher angles. Further, the image is passed through intermediate 

and projection lenses so that higher magnification can be achieved. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.11 Experimental setup of transmission electron microscope (Model: Tecnai G2 
20 (FEI) S-Twin). 
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Fig.3.12 Schematic diagram for basic working mechanism of transmission electron 
microscope. 
 
3.3.5 Raman Spectroscopy 

Raman Spectroscopy is used to investigate rotational, vibrational and other low 

frequency modes in a system [145]. It relies upon monochromatic light from a laser 

source in near infrared, ultraviolet and visible region. The laser beam obtained from 

laser source interacts with phonon, molecular vibrations and other excitations in the 

system which shifts the energy of laser phonons up or down. This shift gives the 

information about vibrational modes present in the system. The basic working 

mechanism of Raman spectroscopy can be explained using Fig. 3.13. When the 

    Electron 

Condenser Lens 

First Aperture 

Second Aperture 

Objective Lens 

Sample 

Intermediate Lens 

Projection Lens 

Final Aperture 

     Final 



52 
 

sample is exposed to monochromatic laser light, the scattered light comes out from the 

sample and passes through the filter to avoid any stray light. The filtered light diffracts 

from the diffraction grating and reaches at the detector. Fig. 3.14 shows experimental 

setup of Raman spectroscope. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.13 Working principle of Raman spectroscopy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.14 Experimental setup of Raman spectroscopy and PL spectra. 
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3.4     Optical Characterization Techniques 

3.4.1 Ellipsometery 

Elliposmetery is an accurate, simple, non invasive and non destructive method which 

is frequently used to obtain thickness, transmittance, absorbance and reflectance of 

thin films in semiconductor technology. Ellipsometery evaluates the change in 

polarization during transmission and reflection to compare it with a model. Fig. 3.15 

and 3.16 demonstrates the basic working schematic and experimental set-up of the 

ellipsometer. The various other important optical parameters such as absorption co-

efficient, optical bandgap, urbach energy, refractive index, dielectric constant and 

surface energy loss can also be derived from ellipsometery.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.15 Schematic diagram for working mechanism of elliposmeter. 

 
Fig.3.16 Experimental setup of elliposmeter (Model: VWASE VB-400 from J.A. 
Woollam Co.). 
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The absorption coefficient (ߙ) for thin films can be calculated using Beer-Lambert’s 

law [146]: 

ߙ =
1
݀ ln

1
ܶ =

2.303
݀  (3.7)                                                                                                           ܣ

where ݀ is film thickness and ܶ is the transmittance of thin film. In addition, the 

relation between incident photon energy (ℎ߭) and absorption coefficient can be 

expressed as follows: 

ℎ߭ߙ = ൫ℎ߭ܤ − ௚൯ܧ
௡

                                                                                                             (3.8) 

where ߙ is absorption coefficient, ℎ߭ is photon energy, ܧ௚  is optical bandgap and B is 

constant depending upon probability of absorption and refractive index of the 

material. Plot between (ߙℎ߭)ଶ and (ℎ߭) can be used to obtain the optical bandgap of 

the film by extrapolating the linear portion of the curve on (ℎ߭) axis. The Urbach 

energy can be obtained by taking the reciprocal of linear region slope in ln(ߙ) versus 

ℎ߭ plot. The refractive index for thin films can be obtained using following equation 

[147]: 

݊ = ඨ
4ܴ

(1− ܴ)ଶ − ݇ଶ + ൬
1 + ܴ
1− ܴ൰                                                                                        (3.9) 

Where the extinction coefficient, k  is given by:  

݇ =
ߣߙ
ߨ4                                                                                                                                   (3.10) 

Where ߙ is the absorption coefficient and ܴ is reflectivity of the thin film. The 

dielectric constant of thin film can be obtained using following equations: 

߳(߱) = ߳௥௘௔௟(߱) + ߳௜௠௚.(߱)                                                                                            (3.11) 

where the real and imaginary parts of dielectric constant can be expressed as [148]: 

߳௥௘௔௟ = ݊ଶ − ݇ଶ                                                                                                                   (3.12) 

߳௜௠௚. = ݊݇                                                                                                                              (3.13) 
 
3.4.2 Photoluminescence Spectra 

Photoluminescence is a non destructive and contactless method to study the electronic 

structure of the material. The spectral response of PL spectra can be used to determine 

the optical bandgap of the deposited films. The PL spectra also provide the substantial 
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information about the impurities and defects that strongly affects the material 

properties and device performance. The peak intensity of PL spectra is also helpful to 

analyze the qualitative changes in material quality as a function of various growth and 

processing parameters. 

The working principle of PL is as follows: If a light particle (photon) has an energy 

greater than the band gap energy, then it can be absorbed and thereby raise an electron 

from the valence band up to the conduction band across the forbidden energy gap (See 

Fig. 3.17). In this process of photoexcitation, the electron generally has excess energy 

which it loses before coming to rest at the lowest energy in the conduction band. At 

this point, the electron eventually falls back down to the valence band. As it falls 

down, the energy it loses is converted back into a luminescent photon which is emitted 

from the material. Thus the energy of the emitted photon is a direct measure of the 

band gap energy, Eg. The process of photon excitation followed by photon emission is 

called photoluminescence. Experimental setup for photoluminescence spectra is 

shown in Fig. 3.14.  

 

Fig 3.17. Schematic diagram for working principle of photoluminescence process. 

3.5    Electrical Characterization Techniques 

The electrical properties of heterojunctions are generally studied using current-voltage 

and capacitance-voltage measurements. Fig. 3.18 shows the experimental setup used 
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for I-V/C-V measurements. The various important device parameters such as ideality 

factor, barrier height, built-in potential, donor concentration and depletion width can 

be derived from these measurements.  

3.5.1 Current-Voltage Characteristics 

Current voltage measurement plays a significant role in order to investigate the 

performance of various thin film based devices such as solar cells, thin film transistors 

and different detectors. The values of ideality factor (η) and effective barrier height (

,B eff ) can be obtained using following equations [149]: 

{ }
(ln )

q dV
kT d I

                                                                                                      (3.18) 

 
2

,
0

*lnB eff
kT AA T
q I


 

   
 

                                                                                      (3.19) 

Where k  is Boltzmann constant, A  is contact area, *A  is effective Richardson 
constant and 0I  is reverse saturation current.  

3.5.2 Capacitance - Voltage Characteristics 

In semiconductor heterojunctions, the capacitance versus voltage plot is very useful to 

investigate the charge distribution and depletion region potential. The capacitance 

versus voltage relation can be explained by conventional heterojunction theory [150]: 

2 1 2

1 22( )( )
A D

D A bi

qN NC
N N V V

 
 


 

                                                                                (3.20) 

Where DN  is donor density, AN  is acceptor density, 1  and 2  are dielectric 

constants of ZnO and silicon respectively, biV  is built-in potential and V  is biasing 

voltage. Considering /V kT q  and A DN N , the depletion region capacitance per 

unit area for a given reverse bias voltage as a function of permittivity can be written as 

follows: 
2

2

2( )bi

s D

V VA
C q N


                                                                                                      (3.21) 

The value of built-in potential ( biV ) can be obtained from linear region intercept of 

2 2/A C versus voltage curve towards the biasing voltage axis. The value of donor 

concentration can be obtained by putting the value of slope in the following equation: 
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2
*D

s

N
slope q

                                                                                                      (3.22) 

Effective barrier height of semiconductor heterojunctions can be obtained as: 

, 0 ln C
B eff d

D

NkTV
q N


 

   
 

                                                                                       (3.23) 

Where 0dV  is diffusion voltage at 0V and can be expressed as 0 ( / )d biV V kT q  . CN  

is effective density of states in conduction band. The positions of fermi levels can be 

calculated using following equations [151]: 

ln D
f c

C

NkTE E
q N

 
    

 
                                                                                         (3.24) 

ln A
V f

V

NkTE E
q N

 
    

 
                                                                                         (3.25) 

The depletion width of the fabricated p-n junction can be obtained as [152]: 

0
.

( )s bi
Dep

D

V VW
qN

  
                                                                                                               (3.26)         

 
 
 
 
 
 
 
                                             

 
 
 
 

 
                     (a)                                                                        (b) 
Fig.3.18 Setup for I-V/ C-V measurement (a) measuring unit (Model: Agilent-
B1500A) (b) probe station. 
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CHAPTER 4 

 

Performance Analysis of n-ZnO/p-Si Heterojunction Photodiode: A Simulation 

Study  

 

This chapter presents simulation study and performance analysis of n-ZnO/p-Si 

heterojunction based photodetector. Different electrical and optical parameters such as 

energy band diagram, electric field profile, dark current, quantum efficiency, 

responsivity, detectivity and noise equivalent power of  n-ZnO/p-Si heterojunction 

based photodetector have been simulated as a function of device thickness, operating 

wavelength and applied reverse bias voltage. The simulation software ATLAS™ in 

SILVACO package is used to describe the effect of n-ZnO/p-Si interface properties on 

its photodetection.  

 

4.1    Introduction 

In recent years, Zinc Oxide (ZnO) has drawn a wide attention of researchers due its 

unique electronic and optoelectronic properties [153, 154]. Its wide band gap (3.37 

eV) and high exciton binding energy (60 meV) makes it a suitable choice for a variety 

of optoelectronic and photonic device applications. Specifically, UV-Visible 

photodetectors, Light Emitting Diodes (LEDs) and piezoelectronic nanogenerators has 

explored the usability of ZnO due to its cheap fabrication process and enhanced 

optical properties. As ZnO is naturally n-type, it is very difficult to dope it with 

materials of p-type polarity. However, some research have been devoted to p-type 

ZnO films in order to fully utilize the potential of ZnO, but the difficulty in doping of 

ZnO with p-type polarity has led the researchers to create heterojunctions with other 

p-type semiconductor materials. Various ZnO based heterojunction devices have been 

fabricated using different p-type materials such as GaN, GaAs, Si, SiC and SrCu2O2 

[155-157]. Among these, n-ZnO/p-Si heterojunction is a better choice because of its 

compatibility with silicon integrated circuit technology. Further, the n-ZnO/p-Si 

heterojunction based detectors are capable of sensing ultraviolet light efficiently that 

can be very useful for many advanced applications such as medicare, general 

illumination, military and weather-monitoring. Some work on fabrication and 

characterization of n-ZnO/p-Si heterojunction diodes using different deposition 



 

59 
 

techniques have been reported in past but still, the performance of n-ZnO/p-Si 

heterojunction based photodetector with different parameter variations need to be 

studied and analyzed. It is desirable to study electrical and optical properties of n-

ZnO/p-Si heterojunction based photodetector before their adoption in fabrication of 

micro/nanoscale optoelectronic devices. In this work, various important electrical and 

optical parameters for n-ZnO/p-Si heterojunction based photodetector have been 

analyzed and reported. Effect of parameter variations (such as thickness, light 

intensity, operating wavelength and applied reverse bias voltage) on the performance 

of the photodetector has also been studied. All simulation results have been obtained 

using ATLAS simulator from SILVACO International. In best of our knowledge, this 

work is probably the first report in literature which demonstrates the simulation of 

ZnO based detectors using TCAD tool. These kinds of studies can be very helpful to 

reduce the fabrication cost and efforts by optimizing the various device parameters 

over the simulation tool itself before moving to the actual device fabrication. 

 

4.2    Device Description and Simulation Setup 

The device structure of n-ZnO/p-Si heterojunction photodetector is illustrated in Fig. 

4.1. Thickness of n-ZnO and p-Si is taken as 500 nm and 380 ߤm respectively. The 

area of the detector was taken as 50×50 ߤm2 during the simulation. The light source 

was defined at normal incidence from top of the device. The default BEAM statement 

which considers the entire device area under illumination was considered to 

investigate the spectral response of the detector.  Doping is considered to be uniform 

for n-ZnO and p-Si regions.  

 

 
 
Fig.4.1. Structure of n-ZnO/p-Si heterojunction photodetector. 
 



 

60 
 

Different parameters required during simulation such as: conduction band 

discontinuity ( CE ), valance band discontinuity ( VE ) , effective density of states for 

electrons in the conduction band ( CN ), effective density of states for holes in the 

valance band ( VN ), separation  between  fermi  levels and bandgap edges in p and n-

type region ( p  and n ) can be calculated using following equations (see Eq. (4.1-

4.6) ) [158].  

 

C ZnO SiE                                                                                                            (4.1) 
 

   V gZnO gSi CEE E E                                                                                           (4.2) 
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D
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NkT ln
q N

                                                                                                             (4.6) 

 

Where, ZnO  and Si  is the electron affinity for ZnO and Si, gZnOE  and gSiE  is the 

bandgap of ZnO and Si respectively, *
em  and *

hm  is the effective mass of electron and 

holes , AN   and DN  is acceptor and donor concentrations in the p and n regions 

respectively, k is the Boltzmann constant, T is the lattice temperature and q is the 

charge of electron. 

 

4.3    Simulation Results & Discussion 

Simulation of n-ZnO/p-Si heterojunction photodetector has been done using ATLAS 

simulator from SILVACO international. Table 4.1 shows the set of parameters that 

have been used for ZnO during the simulation. A heterojunction photodetector 
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program has been written in DECKBUILD interfaced with ATLAS tool from 

SILVACO international. Auger, Shockley-Read-Hall (SRH) and concentration 

dependent SRH (CONSRH) models of recombination mechanism have been taken 

into account for dark current evaluation [159]. Concentration dependent mobility 

model has been used for mobility calculation. For calculations of doping and carrier 

densities, fermi–dirac statistics for the parabolic shape of the conduction band have 

been considered in the simulation. 

Table 4.1: Values of different parameters used for ZnO during ATLAS simulation 

 
 
 

 

 

 

 

 

 

 

 

 

Equilibrium energy band diagram of heterojunction photodetector have been obtained 

using BLAZE. Fig. 4.2 shows energy band diagram for two reverse bias voltages (0V 

and 5V) in dark condition. It has been observed that as light falls on heterojunction 

photodetector, electron and hole fermi levels shift towards the conduction band. 

LUMINOUS tool from ALTAS device simulator has been used for optical 

characterization of the photodetector. Electric field profile of photodetector has been 

shown in Fig. 4.3. Maximum electric field of 105 V/cm has been observed for 

heterojunction photodetector. Variation of cathode current, available photocurrent and 

source photo current with optical wavelength is demonstrated in Fig. 4.4. Cathode 

current plot with wavelength shows the spectral response of the heterojunction 

photodetector in illumination condition and confirms UV-Visible dual-band detection 

capabilities of the photodetector. Other electrical and optical parameters to 

characterize the performance of n-ZnO/p-Si heterojunction based UV-visible 

photodetector are as follows: 

Symbol Parameter Values 
 

gZnOE  Bandgap [eV] 3.37 

ZnO  Electron affinity 4.35 

DN  Donor Concentration [cm-3] 1×1019 

AN  Acceptor Concentration [cm-3] 1×1015 
mn* Effective mass of electron 0.19*mo 
mp* Effective mass of hole 1.21*mo 
τ Recombination life lime [sec] 1*10-9 
ε Dielectric constants 8.5 
 ௡ Electron mobility [cm2/V.s] 60ߤ
 ௣ Hole mobility[cm2/V.s] 10ߤ
B Bandwidth 1Hz 
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Fig.4.2. ATLAS simulated energy band diagram of n-ZnO/p-Si heterojunction 

photodetector (reverse bias voltage =0V and 5V, dark condition). 

 

 
 
Fig.4.3. ATLAS simulated electric field profile for heterojunction photodetector 

(reverse bias voltage =0V and 5V, dark condition). 
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Fig.4.4. Spectral response for n-ZnO/p-Si heterojunction photodetector. 

4.3.1    Dark and Illumination Current 

Dark current for n-ZnO/p-Si heterojunction photodetector includes three components: 

(i) Tunneling Current (ii) Generation-Recombination Current (iii) Diffusion Current. 

Generally, narrow energy barriers and high electric field is responsible for tunneling 

phenomenon. At n-ZnO/p-Si interface, electrons and holes are separated by depletion 

region. When thickness of the barrier is thin enough, electrons and holes with energy 

less than the barrier height can cross the heterojunction to produce tunnelling current 

[160, 161]. Depletion width which is a major deciding factor for tunnelling in n-

ZnO/p-Si heterojunctions can be obtained as follows [152]:   

0
.

( )s bi
Dep

D

V VW
qN

  
                                                                                                         (4.7) 

Where 0   is the vacuum permittivity,  s  is the dielectric constant of ZnO, biV  is the 

built in potential , V  is the biasing voltage , q  is charge of electron and DN  is donor 

concentration respectively. The value obtained for depletion width was found to be 

0.16 nm. The low value of depletion width suggests that tunneling plays a key role in 

current transport mechanism of n-ZnO/p-Si heterojunction diodes. Tunneling current 

includes two components: 

A. Trap Assisted Tunneling ( TATI ): 

Trap assisted tunneling (TAT) takes place due to tunnelling of minority carriers from 

occupied trap states on the quasi neutral side to the empty band states on other side of 

the junction. These trap centres are the intermediate energy levels generated by 
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impurities present in the material. In n-ZnO/p-Si heterojunction, tunneling of electrons 

towards the conduction band of n side via trap levels is the major reason for trap 

assisted tunneling. 

B. Band to Band Tunneling [ BTBI ]:  

Band to band tunneling arises due to flow of electrons from filled-in states of valance 

band (Si region) to partially filled states of conduction band (ZnO region) under high 

reverse bias voltage condition. 

Diffusion current ( )DiffI arises due to the generation of electron hole pair in the non 

depleted region of n-ZnO/p-Si heterojunction photodetector. Only those electrons in 

ZnO region that have higher energy than the barrier ( )dxqV can reach the hetero-

interface of the Si region. Similarly only those electrons in Si region having energy 

higher than the barrier ( )c dyE qV , can reach the hetero-interface of ZnO region. 

Here dxV and dyV  is potential barrier for n and p region respectively. Similar process 

will be followed for hole diffusion current also. In n-ZnO/p-Si heterojunction 

photodetector, carrier transport across the heterojunction is affected by impurities and 

defects in the depletion region which acts as an intermediate state for thermal 

generation-recombination of the carriers. This generation recombination component 

( )GRI  contributes in total current of the photodetector and, the movement of the 

carriers is strongly affected by n-ZnO/p-Si interface. Total dark current for n-ZnO/p-

Si heterojunction photodetector can be obtained as follows [162, 163]: 

 TAT BTB GR DiffI I I I I                                                                                            (4.8) 

Estimation of effective recombination lifetime is also necessary to estimate the current 

component. Three recombination mechanisms (i) Auger recombination ( AUG ) (ii) 

Shockley-Read-Hall Recombination ( )SRH  (iii) Radiative recombination ( )R  have 

been considered for carrier lifetime estimation during the simulation [164-166]. Auger 

recombination is the mechanism in which electron-hole recombines and energy is 

transferred to a third free carrier. If third free carrier is electron either it will move 

towards higher energy value of conduction band or it will move towards lower energy 

value of valance band. Auger mechanism is a three-body process because it requires 

one electron and two holes or two holes and one electron. In auger recombination 
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electron-hole combines without emitting photons which reduces the quantum 

efficiency of the photodetector.  

Shockley-Read-Hall (SRH) recombination takes place due to trapping of electrons by 

defect levels within the bandgap and can be reduced by lowering the concentration of 

foreign impurities and native defects. The recombination rate depends upon local 

densities of carriers in the bands of semiconductor and predominant occupation state 

of the charge carriers.  

Radiative recombination takes place when hole in valance band directly combines 

with electrons in conduction band and emits the excess energy in the form of a photon. 

By taking all three components in consideration, effective carrier lifetime ( ) for n-

ZnO/p-Si heterojunction photodetector can be evaluated as [162, 163]: 

1 1 1 1 
AUG SRH R   

                                                                                                              (4.9) 

Figure 4.5 depicts dark and illumination current variation with biasing voltage. It can 

be seen from the graph that photocurrent has increased under the illumination. The 

results obtained have shown a close relevance with experimental results reported by 

Liu et al. [167].  Photodetector has shown very low dark current of the order of 10-14 

A, which confirms the suitability of n-ZnO/p-Si heterojunction photo-detector for low 

noise applications. Ideality factor ( ) of simulated n-ZnO/p-Si heterojunction have 

been derived using following equation [150].  

 ( / lnq V I
kT

       
                                                                                                   (4.10) 

Where q is the electronic charge, k is the Boltzmann constant, T is the lattice 

temperature. (  ln( ) ) / )I V   have been obtained from linear region slope of  ln I V  

plot. The value of ideality factor for n-ZnO/p-Si heterojunction derived from 

illumination current-voltage characteristics was found to be 1.60. Fig. 4.6 shows I-V 

characteristics of heterojunction photodetector for different wavelengths (UV and 

visible). It has been observed that the variation in photocurrent for different 

wavelengths of light is not very significant under forward bias condition, but a 

considerable change in current is there for reverse bias condition. In reverse bias, as 

wavelength of light increased from 200 nm to 800 nm, photocurrent has also increased 

which shows a fair relevance with experimental results reported by Mridha et al. [168] 
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and Jeong et al. [169] for n-ZnO/p-Si heterojunction photodetector. It is clearly seen 

from Fig. 4.6 that illumination shifts the I-V curve towards positive voltage region. 

This behaviour may be due to unidirectional charge transport mechanism depending 

upon excitation wavelength [170]. Positive shift and higher value of photocurrent 

under illumination condition is also attributed to enhancement of band to band 

excitation in ZnO region. Charge interaction between ZnO and Si during illumination 

may tilt the bandgap of n-ZnO/p-Si heterojunction, and tunneling of charge carriers 

across the heterojunction could be the probable reason for this I-V shift during 

illumination [170, 171]. 

 
Fig.4.5. Current and voltage relationship of photodetector under dark and illumination 

condition (Light Intensity=0.2 W/cm2). 

 
Fig.4.6. Variation of photocurrent with biasing voltage for different light wavelengths 

(Light Intensity=0.2 W/cm2). 
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4.3.2     Quantum Efficiency 

Quantum efficiency is a measure of sensitivity for n-ZnO/p-Si heterojunction 

photodetector. Internal quantum efficiency (IQE) and external quantum efficiency 

(EQE) for n-ZnO/p-Si heterojunction photodetector have been obtained as follows 

[172, 173]: 

A

S

IQE I
I

                                                                                                                 (4.11) 

C

S

IEQE
I

                                                                                                                (4.12) 

Where AI , SI   and CI  are available photocurrent, source photocurrent and cathode 

currents respectively. Fig. 4.7 shows ATLAS simulation graph of internal and external 

quantum efficiency with optical wavelength for n-ZnO/p-Si heterojunction 

photodetector. Photodetector has shown a good internal and external quantum 

efficiency of ~99% and ~93% respectively for the given wavelength range. Results 

confirm UV detection capability of the photodetector.  

 

 
 

Fig.4.7. Variation of internal quantum efficiency with optical wavelength. 
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4.3.3    Responsivity  

Responsivity of a photodetector can be described as the ratio of photocurrent 

generated to the optical power in linear region of response. Generally, responsivity is 

highest for the wavelength region in which photon energy is somewhat higher than the 

bandgap energy and can be obtained as [174]: 

qR
hc


                                                                                                                               (4.13) 

Where,  λ  is  wavelength  of  light  and  ܿ is velocity of light. Fig. 4.8 shows the 

responsivity variation of photodetector with light wavelength. Responsivity has been 

derived from external quantum efficiency. Photodetector has shown maximum 

responsivity of 0.28 A/W and 0.36 A/W for UV and visible wavelengths respectively. 

Results obtained for quantum efficiency and responsivity has shown a good agreement 

with the experimental results reported by Park et al. [175] and Ali et al. [176]. The 

value obtained for UV responsivity has also shown a good agreement with our 

experimental data which is presented in chapter 7. 

 

 
 

Fig.4.8. Variation of responsivity with optical wavelength for heterojunction 

photodetector (Biasing Voltage = -5V). 

Effect of ZnO thickness variation on responsivity is shown in Fig. 4.9. It has been 

observed that as the thickness of ZnO layer increases, responsivity also increases. 
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Decrement in resistivity of ZnO layer with increasing thickness is the probable reason 

for increment in the responsivity of the heterojunction photodetector [177]. When 

thickness increases, the thicker ZnO layer will result into more electron-hole pair 

generation which in turn increases the photocurrent. Since responsivity depends upon 

the photocurrent generated, it also increases with ZnO thickness. Responsivity is the 

measure of the effectiveness of the detector and results demonstrated in Fig. 4.9 

concludes that high gain for n-ZnO/p-Si heterojunction detector can be achieved at 

larger ZnO thickness.  

 

Fig.4.9. Variation of responsivity with optical wavelength for different ZnO thickness 

(Biasing Voltage = -5V). 

It has also been observed that as intensity of light increases from 0.2 W/cm2 to 1.0 

W/cm2, all three currents (cathode current, available photocurrent and source 

photocurrent (refer Fig. 4.10, 4.11 and 4.12)) for n-ZnO/p-Si heterojunction 

photodetector also increases but the ratio of cathode current to source photocurrent 

and available photocurrent to source photocurrent remains constant, hence both 

internal and external quantum efficiency of the n-ZnO/p-Si heterojunction 

photodetector remains unchanged with light intensity variation.  
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Fig.4.10. Variation of responsivity with optical wavelength for different ZnO 

thickness. 

 
 

Fig.4.11. Variation of cathode current with optical wavelength for different light 

intensities. 
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Fig.4.12. Variation of available photo current with optical wavelength for different 

light intensities. 

4.3.4    Detectivity  

Specific detectivity allows different photodetectors to be compared independent of 

detector bandwidth and area. High value of detectivity ensures suitability of 

heterojunction photodetectors for low noise applications and can be obtained as [172, 

173]:  

* ( )
4

netRAqD
hc KT


                                                                                                 (4.14) 

where resistance area product ( )netRA can be obtained using following equation:  

1

( )net
JRA
V

    
                                                                                                     (4.15) 

Fig. 4.13 shows detectivity variation with wavelength. Good detectivity of the order of 

1010 cm Hz ½ W -1 has been observed over the given wavelength range. 

4.3.5    Noise Equivalent Power  

Noise equivalent power is minimum detectable power for photodetectors and can be 

written as:  
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1 1
2 2

*

A BNEP
D

                                                                                                           (4.16) 

Where, ܤ is bandwidth and ܣ is the area of the detector. Relation between optical 

wavelength and noise equivalent power (NEP) has been shown in Fig. 4.14. 

Heterojunction photodetector has shown very low NEP of the order of 10-11 W.  It can 

be observed that for UV and visible region, NEP is minimum which increases beyond 

this range. 

 
Fig.4.13. Variation of detectivity with optical wavelength (Biasing Voltage = -5V). 

 

Fig.4.14. Variation of noise equivalent power with optical wavelength. 
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4.4    Conclusion 

In this chapter, performance analysis of n-ZnO/p-Si heterojunction photodetector for 

different electrical and optical parameters such as dark current, quantum efficiency, 

responsivity, detectivity and noise equivalent power have been presented. Simulation 

results shows that photodetector offers a dark current, ID ≈ 10-14 A, quantum 

efficiency, η ≈ 93 %, responsivity R ≈ 0.36 A/W, specific detectivity, D* ≈ 1010 cm 

Hz½W-1 and NEP ≈ 10-11 W. The value obtained for UV responsivity has shown a 

good agreement with our experimental data which is presented in chapter 7. Results 

also confirm that n-ZnO/p-Si heterojunction photodetectors can detect UV 

wavelengths and have a great potential to become an alternative of other 

heterojunction based photodetectors. 
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CHAPTER 5 

 

Growth and Optimization of ZnO Thin Films for Optoelectronic Device 

Applications 

This chapter presents an intensive study on structural and optical properties of ZnO 

thin films prepared by RF sputtering technique. Effect of various physical and growth 

parameters such as thickness, annealing temperature, sputtering power and gas flow 

rate on structural and optical properties of ZnO thin films have been investigated in 

detail so that high quality ZnO thin films for variety of optoelectronic and photonic 

devices can be achieved.   

 

5.1    Introduction 

In recent years, ZnO has emerged as a new generation multipurpose semiconductor 

material for variety of optoelectronic and piezoelectronic device applications. Its high 

transparency in visible region, large bandgap, non-toxic nature and high exciton 

binding energy makes it a potential candidate for many electronic device applications 

such as photodetectors, LEDs, lasers, nanogenerators and transparent electrode solar 

cells etc. [178-180].  

Difficulties in producing reproducible and reliable p-doped ZnO films have promoted 

an alternate approach of fabricating p-n heterojunctions with ZnO as n-type layer. 

Different ZnO based heterojunctions with p-type substrates such as GaN [181], SiC 

[182], AlGaN [157] and Si [183] have been proposed in past. Many reports on 

ZnO/GaN heterojunctions are available in literature due to various advantages such as 

similar bandgap, identical wurtzite crystal structure and less lattice mismatch (~1.8%) 

between ZnO and GaN. In present scenario, it is important to integrate ZnO thin films 

with silicon technology in order to develop practical applications of ZnO thin films for 

a wide range of optoelectronic device applications. Large area availability of Si with 

low cost and excellent quality has provided a unique opportunity to integrate Si with a 

variety of ZnO based optoelectronic devices. 

In this context, different deposition techniques such as thermal vapour deposition, 

pulsed laser deposition, sol-gel, chemical vapour deposition, hydrothermal deposition 

and RF sputtering have been reported in past to grow thin films [184-188]. Among 
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these, RF sputtering provides a precise control on different deposition parameters such 

as RF power, gas flow rate, deposition pressure, ambient atmosphere and substrate 

temperature which ensures repeatability and large scale stability of grown films with 

better controllability. Thin film device applications where c-oriented growth of the 

film with good controllability and conformity is important, RF sputtering is a potential 

choice.  

New thin film devices with reduced nano dimensions has drawn a wide attention of 

researchers to study and understand the change in material’s structural, optical and 

electrical characteristics with changing nano-dimensions [189-191]. Different 

functional properties of ZnO thin films with pressure, temperature and type of 

substrate have been reported in the past [192-195]. It is also important to investigate 

the effect of film thickness, annealing temperature, RF power and gas flow rates on 

structural and optical properties of RF sputtered ZnO thin films in order to ensure its 

suitability for a variety of optoelectronic device applications.  

This chapter presents a systematic study on the effect of all these physical and growth 

parameters on structural and optical properties of ZnO thin films grown over p-type Si 

and glass substrates using RF sputtering technique. Different samples with different 

deposition conditions have been deposited over p-Si/glass substrates, and direct 

influence of thickness, annealing temperature, RF power and gas flow rates on 

microstructural (crystallographic orientation, roughness, grain size, lattice parameters, 

defect density, stress, strain) and optical parameters (transmittance, reflectance, 

optical bandgap, refractive index, dielectric constant, photoluminescence) of ZnO thin 

films have been analyzed and presented.  

5.2    Experimental Details 

Nanocrystalline ZnO thin films were deposited on p-Si (100) and glass substrate using 

RF sputtering technique. Thickness and resistivity of p-Si substrate was 380 ߤm and 

SIC Ωcm respectively. Prior to deposition, both Si wafer and glass substrates were 

cleaned properly. Standard RCA-1 and RCA-2 cleaning process were used for wafer 

cleaning. RCA-1 (Solution of NH4OH, H2O2 and Deionized Water (DI)) was used for 

the removal of organic contamination and RCA-2 (Solution of HCl, H2O2 and DI 

water) was used for the removal of ionic contamination from the Si wafer. The Details 

of RCA-1 and RCA-2 method is as follows: 
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5.2.1    RCA-1 (Solution:- NH4OH : H2O2 : Deionised (DI) Water) 

25 ml NH4OH was poured in a beaker with 180 ml of DI water. The solution was 

heated at 75-80°C for 5 minutes in order to increase the chemical reaction rate.  Then, 

50 ml of H2O2 (30 %) was poured in the solution and was kept for 1-2 minutes so that 

the solution becomes ready to use. Then, silicon wafers were soaked into this solution 

and the solution was heated for 6-8 minutes. The heated solution was allowed to cool 

for 10 minutes. In last, the silicon wafers were cleaned by rinsing in DI water and 

dried with dry nitrogen. 

5.2.2    RCA-2 (Solution:- HCl : H2O2 : Deionised (DI) Water) 

25 ml HCl was poured in a beaker with 180 ml of DI water. The solution was heated 

at 75-80°C for 5 minutes in order to increase the chemical reaction rate. Then, 50 ml 

of H2O2 (30%) was poured in the solution and was kept for 1-2 minutes so that the 

solution becomes ready to use. Silicon wafers were soaked into this solution and it 

was heated for 6-8 minutes. The heated solution was allowed to cool for 10 minutes. 

In last, the silicon wafers were cleaned by rinsing in DI water and dried with dry 

nitrogen. 

Glass substrates were cleaned with acetone and isopropanol, and then rinsed in 

deionized water before fixing to the substrate holder. ZnO thin film was deposited 

over Si and glass substrate at room temperature using ZnO target (2-inch diameter) 

made up of 99.9% pure ZnO powder from MERCK Chemical Limited, Mumbai, 

India. RF/DC magnetron sputtering system from Advanced Process Technologies, 

India was used for depositing ZnO thin films.  

For thickness dependent investigations, ZnO thin films with four different thicknesses 

were deposited over p-Si (100) and glass substrate using RF sputtering technique. The 

base pressure, deposition pressure and deposition rate were maintained at 1×10-6 

mbar, 1×10-3-3×10-3 mbar and 0.1-0.3 Å/sec respectively for all four samples. RF 

power and Ar flow rate was set as 100 watt and 15 sccm respectively during the 

deposition. Thickness of ZnO thin films was altered by varying the deposition time 

from 45 to 120 minutes. All samples were subsequently annealed for 1 hour at 400oC 

in the argon atmosphere. 
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In annealing temperature dependent study of ZnO thin films, the distance between 

target and substrate was 12 cm. Prior to deposition, the vacuum level of sputtering 

system was ~5×10-6 mbar. Argon flow rate and deposition pressure was maintained at 

10 sccm and 3-6×10-3 mbar respectively. Deposition time was 1 hour and sputtering 

rate has got varied from 0.4-0.6 Å/sec during the deposition. Deposited samples were 

post annealed at different annealing temperatures (300°C, 400°C, 500°C and 600°C) 

in argon ambient to investigate the influence of annealing temperature over structural 

and optical properties of deposited ZnO thin films. 

To investigate the effect of sputtering power over structural and optical properties of 

ZnO thin films, four set of ZnO thin film samples under same deposition conditions 

were deposited at 80 watt, 100 watt, 120 watt and 140 watt sputtering powers 

respectively. Vacuum level of sputtering chamber was maintained at 2-4 ×10-6 mbar 

using rotary and turbo pumps. Distance between target and substrate was 13 cm. 

Argon flow rate and deposition pressure was maintained at 17 sccm and 3-5×10-3 

mbar respectively during the deposition. After deposition, all samples were annealed 

at 400 °C for 1 hour in argon ambient.  

To investigate the effect of gas flow rate over structural and optical properties of ZnO 

thin films, the base pressure of deposition chamber was 2×10-6 mbar. The RF power 

was 100 watt during the deposition. The distance between substrate holder and target 

was 12 cm. Four samples of ZnO thin films at different argon gas flow rates varying 

from 10-40 sccm were deposited under similar deposition conditions. After 

deposition, deposited samples were annealed at 400°C for 1 hour in argon ambient. 

5.3    Thin Film Characterization 

Different type of methodologies and analytical equipments such as RF sputtering, 

XRD, AFM, SEM and ellipsometer (as mentioned in Chapter-3) were used to 

characterize the surface morphological and optical properties of deposited ZnO thin 

films. Detailed description of their working theory and principles is already presented 

in the Chapter 3 
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5.4    Results & Discussion 

5.4.1    Effect of Thickness on Structural and Optical Properties of ZnO Thin 

Films 

A.    Structural and Surface Morphology Study 

Fig. 5.1 shows XRD pattern of the ZnO thin films with different thickness. 

Domination of (002) oriented crystallites of hexagonal wurtzite structure for all 

deposited films attributes to a preferred c-axis orientation perpendicular to the surface. 

However a low-intensity peak with (103) crystallographic plane has also been 

observed with diffraction angles (2θ) 62.57°, 62.79° and 62.29° for 222 nm, 250 nm, 

342 nm ZnO thin films respectively. It can be seen from Fig. 5.1 that the peak 

intensity has increased with increased thickness for (002) crystallographic plane. 

Increase in XRD peak intensity with thickness suggests that the crystalline quality of 

deposited films has improved with the thickness. As thickness increases; a growth 

competition takes place among the neighbouring crystals in accordance with their 

crystal orientation. When this competition leads towards the growth of same type 

crystal faces to form a free surface, crystalline quality of the deposited films improves.  

Similar behaviour has also been observed by Lin et al. for ZnO thin films [196]. This 

high quality ZnO films can be used as active layers in light emitting diode (LED) and 

thin film solar cell applications to improve their efficiency and lifetime. Different 

micro-structural parameters such as average crystalline size ( D ), lattice constants 

( ba, , c ), defect density ( ), residual stress ( ) and lattice strain ( ) for (002) 

crystallographic plane has been obtained using following equations [197,198]:  




cos
94.0

D                                                                                                               (5.1) 



sin3

 ba                                                                                                        (5.2) 




sin
c                                                                                                                    (5.3) 

2

1
D

                                                                                                                      (5.4) 
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 Gpa
c0

0 )c-(c-233                                                                                               (5.5) 




4tan
                                                                                                                 (5.6) 

Where  is the wavelength of X-ray (λ = 1.5406 Å for Cu target),   is the full-width-

at-half-maximum (FWHM) in radians,   is the Bragg diffraction angle and 0c  (5.206 

Å) is the unstrained lattice constant for bulk ZnO. Dependence of all important micro-

structural parameters on the thickness of the deposited film is shown in Table. 5.1. It 

can be seen from the table that lattice constants ( ba, , c ) have shown good agreement 

with standard JCPDS data (PDF#36 – 1451(a=b=3.25 Å, c= 5.20 Å) [197]).  

 

Fig.5.1. XRD spectra of ZnO thin films with thickness variation (a) 190 nm (b) 222 

nm (c) 250 nm (d) 342 nm. 

Table 5.1 shows that the crystalline size has increased with increase in thickness. 

Results obtained for crystalline size have shown a good agreement with results 

reported by Reddy et al. for RF sputtered ZnO thin films [199]. Reduction of 

dislocation density, stress and strain with increased thickness implies that more 

relaxed films with improved crystallinity have been obtained at higher thickness. 

Negative value of the stress obtained for deposited films signifies that the stress for 
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the deposited films was compressive in nature. Crystal defects, lattice mismatch and 

difference between thermal expansion coefficient of ZnO and Si could be the probable 

reason for this compressive stress.  

Table 5.1. Thickness dependence of different micro-structural parameters of RF 

sputtered ZnO thin films. 

Thickness 
[nm] 

Peak 
(002) 
2θ 

a=b 
[Å] 

c 
[Å] 

Grain 
Size 
[nm] 

Dislocation 
Density 
[nm-2] 

Stress 
 

Strain 
[GPa] 

190 nm 34.12 3.031 5.251 15 4.44×10-3 -2.02 8.42×10-3 
222 nm 34.20 3.024 5.239 17 3.46×10-3 -1.49 7.25×10-3 
250 nm 34.33 3.013 5.220 20 2.50×10-3 -0.63 6.11×10-3 
342 nm 34.39 3.008 5.211 49 0.41×10-3 -0.23 2.49×10-3 

 

Surface morphology of deposited thin films with different thickness has been studied 

using AFM in contact mode. Fig. 5.2 shows AFM images of deposited ZnO thin films 

over an area of 5.0×5.0 ߤm2 which has shown a good agreement with the results 

reported by Mosquera et al. [200]. Root mean square roughness obtained for 190 nm, 

222 nm, 250 nm and 342 nm ZnO films was 2.40 nm, 2.76 nm, 3.06 nm and 4.87 nm 

respectively. Large grain size and high porosity of the deposited films is responsible 

for this increased roughness at higher thickness. As roughness increases, surface area 

for gas adsorption also increases which ensures its suitability for gas sensing 

applications with high sensing response. High surface roughness of ZnO thin films 

may allow more optical absorption than flat surfaces that can be very useful in solar 

cell applications. It is clearly seen from Fig. 5.2 that 190 nm film has exhibited island 

like growth with hillocks. Careful analysis reveals that the surface homogeneity of the 

deposited films has improved with increased thickness. For thinner films, surface 

atoms are subjected to form a weak inter-atomic force in order to form a spongy loose 

packed structure and compactness of the deposited films increases with increased 

thickness due to strong inter-atomic forces at deeper layers. It can be concluded from 

Fig. 5.2 that films with lower thickness have no clear grain boundary, and as the 

thickness has increased, grains has started to develop with increasing roughness.  
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Fig.5.2. Two dimensional surface morphology images of ZnO samples obtained from 

AFM (a) 190 nm (b) 222 nm (c) 250 nm (d) 342 nm. 

Fig. 5.3 shows SEM images of deposited ZnO thin films with different thickness at 1 

 m scale with 50 kX magnification. It is evident from SEM images that surfaceߤ

morphology of all deposited films is almost uniform, homogenous and crack free. 

With increased thickness, a progressive increment in grain size has also been 

observed, and grain size has got varied in the range of 12-75 nm with increased 

thickness. These results are in good agreement with the results obtained from XRD 

data (refer Table 5.1). Grains shape of deposited films has also changed with 

increased thickness. Fig. 5.4 depicts EDX spectrum to identify the composition of 

deposited ZnO thin films with different thickness. It is evident from the EDX spectra 

that only Zn and O elements are present in the deposited films. Si peak is due to 

substrate. The inset in Fig. 5.4 shows atomic weight percent of Si, Zn and O elements, 

which implies that stoichiometry of deposited ZnO thin films strongly depends upon 

film thickness. The Zn and O content in the deposited films has increased with film 

thickness and Zn/O ratio is found to be 0.22, 0.33, 0.39 and 0.43 for 190 nm, 222 nm, 

250 nm and 342 nm films respectively.  
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Fig.5.3. FESEM micrographs of deposited ZnO thin films with different thickness (a) 

190 nm (b) 222 nm (c) 250 nm (d) 342 nm.  

 

Fig.5.4. EDX spectra of ZnO thin films with corresponding atomic weight percent of 

elements at different thickness (a) 190 nm (b) 222 nm (c) 250 nm (d) 342 nm.  
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5.4.2    Optical Properties 

Fig. 5.5 shows optical transmittance spectra of deposited films with different 

thickness. It is clearly seen that all films have shown a high transmittance of 85-90 % 

in the visible region with a sharp absorption edge near ~380 nm. High transmittance 

of deposited ZnO thin films ensures its usability as transparent window material in a 

variety of optoelectronic device applications. Transparent ZnO thin film coatings over 

the collector surface of solar cell can minimize the reflections at collector surface, 

which can improve the efficiency of the solar cells. Fig. 5.6 shows absorption spectra 

of ZnO thin films. It is evident from absorption spectra that the absorption increases 

with increased thickness. Reduction in the absorption beyond the band edges is 

attributed to the presence of impurity and lattice defects in the deposited films. 

Absorption coefficient ( ) spectra (refer inset of Fig.5.6) which is necessary to derive 

optical bandgap of deposited thin films has been obtained using the following 

equation [202]:  

Td
A

d
1ln1303.2

                                                                                                 (5.7) 

Where d  is the film thickness, A  is the absorbance and T  is the transmittance of 

deposited ZnO thin films. The optical bandgap of the deposited films has been 

evaluated using the following relation [203]:  
2/1)( gEhBh                                                                                                   (5.8) 

Where h  is the photon energy, gE  is the optical bandgap and B  is a constant for 

direct transition. The optical bandgap has been derived by extrapolating linear region 

of  2h  versus ( h ) plot (refer Fig.5.7) over ( h ) axis. The linearity of  2h  

versus ( h ) plot implies that ZnO thin films are direct transition type 

semiconductors. It has been observed that with increased film thickness, the optical 

bandgap of deposited ZnO thin films has increased from 3.24-3.26 eV. Results 

obtained for optical bandgap are in good agreement with those reported by Jain et al 

[203]. With increased thickness inter-atomic spacing of deposited film changes which 

attributes to an increase in optical bandgap. Absorption coefficient of deposited ZnO 

thin films varies exponentially with incident photon energy near fundamental 

absorption edge and obeys urbach relation which can be explained by following 

relation [204,205]:  
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









uE
Eexp0                                                                                                        (5.9) 

Where, uE  is the urbach energy, 0  is the band tailing parameter and E  is the photon 

energy. Urbach energy ( uE ) has been obtained by taking the reciprocal of the slop of 

ln ( ) versus h  plot as shown in Fig.5.8.  

 

Fig.5.5. Transmittance spectra of deposited ZnO thin films with different thickness. 

 

Fig.5.6. Thickness dependent absorbance spectra for ZnO thin films (inset shows 

absorption coefficient versus wavelength plot). 
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Fig.5.7.  2h  versus ( h ) plot for optical bandgap evaluation of ZnO thin films. 

 

Fig.5.8. ln ( ) versus h  plot for ZnO thin films.   

Table 5.2 shows the variation of the optical bandgap and urbach energy for different 

ZnO thickness. Urbach energy has shown an inverse relation with optical bandgap, 

and it is clearly seen that the urbach energy has decreased with increased film 

thickness. Refractive index has a significant importance in optical communication and 

device designing for spectral dispersion. It reflects the crystallinity and optical quality 

of thin films. Fig. 5.9 shows thickness dependent refractive index of ZnO thin films. It 
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has been observed that refractive index increases as thickness increases. Transition of 

grains from vertical to lateral growth improves the uniformity of the deposited ZnO 

films which could be the probable reason for the refractive index variation with 

increased thickness. The typical reflectance spectra of ZnO thin films have been 

obtained using following relation [206]. 

 22

22

)1(
)1(

kn
knR




                                                                                                     (5.10) 

Where n, k  are refractive index and extinction coefficient of ZnO thin films 

respectively. Extinction coefficient k  is given by:  



4

k                                                                                                                     (5.11) 

Table 5.2. Variation of optical bandgap and urbach energy of ZnO thin films with 

different thickness. 

ZnO Film Thickness Optical Bandgap  Urbach Energy  

190 nm 3.22 eV 94 meV 

222 nm 3.24 eV 67 meV 

250 nm 3.24 eV 32 meV 

342 nm 3.26 eV 26 meV 
 

 

Fig.5.9. Thickness dependent refractive index variation for ZnO thin films   
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It is evident from reflectance spectra (shown in Fig. 5.10) that all deposited films have 

shown a low reflectance in the range of ~ 0-28% for a given wavelength range (300 

nm - 800 nm). Low reflectance of deposited ZnO thin films suggests that ZnO can be 

a potential candidate for anti reflecting coating materials. Fig. 5.11 shows the 

extinction coefficient spectra for ZnO thin films with thickness variation. It is clear 

from Fig.5.11 that extinction coefficient is minimum in visible region wavelength, and 

it increases as wavelength decreases. Dielectric constant is also a fundamental 

intrinsic property of ZnO thin films. Real and imaginary part of dielectric constant 

tells the extent to which velocity of light slows down in deposited ZnO film. 

Imaginary part of ZnO thin films suggests that how the deposited films absorbs energy 

from the electric field due to dipole motion. Real and imaginary part of dielectric 

constant also gives information about loss factor, which can be obtained as the ratio of 

the imaginary part to the real part of dielectric constant. Real and imaginary part of 

dielectric constant has been obtained using following relation [207]. 

)()()(  IR                                                                                              (5.12) 

Where, the real ( )( R ) and imaginary parts ( )( I ) of dielectric constant can be 

evaluated as follows: 
22 knR                                                                                                              (5.13) 

nkI                                                                                                                     (5.14) 

 

Fig.5.10. Reflectance spectra for ZnO thin films.   
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Fig.5.11. Variation of extinction coefficient with wavelength for ZnO thin films.   

Fig. 5.12 and 5.13 shows the variation of real and imaginary part dielectric constant 

with ZnO thickness. It is clearly seen from the graph that both real and imaginary part 

of dielectric constant has increased with the thickness. The real and imaginary part of 

dielectric constant has shown the variation from 0.70-10.0 and 0-3.0 respectively for 

different thickness ZnO thin film.  

 
Fig.5.12. Real part of dielectric constant for different thickness ZnO thin films.   
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Fig.5.13. Imaginary part of dielectric constant for different thickness ZnO thin films.   

Fig. 5.14 depicts thickness dependent photoluminescence spectra of ZnO thin films at 

room temperature. It is evident from the plot that all deposited samples have shown a 

strong UV emission peak attributing to the recombination of free excitons. It has been 

observed that RF sputtered ZnO thin films have shown a good UV emission efficiency 

than those prepared by molecular beam epitaxy, pulsed laser deposition and atomic 

layer deposition [208-210]. An increase in ultraviolet emission intensity with 

increased thickness has been observed. Improved crystalline quality with increased 

thickness that is also evident from XRD analysis is the probable reason for this 

increased UV emission intensity with increased thickness  

 
Fig.5.14. Photoluminescence spectra for thickness dependent ZnO thin films. 
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5.4.2  Effect of Post Annealing Temperature on Structural and Optical 

Properties of ZnO Thin Films 

Fig. 5.15 shows XRD spectra of deposited ZnO thin films as a function of annealing 

temperature varied between 300 to 600 °C. All deposited films have shown 

polycrystalline nature with a strong (002) crystallographic orientation, indicating a 

preferential c-axis growth perpendicular to the substrate. Some other minor peaks with 

(101) and (103) orientations have also been observed. The increase in (002) 

diffraction peak intensity with increased annealing temperature is attributed to 

improved crystallinity of deposited ZnO thin films. Careful analysis reveals that the 

peak intensity of (101) crystallographic orientation has also increased with annealing 

temperature. At higher annealing temperature, some more Zn atoms may combine 

with oxygen to form poor crystallinity of ZnO in various directions, which could be 

the probable reason for enhanced peak intensity for (101) crystallographic orientation 

at higher annealing temperature. 

 

Fig.5.15. XRD diffraction patterns of ZnO thin films with post annealing temperature 

variation. 

 Fig. 5.16, Fig. 5.17 and Fig. 5.18 shows the effect of annealing temperature on 

various microstructural parameters such as grain size ( G ), dislocation density ( ), 

lattice constants ( cba ,, ), stress ( ) and strain ( ) respectively. It is clear from Fig. 

5.16 that the grain size has increased from 18-22 nm with increased annealing 
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temperature. Value of lattice constants ( cba ,, ) (shown in Fig. 5.17) for all deposited 

samples have shown a good agreement with standard JCPDS data (a=b= 3.25 Å, c= 

5.20 Å (PDF #36-1451)) [197]. The change in lattice constant values with increased 

annealing temperature is attributed to the change in nature of native imperfections. 

Dislocation density (Fig.5.16) and strain (Fig. 5.18) have exhibited a decreasing trend 

with increasing annealing temperature. Movement of Zn interstitials towards the grain 

boundaries which results in reduced concentration of lattice imperfections could be 

the probable reason for this decrement in dislocation density and strain at higher 

annealing temperature. High crystallinity of ZnO thin films with reduced strain 

ensures the usability of ZnO thin films in many optical applications. It is clear from 

Fig. 5.18 that the stress was compressive in nature at lower annealing temperature. As 

annealing temperature increases, the film has started to show tensile nature of the 

stress. In addition to intrinsic stress (compressive and tensile), thermal stress which 

arises due to lattice mismatch and difference in thermal expansion coefficient of ZnO 

and Si, also exists in deposited films. At lower annealing temperature, the 

compressive nature of the stress may be due to presence of Zn interstitials whereas the 

domination of oxygen vacancies in the lattice of ZnO crystallites at higher annealing 

temperature could be the probable reason for tensile stress.  

 

Fig.5.16. Variation of grain size and dislocation density with annealing temperature. 
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Fig.5.17. Lattice constants ( cba ,, ) versus annealing temperature plot. 

 

Fig.5.18. Variation of film strain and stress with annealing temperature. 

Fig. 5.19 shows SEM micrographs of ZnO thin films deposited on Si substrate at 

different annealing temperatures. It is evident from SEM micrographs that the surface 

morphology of deposited ZnO thin films is dense and homogenous. It is clearly seen 

that grain size has increased at higher annealing temperature which may be due to 

coalescence process induced from thermal treatment. There may exist some frenkel 

defects such as Zn interstitials and oxygen vacancies at the grain boundaries of 

deposited films that can enhance the coalescence process to make larger grains at 
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higher annealing temperature. High annealing temperature provides sufficient energy 

to the atoms of deposited film to improve the mobility that enhances the film 

cystallinity. Results obtained for grain size from SEM micrographs are in good 

agreement with XRD data and suggests that crystal growth of ZnO films can be 

controlled by controlling annealing temperature. SEM analysis also reveals that, at 

lower annealing temperature some of the grain has not grown properly and as the 

annealing temperature has increased, the grain growth of deposited film is more 

uniform.  

 

Fig.5.19. SEM micrographs of ZnO thin film samples at different annealing 

temperatures  (a) 300°C (b) 400°C (c) 500°C (d) 600°C. 

Fig. 5.20 shows the optical transmittance spectra of ZnO thin films recorded in the 

range of 300-700 nm. All deposited films have shown high transmittance of >85% in 

visible region. Fig. 5.21 shows the absorbance spectra as a function of wavelength. It 

is observed that the absorbance has decreased at higher annealing temperature. Inset 

of Fig. 5.21 shows absorption coefficient spectra of deposited ZnO samples at 

different annealing temperatures which have shown a good agreement with the results 

reported by Xue et al. [211].   
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Fig.5.20. Optical transmittance plot of ZnO films at various annealing temperature. 

 

 

Fig.5.21. Absorbance versus wavelength spectra for ZnO thin films (inset shows 

variation in absorption coefficient with annealing temperature). 
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The optical bandgap have been obtained by extrapolating the linear region of 2)( h  

versus h  plot, towards photon energy axis as shown in Fig. 5.22. An increase in 

optical bandgap from 3.26-3.28 eV is recorded with increased annealing temperature. 

The blue shift in absorption edge may be associated with the increased carrier 

concentration blocking in conduction band, also known as Burstein-Moss effect.  

Urbach energy has been obtained by taking the reciprocal of linear region slop of ln (

 ) versus photon energy plot (refer Fig. 5.23). Inset of Fig. 5.23 shows the variation 

in urbach energy with annealing temperature. It is evident from the plot that the 

urbach energy has decreased from 59-50 meV with increasing annealing temperature 

which suggests that, at higher temperature film defects of deposited ZnO thin films 

have annealed out and hence quality of the deposited film have improved. Fig. 5.24 

shows PL spectra of deposited ZnO thin films at different annealing temperature. All 

deposited films have exhibited a strong UV emission peak ~ 365 nm wavelength. 

From PL spectra, it is clear that UV emission intensity increases with increasing 

annealing temperature. Results obtained for PL spectra are in good agreement with the 

results reported by Lim et al. [212]. 

 
 

Fig.5.22.  2h  versus photon energy ( h ) plot for optical bandgap calculation. 
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Fig.5.23. ln ( ) versus photon energy ( h ) plot to obtain urbach energy relation at 

different annealing temperatures. 

 
 

Fig.5.24. PL spectra for ZnO thin films annealed at different annealing temperatures.   

 

5.4.3    Effect of Sputtering Power on Structural and Optical Properties of ZnO 

Thin Films 

Fig. 5.25 shows the effect of sputtering power on growth rate. It is evident from Fig. 

5.25 that growth rate has increased linearly with increasing RF power. High argon ion 

density and high sputtering rate is the probable reason for this enhanced growth rate. 

The crystallinity and microstructural properties of deposited ZnO thin films over Si 
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and glass substrates has been studied using XRD. Fig. 5.26 shows XRD spectra of RF 

sputtered ZnO thin films at different sputtering powers. At lower sputtering power (80 

watt), deposited film was crystalline in nature and as sputtering power increased (100-

140 watt), ZnO films exhibited polycrystalline nature with one additional peak at 

(103) crystallographic orientation.  

 

Fig.5.25. Variation of deposition rate with sputtering power. 

 

Fig.5.26. XRD spectra of ZnO thin films deposited at different sputtering powers (a) 

80 watt (b) 100 watt (c) 120 watt (d) 140 watt. 
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Table 5.3 shows different microstructural parameters that have been derived from 

XRD data at different sputtering powers. It is clear from Table 5.3 that the diffraction 

angle (2θ) has increased with increased sputtering power. XRD analysis reveals that 

the peak intensity has first increased and then decreased with RF power. When 

sputtering power increases from 80-120 watt, the crystallinity of deposited films 

improves due to increased kinetic energy of the sputtering particles. Further increment 

in RF power accelerates the mobile energy of sputtering particles and some of them 

may not achieve equilibrium position, resulting in degradation of crystalline quality of 

deposited films.  

It has been observed that grain size has increased from 12-73 nm with increasing 

sputtering power. Increased surface diffusion due to higher kinetic energy could be the 

probable reason for this increased crystalline size. Lattice constant, dislocation 

density, stress and strain has reduced with increased sputtering power. Values 

obtained for lattice constants (for all four set of samples) have shown a good 

agreement with standard JCPDS data (PDF#36 – 1451(a=b=3.25 Å, c= 5.20 Å)) 

[197]. Variation in lattice constants ( cba ,, ) with sputtering power is attributed to the 

change in the concentration of native imperfections. The negative value of stress for 

deposited films implies that the stress in deposited films was compressive in nature. 

Difference in thermal expansion coefficient of film and substrate, crystal defects and 

lattice mismatch between ZnO-Si heterojunction, could be the probable reason for this 

compressive stress.  

Table 5.3. Variation of different micro-structural parameters with sputtering power. 

RF 
Power 
[Watt] 

Angle 
(2θ) 

Crystalline 
Size [nm] 

Lattice 
Constant 

[Å] 
Dislocation 

density 
[10-3×nm-2] 

Stress 
[Gpa] 

Lattice 
Strain a=b c 

80 34.1693 12.91 3.027 5.243 5.99 -1.693934311 9.5x10-3 
100 34.2605 24.52 3.019 5.230 1.66 -1.087841657 5.0x10-3 
120 34.2869 44.14 3.017 5.226 0.51 -0.913005209 2.8x10-3 
140 34.3517 73.57 3.011 5.216 0.18 -0.48501889 1.7x10-3 

 

Fig. 5.27 shows SEM images of ZnO thin films at 500 nm scale with 100 kX 

magnification. It is evident from the SEM images that the surface morphology of 

deposited films is almost uniform, dense and crack-free. As sputtering power 

increases from 80-140 watt, particle size has shown an increment of 10-85 nm. These 

results have shown a good agreement with XRD results (refer Table 5.3). At low 
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sputtering power, surface diffusion is negligible due to lower kinetic energy. As 

sputtering power increases, surface diffusion increases due to momentum transfer in 

growing surface which is attributed to increased grain size. Increased sputtering power 

can enhance the bombardment rate which will increase the surface mobility of the 

deposited films.   

 

Fig.5.27. Scanning electron microscope images of ZnO thin films deposited at 

different sputtering powers. 

Transmittance spectra of deposited ZnO thin films at different RF powers have been 

shown in Fig. 5.28. All films has shown high transparency with an average 

transmittance of >85% in visible region. High transmittance ensures good 

homogeneity of deposited films. The significant reduction in transmittance for 

wavelengths less than 400 nm (λ < 400 nm) is attributed to high absorbance 

characteristics of ZnO in UV region. Fig. 5.29 shows absorbance spectra of deposited 

films recorded in the range of 300-700 nm. It is clearly seen from absorption spectra 

that absorption increases with increased sputtering power. The significant fall in 
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absorbance spectra near 375 nm wavelength is due to band edge absorption. Low 

absorbance in the visible region is attributed to the presence of metallic Zn 

interstitials.   

 

Fig.5.28. Transmittance versus wavelength plot of ZnO thin films at different 

sputtering powers. 

 
Fig.5.29. Absorbance spectra of ZnO thin films at different sputtering powers. 

Photoluminescence spectra of ZnO thin films deposited at different sputtering powers 

is illustrated in Fig. 5.30. All deposited films have exhibited a sharp near band-edge 

UV emission at ~377 nm wavelength which is attributed to free exciton 
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recombinations. Absence of other peaks except UV emission confirms high 

crystallinity of the deposited ZnO thin films. High crystallinity reduces the 

recombination centers in the film and hence radiative recombination for non 

equilibrium photogenerated carriers increases, which can be very beneficial in UV 

lasers applications. It has been observed that UV emission intensity increases as 

sputtering power increases from 80-120 watt and then it has decreased for 140 watt. 

At higher sputtering power (140 watt), energy required for surface diffusion of ZnO 

molecules is large enough that it can give rise to many defects, resulting in reduced 

UV emission intensity. UV emission intensity is strongly related to crystallization, and 

results obtained for PL spectra have shown good agreement with XRD results.  

 

Fig.5.30. Photoluminescence spectra of ZnO thin films at different sputtering powers. 

5.4.4    Effect of Gas Flow Rate on Structural and Optical Properties of ZnO 

Thin Films  

Fig. 5.31 demonstrates the XRD pattern of deposited ZnO thin films with different 

argon gas flow rate varying in the range of 10-40 sccm. All deposited films have 

shown a strong (002) crystallographic orientation along with one additional peak at 

(103) orientation which confirms the polycrystalline nature of all deposited samples. It 

has been observed that the intensity of XRD peak was maximum at 20 sccm which 

has decreased considerably at higher argon flow rates (30 and 40 sccm). The XRD 

results indicate that the film deposited at 20 sccm has exhibited high crystallinity due 

to smaller FWHM value. Table 5.4 shows the effect of argon flow rate on various 
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microstructural parameters such as grain size ( D ), strain, dislocation density ( ), 

lattice constants ( , ,a b c ) and stress respectively. 

 
Fig.5.31. X-Ray diffraction spectra of ZnO thin films deposited at different argon 

flow rates.  

Table 5.4. Variation of different micro-structural parameters with argon gas flow rate. 
 

Gas Flow 
Rate 

[sccm] 

Crystalline 
Size [nm] 

Lattice 
Strain 

Dislocation 
Density 
[nm-2] 

Lattice Constant [Å] 
Stress 
[Gpa] a=b c 

10 48.28 2.5x10-3 0.42x10-3 3.003837 5.208664 -0.11924 
20 49.07 2.5x10-3 0.41x10-3 3.008674 5.211176 -0.23165 
30 19.63 6.2x10-3 2.59x10-3 3.006614 5.207608 -0.07195 
40 19.61 6.2x10-3 2.60x10-3 3.010754 5.214779 -0.3929 

 

It is evident from Table 5.4 that the grain size has increased as the gas flow rate has 

increased from 10 to 20 sccm. Enhanced energetic ion bombardment with increased 

gas flow rate (10 to 20 sccm) promotes the mobility of adatoms, which results in 

increased grain size. In fact, residence time of the gas molecules play an important 

role in this process. Residence time is the mean time upto which the gas molecules 

stays in the process chamber before being pumped out and can be written as follows 

[213]: 

Q
pV

pS
pV

S
Vk                                                                                                   (5.15) 

Where V is the volume of the process chamber, S is the volume of the gas passing per 

second and  Q  is throughput which is equal to the pressure time of pumping speed (

pS ). When gas flow increases in the process chamber after a limit (30 sccm, 40 sccm 
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in our case), the residence time of the argon atom in the process chamber reduces 

which results in reduced plasma density within the process chamber. This reduced 

plasma density slows down that deposition rate which results in reduced peak intensity 

and grain size at higher gas flow rates. Values obtained for lattice constants has shown 

a good relevance with standard JCPDS data (PDF-36 – 1451(a=b=3.25 Å, c= 5.20 

Å)). Negative sign for stress signifies that the stress for all deposited films was 

compressive in nature. Crystal defects, difference in thermal expansion coefficients 

and lattice mismatch of ZnO/Si heterojunction are the probable reasons for this 

compressive stress. The surface morphology of ZnO thin films with argon gas flow 

rate variation is shown in Fig. 5.32. It is evident from SEM images that all deposited 

films are smooth, uniform and crack-free. It can be seen that the grain size has first 

increased from 10 to 20 sccm and then it has decreased at higher gas flow rate which 

has shown a good agreement with XRD data (refer Table 5.4). 

 

Fig.5.32. Scanning electron micrographs of ZnO thin films (a) 10 sccm (b) 20 sccm 

(c) 30 sccm (d) 40 sccm. 

Fig. 5.33 demonstrates the effect of argon gas flow rate on the transmittance spectra of 

ZnO thin films for a wavelength range of 300-700 nm. The optical transmittance was 

about 85-98% in visible region for all deposited samples which ensures the suitability 

of ZnO thin films as a window material in many optoelectronic device applications. 

Reduced plasma density at higher gas flow rates (30 and 40 sccm) has reduced the 
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film thickness which resulted in the absence of interference fringes in transmittance 

spectra at higher gas flow rates. However, the cutoff wavelength in transmittance has 

shown a clear shift towards shorter wavelength with increased argon flow rate. 

Maximum transmittance of 98.26% has been observed at 20 sccm. Fig. 5.34 shows the 

absorption spectra of deposited ZnO thin films at different argon gas flow rate. It is 

clear from the graph that absorption has first increased with gas flow rate and then it 

has decreased at higher gas flow rate. Absorption coefficient which is necessary to 

derive the optical bandgap of deposited films is shown in the inset of Fig. 5.34. 

 

Fig.5.33. Transmittance plot of ZnO thin films at different gas flow rates. 

 

Fig.5.34. Absorbance plot of ZnO thin films at different gas flow rates. (Inset shows 

variation of absorption coefficient with gas flow rate). 



105 
 

The optical bandgap of the deposited films have been obtained from 2)( h  versus 

)( h  plot by extrapolating the linear region towards )( h  axis (refer Fig. 5.35). The 

values obtained for optical bandgap were found to be 3.25 eV, 3.24 eV, 3.19 eV and 

3.18 eV for 10 sccm, 20 sccm, 30 sccm and 40 sccm gas flow rates respectively. 

Urbach energy ( UE ) has been derived by taking the reciprocal of the slope of )ln(

versus h  plot (refer Fig. 5.36). Values obtained for urbach energy were found to be 

58 meV, 66 meV, 156 meV and 155 meV for 10, 20, 30 and 40 sccm gas flow rates 

respectively. 

 

Fig.5.35.  2h  versus ( h ) plot for optical bandgap calculation. 

 
Fig.5.36. ln ( ) versus h  plot for urbach energy calculation in ZnO thin films. 
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 5.5    Conclusion 

This chapter presents preparation and optimization of ZnO thin films prepared by RF 

sputtering technique. In thickness dependent study of RF sputtered ZnO thin films, a 

detailed systematic investigation on thickness dependent structural and optical 

characterization of ZnO thin films have been presented which could be an important 

contribution for future ZnO thin film based optoelectronic devices. Four different 

samples of ZnO thin films with thickness varying from 190 nm to 342 nm have been 

deposited over p-Si and glass substrates by RF sputter at room temperature. XRD 

results confirmed that all deposited films were highly c-axis oriented. As thickness 

increases, crystalline quality of ZnO thin films has improved with increased grain size. 

Dislocation density, stress and strain of deposited films has decreased with increased 

thickness. AFM, SEM and EDX results confirm that all deposited films were almost 

uniform, homogenous and crack free. All deposited films have exhibited high 

transparency (>85%) in the visible region, and optical bandgap has shown an 

increment from 3.22-3.26 eV with increased thickness. Effect of thickness variation 

over different optical parameters such as transmittance, absorbance, optical bandgap, 

reflectance, absorbance, refractive index, reflectance and dielectric constant has also 

been investigated. Optical study shows that the refractive index, dielectric constant 

and UV emission intensity of deposited ZnO thin films increases with increased 

thickness. Results conclude that ZnO is a potential candidate for a variety of 

optoelectronic device applications and thickness variation in ZnO thin films do have a 

considerable influence over its structural and optical properties. 

In annealing temperature dependent study, RF sputtered ZnO thin films were annealed 

at different temperatures (300°C to 600°C) in order to study the effect of post 

annealing temperature on deposited films. All deposited films exhibited a strong (002) 

crystallographic orientation and an increase in grain size with increasing annealing 

temperature has been observed. Nature of stress for deposited ZnO thin films got 

shifted from compressive to tensile as annealing temperature has increased from 

300°C to 600°C. The optical transmittance was found to be more than 85 % in visible 

region for all deposited samples. Optical bandgap has increased at higher annealing 

temperature. The strong UV emission of deposited films have confirmed the usability 

of ZnO thin films in near UV light source applications such as next generation UV 

lasers. 
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In sputtering power dependent study, ZnO thin films were deposited over Si (100) and 

glass substrates at different sputtering powers (80-140 watt) using RF sputtering 

technique. It has been observed that the crystalline size increases with increased RF 

power. The ZnO films deposited at higher sputtering power has shown low defect 

density, stress and strain as compared to the films deposited at lower sputtering power. 

AFM results reveal that surface roughness has increased with increasing RF power. 

All films has shown high transparency (>85%) in visible region which ensures the 

usability of ZnO thin films in transparent electronics applications. Results confirm that 

the films deposited at 120 watt have shown best surface morphology and optical 

properties. It is believed that the balance between surface diffusion of ZnO molecules 

and number of ZnO molecules reaching at the substrate surface at 120 watt RF power 

provides optimum growth condition for high quality ZnO thin films. Effect of 

sputtering power on UV emission intensity has also been analyzed. 

In gas flow rate dependent study, ZnO thin films with varying argon gas flow rate 

were deposited using RF sputtering technique. It has been observed that the peak 

intensity at higher gas flow rates has reduced due to reduced plasma density. A high 

optical transmittance of 85-98 % in visible region has been observed for all deposited 

samples. Some other important optical parameters such as absorption, optical bandgap 

and urbach energy has also been analyzed and reported. Films deposited at 20 sccm 

have exhibited high quality results and it has been observed that as argon gas flow rate 

increases from 20 scccm to 40 scccm, the plasma density degrades which reduces the 

deposition rate drastically.  

Based on our study, the various physical and growth parameters such as thickness, 

sputtering power, annealing temperature and gas flow rate can lie in following range 

(refer Table 5.5) to achieve high quality ZnO thin films. 

Table 5.5. Range of various growth parameters to achieve high quality ZnO thin films 

 
Parameter  Range  

Thickness 300-350 nm  
Sputtering Power 100-120 watt  
Annealing Temperature 400-500 °C 
Gas Flow Rate 10-15 sccm  
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CHAPTER 6 

 

Temperature Dependent Electrical Characteristics of Nanostructured n-ZnO/p-

Si Heterojunction Diodes 

 

This chapter presents temperature dependent electrical characteristics of n-ZnO/p-Si 

heterojunction diode. Estimation of series resistance, reverse saturation current,  

ideality factor, barrier height and Richardson constant have been done for a given 

temperature range of 250C to 1200C. Gaussian distribution function with standard 

deviation of ߪ଴ around the mean barrier height has been used to solve the problem of 

barrier inhomogeneity at n-ZnO/p-Si interface. 

 

6.1.    Introduction 

In recent years, ZnO has drawn a global research interest of researchers due to its 

unique electronic and optoelectronic properties. The wide band gap (3.37 eV), large 

exciton binding energy (60 meV),  high electron mobility, good transparency, high 

thermal and mechanical stability, large saturation velocity and low growth cost 

ensures its suitability for different optoelectronic and nanoelectronic device 

applications [214]. Nanostructured ZnO is an important material for many high 

technological applications including diodes, solar cells, sensors, actuators, transparent 

conducting films, photovoltaic devices and so on. Efforts have been devoted by some 

researchers to produce p-type ZnO thin films in order to fully utilize the potential of 

ZnO. But the difficulty in producing stable and high quality p-type doping of ZnO has 

led the researchers to grow n-ZnO on different p-type substrates to ensure the usability 

of ZnO thin films in different photonic and optoelectronic devices. Different 

heterojunction devices such as n-ZnO/p-Si, n-ZnO/p-SiC, p-SrCu2O2/n-ZnO, p-

ZnRh2O4/n-ZnO and p-NiO/n-ZnO have been reported in past [156, 215-217]. Among 

these, n-ZnO/p-Si heterojunction is a suitable choice due to its cost effectiveness and 

suitability with mature silicon ICs.  

Some work on electrical and optoelectronic properties of n-ZnO/p-Si heterostructures 

using different fabrication methods have been reported in past [151, 218, 219]. 

However, no significant work for the estimation of barrier height and Richardson 

constant considering the barrier inhomogeneities at the interface of n-ZnO/p-Si 
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heterojunction diode has been reported in best of our knowledge. Majumdar et al. 

reported p-ZnO/n-Si heterojunction diode using pulsed laser deposition technique 

[152]. They observed that barrier inhomogeneity at n-ZnO/p-Si heterojunction diode 

is the reason for the deviation of temperature dependent characteristics from its pure 

Thermionic Emission (TE) diffusion theory. In addition, Chirakkara et al. [151] 

suggested that TE theory with Gaussian distribution of barrier heights is favourable 

method to explain most of the electrical abnormalities of heterostructures at low and 

high temperatures. Al-Heniti [220] demonstrated temperature dependence of n-ZnO/p-

Si p-n heterojunction diode with barrier height of 0.864 eV but estimation of 

Richardson constant has not been reported. Asil et al. investigated Richardson 

constant of 6.2 Acm-2K-2 which is very less than the theoretical value (32 Acm-2K-2) 

for ZnO [221].  

This chapter presents temperature dependent I-V-T characteristics of n-ZnO/p-Si 

heterojunction diode using vacuum coating technique. Nanostructured zinc oxide 

(ZnO) thin film was deposited on p-type silicon (Si) substrate by thermal evaporation 

technique for fabricating n-ZnO/p-Si heterojunction diode. Estimation of series 

resistance, reverse saturation current,  ideality factor, barrier height and Richardson 

constant have been done for a given temperature range of 250C to 1200C. Results also 

confirm that the temperature dependent I-V characteristics of n-ZnO/p-Si 

heterojunction obey the theory of thermionic emission with Gaussian distribution. 

 

6.2    Experimental Details 

6.2.1    ZnO Thin Film Preparation 

Nanostructured ZnO thin film was deposited on p-Si (100) substrate using vacuum 

coating method in order to fabricate n-ZnO/p-Si heterojunction diode. P-type Si (100) 

substrate with boron doping concentration of ~7×1015 cm–3 and resistivity of 8-10 Ωcm 

was used as substrate for the fabrication of n-ZnO/p-Si heterojunction diode. ZnO 

powder with 99.99% purity from MERCK-Chemical limited, Mumbai, India was used 

as source material. Acetone, isopropyl alcohol and de-ionized water (from Milli-Q 

water plant of Millipore, USA, resistivity ~18 MΩcm) were used in sequence for 

wafer cleaning. For controlled growth of ZnO film, a 20 nm thick seed layer of Al 

doped ZnO (AZO with ~1% Al) was deposited on silicon wafer using vacuum coating 

technique. The vacuum coating unit (Model no 12A4D of HINDVAC, India) was used 
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for AZO and ZnO layer growth in sequence. The base pressure, DC power and 

evaporation time was 10-3 mPa, 45 W and 40 minutes respectively during the 

deposition. The distance between source and substrate was 18 cm and deposition was 

done at room temperature (27°C). ZnO and Al powders were mixed with polyvinyl 

alcohol (PVA) in appropriate amount (by weight) for about 1 hour using agate mortar 

and pestle sets. ZnO and Al doped ZnO pellets were made using a hot pressure setup. 

Conventional molybdenum boat was used as heating filament for the evaporation of 

AZO/ZnO pellets during the deposition of the film. The measured thickness of ZnO 

thin film was ~300 nm. Then, the sample was subjected to rapid thermal annealing 

(RTA) at 600ºC in O2 and Ar ambient so that the quality and conductivity of ZnO thin 

film nanowires can be improved. After annealing, when temperature reached at room 

temperature (27°C), structural and morphological properties of ZnO thin film were 

studied. 

 

6.2.2    Thin Film Characterization  

Detailed description of different fabrication and characterization techniques (Thermal 

Evaporation, XRD, AFM, EDX) to study the structural and optical properties of the 

fabricated n-ZnO/p-Si heterojunction is already presented in Chapter3. Subsequently, 

the potential of n-ZnO/p-Si heterojunction for optoelectronic device applications was 

also tested.  

Fig.6.1 shows the schematic diagram of I-V measurement setup for n-ZnO/p-Si 

heterojunction diode. Ohmic contacts for I-V measurement were obtained by 

depositing Al dots on ZnO thin film. A ~20 nm thick Al layer was deposited on 

backside of p-Si substrate to obtain the ohmic contact from the back. After ensuring 

ohmic characteristics for Al/ZnO interface and Al/Si interface (refer Fig. 6.1), the I-V 

characteristics of the n-ZnO/p-Si heterojunction were studied further. The temperature 

dependent I-V characteristics of n-ZnO/p-Si heterojunction diode were studied using 

semiconductor parameter analyzers from Agilent Technologies (Model: B1500A). 

Temperature was varied from 250C to 1200C for a voltage range of -5 to 5 V. 
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Fig.6.1. Ohmic contact plot for Al/ZnO and Al/Si interfaces (inset shows schematic 

diagram of heterojunction based on n-ZnO /p-Si device structure). 

 

6.3    Results and Discussion 

6.3.1    Structural and Surface Morphology Study 

Figure 6.2 (a) depicts the X-ray diffraction (XRD) analysis of nanostructures n-ZnO 

thin film. The XRD pattern of ZnO thin film (Fig. 6.2 (a)) has shown a unique peak at 

2θ = 34.41° corresponding to the (002) reflexion of ZnO and confirmed a good single 

crystalline nature of ZnO thin film. XRD pattern indicates a preferential growth, 

oriented along the c-axis in accordance with previous reports available in the literature 

[152, 215, and 219]. The Atomic Force Microscope (AFM) image (inset Fig. 6.2 (a)) 

clearly demonstrates that well-aligned vertical ZnO nanoneedle arrays with excellent 

morphology can be grown on p-Si substrate using thermal evaporation technique.  

This feature of ZnO thin film ensures its suitability for nanoelectronic device 

applications. Energy-Dispersive X-ray (EDX) spectra shown in Fig. 6.2 (b) confirm 

the presence of Zn, Al and O on the sample. The inset in Fig. 6.2 (b) shows the 

elements (by corresponding wt. %) present in the prepared thin film. The average 



112 
 

diameter and length of the ZnO nanowires was found to be in the range of 20-40 nm 

and 3 – 4 μm respectively.  

 

 

Fig.6.2. (a) XRD spectra of ZnO thin film (inset shows two-dimensional view 

AFM image of ZnO on Si), (b) EDX spectra for ZnO thin film (inset shows 

elements by corresponding atomic wt. % for ZnO/Si heterojunction). 
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6.3.2    Temperature Dependent Characteristics for n-ZnO/p-Si Heterojunction 

Figure 6.3 shows the experimentally measured I-V characteristics for n-ZnO/p-Si 

heterojunction diode and confirms the rectifying nature of the contact. The turn-on 

voltage of the n-ZnO/p-Si heterojunction is estimated to be 0.8 V at room temperature. 

Conventional thermionic emission model has been used for the analysis of the 

temperature dependent I–V characteristics of n-ZnO/p-Si heterojunction to extract the 

diode parameters. Using standard thermionic emission equation for ZnO/Si 

heterojunction, the relation between voltage and current can be expressed as: 

ܫ = ଴ܫ ൤exp ൬
ܸݍ
൰ܶ݇ߟ − 1൨                                                                                                       (6.1) 

where ݍ represents charge of electron, ܸ is biasing voltage, ݇ is Boltzmann 

constant, ܫ଴ reverse saturation current and  ߟ is the ideality factor described as [149]: 

ߟ = ൤
ݍ
݇ܶ

߲ܸ
߲ ln(ܫ)൨                                                                                                                    (6.2) 

where (߲ ln (ܫ) )/߲ܸ) can be obtained from the linear region slop of ln(ܫ)− ܸ  plot, 

 is Richardson constant ∗ܣ ,is contact area which is ~ 0.785×10-2 cm2 in our case ܣ 

and  ߶஻,௘௙௙ (Acm−2k-2 32 =∗ܣ)  is the  effective  barrier  height at zero bias described 

as: 

߶஻,௘௙௙ =
݇ܶ
ݍ ݈݊ ቆ

ଶܶ∗ܣܣ

௢ܫ
ቇ                                                                                                     (6.3) 

The proportionality of reverse current with temperature (refer Eq. (6.3)) clearly shows 

that reverse current is highly temperature dependent. Temperature dependent I-V 

curve shown in Fig. 6.3 also confirms this phenomenon. It is also observed in Fig. 6.3 

that the reverse current is slightly non-saturating with the reverse bias voltage. This 

non-saturation of current with applied reverse bias is due to spatial inhomogeneity of 

barrier height explained by Yıldız et al. [222]. However, the saturated downward 

curvature in the temperature dependent I-V-T characteristics at forward bias region 

can be attributed to the large surface state density near the bottom of the conduction 

band and the series resistance of the device. Aydogan et al. [223] reported that series 

resistance is one of the reasons for non linear region I-V characteristics. The method 

introduced by Cheung et al. [224], verified by Altindal et al. [225] and Werner et al. 

[226] have been used to analyze the temperature dependence of series resistance for I-

V characteristics. Series resistance for given n-ZnO/p-Si heterojunction diode can be 

described as [223]: 
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ܸ݀
݀(ln(ܫ)) =

ܶ݇ߟ
ݍ + ܴௌ(6.4)                                                                                                          ܫ 

 

Series resistance has been derived from the slop of ܸ݀/ ݀(ln(ܫ)) vs ܫ plot (not shown 

here) over the temperature range of 250C to 1200C.  

 

 
Fig.6.3 Experimental ln I-V characteristics of n-ZnO/p-Si heterojunction for different 

temperature ranges. 

Fig.6.4 shows the variation of series resistance with temperature. It can be seen from 

the graph that as temperature increases from 250C to 1200C, series resistance has 

reduced from ~ 933 Ω to ~ 481 Ω.  The values of Io, ߶஻,௘௙௙  and ߟ  estimated from the 

I–V-T characteristics over 250C to 1200C operating temperatures are shown in Table I. 

Results confirm good temperature stability of n-ZnO/p-Si heterojunction diodes. It can 

be seen from Table. 6.1 that reverse saturation current, barrier height and ideality 

factor all are temperature dependent. As operating temperature increases from 250C to 

1200C, reverse saturation current and barrier height increases whereas ideality factor 

decreases with temperature rise. The value of ideality factor greater than its ideal 

value of unity is attributed to the inhomogeneity at n-ZnO/p-Si interface [227-231]. 
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Difference between thermal expansion coefficient of Si and ZnO and lattice mismatch 

is the probable reason for this deviation from its ideal value. Lattice mismatch may 

cause strain in the film due to edge dislocations at the junction [152, 220]. The ideality 

factor of greater than 1 for n-ZnO/p-Si heterojunction diode indicates that thermionic 

emission and diffusion are not the only dominating current transport mechanism. 

Temperature dependence of ideality factor implies that diffusion, thermionic emission, 

tunnelling and space charge region recombination can be the possible current transport 

mechanisms for n-ZnO/p-Si heterostructure diodes. Fig. 6.5 shows a linear 

relationship between barrier heights and ideality factor over a given temperature 

range. According to Schmitsdorf et al., this linear relationship between ideality factor 

and barrier height attributes to barrier irregularity and lateral inhomogeneities of 

barrier heights [232].  

 

 
 

Fig.6.4. Series resistance vs temperature plot for n-ZnO/p-Si heterojunction diode. 
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Table 6.1. Variation of reverse saturation current, barrier height and ideality factor 

with temperature for n-ZnO/p-Si heterojunction diode. 

 

 

Temperature 
(0C) 

Reverse Saturation 
Current (A) 

Barrier Height 
(eV) Ideality Factor 

25 1.25x10-7 0.665299 3.50 

30 2.50 x10-7 0.659232 3.51 

35 3.43 x10-7 0.662585 3.48 

40 4.76 x10-7 0.665372 3.47 

45 5.60 x10-7 0.683857 3.40 

50 6.68 x10-7 0.690327 3.38 

55 7.62 x10-7 0.69794 3.37 

60 8.41 x10-7 0.706415 3.35 

65 9.56 x10-7 0.713944 3.34 

70 1.07 x10-6 0.717349 3.36 

75 1.10 x10-6 0.721012 3.33 

80 1.16 x10-6 0.730624 3.31 

85 1.23 x10-6 0.740033 3.28 

90 1.36 x10-6 0.748093 3.27 

95 1.47 x10-6 0.756799 3.26 

100 1.58 x10-6 0.765629 3.23 

105 1.65 x10-6 0.775348 3.20 

110 1.88 x10-6 0.782164 3.16 

115 2.03 x10-6 0.790676 3.15 

120 2.24 x10-6 0.798399 3.14 
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Fig.6.5. Barrier height vs ideality factor plot over the temperature range of 250C to 

1200C. 

Equation 6.3 can be rearranged as Eq. (6.5) to obtain relationship between ݈݊(ܫ଴/ܶଶ ) 

vs ݍ/݇ܶ. Fig. 6.6 shows ݈݊(ܫ଴/ܶଶ ) vs ݍ/݇ܶ  plot which gives barrier height of 194 

meV and Richardson constant of 6.61×10-7 Acm-2K-2 from slope and intercept 

respectively.  

ln ቀ ூబ
்మ
ቁ = ln(ܣܣ∗) − ௤∅ಳబ

௞்
                                                                                                    (6.5)        

 
Fig.6.6. Richardson’s plot of ln(ܫ଴/ܶଶ) vs q/kT for barrier height and Richardson 

constant calculation. 
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This significant deviation of Richardson constant from its theoretical value i.e. 32 

Acm-2K-2 is due to barrier inhomogeneities at the interface. This barrier 

imhomogeneity have been analyzed and corrected to obtain modified Richardson 

constant which is very close to the standard theoretical value of Richardson constant 

(32 Acm-2K-2) for ZnO. Tung [233] explained that the low barrier height region 

surrounded by high barrier height region should lead to “pinch off” of conduction path 

due to the interaction between the patches, and the change in barrier height may occur 

at very small scale as compared to depletion region width. 

To solve the problem of inhomogeneous contacts, Gaussian distribution function with 

standard deviation of ߪ଴ around the mean barrier height has been used. Barrier height 

and ideality factor while implementing the Gaussian distribution can be described as 

[234, 235].   

∅஻,௘௙௙(ܶ) = ∅஻଴,௠(ܶ = 0)− ௤ఙబమ

ଶ௞்
                                                                                     (6.6)            

                                                                                                         

൬
1

(ܶ)ߟ − 1൰ = ଵߩ −
ଶߩݍ
2݇ܶ                                                                                                       (6.7) 

 

∅஻,௠(ܸ) = ∅஻଴,௠ +  ଵܸ                                                                                                      (6.8)ߩ

 

(ܸ)ଶߪ = ଴ଶߪ +  ଶܸ                                                                                                                (6.9)ߩ

 

where ߟ(ܶ) is temperature dependent ideality factor, ∅஻,௠(ܸ) is bias dependent mean 

barrier height, ߩଵ and ߩଶ are voltage coefficients which may depend upon temperature, 

 .is bias dependent standard deviation (ܸ)ߪ

Fig. 6.7 shows the plot between barrier height vs q/2kT. Linear fit equation (shown in 

Fig. 6.7) obtained from the slope and the intercept of the given experimental data 

when compared with Eq. (6.6) gives ∅஻,଴௠(ܶ = 0) = 1.24 eV and  ߪ଴=0.176 V. 

Similarly linear fit obtained from ିߟଵ-1 vs q/2kT plot (Fig. 6.8) when compared with 

Eq. (6.7) gives ߩଵ =   0.577 ܸ and  ߩଶ= 0.007 V. Temperature dependence of ideality 

factor can be calculated from equation (6.7) by using ߩଵand ߩଶ values derived from 

Fig.6.8. Bias dependent mean barrier height and standard deviation can be calculated 

from Eq. (6.8 and 6.9) using values of  ∅஻଴,௠(ܶ =  ଶ. By consideringߩ ଵ andߩ ,(0

barrier inhomogeneities, modified Richardson constant can be written as [234, 235]:  
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ln൬
଴ܫ
ܶଶ൰ − ቆ

଴ଶߪଶݍ

2(݇ܶ)ଶቇ = ln(ܣܣ∗) −
ܶ)஻଴,௠∅ݍ = 0)

݇ܶ                                                    (6.10) 

 

The plot between ln(ܫ଴/ܶଶ)- ݍଶߪ଴ଶ/2(݇ܶ)ଶ versus q/kT is a straight line where slope 

gives mean barrier height and intercept gives modified Richardson constant. Value of 

mean barrier height and modified Richardson constant obtained from Fig. 6.9 is 1.25 

eV and 39.18 Acm-2K-2 respectively. Consideration of barrier height inhomogeneities 

phenomenon has shown significant improvement for modified Richardson constant 

which is very close to the actual theoretical value of Richardson constant i.e. 32 Acm-

2K-2. This modified value of Richardson constant is better than reported by others. 

[234, 235]. 

 

 
 

Fig.6.7. Effective barrier height as a function of q/2kT. 
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Fig.6.8. ିߟଵ-1 Vs q/2kT plot for calculation of different parameters. 

 
Fig.6.9. Modified Richardson plot for calculation of barrier height and Richardson 

constant by considering Gaussian distribution of barrier height. 
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6.4.    Conclusion 

In this chapter, fabrication and temperature dependent electrical characteristics of n-

ZnO/p-Si heterojunction diode have been studied. Temperature variation of 250C to 

1200C for n-ZnO/p-Si heterojunction diode has shown good thermal stability. Effect 

of temperature variation on series resistance of n-ZnO/p-Si heterojunction diode has 

also been evaluated. It has been observed that as temperature increases barrier height 

and reverse saturation current increases whereas ideality factor decreases. The 

estimated value of Richardson constant obtained from ln (ܫ଴/ܶଶ) vs q/kT plot is 

6.61×10-7 Acm-2K-2 which was very less than the theoretical value of Richardson 

constant for ZnO. It has been observed that the barrier inhomogeneity at the interface 

of ZnO/Si is the probable reason for deviation of Richardson constant. So by 

implementing the Gaussian distribution of barrier height to TE model, modified 

Richardson constant of 39.18 Acm-2K-2 is obtained which is very close to the actual 

theoretical value of Richardson constant i.e. 32 Acm-2K-2.  
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CHAPTER 7 

 

Nancrystalline n-ZnO/p-Si Heterojunction Based Ultraviolet Detector 

 

This chapter presents ultraviolet light detection properties of n-ZnO/p-Si 

heterojunction diodes. The structural and surface morphological properties of the 

deposited films were studied using XRD, AFM, SEM, TEM and Raman spectroscopy. 

The junction properties of ZnO/Si heterojunction diodes were investigated using 

current-voltage and capacitance-voltage measurements. Various other parameters such 

as built-in potential, donor concentration and depletion width have also been 

evaluated.  The fabricated diodes show a very good response towards UV light.  

 

 

7.1. Introduction 

In last decade, ZnO has emerged as a promising candidate for wide variety of 

nanoelectronic and optoelectronic device applications. It’s cheap cost, wide bandgap, 

high exciton binding energy, high chemical stability and strong radiation hardness 

make ZnO a potential choice over other wide band gap materials. ZnO nanostructure 

based heterojunctions have proved their potentiality in many advanced applications 

which include sensors, actuators, light emitting diodes, solar cells and piezoelectric 

nanogenerators [236-238]. 

In recent years, ZnO has drawn a substantial attention of researchers for UV detection 

applications. Large and direct bandgap, high surface to volume ratio and other 

superior properties of ZnO has made it a promising choice for ultra violet light 

detection with high selectivity and sensitivity. ZnO based UV detectors can also be 

very useful in variety applications such as flame sensing, space to space 

communication, UV astronomy, and environmental monitoring. Different ZnO based 

UV photodetectors such as metal-semiconductor-metal photodiode, schottky 

photodiode and p-n heterojunction photodiode have been reported by researchers in 

past [11, 101, 239]. Among these, p-n heterojunction based photodiode is simple to 

fabricate with a very high UV detection capabilities. 

While some reports on p-ZnO based optoelectronic devices are available in the 

literature, in general it is difficult to obtain high quality p-doped ZnO films with good 
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repeatability and reproducibility. Studies on n-ZnO based heterojunctions with various 

p-type substrates such as AlGaN [240], GaN [157], SiC [182] and Si [241] have been 

reported in past. Among these, n-ZnO films deposited over p-Si substrates have 

attracted special interest because silicon technology is very well matured in industry. 

Many deposition techniques such as metal organic CVD [242], pulsed laser deposition 

(PLD) [185], sol-gel [168], radio frequency (RF) sputtering) [243] and thermal vapor 

deposition [219] have been used in past to grow ZnO thin films. Among these, RF 

sputtering provides high quality ZnO thin films with a precise control over different 

process parameters such as substrate temperature, sputtering power, gas flow rate and 

deposition pressure.  

This chapter presents structural, electrical and UV detection properties of n-ZnO/p-Si 

heterojunction diodes. n-ZnO thin films were deposited over p-Si (100) substrate 

using RF sputtering. In order to investigate the quality of the deposited films, 

structural and surface morphological properties were studied using XRD, AFM, SEM, 

TEM and Raman spectroscopy. The effect of temperature on various electrical 

parameters (ideality factor, barrier height) was investigated using current (I) – voltage 

(V) measurements. Capacitance (C) – voltage (V) measurement were done to evaluate 

built-in potential, donor concentration and depletion width of the fabricated structures. 

The response of the fabricated n-ZnO/p-Si heterojunction diodes towards UV light 

was also tested and various other parameters such as responsivity and detectivity 

which are necessary to analyze the performance of n-ZnO/p-Si UV detectors have also 

been evaluated. 

 

7.2    Experimental Details 

The ZnO thin films were grown onto p-type Si (100) substrates (resistivity: 8-10 Ωcm, 

boron doping concentration: ~7×1015 cm–3) using RF sputtering. All the process 

parameters such as sputtering power, deposition pressure and gas flow rate were 

optimized prior to the actual deposition, so that high quality films can be obtained. 

The deposition pressure, sputtering power and argon flow rate were maintained at 4-

6×10-3 mbar, 100 W and 10 sccm respectively during the deposition. Deposition was 

done at room temperature and deposition rate was found to be in the range of 0.2-0.4 

Å/sec. ZnO film thickness for device fabrication was ~350 nm. Post deposition 

samples were annealed for 1 hour at 400°C in argon ambient. RF sputter deposition 
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with shadow masking was used to realize aluminium contacts on Si and ZnO. The 

thickness of aluminium dots was ~125 nm.  

The crystallographic, structural and surface morphological properties of the deposited 

films were studied using XRD (PANalytical X’Pert Pro - 18 kW Cu X-ray 

diffractometer with Cu Kα radiation (λ = 1.542 Å)), AFM (Multimode 8 SPM, 

Bruker) and SEM (Nova Nano FE-SEM 450) respectively. In order to elucidate local 

morphology and structure of the ZnO nanocrystals, TEM was performed on ZnO films 

(~20 nm thickness) which were sputter deposited under the same conditions as the 

thicker device films onto 5 nm SiN TEM windows (Simpore, SN100A05Q00). TEM 

(Philips CM200) with electron acceleration voltage of 150 kV was employed to obtain 

complementary bright field, selected area electron diffraction (SAED) and dark field 

information. The obtained SAED patterns were phase identified by comparison to the 

Inorganic Crystal Structure Database (ICSD) entry 31052 (ZnO; P63mc Wurtzite 

structure). A Raman Spectrometer (NT MDT Ntegra Spectra) with 473 nm excitation 

laser was employed to investigate deposited ZnO thin film. Electrical characterization 

of fabricated n-ZnO/p-Si heterojunction diodes was been done using a Semiconductor 

Parameter Analyzer (Agilent-B1500A). A 365nm wavelength UV lamp from 

ORANGE, India (PVU365) was used to investigate UV detection capabilities of the 

fabricated n-ZnO/p-Si diodes.  

 

7.3    Results and Discussion 

7.3.1    Structural and Surface Morphology Study: 

Fig. 7.1 shows the XRD pattern of the deposited ZnO thin films. The nature of the 

film was found to be polycrystalline with a dominating (002) crystallographic 

orientation. Some additional low intensity peaks with (101), (102) and (103) 

orientations has also been observed. The average crystalline size obtained from 

Scherrer formula [197] was found to be 55.2 nm for (002) crystallographic orientation. 

The value obtained for lattice parameters (a,b,c) from the diffraction pattern was 

recorded as a=b=3.013 Å and c=5.2202 Å which compares well with the standard 

JCPDS Card (No.-36-1451 [197]). The slight variation in lattice constants from bulk 

ZnO is usually expected in low dimensional growth of ZnO thin films. The values 

obtained for dislocation density, stress and strain [197, 198] were found to be 
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0.32×10-3 nm-2, -0.635 GPa and 2.2×10-3 respectively. The negative sign in the stress 

value confirms that the nature of the stress was compressive.  
 

 
 

Fig.7.1.  X-Ray diffraction pattern of deposited ZnO thin film over Si substrate. 
 

Fig. 7.2 shows AFM images of the ZnO film surface. It is evident from the images 

that the surface of the deposited film is reasonably smooth. The roughness was found 

to be 5.4 nm over an area of 3×3 ߤm2. The three dimensionally plotted AFM image 

also reveals the dense growth of grains with a highly homogenous distribution. Fig. 

7.3 shows corresponding SEM micrograph of the deposited ZnO film. It is clear from 

the SEM image that the grains are uniformly distributed over the substrate with good 

adhesion. The size of the grains was found to be in the range of 45-100 nm. Energy 

dispersive X-Ray (EDX) spectroscopy confirms that only zinc and oxygen are present 

in the deposited film.  

Fig. 7.4 shows TEM characterization of the sputter deposited ZnO films. The bright 

field TEM images in Fig. 7.4 (a) confirm the nanostructured morphology of the 

deposited film which is consistent with the SEM and AFM data. The selective area 

electron diffraction data in Fig. 7.4 (b) is consistent with ZnO of polycrystalline 

wurtzite structure (P63mc). The dark field TEM in Fig. 7.4 (c) shows the only crystals 
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which diffract into the marked diffraction spot indicated in 7.4 (b), thus allowing to 

directly measure the crystallite size of separated nanocrystals. This reveals that the 

ZnO film is composed of nanocrystals with crystallite sizes of 10 nm to 30 nm. The 

somewhat smaller crystallite size obtained from TEM (ZnO film thickness: ~20 nm) 

compared to XRD/SEM (ZnO film thickness: ~350 nm) data can be correlated with 

film thickness.  

 

 
 
 
Fig.7.2. Two and three dimensional atomic force microscopy images of deposited 

ZnO thin films over 3 ߤm × 3 ߤm area.  
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Fig. 7.3.  Scanning electron microscopy images of deposited ZnO thin films. 
 

 
 

Fig.7.4. (a) Nanostructured morphology of deposited ZnO thin film (~20nm). (b). 

Selected area electron diffraction (SAED) of ZnO thin film. (c) Dark field (DF) image 
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of only crystals which diffract into the marked diffraction spot highlighted in image 

(b). 
 

Raman Spectroscopy has also been used to confirm the lattice structure and crystalline 

quality of the ZnO thin films. Our measurements in Fig. 7.5 clearly reveal that two 

Raman peaks associated with ZnO can be observed in our films (while the other peaks 

are related to the Si substrate): One peak is observed at ~436 cm-1 and another peak is 

located at ~576 cm-1, as a shoulder to a Si related peak. The former peak is related to 

E2 (High) vibrations and the latter peak is located in the region between the A1 (LO) 

and E1 (LO) vibrations. The appearance of both these peaks is in good agreement with 

previous studies on nanostructured ZnO [244]. We note that the E2 (high) peak is 

shifted by 3 cm-1 compared to its bulk value i.e. 439 cm-1. Alim et al. suggested that 

that laser induced heating in the nanostructure, phonon localization defects and 

phonon confinement by quantum dot boundaries could be the probable reasons for this 

shift in E2 (High) peak [244].  

 

 
 
Fig.7.5.  Raman spectra of deposited ZnO thin film deposited over p-Si substrate. 
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7.3.2    Electrical Characterization of n-ZnO/p-Si Diode: 

Fig. 7.6 shows the schematic diagram of our fabricated n-ZnO/p-Si heterojunction 

photodiodes. The ohmic nature of the Al/Si/Al and the Al/ZnO/Al contacts was 

confirmed by current-voltage measurements as shown in the inset of Fig. 7.7. The I-V 

plot of a fabricated ZnO/Si heterojunction photodiode in forward and reverse bias 

conditions is shown in Fig. 7.7. The fabricated structure exhibits excellent rectification 

of ~840 at ±5 V. The current transport mechanism of the fabricated structure can be 

understood from I-V characteristics of the fabricated structure. The behaviour of 

forward current with applied bias can be divided in three distinct regions (X, Y and 

Z). For region X (V < 1 V), the relation between current and biasing voltage was 

found to be linear which is probably due to the domination of tunneling mechanism. 

In region II (1 V ≤ V <3.3 V), an exponential increase in current with biasing voltage 

is observed which is mainly due to tunneling caused by recombination mechanism 

[178]. In region Z (3.3 V < V < 5.0 V), the nature of the I-V characteristics deviates 

from ideal thermionic emission and exhibits a I~V2 relation. This behaviour of current 

in V ≥ 3.3V region is attributed to space charge limited current conduction which is a 

common phenomenon in large bandgap materials [245].  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7.6.  Schematic diagram of fabricated n-ZnO/p-Si heterojunction diode. 
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Fig.7.7. Current versus voltage plot of fabricated n-ZnO/p-Si diode (inset shows the 

ohmic nature of Al-Si-Al and Al-ZnO-Al contacts). 
 
Fig. 7.8 shows temperature dependent I-V characteristics. The temperature has been 

varied from 303-403 K and effect of temperature on ideality factor and barrier height 

has been investigated. It is observed that the reverse saturation current increases with 

increase in temperature. The increase of thermally generated minority carriers in the 

depletion region of the p-n junction is the probable reason for this increased reverse 

saturation current at higher temperature ranges. 

The typical current transport mechanism for such heterojunctions by assuming 

commonly used thermionic emission theory can be written as follows: 

0 exp( ) 1qVI I
kT

 
  

 
                                                                                                

(7.1) 

Where 0I , q ,  , k  and T  are reverse saturation current, electronic charge, ideality 

factor, Boltzmann constant and operating temperature respectively. For /V kT q , 

the ideality factor derived from Eq.(7.1) can be expressed as follows [149]: 

(ln( ))
q dV

kT d I


 
  

 
                                                                                                    (7.2) 
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The effective barrier height for the fabricated n-ZnO/p-Si heterojunction can be 

obtained as [246]: 
* 2

,
0

ln( )B eff
kT AA T
q I

                                                                                                 (7.3) 

Where A  and *A  are effective contact area and Richardson constant (32 Acm−2K−2) 

respectively. Fig. 7.9 shows the variation of ideality factor and barrier height with 

temperature. It is clearly seen from the plot that the ideality factor decreases from 3.2 

to 1.7 whereas the barrier height increases from 0.74 eV to 0.96 eV as temperature has 

increased from 303 K to 403 K.  

The spatial barrier inhomogeneties which may appear due to considerable mismatch in 

lattice constants and thermal expansion coefficients of ZnO and Si, or a thin native 

SiO2 interfacial layer at ZnO/Si interface could be the probable reason for this 

enhancement in barrier height with temperature [178, 235]. At low temperature, low 

kinetic energy of carriers can surmount only spatial regions of lower barrier heights to 

contribute the current which results in large ideality factor and low barrier height at 

lower temperature. However, as the operating temperature increases, the kinetic 

energy of current carriers increases to surmount regions with higher barrier heights 

which results in reduced ideality factor and enhanced barrier height at high 

temperature ranges.  

 
 
Fig.7.8.  Temperature dependent current versus voltage curve of fabricated n-ZnO/p-

Si diode for a temperature range of 303-403K. 
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Fig.7.9.  Variation of ideality factor and barrier height with temperature for n-ZnO/p-

Si heterojunction diode.. 

Capacitance versus voltage measurement have been done to investigate charge carrier 

concentration, barrier height and depletion width of the fabricated p-n structure. Inset 

of Fig. 7.10 shows capacitance versus biasing voltage characteristic of n-ZnO/p-Si 

heterojunction diode at 1 MHz operating frequency. Considering /V kT q  and

A DN N , the relation between capacitance and voltage in conventional 

heterojunction theory can be expressed as [108, 151]: 

2

2

2( )bi

s D

V VA
C q N


                                                                                                         (7.4) 

Where A , biV , V , s  and DN  represents junction area, built-in-potential, basing 

voltage, permittivity of ZnO and donor concentration respectively. Fig. 7.10 shows 
2 2/A C  versus V plot where the linear region intercept along the x-axis gives built in 

potential and the slope can be used to derive donor concentration using following 

equation: 

2
D

s

N
q slope




                                                                                                      (7.5) 

The value obtained for the built-in potential and donor concentration ( DN ) were found 

to be 0.58 V and 4.02×1015 cm-3 respectively. The barrier height of the p-n 

heterojunction can also be evaluated from C-V plot using following equation: 
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0 ln( )C
d

D

NkTV
q N

                                                                                                    (7.6) 

Where CN  and 0dV  represents effective density of states in conduction band 

(3.55×1018 cm-3 [151]) and diffusion voltage at zero bias that can be obtained as 

0 ( / )d biV V kT q  .  The estimated value of barrier height obtained from Eq. (7.6) was 

found to be 0.78 eV. The slight variation of barrier height obtained from C-V curve as 

compared to barrier height obtained from I-V curve is probably due to the effect of 

image forces, barrier inhomogenities and surface impurities in the fabricated structure. 

The depletion width of the fabricated p-n junction can be obtained as [152]: 

0
.

( )s bi
Dep

D

V VW
qN

  
                                                                                               (7.7) 

The value obtained for depletion width was found to be 0.43 ߤm. 
 

 
Fig.7.10. 2 2/A C versus biasing voltage characteristics (inset shows capacitance versus 

voltage characteristics for n-ZnO/p-Si heterojunction diode) 

7.3.3    Ultraviolet Detection Properties of n-ZnO/p-Si Diode:  

Fig. 7.11 shows the response of our n-ZnO/p-Si heterojunction diodes to ultraviolet 

light of 365 nm wavelength. It is clearly seen from the I-V plot that the presence of 

UV light results in a significant variation in photocurrent under reverse bias condition. 

The contrast ratio that can be defined as the ratio of current under UV illumination to 

the current in dark, was found to be ~19 at -5 V. This high contrast ratio may be due 
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to the oxygen related hole trap states present at the surface of the film that prevents the 

charge carrier recombination and results in increased lifetime of the holes. In fact, the 

short transit time and long lifetime of charge carriers, is combined responsible for high 

sensitivity of fabricated photodetector under UV illumination. This also confirms the 

potentiality of n-ZnO/p-Si heterojunction diodes for a variety of UV detection 

applications. The photoconduction mechanism of fabricated structure under UV 

illumination is shown in Fig. 7.12. This proposed model follows previous work by 

Zhang [247] (although we note that alternative models have also been put forward 

[248, 249]).  When ZnO thin film comes in contact with atmospheric oxygen under 

dark condition, oxygen molecules get adsorbed on the ZnO surface by capturing free 

electrons from the conduction band of the ZnO layer. The above process under dark 

conditions can be written as follows: 

2 2( ) ( )O g e O ad                                                                                                    (7.8) 

 

Fig.7.11. Current versus voltage curve of n-ZnO/p-Si diode under dark and UV 

illumination (365nm wavelength).  

This adsorption of 2O  molecules over the ZnO surface creates a depletion layer over 

the ZnO which results in reduced conductivity of the ZnO film. When ZnO/Si 

heterojunction is exposed to UV lamp of 365 nm wavelength, the absorbed photons in 

the ZnO layer results in the generation of electron hole pairs:  

h e h                                                                                                                  (7.9) 

Where e  and h  are electrons and holes respectively. The photo-generated holes 

move towards the surface due to the electric field in the direction of the field 
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extending in the depletion region. These holes neutralize the adsorbed oxygen atoms 

and hence the oxygen atoms get desorbed near the surface (Fig. 7.12 (c)). This process 

can be explained as follows: 

2 2( ) ( )O ad h O g                                                                                                 (7.10) 

Since desorption is a reverse process of adsorption, it increases the electron 

concentration in conduction band which results in increased photoconductivity of the 

detector. In addition to desorption of oxygen atoms, the photo-generated electrons 

under UV illumination also enhance the conductivity significantly. The trapping 

process involved in adsorption and desorption of oxygen molecules makes ZnO a 

potential candidate for UV detection applications.  

 
Fig.7.12. Schematic diagram for the UV detection mechanism of n-ZnO/p-Si diode . 

The responsivity (R) of the fabricated p-n heterojunction photodiode can be obtained 

using following equation: 

P

opt

IR
P

                                                                                                                    (7.11) 

Where PI  and optP  represents photocurrent and incident optical power respectively. 

The value of responsivity for fabricated photodetector was found to be ~0.35 A/W. 
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Since the value of responsivity in most of the previously reported UV photodetectors 

lies in the range of 0.1-0.2 A/W [19, 250-253], the measured value of responsivity for 

the fabricated p-n heterojuction diode is considerably promising towards use in 

practical applications. The detectivity of our photodiode can be derived from 

following relation [261]. 
1/2

0

4
R A qD
kT hc

   
 

                                                                                               (7.12) 

Where k , T ,  ,  , q , h  and c  represents Boltzmann constant, lattice temperature, 

illumination wavelength (365 nm), quantum efficiency (= ( / )R hc q ), electronic 

charge, Plank’s constant and velocity of light respectively. Zero bias resistance area 

product ( 0R A ) can be obtained as follows: 

1

0
dJR A
dV


   
 

                                                                                                         (7.13) 

The value of zero bias resistance area product was found to be 2.22 Ω.m2. The 

detectivity value computed from Eq. (7.12) was found to be 4.16×109 mHz1/2W-1. 

Finally, Table 7.1 compares various performance parameters of the fabricated 

photodetector with other ZnO thin films based UV photodetector structures reported 

in past. It is clearly evident from the comparison that the fabricated photodetector has 

exhibited superior performance compared previously available reports and our device 

can be a potential candidate for future optoelectronic and Si photonic applications.   

 
Table 7.1     Comparison of ZnO thin film based different UV photodetectors 

 
 

Parameters 
Our 

Work 
p-n 

[254] 
Schottky 

[255] 
Schottky 

[176] 
MSM 
[239] 

Rectification Ratio 840 127 - - - 
Barrier Height [eV] 0.74 0.76 0.70 0.73 0.74 

Ideality  
Factor 

3.2 2.72 4.0 6.7 8 

Contrast  
Ratio 

19 - 7 8 12 

Responsivity 
[A/W] 

0.35 0.075 0.17 0.21 .056 

Detectivity 
[109×mHz1/2W-1] 

4.16 6.44 - 1.45 1.28 

 

 



137 
 

7.4    Conclusion 

In summary, n-ZnO/p-Si heterojunction diodes have been fabricated using RF 

sputtering technique. XRD, AFM, SEM TEM and Raman measurements were carried 

out to investigate the structural and surface morphological properties of deposited 

ZnO thin films. Results confirmed the highly c-axis oriented growth of ZnO 

nanocrystalline films with good homogeneity of grains over the entire substrate. The 

current-voltage measurements have shown a high rectification of ~840 for the 

fabricated structure. The temperature dependent I-V study has confirmed the good 

thermal stability of fabricated diode over a temperature range of 303-403 K. It has 

been observed that the ideality factor decreases whereas barrier height increases when 

temperature varies from 303-403 K. The capacitance versus voltage characteristics for 

the n-ZnO/p-Si heterojunction diode has also been studied. Current versus voltage 

measurements in dark and illumination conditions has confirmed the potential for UV 

detection of our fabricated structure. The values of responsivity and detectivity were 

found to be 0.35 A/W and 4.16×109 mHz1/2W-1 respectively. Results conclude that n-

ZnO/p-Si heterojunction based photodiode for UV detection can be very useful in 

variety of applications.  
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CHAPTER 8 

 

Conclusion and Future Work 

 

This chapter presents some major findings and outcomes of the thesis. It summarizes 

all the results presented in Chapter 4-7 of the thesis. Finally, the future scope of the 

work is outlined in the end.   

 

8.1    Conclusion 

Development of high quality ZnO thin films have opened up the new and existing 

applications in the field of optoelectronic and nanoelectronic devices. ZnO thin films 

have ensured their potentiality in active device applications which requires 

transparency of films in visible region such as detectors, solar cells and thin film 

transistors etc. In this thesis, a systematic study starting from simulation of ZnO based 

devices to actual device fabrication have been presented. First, the various electrical 

and optical parameters for ZnO/Si heterojunction based ultraviolet detectors have been 

simulated using ATLAS simulator from Silvaco International. In best of our 

knowledge, it was the first time that the simulation study of ZnO based UV detectors 

have been reported using TCAD tool. These kinds of studies can be very helpful to 

optimize the various device parameters over the tool itself which can reduce the 

fabrication cost and efforts significantly. After completing tool based study, we 

moved towards actual fabrication of high quality ZnO thin films with their 

applications in ultra violet light detection. ZnO thin films were deposited over p-Si 

(100) and glass substrates using RF sputtering technique. In order to ensure the high 

quality of deposited ZnO thin films, various physical and growth parameters such as 

film thickness, annealing temperature, sputtering power and gas flow rates have been 

optimized. A systematic investigation on how all these parameters affects structural 

and optical properties of ZnO thin films have been presented in detail. Thermal 

stability of fabricated devices is also an important concern which is required to be 

addressed. So a detailed investigation on temperature dependent electrical 

characteristics of n-ZnO/p-Si heterojunction diodes has also been done. Effect of 

temperature on various electrical parameters such as ideality factor, barrier height and 

Richardson constant has been investigated. The results confirmed the high thermal 
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stability of the fabricated diodes. The current-voltage measurements suggested that n-

ZnO/p-Si heterojunctions obey the theory of thermionic emission with Gaussian 

distribution. Finally, the potentiality of n-ZnO/p-Si heterojunction diodes for 

ultraviolet light detection application has been tested. Results confirmed the UV 

detection capabilities of ZnO/Si heterojunction diodes that can be very useful in 

variety of civil and military applications. Some of the major conclusions of this study 

are as follows: 

 

In Chapter 4, simulation study and performance analysis of ZnO/Si heterojunction 

based UV-Visible photodetector have been presented. Different electrical and optical 

parameters such as energy band diagram, electric field profile, dark current, quantum 

efficiency, responsivity, detectivity and noise equivalent power of  ZnO/Si 

heterojunction based photodetector have been simulated as a function of device 

thickness, operating wavelength and applied reverse bias voltage. The simulation 

software ATLAS™ in SILVACO package is used to describe the effect of ZnO/Si 

interface properties on its photodetection. The value obtained for external quantum 

efficiency, responsivity and specific detectivity for ZnO/Si heterojunction based 

photodetector were ~93%, 0.36 A/W and 7.2×1010 cmHz½W-1 respectively. The 

estimated values for dark current and noise equivalent power were of the order of 10-14 

A and 10-11 W respectively. 

 

Chapter 5 is devoted to the preparation, characterization and optimization of 

nanocrystalline ZnO thin films using RF sputtering technique. High quality ZnO thin 

films were grown over Si (100) and glass substrates by RF magnetron sputtering 

technique. Effect of various physical and growth parameters such as thickness, 

annealing temperature, sputtering power and gas flow rate on structural and optical 

properties of ZnO thin films have been studied. Surface morphology, structural 

properties and quality of thin film have been studied using X-Ray Diffraction (XRD), 

Atomic Force Microscopy (AFM), Scanned Electron Microscopy (SEM) and Energy-

Dispersive X-ray (EDX). Optical properties such as transmittance, reflectance, 

absorption coefficient, refractive index and dielectric constant for a spectral range of 

300 nm to 800 nm have been evaluated. Photoluminescence (PL) spectra for ZnO thin 

films have also been studied. Some important conclusion that comes out from this 

study are as follows: 
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 In thickness dependent study of ZnO thin films, all samples have shown a 

hexagonal wurtzite structure with preferential growth along the c-axis 

perpendicular to the surface. It has been observed that structural disorder, 

stress and strain in the film decreases with thickness whereas crystalline 

quality of deposited ZnO thin films increases with increased thickness. Optical 

characterization of deposited films has been done using UV–visible 

spectrophotometer, ellipsometer and photoluminescence (PL) spectroscope. 

Transmittance spectra of all ZnO thin film samples (190 nm - 342 nm) have 

exhibited a high transmittance over 85% in the visible region, and refractive 

index has got varied between 0.85-3.1 in UV-Visible wavelength region. The 

optical band gap has increased from 3.22 eV to 3.26 eV when thickness varies 

from 190 nm to 342 nm. 

 In annealing temperature dependent study of ZnO thin films, the annealing 

temperature has been varied from 300°C to 600°C in steps of 100. An increase 

in optical bandgap of deposited ZnO thin films with increasing annealing 

temperature has been observed. The average optical transmittance was found 

to be more than 85% for all deposited films. Photoluminiscense spectra (PL) 

suggested that the crystalline quality of deposited film has increased at higher 

annealing temperature. 

 In RF power dependent study, four set of ZnO thin film samples with different 

sputtering powers (80-140 watt) were deposited over p-Si <100> and glass 

substrate using RF sputtering technique. Results confirms that sputtering 

power do have a considerable influence over deposition rate, crystallinity and 

surface morphology of deposited films. Diffraction angle, grain size and 

surface roughness of deposited films have increased with sputtering power 

whereas dislocation density, stress and strain of the films has decreased with 

sputtering power. ZnO thin film deposited at 120 watt sputtering power have 

shown best crystallinity, surface morphology and optical properties. 

 In gas flow rate dependent study, ZnO thin films with varying argon gas flow 

rate were deposited using RF sputtering technique. It has been observed that 

the peak intensity at higher gas flow rates has reduced due to reduced plasma 

density. A high optical transmittance of 85-98% in visible region has been 

observed for all deposited samples. Films deposited at 20 sccm have exhibited 
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high quality results and it has been observed that as argon gas flow rate 

increases from 20 scccm to 40 scccm, the plasma density degrades which 

reduces the deposition rate drastically. 

 
In Chapter 6, temperature dependent I-V characteristics of n-ZnO/p-Si heterojunction 

diode, fabricated using thermal evaporation method have been studied. Temperature 

variation of 25°C to 120°C for n-ZnO/p-Si heterojunction diode has shown good 

thermal stability. It has been observed that as temperature increases, barrier height and 

reverse saturation current increases whereas ideality factor decreases. The estimated 

value of Richardson constant obtained from ln(I0/T2) vs q/kT plot is 6.61x10-7Acm-2K-

2 which was very less than the theoretical value of Richardson constant for ZnO. It has 

been observed that barrier inhomogeneity at the interface of ZnO/Si is the probable 

reason for the deviation of Richardson constant. So by implementing the Gaussian 

distribution of barrier height to TE model, modified Richardson constant of 39.18 

Acm-2K-2 is obtained which is very close to the actual theoretical value of Richardson 

constant i.e. 32 Acm-2K-2. 

 

In Chapter 7, ultraviolet light detection properties of n-ZnO/p-Si heterojunction 

diodes have been investigated. XRD, AFM, SEM, TEM and Raman measurements 

were carried out to investigate the structural and surface morphological properties of 

the deposited ZnO thin films. Results confirmed the highly c-axis oriented growth of 

ZnO nanocrystalline films with good homogeneity of grains over the entire substrate. 

The fabricated diodes exhibit a high rectification ratio of ~840 at ±5 V. The ideality 

factor of the fabricated diodes was found to decrease from 3.2 to 1.7 when 

measurement temperature was increased from 303 K to 403 K, whereas the barrier 

height increased from 0.74 eV to 0.96 eV in the same temperature range. Various 

other parameters such as built-in potential, donor concentration and depletion width 

have also been evaluated. The UV detection properties of our fabricated structures 

were investigated using an UV lamp of 365 nm wavelength. The fabricated diodes 

show a very good response towards UV light. The values of responsivity and 

detectivity were found to be 0.35 A/W and 4.16×109 mHz1/2W-1 respectively. The 

values obtained for responsivity and detectivity from experimental data (0.35 A/W 

and 4.16×109 mHz1/2W-1) has also shown good relevance with simulation data (0.36 

A/W and 7.2×1010 cmHz½W-1) of ZnO/Si heterojunction based ultraviolet detectors. 
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8.2    Future Work 

 The synthesis of different ZnO nanostructures is still a challenging task. 

Different parameters of ZnO nanostructures such as shape, diameter, density, 

orientation and crystallization plays a crucial role in the performance of the 

photodetectors. So some additional efforts are needed to investigate the 

relation between ZnO nanostructure parameters and device performance so 

that high efficiency of all these devices can be achieved.  

 Larger lattice mismatch between ZnO and Si can introduce defect densities at 

ZnO/Si interface which can degrade the performance of the ZnO  

heterojunction based devices. To overcome these drawbacks, very thin layers 

of different seed layers of suitable materials can be introduced between ZnO 

and Si which can improve the interface qualities of ZnO-Si heterojunctions. 

These seed layers can minimize the lattice mismatch and can provide perfect 

nucleation cites for the growth of high quality ZnO nanostructures. The seed 

layers will also minimize the undesired oxidation of Si which will also help to 

improve the crystalline quality of grown films. The effect of these seed layers 

on the performance of ZnO based devices also needs to be studied in future. 

 Transparent and semi-transparent metal contacts can significantly improve the 

performance of ZnO based photodetectors. A systematic study to investigate 

the impact of transparent contacts on the performance of the photodetectors is 

needed.   

Finally, we conclude the thesis with a hope that we will be able to see the 

commercialization of ZnO nanostructure based devices in near future. We believe that 

the efforts to grow p-doped ZnO thin films and advancement in thin film technology 

will make this material more and more promising for next generation optoelectronic 

and nanoelectronic device applications. It is desirable to see the commercial 

manufacturing of ZnO thin film based devices in next 5-10 years.  
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