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ABSTRACT

Zinc Oxide (ZnO) semiconductor material has wide range of applications for en-

ergy transformation and UV sensing with suitable properties for optoelectron-

ics devices. It has an excellent transparency with a wide band gap of 3.37 eV

and high carrier mobility along with quantum confinement effects that makes

it preferable material for ultra-violet photo-detectors, solar cells and transparent

electronics applications. Various types of well aligned ZnO nanostructures can be

synthesized using novel RF sputtering deposition process, at low temperatures,

in a controlled manner.

Simulation studies were undertaken with various software tools to optimize the

device characteristics and improve the performance. ZnO based Schottky diodes

were evaluated with different types of metal contacts, such as Gold (Au), Plat-

inum (Pt) and Palladium (Pd) under different temperature conditions, doping

concentrations and channel thicknesses. Simulations studies were also carried

out to evaluate the optimized parameters for the bottom-gate TFT structure, with

varying channel lengths.

Sputtered ZnO thin films were grown on silicon (Si) wafers for fabrication of

Schottky photo-diodes (PD) and Thin Film Transistors (TFTs) to detect UV light.

Characterization techniques, like Atomic Force Microscopy (AFM), Scanning Elec-

tron Microscopy (SEM), X-ray Diffraction (XRD) were used to analyze the micro

structural properties along with the surface morphology, crystalline orientation

and surface roughness.

Metal contacts of Gold (Au) and Palladium (Pd) were chosen for contacts in case

of Schottky photo-diodes. Transmittance, rectification ratio, ideality factor, bar-

rier height and series resistance were measured to comprehensively study the

electro-optical responses of these Schottky photo-diodes, with current-voltage (I-

iv



V), capacitance-voltage (C-V) curves at various frequencies. Further their UV re-

sponses were investigated with various performance parameters such as, contrast

ratio, responsivity, photo-conductive gain and detectivity to extract the working

performance of these Schottky photo-diodes.

Thin Film Transistors (TFTs) were also fabricated for applications as high re-

sponse UV Photo-detectors with bottom gate structure, grown on silicon, at room

temperature, with RF magnetron sputtering process. Performance of these detec-

tors were explored by varying the W/L ratio. The channel width was taken as 40

μm and the lengths were varied as 6μm and 12 μm. Various electrical characteris-

tics, such as leakage current, threshold voltage, ON-OFF ratio, field effect mobil-

ity and sub-threshold swing were evaluated with the help of output and transfer

characteristics. Further, the TFTs were tested for device stability, by subjecting

them to both positive and negative bias-stress conditions and their performance

was evaluated. The TFTs were further tested for UV photo-response.

The structural and surface morphological properties were investigated using var-

ious characterization equipments such as AFM, XRD and SEM. Semiconductor

Device Analyser was used to measure the electrical properties of both the de-

vices.

This study consolidates that the ZnO thin film grown on n-Si substrate, using RF

Magnetron Sputtering technique, with an (100) orientation is an excellent n-type

semiconductor for further fabricating the Schottky diodes and TFTs, to be utilised

in UV detection applications.

The majority of the fabrication and the device characterization work of ZnO Schot-

tky diodes and the TFTs was carried out at National Nano Fabrication Center,

Centre for Nano Science and Engineering (CeNSE), Indian Institute of Science

(IISc), Bangalore.
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Chapter 1

Introduction

With UV radiation being a serious health hazard these days, there is a sincere

need to design and develop efficient and highly sensitive photo sensors at rel-

atively lower costs. An emerging class of materials that satisfy this need is the

metal oxide semiconductors. Devices fabricated from these fundamental blocks

of nano-structures possess unique properties that has attracted a huge attention

in the last few decades.

Functional oxides of such materials such as SnO2, Ga2O3, PbO2, In2O3 and ZnO

possess unique structural, physical, chemical and electro-optical properties that

can be fine tuned for a wide range of applications in the diverse fields such as

superconductor, magnetics and optoelectronic applications. Advantages of oxide

semiconductors over the established a-Si:H technology include electrical-stress

stability, higher field-effect mobility, and lower power consumption.

Nano-structures are similar when compared with a single continuous crystal,

with the same lattice constants, as can be observed with the X-ray diffractions

and transmission electron microscopy. They differ significantly in contrast to

the arrangement of the structure in the bulk material due to the presence of de-

fects, although they retain many of its bulk material properties. The major dif-

ference lies in its significantly large surface-to-volume-ratio, that begets it to pos-

sess remarkably distinct structural and electroptical properties as compared to its
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bulk structure counterpart. The increased electronic density of states enhances

the electron-hole and electron-phonon interactions, thereby causing the quantum

confinement effects. Typical structures that result are the two-dimensional quan-

tum wells (thin layers), one-dimensional quantum wires, and zero-dimensional

quantum dots.

Recent research has extensively focussed on synthesising potential devices from

the III-V and II-VI compounds that are wide band-gap semiconductors with dis-

tinctive properties suitable for developing applications in the UV region. Among

these semiconductor materials, Zinc Oxide (ZnO) has attracted much attention

for application in UV detection and solar cell applications with its high direct

band-gap, good bonding strength, favourable thermal conductivity, large exci-

ton binding energy and excellent transparency. Wide band-gap semiconductors,

with a Eg > 2eV , are suitable for emission in the blue, green or UV region of the

frequency spectrum and their use in high temperature and high power applica-

tions.

Zinc oxide (ZnO), from the group of transparent conducting oxides (TCO), is a

promising semiconductor material for use as an active channel layer [3] due to to

its exciting electroptical properties. It has a high bandgap of 3.37 eV, large exciton

energy of 60 meV, at room temperature, with mobilities of 2.5 cm2V−1sec−1, even

surpassing that of the conventional silicon devices [4]. It also exhibits excellent

semiconductor and piezo-electrical properties, with a dual behaviour both as an

active and a passive component.

This chapter discusses the basic structural, optical and electrical properties of

ZnO as a semiconductor material. Semiconductor contacts have been discussed,

next, followed by the significance of UV detection in the context of increased solar

radiation.
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1.1 Semiconductor oxides

Research has focussed on the II-VI semiconductor materials to synthesise poten-

tial devices. Functional oxides of such materials possess unique structural, physi-

cal, chemical and electro-optical properties that can be fine tuned for a wide range

of applications in the diverse fields such as superconductor, magnetics and opto-

electronic applications.

Nano crystalline materials like carbon nano tubes, along with the II-VI semi-

conductor compounds have attracted much attention in the field of nano scale

devices. II-VI wide band gap semiconductor materials with their extraordinary

physical, chemical, optical and electrical properties have provided the necessary

impetus for the researchers to investigate the Silicon Carbide (SiC), Gallium ni-

tride (GaN) and Zinc oxide (ZnO) thoroughly.

Functional semiconductor metal oxides such as SnO2, Ga2O3, PbO2, In2O3 and

ZnO can be used to fabricate different nano structures such as nano-rods, nano-

sheets, nano-tubes, nano-belts, nano-rings, nano-needles and nano-wires. The

electrical and optical properties of such oxides can also be tuned, thereby provid-

ing a scope of fabricating a wide variety of smart devices for huge range of appli-

cations. Among these the ZnO is of the binary system from which ternary alloys

such as indium-zinc-oxide (IZO) or quaternary alloys like and indium-gallium-

zinc-oxide (IGZO) can be derived.

ZnO semiconductors have a band-gap that is greater than 2 eV, that lies in the

range between that of the semiconductors and semi-insulators. Such a band gap

makes the ZnO based semiconductors suitable for emission in the blue, green

or UV region of the frequency spectrum for use in high temperature and high

power applications. It also permits development of optoelectronic devices, such

as photo-diodes, light emitting diodes (LEDs), laser diodes and photo detectors.

Advantages of oxide semiconductors over the established a-Si:H technology in-
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clude electrical-stress stability, higher field-effect mobility, and lower power con-

sumption.

1.2 ZnO: a suitable semiconductor material

Ionic bonding in the metal oxide semiconductors, such as the Zinc Oxide (ZnO)

has a huge electrostatic potential between the zinc and oxygen that causes a wide

band-gap of 3.37 eV. A unique ionic bonding exists in the ZnO that is responsible

for the large electron mobility.

Zinc Oxide (ZnO) has a direct band-gap, high binding energy of 60 meV, high

electron mobility and high thermal conductivity, good transparency. Wide band-

gap of 3.37 eV ensures low leakage currents and high voltage operation in unipo-

lar power devices [5]. The ease of growth of ZnO in one or two dimensional

nano structures permits us to fabricate, with high reproducibility, various types

of two-dimensional nano-sheets, nano-walls, & nano-flakes and also the one di-

mensional nano-rods, nano-wires, nano-tubes, nano-belts & nano-rings. It has a

broad chemistry thereby providing many opportunities for wet chemical etching.

The features of the nano-structures can be fine tuned with controlled processing

parameters. This makes it a highly suitable material for use in lasers, spintronics,

gas sensing, piezo-electronic nano generator, solar cells and UV detection appli-

cations. The nanostructural features of ZnO can be properly tuned by employing

different processing parameters.

A large variety of semiconductors, such as Gallium Arsenide (GaAs), Gallium

Nitride (GaN), Zinc Selenide (ZnSe), Zinc Sulphide (ZnS) and Zinc Oxide (ZnO)

have the requisite band-gap for optical applications. Gallium Nitride (GaN) and

Zinc Oxide (ZnO) are the two wide band-gap semiconductor materials that have

many matching properties for optical application, but ZnO has a distinct edge
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over GaN. Table 1.1 below shows some important properties of these materials.

From the table we observe that ZnO has better potential for optoelectronic appli-

cations. It also has excellent stability of exciton as indicated by its binding energy

of 60 meV. Further, it possesses superior bond strength, is extremely hard with a

very good transmittance around 90%, and is also radiation hard.

ZnO also possesses the property of radiation hardness that makes it suitable for

hostile environments, such as missile detection systems. The bandgap of 3.37

eV (368 nm) at room temperature corresponds to the ultra violet spectrum that

makes it suitable for UV detection applications, with an added advantage of be-

ing visible blind.
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1.3 Material properties of ZnO

Much of the focus from the family of II-VI semiconductor oxides has fallen on

ZnO due to its distinct structural, optical and electrical properties, as listed in

Table 1.2.

Table 1.2: Material properties of ZnO

Parameters Values
Molecular Formula ZnO
Crystal Structure Wurtzite, Zinc blende, Rock salt
Molar mass 81.40 g/mole
Appearance Yellowish white/Amorphous white
Melting Point 1975○C
Boiling Point 2360○C
Effective mass of electrons 0.24 m0
Effective mass of holes 0.59 m0
Electron mobility (at 300 K) 200 cm2/V.sec
Hole mobility (at 300 K) 5-50 cm2/V.sec
Density 5.606 g/cm3

Intrinsic carrier concentration (per
cm3)

1016 to 1020

Solubility in water 0.16 mg/100 mL
Energy Gap 3.37 eV (Direct Band-gap)
Refractive Index 2.0041
Relative dielectric constant 8.66
Lattice constants a = b = 3.25 Å, c = 5.20 Å
Exciton Binding energy 60 meV
Cohesive energy 1.89 eV
Typical impurities Ga, Al, H, In, Mg, Cd
Typical defects Zinc vacancies, Zinc interstitial, Oxy-

gen vacancies

1.3.1 Structural properties

Zno can be grown into various crystal structures, such as cubic zincblende, hexag-

onal wurtzite and cubic rock salt, though the hexagonal wurtzite structure (B4

type) is the most stable one under ambient conditions, as shown in the Fig. 1.1.

Although the zinc blende structure is unstable in natural conditions, but it can
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Figure 1.1: Wurtzite crystal structure of ZnO. [1]

be stabilized by developing ZnO layer on substrates in cubic lattice structure,

wherein both the zinc and additionally oxide centres have a tetrahedral struc-

ture.

The rock salt (NaCl-sort) structure is uncommon that has been recently observed

at very high pressure (approx. 10 GPa) [6]. Various crystal structures are por-

trayed in Fig. 1.2.

The wurtzite structure of ZnO comprises of a number of alternating planes com-

posed of tetrahedrally coordinated Zn2+ and O2− ions, arranged alternatively

along the c-axis. Four essential terminations are obtained from this kind of lat-

tice structure - both of the polar Zinc end and oxygen ended (0001) confronts, the

(1010) confronts and the non-polar (1120)(a-axis). A good number of its prop-

erties, including the piezoelectric & pyroelectric, can be assigned to this polar

symmetrical nature of arrangement of the two inter-connecting sub-lattices of the

Zn2+ and O2− ions.

With these fundamental structures Zinc oxide (ZnO) can be induced to produce

a vast variety of crystalline shapes utilizing specialised growth techniques such

as Laser Deposition and RF sputtering. The exact crystal shape relies on the tech-

nique which is used to grow the ZnO film. In regular type of zinc oxide these

shapes shift between acicular needles and plate shaped crystals to nano-pipes,

nano-flowers, nano-combs and so on. We have utilized the RF magnetron sput-
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Figure 1.2: Schematic representation of ZnO crystal structures (a) hexagonal
wurtzite, (b) cubic zinc blende, and (c) cubic rocksalt [2]

tering method to grow the ZnO thin film. This technique is considered as the

most preferred method to produce uniform ZnO thin film. Further to refine the

crystalline quality of grown ZnO thin film, annealing technique is used.

1.3.2 Thermal properties

The thermal properties of wurtzite ZnO have been discussed, that include the

thermal conductivity and specific heat.

Thermal conductivity is needed for operation of semiconductor devices in high-

power and high temperature. This is primarily due to the point defects in the

ZnO crystal that causes phonon-phonon scattering and the values lie typically in

the range k = 0.6− 1 Wcm−1K−1 [2]. The lattice deformation in the semiconductor

material is described by the thermal expansion coefficients αa and αc, defined

at the room temperature [7]. The lattice vibrations, free carriers, impurities and

structural defects within the material are responsible for the specific heat. A wide

range of values for the specific heat capacity of ZnO has been reported as 40.3 J

mol−1K−1 at a constant pressure [8].
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1.3.3 Optical properties

The high density of electronic states in the Zinc Oxide semiconductor material

enhances the electron-hole and electron-phonon interactions, thereby causing the

quantum confinement effects. The nano materials behave in an entirely new way

due to such quantum confinement and lattice vibrations. Typical structures that

result are the two-dimensional quantum wells, one-dimensional quantum wires,

and zero-dimensional quantum dots.

ZnO is a suitable material for applications related to the blue and ultra-violet op-

tical devices. Zinc Oxide has a band-gap of 3.37 eV that is sufficient for emission

in high frequencies, specially in the the blue, green or UV region of the frequency

spectrum, that permits development of optoelectronic devices, such as photo-

diodes, light emitting diodes (LEDs), laser diodes and photo detectors.

1.3.4 Electrical properties

Large variation exist in the reported electrical properties of ZnO. As the carrier

concentration of the n-type ZnO varies with the different layer deposition pro-

cesses. Typical values range from 1016 cm−3 to 1020 cm−3. Although doping of

p-type in the ZnO semiconductor material has also been reported but these are

yet to be verified [9]. The exciton binding energy is 60 meV at room tempera-

ture that is suitable for optoelectronic device applications. The typical electron

mobility at room temperature for low doped n-ZnO μ = 200 cm2 V−1 S−1 [10].

1.3.5 Doping and defects

Zinc oxide possesses n-type conductivity without any dependence on the depo-

sition technique. Its intrinsic n-type nature were earlier presumed to due to the

intrinsic defect, including oxygen vacancies and zinc interstitials. Studies now

show that the intrinsic nature of its n-type behaviour may not be due to these ef-
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fects. Instead the unintentional hydrogen interstitial impurities may be the cause,

that act as shallow donors in ZnO. Efforts are continuing by the researchers to in-

vestigate the cause of n-type conductivity in ZnO [11, 12].

P-type doping is still a difficult task in the ZnO wide band-gap semiconduc-

tor due to compensatory effects of the intrinsic/ interstitial defects in its crystal

structure, the oxygen vacancies or the hydrogen impurities. Its low-soluble na-

ture and the deep impurity levels prevents it to form shallow acceptor levels so as

to be doped as p-type. Some researchers have reported p-type doping with cop-

per, silver and gold. The oxygen lattice sites can also be substituted by group-V

elements to make it p-type. Doping of the p-type is still a unstable and unreliable

process [13, 14].

1.4 Semiconductor contacts

Optoelectronic Schottky barrier structures can be fabricated in a variety of ways.

Classification of such structures, based on different type of junctions, are the

metal semiconductor (MS) junctions, metal-interfacial layer-semiconductor (MIS)

junctions and the semiconductor-interfacial layer-semiconductor (SIS) junctions.

Among these, the devices based on metal semiconductor Schottky junctions are

easy to fabricate with low temperature deposition processes, thereby retaining

the semiconductor properties. However, MIS and SIS structures possess charge

in their interfacial layer to modify the barrier height, resulting in instability of

such devices. Such structures have not been discussed further.

Metal semiconductor (MS) structures have a single semiconductor material of the

same doping. The barrier that gets built up at the semiconductor junction is de-

pleted of majority carriers with a high electric field [15]. Upon formation of a

metal semiconductor contact an electro-chemical potential gets built up on reach-

ing the thermodynamic equilibrium condition. Two different type of junctions
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form based on the doping of the semiconductor material. Schottky contact gets

formed for lightly doped semiconductor and and ohmic contact is formed when

the semiconductor is heavily doped.

When two different materials are placed in contact with each other and a condi-

tion of thermodynamic equilibrium is established, electrostatic potential energy

develops at the metal semiconductor interface. MS contacts of two types can

be classified depending upon relative work functions of the metal φm and that

of the semiconductor φs. A number of advantages are offered by such simple

structures for optoelectronic applications where a single doped semiconductor

material forms the barrier. Also the deposition processes can be low temperature

processes that does not effect its properties. Certain disadvantages of such MS

contacts are the reduction of incoming light that can be minimized by reducing

the metal thickness.

1.4.1 Schottky contacts

The energy band diagrams for the metal and n-type semiconductor shown in Fig.

1.3 (a) for φm > φs where φm and φs are the work functions of the metal and

semiconductor respectively. A Schottky-Mott junction is formed due to creation

of a dipole charge layer and an electrostatic potential energy barrier develops at

the interface. After the equilibrium condition is established the energy band dia-

gram is modified, as depicted by Fig. 1.3 (b). The band bending that takes place is

the difference between the work functions of the metal and semiconductor. The

contact potential (Vi) of the junction develops, given by qVi = (φm - φs). The

corresponding barrier potential of the junction and the surface potential of the

semiconductor are given by [16]:

φB = (φm −χs) (1.1)
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Figure 1.3: Energy band diagram of metal on n-type semiconductor Schottky con-
tact (a) Neutral materials separated from each other and (b) thermal equilibrium
situation after the contact has been made

since,

φs = (χs +φn) (1.2)

We have,

φB = (qVi +φn) (1.3)

where χs is electron affinity expressed in eV and φn=(EC −EF).

1.4.2 Ohmic contacts

The energy band diagrams of the MS contacts (n-type semiconductor) for φm <

φs as shown in Fig. 1.4. In this case a non rectifying ohmic contact is formed and
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Figure 1.4: Energy band diagram of metal on n-type semiconductor ohmic con-
tact (a) Neutral materials separated from each other (b) contact under thermal
equilibrium

the current is determined by the resistance of the bulk region.
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1.5 Need for UV sensors and their applications

Environment monitoring, ozone layer monitoring, missile detection, space com-

munication, computer storage systems and various chemical & biological analy-

sis and many other medical, defence and communication fields need sensors that

operate in the UV range. These sensors have been developed in the past years

with new semiconductor materials operating at low dark currents, high opera-

tional temperatures, higher photo responsivity at higher speed with a better ef-

ficiency. Currently single-crystalline silicon (Si), silicon carbide (SiC) or gallium

nitride (GaN) based optical photo detectors are being used that are sensitive to

both visible and infra-red radiation but are also costly and unsuitable for UV ap-

plications due to its low responsivity.

ZnO is another wide bandgap material (3.37 eV) with a large exciton binding

energy (60 meV) at room temperature that makes it promising material for appli-

cations in laser diodes, light emitting diodes (LEDs) and UV photo detectors. It

is also less susceptible to irradiation and has a high saturation velocity than the

GaN for potential high speed UV light sensing for space applications.

1.6 Scope of the thesis

Chapter-2 presents the review of literature which is an integral part of any re-

search that provides the future trends in a particular field. The state-of-the-art

work in any particular research area helps us in forecasting the new devices. This

chapter presents some important investigations reported by different researchers

in the past decades in the area of ZnO thin film based Schottky contacts and TFTs.

Electro-optical and micro-structural properties of the ZnO thin films , Schottky

diodes and TFTs have been reviewed in this chapter along with the characteriza-

tion techniques.
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Firstly a brief review on ZnO thin film based Schottky diodes have been pre-

sented. Then the significance of UV detection in the context of increased solar ra-

diation these days has been discussed. Finally, a exhaustive review on the present

day UV detectors have been presented.

Chapter-3 presents numerical simulation and performance analysis of Pt/ZnO

Schottky photo-diode using ATLAS. A program for Pt/ZnO Schottky photo-diode

has been developed in ATLAS simulator from SILVACO international to study

its various electrical and optical properties in ultra-violet region. Variation of

current-voltage plot under dark and illumination condition has confirmed that

Pt/ZnO Schottky diode is a potential candidate for ultra-violet light detection in

variety of civil and military applications. Pt/ZnO Schottky photo-diode has ex-

hibited a very good external quantum efficiency of in UV region. Value obtained

for responsivity in UV region. Effect of temperature, ZnO thickness and dop-

ing concentration on the performance of Pt/ZnO Schottky photo-diode have also

been analyzed and reported.

Numerical simulation performance Analysis of Pt/ZnO Schottky photo-diode

has been done using ATLAS simulator(from SILVACO International) to study its

various electrical and optical properties in ultraviolet region. Effect of tempera-

ture ZnO thickness and doping concentration of Pt/ZnO Schottky diodes have

been analysed.

Chapter-4 compiles the fabrication and performance analyses of Schottky diodes

with Au and Pd contacts on n-ZnO thin films as UV detector. RF magnetron

sputtering technique has been used to deposit the nano-crystalline ZnO thin film.

Characterization techniques, such as XRD, AFM, SEM and the UV measurement

provided valuable information concerning the micro-structural, surface morphol-

ogy, and optical properties of the ZnO thin film. The results show that the pre-

pared thin film has good crystalline orientation and minimal surface roughness,

with an optical band-gap of 3.1 eV. I-V and C-V characteristics were evaluated
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that indicate non-linear behaviour of the diodes for both of the contacts with in-

dividual rectification ratio (IF/IR) for Au/ZnO and Pd/ZnO Schottky diodes,

respectively. Responsivity of these Schottky photo-detectors, at room tempera-

ture, on being illuminated with a light of particular wavelength and bias. The

detectivity and photoconductive gain of both Au and Pd based Schottky detec-

tors were also found which indicate better performance of Pd based UV detector.

Chapter-5 presents the simulation and fabrication of different ZnO Bottom Gate

Thin Film Transistors (TFTs).

This chapter presents numerical simulation and performance analysis of various

electrical and optical properties of the ZnO bottom-gate TFTs, using three dimen-

sional (3D) device simulator of VisualTCAD from Cogenda both under ambient

and UV light conditions. The static performance of the TFTs with different W/L

ratios have been investigated. Channel lengths were varied from 6 μm to 12 μm

while keeping the width fixed at 40 μm. The thickness of both the ZnO channel

and the dielectric SiO2 were varied to observe the corresponding effects on the

output and the transfer characteristics of the bottom-gate TFTs. Various electri-

cal and optical parameters, such as ON-OFF current ratio, threshold voltage and

field-effect mobility have been obtained. Intensity variation of the UV light was

performed to find the current-voltage plots under ambient and illumination con-

dition. The devices were also tested for different wavelength lights in the UV

region. The simulations confirmed that ZnO TFTs are suitable detectors for ultra-

violet light detection in variety of applications.

Fabrication of UV photo-detectors with staggered bottom gate ZnO Thin Film

Transistors (TFT) structure, was undertaken thereafter. ZnO thin film was grown

on silicon substrate with RF magnetron sputtering process, at room temperature.

The static and dynamic performance of these devices have been explored by vary-

ing the channel lengths. The results show that the fabricated devices show a

low leakage current in the nano-ampere region, a threshold voltage of 1.35 &
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1.93 Volts and field effect mobility of 0.682 & 0.881 (cm2/V .s) and sub-threshold

swing of 8.896 & 10.679 mV/dec. They also exhibit superior electrical characteris-

tics with a specific ON-OFF ratio, contrast ratio and bias-stress. The devices were

tested for device stability by application of both positive and negative-stress. The

devices were further tested for photo-response.

Chapter-6 concludes some major outcomes of the thesis. The chapter summa-

rizes all the results presented in chapter 3-5. Finally, the future scope of the work

is outlined in the end.
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Chapter 2

ZnO Thin Films for Optoelectronic

Devices: State of the Art

ZnO on silicon is emerging as a low-cost and low process temperature (room

temperature) fabrication process, made possible by RF sputtering [4, 17]. With

its capability for process integration with the present silicon technology, ZnO

has become a prefered material of choice for wide range of electronic device ap-

plications, such as laser diode, thin film transistor (TFT), gas sensor, solar cell,

piezo-electronic nano-generator, SAW resonator, and micro-electro mechanical

devices [18–24].

The nano-crystalline ZnO thin films finds applications in a variety of semiconduc-

tor devices such as, UV detection, gas sensing, high performance active matrix for

organic light emitting diodes (AMOLEDs) and transparent & flexible displays.

2.1 Introduction

Review of literature is an integral part of any research that provides the future

trends in a particular field. The state-of-the-art work in any particular research

area helps us in forecasting the new devices. This chapter presents some impor-
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tant investigations reported by different researchers in the past decades in the

area of ZnO thin film based Schottky contacts and TFTs.

This chapter contains a review of the fabrication and characterization techniques

of ZnO thin films, in the first two sections. Next section contains a brief review

of the ZnO thin film based devices: electrical contacts, Schottky diodes and TFTs.

Finally, a review on UV photo-detectors with the special emphasis on the metal

semiconductor contacts follows.

2.2 Fabrication Techniques

Fabrication of high quality epitaxial thin films of ZnO is needed for its application

in opto-electronic devices. Even with latest advancements in fabrication technol-

ogy, issues remain with p-type doping of the ZnO semiconductor material along

with successful reproduction of reliable ZnO devices. These problems have been

circumvented through the implementation of its nano-structures on a variety of

wafers.

This section discusses the state of the art of ZnO nanostructure fabrication tech-

nologies, based on the published reports. The two major techniques to grow

ZnO nano-structures are based on the gas-phase and the liquid phase. The liq-

uid phase or the chemical solution approach is a low-cost technique that can

be employed for large wafers for industrial production. Chemical bath deposi-

tion (CBD), electro-deposition (ED) and successive ion layer adsorption reaction

(SILAR) are some of the methods of the liquid-phase techniques. Various gas-

phase techniques such as the metal organic chemical vapour deposition (MOCVD),

physical vapour transport (PVT) and pulsed laser deposition (PLD). Sophisti-

cated ZnO nano-hetero-structures are fabricated with molecular beam epitaxy

(MBE) and sputtering techniques [25].
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A review of a few of these growth techniques are discussed in this chapter.

2.2.1 Liquid Phase

Liquid phase or the wet-phase method for nano-structure fabrication is a rela-

tively low-cost process for large scale production of large wafers. This technique

has a simple set-up that requires neither vacuum nor large process temperatures.

2.2.1.1 Chemical Bath Deposition (CBD)

The ZnO nano-crystals (seeds) attach to the surface of the substrates that is placed

into reactor containing an aqueous solution of zinc nitrate and hexamethyleneteramine.

The substrate is pre-treated for nucleation to take place for dense growth of nano-

rods on its surface. The temperature and pH of the aqueous solution are con-

trolled within a specified range. Different type of nano-pillars can be fabricated

by varying the process parameters. This two-step growth process takes a very

long time, typically, several hours to complete [26–28].

2.2.1.2 Electrodeposition (ED)

A similar reactor with controlled temperatures (70–90○C), as in the previous case

of CBD, at ambient pressure contains the aqueous solution of zinc nitrate hydrate

and hexamethylenetetramine in deionised water. Two electrodes maintained at a

certain fixed bias are placed into this solution. The nano-rods can be grown in ei-

ther of the following two ways. In the first method, the growth takes place on the

conducting layer on the substrate surface. One of the commonly employed con-

ducting layers on the surface substrates are (Ti(20 nm)/Au(200 nm), kept at a ca-

thodic potential of 1V with respect to the Pt anode, acting as a counter-electrode.

In the second method, nano-pillars can be grown between two conducting stripes

that may be of Ti/Au and have been previously deposited with e-beam lithogra-
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phy, for example. The bias voltage is applied between these stripes. It does not

require another electrode, as in the previous case of electro-deposition. A dense

growth of the nano-structures takes on the cathode side [29, 30].

2.2.1.3 Successive Ionic Layer Adsorption Reaction

Glass substrate is successively dipped in two different solutions with cation and

anion precursors, at room temperature with heated water. The substrate is washed

in between the two dips with a solvent, typically water and dried with N2. Re-

peated immersion in this manner deposits thin films on the substrate with re-

ported thickness of about 20 nm in 6 cycles. The reported grain size of the ZnO

thin film are around 220–265 Å with hexagonal structure having a c-axis orienta-

tion. Very thin films can be deposited with this Successive Ionic Layer Adsorption

Reaction (SILAR) deposition process [31, 32].

2.2.2 Gas Phase

In this technique inert carrier gas is used to transport pure elements, zinc and

oxygen, in separate lines to the substrate in a reactor. Three separate zones permit

maintaining different temperatures of the substrate and the source material for

optimum conditions of growth of nano-pillars.

2.2.2.1 Physical Vapour Transport (PVT)

The growth of the nano-pillars/ nano-wires occurs with the bounding atoms that

are adsorbed on the substrate surface. The temperate of the substrate has to be

carefully controlled to provide optimal growth conditions.

An alternative catalyst assisted approach in which catalytic metal (Ag/Au/Pt)

islands are initially deposited on the surface of the substrate. The growth of

the nano-structures takes place at temperatures that exceed the melting point of
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the catalyst. Impurity concentrations, due to the metal catalyst, in such nano-

structures is significantly higher in this growth approach [33–35].

2.2.2.2 Metal Organic CVD

The Metal Organic Chemical Vapour Deposition (MOCVD) growth process ini-

tially involves transport of the precursor to the substrate, which are diethylzinc

and nitrogen dioxide for zinc and oxygen, respectively for the growth of ZnO

nano-pillars / wires. To grow ZnO thin films with this process, the precursors

are changed to zinc hydrate and a mixture of oxygen and water. A chemical re-

action takes place at the substrate surface that aids the adsorption at the surface.

Finally, the precursor byproducts are transported from the substrate surface to

the exhaust. The main advantage of this process that the precursors are not kept

in the reactor, but are stored outside in stainless steel cylinders. The substrate is

maintained within a temperature range of 800 to 1000○ in the reactor. The pres-

sure inside the reactor is maintained between 1–400 mbar [36–38].

2.2.2.3 Pulse Laser Deposition (PLD)

Pulsed Laser Deposition (PLD) process of growth is widely used for industrial

fabrications of various types of ZnO nano-structures. Laser beam is used to evap-

orate the elemental materials from its target source in a vacuum chamber main-

tained at a pressure of around 100 mbar. Evaporation of the elemental zinc target

into gas form by the laser beam is deposited on the substrate, under ambient

oxygen environment in the reactor. Excimer lasers and Nd.Yag lasers operating

at different wavelengths ranging from 193 nm to 355 nm , emitting pulses of 50

Hz through a lens have a typical spot size of about 0.1 mm2 and angle of incidence

of around 45○ [39–42].
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2.2.3 Alternative Techniques

Apart from the gas and liquid- phase techniques described above, various other

approaches also exist to grow different nano-structure. A few of these techniques

such as, spin coating make use of the nano-powders to fabricate nano-crystalline

layers.

2.2.3.1 Spin coating

Spin coating technique is employed to deposit nano-particle layer over a sub-

strate with a stabilized colloidal solution with added organic additives. This

technique finds use for growth of nano-structures for sensing and photovoltaic

applications. Layer homogeneity is enhanced with application of pressure that

also improves the substrate attachment. Finally the substrate is subjected to heat

that removes the unwanted organic contamination [43, 44].

2.2.3.2 Molecular Beam Epitaxy (MBE)

Molecular beam epitaxy (MBE) is a process to grow different nano-structures, in-

cluding thin films, of various materials. Oxides, semiconductors and metals can

be deposited with this technique. A beam of atoms/ molecules is targeted on a

crystal in a heated state. A crystalline layer of the bombarding atoms/ molecules

get deposited on the substrate forming unique nano-structures, in high level of

cleanliness in the vacuum at lower temperatures. Oxygen plasma cell, at RF pow-

ers of 200-400W, is used to grow ZnO/ZnMgO heteo-structures as quantum-wells

on ZnO nano-pillars that were deposited earlier on the substrate with CBD/VPT

techniques. The hetero-structures growth process was optimized with reflection

high energy electron diffraction (RHEED) oscillations. This process is widely em-

ployed for precise structures close to the ideal models for optoelectronic applica-

tions [45–50].
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2.2.3.3 Sputtering

Sputtering is a flexible technique to grow nano-structures with control of its com-

position. ZnO thin films is done with the deposition of the ejected atom from the

target source that has been hit with an ion source, that is usually a plasma, with

energies in the range of a few tens of electron-Volts (eV). The sputtering yield

depends on the sputtering threshold voltage, the plasma potential and the dc

voltage applied to the target. The sputtering process is further divided into two

groups, as per the applied electrode potentials, as DC sputtering and RF sput-

tering. Reactive and RF magnetron sputtering are further discussed that are also

based on these two basic mechanisms of sputtering.

DC sputtering

DC sputtering is used to deposit metal films, the target is bound to the planar

cathode and the substrate to the other planar electrode acting as the anode, with

Argon as the ambient gas in the chamber. The chamber pressure is in the range

of 10−6 mbar. The electric field ionizes the Argon atoms, creating more electrons

resulting in a glow discharge. The target on being hit with the positively charged

ions emits some atoms from its surface that reach the substrate surface as they

travel randomly in the chamber. These source target atoms form a thin film on

condensing at the substrate surface. Insulating materials cannot be deposited

with this technique, due to positive charge build-up near the cathode creating an

opposite electric field that stops the deposition process.
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RF sputtering

In the RF sputtering, any conducting, semiconducting and insulating material

can be deposited on the substrate. An ac voltage source operating at RF frequen-

cies in the MHz range (around 13.56 MHz) to bombard the target alternately with

ions and electrons to avoid charge build-up near the cathode. This happens as the

high inertia of the ions, being heavier, cannot follow the RF switching, whereas

the electrons are able to do so, thereby avoiding the positive build up near the

cathode surface. This technique is much more effective than the DC sputtering

and needs a lower operating voltages at requires reduced pressure. Optimal pa-

rameters lead to a uniform growth of the film with requisite thickness and struc-

ture. Adherence to the substrate is also of a very good quality. A optimised flow

of oxygen gas is necessary for proper growth of semiconducting ZnO thin films.

The substrate to target distance must also be optimised to obtain the required

deposition rates.

Figure 2.1: RF Sputtering setup

26



RF magnetron sputtering

Permanent magnets placed on the back of the cathode, where the target is placed,

are used in this process to alter the path of electrons. The electron paths now

become helical, thereby increasing their path length which results in increase in

the number of collisions with ambient Argon gas atoms. A denser plasma created

in this manner increases the sputtering rate, at lower chamber pressures [51, 52].

Reactive sputtering

This is a sputtering process to deposit non-conducting thin films by mixing the

reactive gases with inert gas in the chamber. Oxygen, hydrogen sulphide, ni-

trogen or any other gas, in a neutral or ionised phase, are mixed with the inert

Argon gas in the process chamber. These gases react with the target, sputtered

ions or the substrate to form films oxides, sulfides and nitrides on the substrate

surface. The stoichiometry of the grown films can be controlled by varying the

partial pressures of various gases in the chamber [52, 53].

2.2.4 Effect of Annealing

ZnO film are subjected to annealing after they have been grown with the sput-

tering techniques to relieve the in-built stresses and remove the surface defects

such as micro-cracks, pin-holes etc. This also improves the crystal quality in the

grown films and make the surface uniform. Annealing is done post deposition at

temperatures ranging from 200○C to 400○C in the presence of forming/ oxygen

gas. Increasing the temperatures above 400○C is known to cause micro-cracks in

the grain structure, though these temperatures are good for improving the piezo-

electric properties of the thin film. The substrate-to-target spacing and the gas

flow rates are varied to optimize the nano-structure of the thin film. In the fabri-

cation of the thin film transistors (TFTs) annealing significantly effects the thresh-
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old voltage and mobility. Post deposition annealing plays an important role in the

stability and reproducibility of the fabricated devices [54–57]. The experimental

set-up is as shown in Fig. 2.2.

Figure 2.2: Annealing/ RTP

2.3 Characterization Techniques

Investigation of the fabricated nano-devices is done using a host of characteriza-

tion techniques, at molecular levels. These can be broadly classified into various

categories such as, structural and morphological (Ellipsometry, XRD, AFM, SEM,

TEM etc.), optical (FTIR, UV-Vis, Raman etc.) and electrical (DC probe station).

Some of these techniques have been briefly described here.

2.3.1 Structural and Morphological characterization Techniques

2.3.1.1 Ellipsometry

An ellipsometer is used to find layer thickness and the refractive index of thin

transparent layers. This is an optical method that measures polarization change

as the incident light is transmitted or reflected from the surface of the deposited
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layer. The output response of the ellipsometer is dependent on the crystal struc-

ture, composition, doping concentrations and other properties of the material un-

der test. Light emitted from the source is passed through a polarizer and its out-

put is fed to an optical compensator that alters its polarization to circular. The

accuracy of the ellipsometer is increased by the change in polarization. The re-

flected light from the device under test is fed to a compensator and another po-

larizer before being detected.

The ellipsometer used in this work uses a helium-neon laser as the light source

with a spectral range of 245–1000 nm. The incident light radiates on the sample

with an tilt angle of 70○C. Transparent films with a thickness of up to 10 μm can

be measured, with a. The polarization state of the reflected light is determined by

a rotating analyser. The experimental set-up is as shown in Fig. 2.3.

Figure 2.3: Ellipsometer

2.3.1.2 X-Ray Diffraction

The crystal structure of the thin films such as, lattice parameters, grain size, crys-

tal orientation, chemical composition, stress and defects can be determined with

the X-Ray diffraction technique. Electromagnetic waves with wavelengths of the
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same order of magnitude as the spacing between the diffraction planes of the

crystal structure (1-100 Å). The incident EM radiation interacts with the electrons

of the sample under test, thereby scattered from the sample surface and reveals

the important information about it.

We have used the highly flexible general purpose X-ray diffractometer system

from Rigaku SmartLab. This system includes optics for both standard Bragg-

Brentano and parallel-beam optics for use with poly crystalline thin films, pow-

ders and nano-materials. The experimental set-up is as shown in Fig. 2.4.

Figure 2.4: XRD

2.3.1.3 Scanning Electron Microscope (SEM)

The surface morphology of the fabricated ZnO thin films has been been done with

the ultra high resolution SEM. In this technique, an incident high energy electron

beam interact with the electrons of the sample under test. The electron beam is

thermionically produced by high voltages in the range of 20 KV to 40 KV, which

is then focussed using a condenser. The reflected beam includes secondary and

backscattered electrons. The secondary electrons produced due to inelastic scat-

tering are sensed by a a fully integrated Energy and angle selective Backscattered

electron (EsB) detector, to produce an image with ultra high resolution images of
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sub-nanometer resolution, below 1 KV. It has an integrated filtering grid to en-

hance image quality and requires no additional adjustments. The experimental

set-up is as shown in Fig. 2.5.

Figure 2.5: SEM

2.3.1.4 Atomic Force Microscope

Surface morphology, magnetic and chemical properties of the test samples can

also be analyzed with Atomic Force Microscope (AFM) technique. The interac-

tion between the sharp tip as it scans the sample surface due to van der Waals

and electrostatic forces causes deflection of the cantilever. A feedback mecha-

nism avoids collisions between the tip and the sample surface. The deflection

of the cantilevers causes change in the reflected laser which are detected by the

photo-diodes. Different modes of operation of the AFM are contact and non-

contact. In the contact mode of operation, the cantilever tip makes soft physical

contact at a constant force with the surface of the test sample. The scanning of

the sample can be done at a high speed with this method, but may cause damage

to soft samples. In the tapping mode of operation, the cantilever oscillates near

its resonant frequency which decreases as the tip is brought closer to the sample
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surface, due to van der Waals force. The scanning is slower in this mode but,

it causes less damage to the soft samples. In our work, we have used the AFM

from Bruker Dimension Icon with a high resolution of less than 0.1 nm in the

z-direction. The experimental set-up is as shown in Fig. 2.6.

Figure 2.6: AFM

2.3.2 Optical characterization Technique

2.3.2.1 UV-VIS-NIR Spectrometer

UV-VIS-NIR Spectrometer is used to measure absorbance and transmittance of

thin films, using integrating sphere. Kinetic studies can also be performed with

this technique. Incident UV-VIS light, in the wavelength range of 200 nm to 3200

nm, on the sample is absorbed as per its typical material properties. The ex-

cited electrons from the ground state to higher excited states return back to the

original state by vibrational transitions through smaller energy increments that

are recorded by the UV-VIS-NIR Spectrometer. In this work, we have used the

UV-VIS-NIR Spectrometer MPC3600 from Shimadzu, with a high spectroscopic

resolution and a unique wavelength range capability and high performance [58].

The experimental set-up is as shown in Fig. 2.7.

32



Figure 2.7: UV-vis

2.3.3 Electrical characterization Technique

The electrical characteristics of the sample are measured with semiconductor de-

vice analyzer (SDA). The I-V and C-V measurements with a gate bias applied

through the metal chuck with vacuum suction system to hold the wafer. The

measuring tips are connected to the sample with micro manipulators that are

connected to the source measurement units (SMUs), actings as either current or

voltage sources. Precision in the range of 0.1 fA - 1 A and 0.5 μV - 200 V can be

done that include both spot and sweep I-V measurements at sampling rates of

100 μs. It can also do pulse measurements with minimum pulse widths of 50 μs.

Capacitance measurements such as C-V (capacitance versus voltage), C-t (capac-

itance versus time) and C-f (capacitance versus frequency) can also be done with

the SDA, in the frequency range of 1 kHz to 5 MHz.

We have used the Semiconductor Device Analyzer with an opearting tempera-

ture range from 20–200○C. PC-based instrument with Windows–7 Professional

operating system and EasyEXPERT software provided the results in the desired

form. The experimental set-up is as shown in Fig. 2.8.
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Figure 2.8: Semiconductor Parameter Analyzer

2.4 ZnO Thin Film Based Devices: Brief review

ZnO thin films can be used to fabricate passive, two and three terminal nano-

devices. The passive devices include resistors, capacitors and inductors, whereas

the p-n /Schottky diodes and thin film transistors are the two/three terminal

devices, respectively.

2.4.1 Electrical Contacts

C. Coskum et al. [59] studied the effect of high energy electron radiation on ZnO

thin film based ohmic and Schottky contacts. Al and Au were used as contacts.

The effect of high electron energy has been investigated and It has been found

that with increasing electron energy the ideality factor increases and Schottky

barrier height decreases.

2.4.2 Schottky diodes

Literature review of some of the papers studied before proceeding for the simu-

lation and fabrication of the Schottky diodes are mentioned below.

C. Periasamy et al. [60] fabricated the ZnO thin film on glass substrate using
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thermal evaporation technique. Structural properties were obtained using X-ray

diffraction method, atomic force microscopy. Further, MSM photo-diode was fab-

ricated using Pd as contact material and detection was done using UV source of

365 nm wavelength. The responsivity of fabricated device was found to be 0.14

A/W.

Leonard J. Brillson et al. [18]investigated ZnO based Schottky barriers and ohmic

contacts of In, Ti, Al and Pt. They discussed the role of surface cleaning, quality

of crystal, chemical interactions for the Schottky diode. They also studied the im-

portance of annealing for multilayer contacts, alloyed and ohmic contacts

S.K. Cheung et al. [61] reported a new method to obtain various diode parame-

ters, such as ideality factor, barrier height and series resistance, using the forward

I-V characteristics.

J.D. Hwang et al. [19] utilized the sol-gel or hydrothermal method to fabricate

non-surface-treated ZnO thin film based Schottky contacts of Au metal. The seed

layer was utilised to grow ZnO thin film and the effect of different seed layers on

electrical behaviour of Schottky contacts had been investigated. Rectification ra-

tio of around 8000 was measured, at a bias voltage of +2 V. Schottky contacts with

sol-gel seed layer exhibits ohmic behaviour. C-V measurements were utilised to

obtain the barrier height of 0.77 eV.

Y. N. Lee et al. [62] reported the fabrication, electrical and optical characterisa-

tion of Schottky contacts between Al and Phosphorous doped silicon layer. A

higher quantum efficiency (0.397) has been reported, at 360 nm UV wavelength,

as compared to the previously reported devices. Stable response time of 1.3 ms

was obtained at 3 Volt.

S. Young et al. [63] investigated the ZnO nanorods based Schottky contacts for

UV detection. The fabricated contacts were reported to possess a high responsiv-

ity of 104.14 A/W at -1 Volt which was attributed to the high surface-to-volume
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ratio. It was observed that the increase in the power density is directly propor-

tional to the photo current. Noise equivalent power and normalised detectivity

were also obtained at -1 Volt.

S. Aydogan et al. [64] used the electrochemical deposition technique for deposi-

tion of ZnO on n-Si substrate with Au contacts. The fabricated device was char-

acterized with I-V and C-V measurements. Cheung function and Norde methods

were used to evaluate various characteristic parameters such as barrier height,

ideality factor and series resistance. From the results, they concluded that the ca-

pacitance of Schottky diode is independent of frequency at lower frequencies but

was seen to decrease at high frequencies.

A. B. Yadav et al. [65] utilised sol-gel based technique to fabricate highly sensi-

tive Pd based Schottky contacts as a UV photo-detectors. The fabricated device

showed very good contrast ratio of 5332 and responsivity of 8.39 A/W at a bias-

ing voltage of -5 Volts, at room temperature.

Aniruddh, B.Y. et al. [66] determined the I-V characteristics of Pd based Schottky

contacts on sol-gel-derived ZnO thin film. Effect of temperature on I-V charac-

teristics was investigated and electrical parameters such as ideality factor, barrier

height and reverse saturation current were obtained for different value of tem-

perature.

C. Tsiarapas et al. [67] reported fabrication of ZnO thin film based Schottky

diodes. ZnO with two different thickness was grown using RF-magnetron sput-

tering mechanism. I-V and C-V characteristics were measured at different tem-

perature and two Schottky diodes were compared using electrical parameters

such as rectification ratio, ideality factor, barrier height and series resistance.

S.J. Pearton et al. [10] reported ZnO based Schottky contacts used as UV light

detector and gas sensor, as transparent device. They reported progress in control-

ling n-type and p-type doping, role of ion implantation for doping or isolation.
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They have described about the ohmic and Schottky contact in detail.

H. Norde et al. [68] proposed a new method to obtain the barrier height in

presence of series resistance. In this method forward I-V characteristics has been

utilised to evaluate the barrier height with the proposed technique.

H.C. Chen et al. [21] reported n-type ZnO/p-type GaN hetro-junctions LEDs

operated in reverse breakdown region. High quality n-ZnO layer was grown on

GaN using atomic layer deposition technique. A theoretical model, based on the

field assisted tunnelling, was applied to describe I-V characteristics in reverse

breakdown region.

W. C. Liu et al. [22] described steady and transient state hydrogen sensing charac-

teristics using Pd/InP MOS Schottky contacts, at room temperature and ambient

pressure. The variation in I-V due to change in the hydrogen concentration was

demonstrated for steady and transient states.

M. Prasad et al. [69] discussed the effect of relative humidity on the performance

of ZnO based MEMS sensors. A ZnO layer was sandwiched in between the Al

electrodes on a silicon diaphragm fabricated by bulk micro-machining process.

C. Periasamy et al. [24] fabricated the piezoelectric nano-generator using plat-

inum contacts as ZnO nano-needle array. ZnO has been used to convert mechan-

ical energy into electrical energy because of its suitable piezoelectric and semi-

conducting properties. Crystal structure has been studied using atomic force mi-

croscopy.

N. P. Herring et al. [70] demonstrated the fabrication of facile microwave irradia-

tion (MWI). It was synthesised by using two different approaches. Transmission

electron microscopy (TEM) and XRD were used for structural analysis. T. Varma

et al. [71] simulated the fabrication ZnO based Schottky photo-diode of Pt using

ATLAS software. Performance analysis using electrical and optical characteris-
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tics have been done on ATLAS. Responsivity was found to be 0.32 A/W in UV

region and has a good quantum efficiency of 88%. The effect of temperature, ZnO

thickness and doping concentration on the performance of Schottky contacts have

been studied.

2.4.3 Thin Film Transistors

The working of the thin film transistors can be understood with the correspond-

ing NMOS silicon transistors. When a positive gate voltage is applied to the alu-

minium source/drain contact, the electrons are attracted to the interface between

the ZnO and gate oxide layers to the form an accumulation channel. The work

function difference between the metal and the semiconductor layer is the same as

the threshold voltage that appears in the TFT, as the accumulation channel forms

at low bias. In ZnO TFTs, there are trap states which can donate or accept elec-

trons at the insulator semiconductor interfaces. The donor-like traps are neutral,

naturally, but show a positive charge, otherwise. These donor-like traps have to

be first filled with electrons to obtain switching operation of TFTs. For the case

of acceptor-like traps, a reverse process of charge is present. They are negatively

charged when filled with electrons, otherwise neutral. The donor-like traps, near

the conduction band, have a dominant effect of shifting the threshold voltages in

the n-type ZnO TFTs.

The operation of the ZnO TFTs can be classified into six different regions, as per

the applied gate and drain bias voltages, namely turn-off, depletion, depletion-

saturation, accumulation, accumulation-depletion and accumulation-saturation

modes.

Literature review of some of the papers studied before proceeding for the sim-

ulation and fabrication of ZnO thin film based bottom gate TFTs are mentioned

below.
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Hoffman et al. [72] investigated ZnO-based thin-film transistors (TTFTs) fabri-

cated with optical transmission of around 75% in the visible range of light. They

observed from I-V measurements that the fabricated TFT was n-channel oper-

ating in enhancement-mode with excellent drain current saturation and a drain

current on–off ratio of 107 with observable effect on the drain current to ambient

light. The measured values of threshold voltages and channel mobilities of fabri-

cated TFTs are reported to be in the range of 10 to 20 V and ; 0.3 to 2.5 cm2 /V s,

respectively. They found that changing the W/L ratio from 2:1 to 10:1 increases

the drain current by a factor of about 5. They found that the required range of

VGS and VDS used forTFT biasing are large in comparison to the silicon transis-

tors and the operating voltages magnitudes are directly proportional to the gate

insulator thickness. They deduced that the operating voltages can be reduced

by a factor of 5–10 with a corresponding reduction in the gate insulator thick-

ness. They also studied the effect of UV light and found that the TFTs possesses

persistent photoconductivity, associated with the creation of electron-hole pairs

by ultraviolet photons with energies greater than the ZnO band gap. H. Bae et

al. [73] reported the fabrication of ZnO thin film based thin film transistor (TFT)

and its application as a photo-detectors. TFT acted as a photo-detectors under

zero gate bias. It has resistance of 100 M ohm, response time around 5 ms under

364 nm UV light confirming detecting behaviour of TFT.

Pan, Zijian et al. [74] investigated ZnO-TFT with an integrated load resistance

unit and the programmable ultraviolet (UV) detection integrated circuit unit.

They found that the output current intensity was proportional to the UV in-

tensity and possesses good switching characteristics with an ON/OFF ratio of

around 100 under 365 nm UV light having an intensity of 1.224 mW/cm2. They

measured the rise and fall times of 35.0 & 43.9 ms, respectively when exposed

to periodically switched UV light illumination. The UV PD has outstanding UV
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photo-current characteristics, showing high sensitivity and fast response for UV

detecting it works as a UV PD in the circuit unit. They have been able to achieve

programmable measurement of UV.

Singh, Shaivalini et al. [17] investigated the ZnO thin film based TFT on silicon

substrate with a W/L ratio of 4:1. They have reported simulation studies (done

with software from ATLAS from Silvaco-International) along with the fabrica-

tion of the bottom gate TFT grown with the RF magnetron sputtering technique.

They found that the characterization results show threshold voltage of 3.1 Volts,

saturation field-effect to be 0.6134 cm2 /V.s with ON OFF ratio of 102, at room

temperature.

Cross, R. B. M. et al. [75] investigated the stability of ZnO thin film transistors

grown with RF magnetron sputtering . They tested the device under gate bias

stress, both positive and negative and found that the positive stress resulted in

a positive shift of the transfer characteristics, while negative stress resulted in a

negative shift. No effect was observed by them on the sub-threshold for low bias

stress. They concluded that the instability to be a consequence of charge trap-

ping at/near the channel/insulator interface. Also, the higher biases and longer

stress times cause degradation of the sub-threshold slope, which is thought to

arise as a consequence of defect state creation within the ZnO channel material.

The devices were found to recover to their original characteristics, without any

annealing process.
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2.5 Application of ZnO thin films based devices as

UV photo-detector: Recent review

S. J. Young et al. [76] reported ZnO thin film based Schottky nano-rods grown

with RF sputtering, as UV photo-detectors.They observed that the photo-currents

do not show any saturation at high value of biasing but is seen to increase with an

increase in the incident power density. They have reported high value of respon-

sivity of 104.14 A/W at - 1 Volt, so as to be used as a good UV photo-detector.

Kewei Liu et al. [20] studied Zinc Oxide based UV photo-detectors. Zinc Oxide

thin film have been fabricated using different techniques such as PLD, MOCVD,

RF Sputtering, MBE, P-MBE, Sol-gel and RF sputtering. ZnO-based p-n hereto-

junction photo diodes have been fabricated and compared. I-V characteristics

under dark and UV conditions have been studied and compared.

T. Chen et al. [77] Schottky contact was grown on glass substrate. current-voltage

plots were obtained under dark and UV conditions. photo-current under UV

condition was found to be 6.5 μA, UV-to-visible ratio was reported 780.8 at -1 V,

further the low frequency noise characteristics of ZnO nanorod-based Schottky

contacts were also obtained.

Mian Wei et al. [23] investigated the ZnO based Nickel RF Micro-mechanical Res-

onators for monolithic wireless communication applications. In this research, fab-

rication of thin-film piezoelectric rectangular plate resonator and a piezoelectric-

on-structural layer rectangular plate resonator have been discussed, further lo-

calised annealing techniques have also been discussed.

G. Cheng et al. [78] studied the highly sensitive ZnO based UV photo-detectors

having fast response time. Optical parameters such as sensitivity, photo-current

gain and on/off ratio were calculated and found to be 2.6×103 A/W, 8.5×103 and

4× 105, respectively.
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G.M. Ali et al. [79] reported characterization of ZnO thin film based metal-

semiconductor-metal (MSM) and metal-insulator-semiconductor-insulator-metal

(MISIM) UV photo-detectors. Sol-gel technique was used to grow ZnO thin film

on a p-type Si substrate. Electrical and optical parameters were calculated from

measured data.

Divya Somvanshi et al. [80] have reported the ultraviolet (UV) detection char-

acteristics of Pd/ZnO Schottky contacts that were grown on tin coated n-Si sub-

strates by thermal evaporation method. They measured the electrical character-

istics of these diodes, with the applied bias voltages varying from 3 to 3 V, under

both the dark and UV illumination at a wavelength of 365 nm. The as-fabricated

photo-diodes were reported to have a high-contrast ratio of 541.34, quantum ef-

ficiency of 68% and responsivity of 0.20 A/W, at a reverse bias voltage of 3 Volt.

2.6 Summary and concluding remarks

Various nano-structures can be fabricated, with desired characteristics, as large

single crystals or polycrystalline thin films. The single crystals of ZnO can be de-

posited with various wet & gas-phas deposition techniques such as, hydrother-

mal growth, vapour-phase transport, and CBD. Deposition of ZnO thin films can

be realized by using chemical vapour deposition (CVD), molecular-beam epitaxy

and RF magnetron sputtering. The RF magnetron sputtering has an additional

advantage of fabricating ZnO thin films at room temperature, so as to permit

different type of substrate structures. Such devices are known to possess high

mobilities.

ZnO has provided new frontiers for emerging electronic devices, to replace the

existing silicon technology. Its large exciton binding energy makes it suitable for

opto-electronic applications to replace the existing GaN based UV sensors.
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Chapter 3

Simulation and performance analysis

of Schottky diode based on ZnO thin

film

3.1 General Introduction of Performance Analysis of

ZnO based Schottky Photodiodes

In recent years, ZnO has emerged as a promising material for variety of nano-

electronic and piezoelectronic device applications. Its wide bandgap (3.37 eV),

excellent radiation hardness, high exciton binding energy (60 meV) that enhances

light emission and inhibits thermal activation at room temperature, etching abil-

ity with wet chemicals, ease of forming nanostructures with efficient light emis-

sion and biocompatibility has ensured its usability in many optoelectronic de-

vice applications such as UV detectors, light emitting diodes, solar cells and en-

ergy harvesting applications [20, 81–84]. High quality nanostructures and thin

films of ZnO with low processing temperature has attracted researchers to use

it in flexible electronic device applications. This increased popularity of ZnO
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thin films and nanostructures for next generation optoelectronic device applica-

tions has motivated the researchers to study its electrical(metal) contact proper-

ties [64, 85–87].

Either it is, transparent electronics, flexible electronics or spintronics, all require

metal contacts and hence a detailed systematic study of ZnO-metal contact is im-

portant. Mead has reported first Schottky contact in 1965 [88]. Since then, differ-

ent authors have reported different metals as Schottky contacts for ZnO. Recently,

Brillson and Lu have reported a comprehensive review on the progress of ZnO

ohmic/Schottky contacts that has taken place in last few decades [18]. They have

reviewed the role of alloyed contacts, multilayer contacts, metallization schemes,

charge transfer, crystal quality, surface cleaning, defect formations and chemical

interactions on the performance of ZnO based ohmic / Schottky contacts. Work

reported in past suggests that fabrication of stable and better quality Schottky

contacts to ZnO is still an area of high interest for researchers. Study of Schot-

tky contact behaviour under given biasing conditions is an aspect which needs a

significant attention. Some reports on properties of metal contacts, at room tem-

perature, are available in literature but only very few reports are available on

performance analysis of ZnO Schottky diodes in terms of temperature, thickness

and doping variations [64, 89–92].

This work reports the simulation study and analysis of Pt/ZnO Schottky pho-

todiode using ATLAS simulator from SILVACO international. Various electrical

and optical parameters such as dark/illumination current, quantum efficiency

and responsivity have been obtained for UV wavelength region. Different tem-

perature related electrical parameters such as ideality factor and barrier height

have been evaluated. Effect of temperature, thickness and doping concentration

variation on the performance of Pt/ZnO Schottky photodiode has also been anal-

ysed and reported.
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Table 3.1: Set of parameters used for ZnO during ATLAS simulation of Pt/ZnO
Schottky photo-diode.

Parameter Values
Bandgap (eV) 3.37
Electron affinity (χ) 4.35
Effective density of states in the conduction band (Nc) [cm−3] 4 ×1018

Effective density of states in the valence band (Nv) [cm−3] 7 ×1019

τhand τn (sec.) 1 ×10−9

Dielectric constant (ε) 8.5
μn(cm2 /V.s) 60
μp(cm2/V.s) 10

3.2 Simulation Setup

The 2D structure of Pt/ZnO Schottky photodiode is shown in Fig. 3.1.

Figure 3.1: Simulation setup

Thickness of ZnO is taken as 500nm. A program of ZnO based Schottky

photodiode have been developed in DECKBUILD interface with ATLAS simu-

lator. Material properties of ZnO used during the simulation are listed in Table

3.1 [20, 64, 82, 83, 83, 85, 86, 86, 87, 93, 94].

Effect of bandgap narrowing, field dependent mobility and concentration de-

pendent lifetime models have been considered during the simulation. Schockley-
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Read-Hall (SRH) model has been used to consider recombination effects [95, 96].

SRH also simulates the leakage current which exists due to thermal generation.

Direct recombination model (AUGER) has been used to consider the presence of

interface traps at interface. Thermionic emission model and concentration depen-

dent mobility model which obeys simple power temperature dependence have

also been used. Inclusion of thermionic emission model considers non equality

of quasi fermi levels (φn and φp) with applied biasing voltage. Therefore, cur-

rent boundary conditions of these parameters at the surface can be written as

follows [97, 98]:

Jsn = qvn(ns −neq)exp(
Δφb
kT

) (3.1)

Jsp = qvp(ps −peq)exp(
Δφb
kT

) (3.2)

where Jsn and Jsp are electron and hole currents at the surface, respectively

q is charge of electron, ns and ps are surface electron and hole concentrations

respectively, neq and peq are electron and hole concentrations, at equilibrium,

assuming infinite surface recombination velocity (Vapplied = φn = φp). vn and

vp are the mean thermal velocity for electrons and holes respectively, and their

values have been obtained using following equations [97, 98]:

vn =
A∗
nT

2

qNc
(3.3)

vp =
A∗
pT

2

qNv
(3.4)

where A∗
n and A∗

p are effective Richardson constant for electrons and holes re-

spectively, T is the lattice temperature, Nc and Nv are effective density of states

for electrons and holes respectively.
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Consideration of Schottky thermionic emission model also includes the effect

of field dependent barrier lowering. Image forces and static dipole layers at metal

semiconductor interface are responsible for this mechanism. The amount of en-

ergy with which this barrier height reduces can be written as [97, 98]:

Δφb = β

√
q

4πεs

√
E+φEγ (3.5)

where E is the electric field at the interface and α is the linear dipole barrier low-

ering coefficient.

3.3 Results and Discussion

Fig.3.2 shows the I-V plot for Pt/ZnO Schottky photodiode.

Figure 3.2: Current-voltage characteristics for Pt/ZnO Schottky photodiode.

Metal work function value for Pt has been taken as 5.65eV during the simu-

47



lation [98]. It is clear from Fig.3.2 that current-voltage characteristic of Pt/ZnO

Schottky photodiode has shown Schottky nature. Ohmic and Schottky nature of

metal-semiconductor contacts depends upon two parameters i.e. (i) work func-

tion of metal and (ii) electron affinity of semiconductor material. According to

Bardeens model barrier height can be written as follows: [18]

φnSB = φM −χn −Δχ (3.6)

where φM is the work function of metal , χn is the electron affinity of semi-

conductor andΔχ is interface dipole. For ideal ohmic contact the potential barrier

formed by the contact should be zero. Since work function of Pt is considerably

higher than electron affinity of ZnO, Pt/ZnO contact has shown rectifying na-

ture for current-voltage characteristics. The rectification ratio i.e. the ratio of

forward current to backward current (IF/IR at ± 5V) for Pt/ZnO Schottky diode

was found to be ∼ 3.8× 106.

Figure 3.3: Variation of dark and illumination current as a function of biasing
voltage
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In low dimensional devices, Schottky barrier height not only depends upon

work function of the metal but also depends upon image force lowering, field

penetration and pinning of the fermi levels by surface states. All these param-

eters also affects Schottky barrier which varies with the absolute current value.

Fig. 3.3 shows the variation of photocurrent with biasing voltage (-1 to 1 V) under

dark and illumination conditions. When ultraviolet light falls over the photode-

tector, electron hole pairs get generated due to the absorption of photons in ZnO

region. This generation of electron-hole pairs results in increased photocurrent

under ultraviolet illumination which confirms the suitability of Pt/ZnO Schottky

photodiodes for UV detection in variety of civil and military applications.

Figure 3.4: Variation of internal and external quantum efficiency as a function of
optical wavelength

Fig. 3.4 demonstrates the variation of internal and external quantum effi-

ciency of Pt/ZnO photodiode as a function of optical wavelength. Internal quan-

tum efficiency has been obtained from the ratio of available photo current to the
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source photocurrent whereas external quantum efficiency is the ratio of cath-

ode current to the source photocurrent. It is clearly seen from the results that

Pt/ZnO photodiode has exhibited a high internal and external quantum effi-

ciency of ∼98% and ∼88% respectively for UV wavelength region which is at-

tributed to high detectivity of the detector. High value of quantum efficiency in

UV region with almost zero value in visible region confirms that Pt/ZnO Schot-

tky photodiode can detect UV light very efficiently.

Figure 3.5: Responsivity spectra of the Pt/ZnO Schottky diode

Fig. 3.5 shows the responsivity spectra of Pt/ZnO Schottky photodiode that

has been obtained using following equation.

R =
qηλ

hc
(3.7)

where, η is quantum efficiency, λ is light wavelength and c is the velocity of light.

The device has exhibited a good responsivity in ultraviolet wavelength region.

Maximum responsivity of 0.32 A/W has been observed at 360 nm wavelength.
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Figure 3.6: Effect of temperature on I-V characteristics of Pt/ZnO photodiode

Fig.3.6 depicts temperature dependent I-V variations of Pt/ZnO Schottky photo-

diode. It can be seen that device has shown rectifying behaviour for all tempera-

ture ranges, and current has increased with increasing temperature. Variation of

ideality factor with temperature has been obtained using following equation [99].

n =
q

kT

∂V

∂ln(I)
(3.8)

where q is the charge of electron, k is the Boltzmann constant, T is the lattice

temperature. ∂ln(I)
∂V can be obtained from the linear region slope of ln(I)-V plot.

Ideality factor has shown a variation of 1.3-1.9 for 300-400 K temperature varia-

tion. In temperature dependent electrical characterization of Schottky contacts,

barrier height also plays an important role and can be obtained using following

equation [99].

φB,eff =
kT

q
ln(

AA∗T2

I0
) (3.9)

where A is the contact area which is taken as unity during the simulation, A∗
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is the effective Richardson constant (A∗ = 32Acm−2k−2 for m∗
e = 0.27m0) and

I0 is reverse saturation current. Variation of barrier height with temperature is

demonstrated in Fig. 3.7, which has shown a linear increase in barrier height

with temperature for Pt/ZnO Schottky photodiode.

Figure 3.7: Variation of barrier height with temperature for Pt/ZnO photodiode

Increase in available charge carriers across the barrier for fermi level equaliza-

tion may be the probable reason for increase in barrier height with temperature.

Effect of ZnO thickness variation on responsivity of Pt/ZnO Schottky diode is

demonstrated in Fig. 3.8. It has been observed that as thickness of ZnO increases,

resistivity of ZnO layer also increases which results in increased responsivity of

the photodiode. Fig. 3.9 shows effect of doping concentration variation on re-

sponsivity of the Pt/ZnO photodiode.

It is clearly seen that responsivity for Pt/ZnO photodiode has decreased with

increased doping concentration. Analysis reveals that as doping increases, resis-

tivity of ZnO layer decreases which results in reduced responsivity of the photo-

diode.
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Figure 3.8: Effect of variation of thickness on I-V characteristics of ZnO Schottky
contacts

Figure 3.9: Effect of variation of doping concentration on I-V characteristics of
ZnO Schottky contacts
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3.4 Conclusion

This chapter presents simulation study and performance analysis of Pt/ZnO Schot-

tky photodiode using ATLAS simulator from SILVACO international. Various

important electrical and optical parameters of Pt/ZnO photodiode such as dark/illumination

current, quantum efficiency and responsivity have been reported. The variation

of responsivity as a function of wavelength has been obtained for different thick-

ness and doping concentrations. Effect of temperature on current-voltage charac-

teristics of Pt/ZnO Schottky photodiode has been studied. Temperature depen-

dency of ideality factor and barrier height for Pt/ZnO Schottky photodiode has

also been analyzed and reported.
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Chapter 4

Fabrication and characterization of

ZnO thin film based Schottky diodes

and its application as UV detector

This chapter presents the fabrication and performance analyses of Schottky diodes

with Au and Pd contacts on n-ZnO thin films as UV detector. RF magnetron sput-

tering technique has been used to deposit the nano-crystalline ZnO thin film.

Characterization techniques, such as XRD, AFM, SEM and the UV measurement

provided valuable information concerning the micro-structural, surface morphol-

ogy, and optical properties of the ZnO thin film. I-V and C-V characteristics

were evaluated for both Au/ZnO and Pd/ZnO Schottky diodes. Other impor-

tant device parameters such as, ideality factor, barrier height, responsivity, photo-

conductive gain and detectivity were evaluated and compared.

4.1 Introduction

Solar UV radiation affects human beings adversely in variety of ways, causing

cataract, lesions, photoaging, skin cancer and damage to the DNA structure. Var-
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ious other artificial UV sources in medicine and industry also pose the same haz-

ard. Although the atmosphere absorbs a significant portion of the solar UV radi-

ation, the depletion of the stratospheric ozone is exposing humans to its harmful

spectra with an higher intensity. It underscores the need to design and develop

efficient and highly sensitive photo sensors at lower costs. Nano-crystalline Zinc

Oxide (ZnO) thin films, with a wide band gap (3.37 eV), large exciton binding

energy (60 meV) and high surface to volume ratio, are being developed as an

alternative to the existing Gallium Nitride (GaN) based sensors that have low

responsivity with a high cost. ZnO thin film is also a suitable semiconductor ma-

terial for wide range of electronic device applications, such as, laser diode, thin

film transistor (TFT), gas sensor, solar cell, piezo-electronic nano-generator, SAW

resonator, and micro-electro mechanical devices [18–24], due to its excellent semi-

conductor and piezo-electrical properties. Moreover, realization of homogeneous

ZnO thin film based opto-electronic devices require both p and n type material,

although it is difficult to fabricate stable and reliable p-type ZnO thin film [70].

To realize the ZnO thin film based devices, different UV detector structures such

as MSM, p-n, TFT, Schottky diode have been reported by researchers in the recent

past [73, 78, 79, 100]. All these studies have explored possibilities of developing

high performance ZnO UV photo detectors. A Schottky photo-diode has many

advantages in various aspects such as high efficiency, low-dark current, high con-

trast ratio, simple structure and low cost. Fabrication of the ZnO thin films on

silicon substrates helps us in achieving an integrated approach with the existing

silicon technology. In this study, we demonstrate low power UV photo detectors

based on ZnO thin films with gold (Au) and palladium (Pd) Schottky contacts

on silicon wafer. The electroptical properties, along with structural, surface and

optical properties, of both these detectors with thermally stable high Schottky

barriers have been studied and compared.
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4.2 Experimental Details

4.2.1 Preparation of ZnO thin film

In order to study the electroptical properties of the proposed devices, a nano-

crystalline ZnO film was grown on a n-type silicon (Si) (101) substrate using RF

magnetron sputtering, at room temperature. The process of cleaning the Si wafer

was done in two steps- RCA-1 (10 minutes boiling in NH3 + H2O2 + 6H2O) and

RCA-2 (10 minutes in HCl + H2O2 + 6H2O at 60○C), before deposition of the ZnO

thin film. The deposition of ZnO thin film (340 nm) was carried out in 30 minutes

and the following process parameters were maintained: a base vacuum of 5 ×

10−6T , pressure of 7.5× 10−3T and RF power of 100 Watts. The target to substrate

distance was 7.5 cm. The basic structural, surface morphological, and optical

properties of ZnO thin film were characterized by X-ray diffractometer (XRD)

(Rigaku, Smartlab-3KW), Atomic Force Microscope (AFM) (Bruker, Multimode8-

HR), Scanning Electron Microscope (SEM) (Nova Nano FE-SEM, 450) and UV-

VIS-NIR Spectrometer (Shimadzu MPC3600).

4.2.2 Fabrication of Schottky diode

Schematic diagram of the proposed structure is shown in Fig. 4.1. Aluminium

layer of thickness of ∼100 nm was deposited on the back side of the Si wafer by

vacuum coating technique, to act as an ohmic contact. Circular Schottky contacts

of Ti (20nm) followed by Au/Pd (80nm) were deposited on the ZnO thin film

through shadow mask, using E-beam technique. Top-view of the corresponding

SEM image is shown in Fig. 4.2 with individual Schottky diode area of 0.74 mm2.

To improve the conductivity of the fabricated contacts, a rapid thermal process

(RTP) was subsequently performed, at 450○C, in Argon atmosphere at 50 sccm

for 5 minutes. Semiconductor Parameter Analyzer (Agilent B1500A), with probe
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station, has been used to evaluate the electrical (I-V, C-V) and photo-response

characteristics of both the Schottky contacts.

Figure 4.1: Grid of the Fabricated Schottky Contacts

Figure 4.2: Schottky Contact
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4.3 Results and Discussion

4.3.1 Structural and optical properties of RF sputtered ZnO thin

film

Fig. 4.3 depicts the XRD spectra of the ZnO thin film prepared on n-type silicon

substrate of 1-10 Ω-cm resistivity. The hexagonal wurtzite structure of the ZnO

Figure 4.3: XRD image of the ZnO thin film on silicon substrate

Figure 4.4: SEM image of the ZnO thin film on silicon substrate

thin film of polycrystalline nature with (002) c-axis orientation is verified by the

strong diffraction peak observed at 2θ= 34.4○ of the XRD spectra and a weak

diffraction peak at 2θ= 62.8○. The crystal size of 22.6 nm was computed for the
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(002) orientation peak, using the Scherrer’s relation [101].

Fig. 4.4 shows the SEM image of the ZnO thin film on n-Si substrate. It confirms

that the grown film is uniform with no cracks or pin holes. The average grain

size was found to be in the range of 20-25 nm. Fig. 4.5 and Fig. 4.6 shows the 2-D

Figure 4.5: 2D-AFM image of the ZnO thin film on silicon substrate

and 3-D AFM images of the ZnO thin film on silicon substrate. It reveals that the

grown RF sputtered ZnO thin film is uniform with an average grain size of 20-30

nm, which is in good agreement with the XRD and SEM results.

Figure 4.6: 3-D AFM image of ZnO thin film on Si substrate
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Figure 4.7: Optical transmission spectra of ZnO thin film. Inset shows the plot of
(αhν)

1
2 versus (hν)

Such nano-crystalline thin films are well suited for UV detection application

owing to their high surface to volume ratio. Fig. 4.7 shows the transmittance

spectra of the ZnO thin film with a sharp band edge absorption at 375 nm and a

good optical transmittance of around 94%, as observed in the visible range. The

optical band gap of the ZnO thin film was evaluated by extrapolating the linear

region of (αhν)
1
2 versus (hν) plot, as shown in the inset of Fig. 4.7 and found to

be 3.1 eV [67].

4.3.2 Electrical characteristics of Au/ZnO and Pd/ZnO Schottky

diodes

The experimentally measured current-voltage (I-V) characteristics of both Au/ZnO

and Pd/ZnO devices, are depicted in Fig. 4.8, under dark conditions. I-V char-

acteristics shows a typical non-linear behaviour of both these contacts with recti-

fication (IF/IR) ratios of 19 and 427 for Au/ZnO and Pd/ZnO Schottky diodes,

respectively, at a bias of ±4 V. This supports the results that we obtained from the

61



Figure 4.8: I-V characteristics of both Au/ZnO and Pd/ZnO Schottky diodes,
under dark condition

TCAD simulation done in Chapter 3 [71]. Generally, the major current transport

mechanism of the thin film Schottky contacts can be described by the thermionic

emission theory [60, 64]. The important diode parameters of both the devices

have been evaluated from the I-V characteristics by using the following equa-

tions [61, 64]

I = I0 exp(β
V − IRs
n

) (4.1)

I0 = AA
∗T2 exp(−βφb) (4.2)

β =
q

kT

where, V is the applied bias voltage, k is the Boltzmann constant, T is the tem-

perature, n is the ideality factor, φb is the effective barrier height at zero bias,

A is the effective area of the Schottky diode, A∗ is the Richardson constant (0.15

A/cm2K2 for ZnO) [59] and Rs is the series resistance. According to (4.2), the sat-
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uration currents I0, which are defined by the value of the I-V characteristics near

zero bias voltage, are found to be 8.69× 10−8A and 3.24× 10−8A for Au/ZnO and

Pd/ZnO Schottky diodes, respectively. The effective barrier height φb and the

ideality factor n have been evaluated without considering Rs, for the ideal case,

from the (4.3) and (4.4), respectively.

φb =
1
β

ln(
AA∗T2

I0
) (4.3)

n = β
dV

d(lnI)
(4.4)

The measured diode parameters of both the Schottky diodes in dark conditions,

at room temperature, are listed in Table 4.1. The obtained high value of the ideal-

ity factor and the low value of barrier height may be due to the interfacial defects,

different current transport mechanisms, inhomogeneities in the interface oxide

layer and also the series resistance of the diode [59].

Figure 4.9: Logarithmic plot of the I-V characteristics under forward bias for both
of the Au and Pd Schottky contacts

The current transport behaviour of both the Schottky diodes has further been
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investigated with the forward I-V logarithmic plot, as shown in Fig. 4.9. From

this figure, it is seen that, low forward voltages (0-0.5 V) with an approximately

unit slope accounts for the first region, due to the tunneling effect. Space charge

limited current regions, due to the presence of traps, account for the diode be-

haviour at higher bias voltages [64, 67]. The series resistance, Rs, is an important

Figure 4.10: Plot of dV
dln(I)

− I andH(I)− I in the forward bias for Au/ZnO Schottky
diode

parameter which causes the I-V behaviour to deviate from that of the ideal diode.

The electrical properties of the fabricated diodes have been further studied by us-

ing the Cheung & Cheung and modified Norde’ techniques [61, 68]. The Cheung

& Cheung’s relations are described, as below

dV

d(lnI)
=
n

β
+ IRs (4.5)

H(I) = V −
n

β

I

AA∗T2 (4.6)

H(I) = nφb + IRs (4.7)
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Figure 4.11: Plot of dV
dln(I)

− I andH(I)− I in the forward bias for Pd/ZnO Schottky
diode

Fig. 4.10 and Fig. 4.11 show the plots of dV
dln(I)

− I and H(I) − I of both the

Au/ZnO and Pd/ZnO Schottky diodes, respectively. Series resistance, ideality

factor and barrier height are obtained from the slope and the y-intercept of Fig.

4.10 and Fig. 4.11. The measured values of all of these parameters are listed in

Table 4.1 and found to be in good agreement with the results reported by other

researchers [64, 102]. It is observed that the value of n computed by Cheung &

Cheung method, for the Au/ZnO Schottky diode, is significantly higher than that

obtained from the corresponding I-V plot. The reason may be that the ideality

factor calculated by Cheung & Cheung method, with the downward curvature

region of I-V characteristics, shows a higher value than the one obtained from

the conventional thermionic emission model, where we used in the low voltage

linear region of I-V characteristics. Furthermore, it is also noted that the series

resistance, computed with both the methods, show different values. For the case

of Pd/ZnO Schottky diode, the values are comparable.
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Further, to gain more insight into the behaviour of the fabricated Schottky diodes,

we calculated the series resistance and the barrier height with an alternate method,

as proposed by Norde and given below [68]

F(V) =
V

γ
−

1
β

ln(
I(V)

AA∗T2) (4.8)

φb = F(V0) +
V0

γ
−

1
β

(4.9)

Rs =
γ−n

βI
(4.10)

γ in equation (4.8) being the first integer greater than n, as evaluated with the

I-V method. The F(V) − V plots of both the Schottky diodes are shown in Fig.

4.12. From this figure, the minimum value of F(V0) and V0 are 0.48, 0.15 V, 0.59,

Figure 4.12: F(V) versus bias voltage plot of both Au and Pd Schottky contacts

0.5 V for Au/Zno and Pd/ZnO diodes, respectively. Values obtained are substi-

tuted in (4.9) and (4.10) to determine the barrier height and the series resistance

of both the fabricated Schottky diodes. The computed values of φb and Rs are

listed in Table 4.1. The values of series resistance, Rs calculated from the modi-
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fied Norde’s are higher than those obtained from Cheung & Cheung method for

both diodes. The ideality values evaluated from both the methods for Pd/ZnO

are comparable, whereas, for Au/ZnO the values obtained from Cheung & Che-

ung method are much higher. For comparison, the Schottky diodes have been

Figure 4.13: C-V characteristics of the Au/ZnO Schottky diode at different fre-
quencies

Figure 4.14: C-V characteristics of the Pd/ZnO Schottky diode at different fre-
quencies

further investigated with the capacitance-voltage (C-V) measurements done at

different frequencies and depicted in Figs. 4.13 & 4.14, from which it is clearly
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observed that an increase in frequency results in fall of capacitance values.

Figure 4.15: ( 1
C2 −V) characteristics of the Au/ZnO Schottky diode at different

frequencies

Figure 4.16: ( 1
C2 − V) characteristics of the Pd/ZnO Schottky diode at different

frequencies

A similar trend is obtained for ZnO thin film Schottky diode, as reported by

others [64]. A peak is observed in the forward-bias region, at lower bias values,

that gradually disappears as the the frequency is increased, which may be due

to presence of deep-states in the energy band, interfacial defects or the series
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resistance of the devices [64].

Plots of ( 1
C2 −V) for these devices have been shown in Figs. 4.15 & 4.16, de-

rived from C-V characteristics, for different frequencies. The built-in potential,

Vbi and the barrier height values of the devices are computed from Figs. 4.15 and

4.16, along with the following relations

1
C2 =

2(Vbi −V − 1
β)

εZnOqND(W)A2 (4.11)

φb = q[Vbi +
1
β

ln(
NC
ND

)] (4.12)

where, εZnO(= 9ε0) is the permeability of the ZnO thin film,ND(W) is the carrier

concentration at a distance x = W and NC = 4.98 x 1018cm−3 in the conduction

band [61,102]. The carrier concentrationND versus depth plots are shown in Fig.

4.17. The measured values of carrier concentration, as calculated from Fig. 4.17,

and the barrier height are 1.579 ×1016cm−3 & 0.765 eV and 3.58 ×1016cm−3 & 0.86

eV, respectively for Au/ZnO and Pd/ZnO Schottky diodes at a frequency of 500

kHz.

Figure 4.17: Depth profile of the carrier concentration versus the depletion width
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The obtained values of the barrier height from the C-V characteristics of both

the devices are high as compared to the values computed from the I-V measure-

ment. These differences may be due to the presence of barrier height inhomo-

geneities and interface defect states at the Schottky junction [61, 68].

4.3.3 UV Detection of the Schottky diodes

In order to evaluate the feasability of both these fabricated diodes, as UV de-

tectors, tests were subsequently conducted to evaluate their photo-detector re-

sponse in the UV region.The experimental setup is shown in Fig. 4.18. The I-V

measurements were performed under UV light of wavelength 365 nm and the

results are shown in Figs. 4.19 and 4.20. The UV detector and photo-response of

the ZnO thin film based Schottky contacts have already been described by other

researchers elsewhere [65, 80]. The photo-detection mechanism of these Schot-

Figure 4.18: Experimental Setup for IV Characterization under UV Exposure.

tky diodes is mainly governed by adsorption and desorption of oxygen on ZnO

thin film surface. Under dark condition, oxygen is adsorbed by capturing a free

electron from the surface of the ZnO thin film, as per (4.13).

O2(g) + e
− =O2

−(ad) (4.13)
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where,O2(g) is oxygen (gas form). This adsorption creates a depletion layer near

the surface of the film which results in a decrease in conductivity of the ZnO thin

film. Under UV illumination, one absorbed photon results in a photogenerated

electron-hole pair: hν → h+ + e−, where, hν and e− represent hole and electron

respectively. Consequently, photogenerated holes move towards the surface and

neutralize the adsorbed oxygen, as per (4.14)

O2
−(ad) +h+ =O2(g) (4.14)

Thus, the oxygen atoms are desorbed near the ZnO thin film surface. Since, it

is the reverse process of the adsorption, the oxygen desorption results in an in-

crease in the photoconductivity near the surface. The total photo-response of the

detector is also due to the following reasons: separation of holes and electrons in

the depletion region and the modulation of the sheet conductance. This in turn,

enhances the photoresponse of the detectors in the UV region. From the I-V

Figure 4.19: I-V characteristics of the Au/ZnO Schottky diode under dark and
UV illumination

plots, shown in Figs. 4.19 & 4.20, we can easily see that the reverse currents of
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Figure 4.20: I-V characteristics of the Pd/ZnO Schottky diode under dark and UV
illumination

both the Schottky diodes show a clear enhancement when illuminated with the

UV light. Further, the responsivity R and the quantum efficiency η have been

evaluated using the following relations

R = η
λ(μm)

1.24
(4.15)

η =
Iph

Popt

hν

q
(4.16)

where, Iph is the photon current and Popt is the incident optical power. The mea-

sured values are listed in Table 4.2 and it is observed that Pd/ZnO diode shows

better photo-detection capabilities towards UV light than the Au/ZnO based

Schotkky diode.

The detectors were also tested for different optical powers and the results are

shown in Figs. 4.21 and 4.22. An increase in current is observed, as the optical

UV power intensity is increased from 2.16 to 4.46 mW/cm2. The Pd/ZnO Schot-

tky diode was found to exhibit a good contrast ratio ( Iph
Idark

), of 86.14, at a reverse

bias of -2 V, whereas a very low value, 4.65, was obtained for Au/ZnO Schottky
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Figure 4.21: I-V characteristics of Au/ZnO/Al Schottky UV detector with differ-
ent light intensities.

Figure 4.22: I-V characteristics of Pd/ZnO/Al Schottky UV detector with differ-
ent light intensities.

diode, as depicted in Fig. 4.23. The computed responsivity of both the detectors,

measured at -2 V, are found to be 10.16 and 22.7 A/W for Au/ZnO and Pd/ZnO

detectors, respectively. Detectivity, D and photoconductive gain, G, are the other

important parameters that determine the capability of UV sensor to detect the

weakest light signal, which have been evaluated using following relations

D =
ληq

hc

√
R0A

4kT
(4.17)
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Figure 4.23: Contrast Ratio versus Bias Voltage plot of the Schottky contacts

R0A = (
dJ

dV
)

−1

(4.18)

G =
Ne

Np
= R

1.24
λ(μm)

1
η

(4.19)

where R0A is the resistance-area product, at zero bias, λ is the wavelength (in μm),

Ne and Np are the total number of electrons and photons collected per unit time.

The values of obtained gain and detectivity of both the Au/ZnO and Pd/ZnO

Schottky photo-detectors are 34.5 & 77.18 and 1.23 ×1010 & 1.95 ×1010cm.Hz0.5/W,

respectively, assuming η = 1. These experimental results indicate better perfor-

mance of Pd based UV detector, over the Au based. A possible reason of degra-

dation of the performance of the Au based detector may be due to its being a

very effective recombination center in Si substrate and its fast diffusion into the

Si substrate during annealing process at 450○C, in the present study. The photo-

electrical properties of both the Schottky detectors have been compared and pre-

sented in Table 4.2.
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Table 4.2: PERFORMANCE PARAMETERS FOR UV DETECTION OF Au/ZnO
AND Pd/ZnO Schottky DIODES

Responsivity
A/W at -2V
bias

Photo-
conductive
Gain G

Detectivity,
at -2V bias
mHz0.5/W

Au/ZnO 10.16 34.5 1.23× 1010

Pd/ZnO 22.72 77.18 1.95× 1010

4.4 Conclusion

ZnO thin film has been prepared by RF magnetron sputtering technique. The

structural, surface and optical properties of the grown ZnO thin films are re-

ported. The ZnO thin film was subsequently used to fabricate both the Au/ZnO

and Pd/ZnO Schottky photo-diodes for UV detection at 365 nm. The results

show that the prepared thin film has good crystalline orientation and minimal

surface roughness, with an optical bandgap of 3.1 eV. The results confirm depo-

sition of a high quality ZnO thin film by the RF magnetron sputtering process.

I-V and C-V characteristics were evaluated that indicate non-linear behaviour of

the diodes for both of the contacts with individual rectification ratio (IF/IR) of

19 and 427, at ±4V , for Au/ZnO and Pd/ZnO Schottky diodes, respectively. Re-

sponsivity of these Schottky photo-detectors, at room temperature, on being illu-

minated with a light of wavelength 365 nm and applied bias of -2 V, were found

to be 10.16 and 22.7 A/W, for Au and Pd contacts, respectively.

The detectivity and photoconductive gain of both Au and Pd based Schottky de-

tectors were found to be 1.23 ×1010 & 34.5 and 1.95 ×1010cm.Hz0.5/W & 77.18,

respectively, which indicate better performance of Pd based UV detector. The

evaluated device parameters indicate Pd/ZnO detector to be superior than the

Au/ZnO Schottky detector. The above experimental results can provide a good

platform for future researchers to explore low cost UV photo-detectors, operating

at room temperature, as an alternate to the existing GaN based UV detectors.
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Chapter 5

Design and development of Thin

Film Transistors based on ZnO thin

film

This chapter presents the simulation, fabrication and characterisation of UV photo-

detectors with staggered bottom gate ZnO Thin Film Transistors (TFTs), grown

on silicon at room temperature using RF magnetron sputtering process. The

static performance of these detectors have been explored by varying the channel

lengths (6 μm and 12 μm). The TFT device parameters such as, leakage current,

threshold voltage, field-effect mobility and sub-threshold swing are evaluated.

The devices were investigated for stability with application of both positive and

negative-stress. The fabricated TFTs are further tested for UV detector applica-

tions.

5.1 Introduction

ZnO based thin film transistors (TFT) being quite similar to MOSFET devices,

both in terms of operation and also the composing layers, has another application
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in the emerging field of UV detectors [74].

5.2 Simulation and performance analysis of ZnO Thin

Film Transistors

5.2.1 General Introduction of Performance Analysis of ZnO Thin

Film Transistors

Simulation study and performance analysis of ZnO Thin Film Transistors (TFTs)

have been done. Static performance of the TFTs with different W/L ratios have

been evaluated. Channel lengths were varied from 6 μm to 12 μm while keeping

the width, W, to be 40 μm. The thickness of both the ZnO channel and the di-

electric SiO2 were varied to observe the corresponding effects on the output and

the transfer characteristics of the bottom-gate TFTs. Various electrical and optical

parameters, such as ON-OFF current ratio, threshold voltage and field-effect mo-

bility have been obtained.

Three-dimensional (3D) device simulator of VisualTCAD from Cogenda was used

to gain insight into the various electrical and optical properties of the ZnO bottom-

gate TFTs. Further the TFTs were also investigated under the presence of ultra-

violet light. The current-voltage characteristics, under ambient and illumination

conditions, were plotted for varying intensities of the UV light. The detectors

were also tested for light of different wavelengths in the UV region from 40-400

nm. The simulations confirmed that ZnO TFTs are suitable detectors for ultra-

violet light detection in variety of applications.
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5.2.2 Simulation Setup

The three-dimensional structure of the thin flim transistor is shown in Fig. 5.1.

The drift-diffusion, energy valence, carrier transportation, Poisson’s and conti-

nuity equations are involved in the device simulation. Drift Diffusion Model

Figure 5.1: Top and bottom view of the simulated bottom gate TFT structure

Level-1 (DDML1) that has been chosen for the simulation, approximates the hy-

drodynamic model to consider the recombination effects, as under

• Light speed is much faster than carrier speed.

• All the collisions are elastic.

• Band-gap does not change during collisions.
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• Carrier temperature equals to lattice temperature and keeps equilibrium.

• The gradient of driving force should keep small.

• Carrier degeneration can be neglected.

Figure 5.2: 3D mesh view of the simulated bottom gate TFT structure

By substituting DDM into the current density expressions and combining with

Poisson’s equation, the following basic equations for DDML1 are obtained:

∂n

∂t
= ∇.(μnn

−→
En +μn

KbT

q
∇n)− (U−G) (5.1)

∂p

∂t
= −∇.(μpp

−→
Ep −μp

KbT

q
∇p)− (U−G) (5.2)

∇.ε∇ψ = −q(p−n+ND
+ −NA

−) (5.3)

where, p and n are hole and electron concentrations,
−→
En and

−→
Ep are the effective

driving electrical field to electron and hole, U and G are recombination and gen-

eration rates for electron and hole respectively, ψ is the electrostatic potential, q

is electron charge, ND
+,NA

− are ionized impurity concentrations.
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5.2.3 Simulation of Bottom Gate TFTs

Simulation of the bottom-gate ZnO TFT has been done using VisualTCAD 3D

simulator from Cogenda, the mesh view of the proposed structure is shown in

Fig. 5.2. The device dimensions for the simulated and fabricated TFT structure,

are illustrated in Fig. 5.3. Various models are available for simulation studies

Figure 5.3: Schematic of the bottom gate TFT structure (top and cross-sectional
views)

such as, Drift Diffusion, Density gradient, Band structure along with other Mo-

bility models (Bulk, Analytic, Masetti analytic, Phillips, Lomabardi surface, Lu-

cent high field etc.). Drift Diffusion model has been chosen in our study. As

all the parameters are not defined in the VisualTCAD library so Mob, Band and

Basic models are utilized to define the various parameters of ZnO. Fermi-Dirac

model is used for the distribution of carriers. Various electrical and optical pa-

rameters such as OFF current, drain current ON-OFF ratio, threshold voltage and
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field-effect mobility have been obtained, both under ambient light and UV il-

lumination conditions. The assumed material parameters for simulation of the

bottom-gate TFT devices are given in Table 5.1.

Table 5.1: Set of Parameters used for ZnO during VisualTCAD simulation of Bot-
tom gate TFT

Parameters Values
Bandgap 3.37 eV
Dielectric constant, εs 8.12
Electron mobility, μn 0.015 m2/V.s
Hole mobility, μp 0.003 m2/V.s
Effective mass of electron, m∗

e 0.24 × m0
Effective mass of hole, m∗

h 0.59 × m0
Electron mobility (μn) 1500 cm2/V .s
Electron affinity, ζ 4.35 eV
Work function, φs 4.45 eV
Effective density of states in the conduction band, Nc 2.94×1024m−3

Effective density of states in the valence band, Nv 11.36×1024m−3

DDML Lifetime for electrons, τn0 4.19 ×10−6s

SRH/Drift-diffusion Lifetime for holes, τp0 6.57×10−6s

5.2.4 Simulation Results

Various electrical and optical parameters, such as ON-OFF current ratio, thresh-

old voltage and field-effect mobility have been obtained. The two important elec-

trical parameters, namely, the threshold voltage (VT ) and the field-effect mobility

(μFE) have been extracted from the transfer characteristics, when the device is op-

erating in the saturation region. The output current is given as

ID,sat =
W

2L
μFECOX(VGS −VT)

2 (5.4)

where COX is the gate-oxide capacitance per unit area.

The threshold voltage VT can be evaluated from the output characteristics from

the intersection of the linear extrapolation from the ID versus VGS plot, for lower

VDS.
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The channel mobility for the ZnO TFTs under consideration here can be deter-

mined by various methods. The field-effect mobility μFE, has been evaluated

from the transconductance (gm) with low VDS, to account for the efficiency of the

carrier transport in the ZnO thin film as below

μFE =
gm

COX
W
L VDS

(5.5)

5.2.4.1 Electrical Characteristics

The electrical characteristics of the simulated Zno based TFTs have been inves-

tigated in this section. First the effect of thickness variation of the ZnO channel

layer and the oxide layer of SiO2 was examined. It was found that as the oxide

layer thickness is doubled, the output currents decrease by half. No effect of ZnO

layer thickness was observed on either of the electrical characteristics.

Figure 5.4: Output characteristics of Bottom gate TFT for various channel lengths

The output and the transfer characteristics for the TFT for W=40 μm and vary-

ing channel lengths of L = 6, 9, 12 & 15 μm are as shown in Fig. 5.4 & Fig. 5.5

which clearly show the currents increase linearly for lower VDS (ohmic region)
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Figure 5.5: Transfer Characteristics of Bottom gate TFT for for various channel
lengths

and saturates for higher values of VDS (Constant current region). The TFT be-

haviour is evident from these curves.

5.2.4.2 UV Characteristics

The intensities and wavelength of the UV light have been varied to study their

effects on the electrical characteristics of the ZnO TFTs.

Figure 5.6: Output Characteristics of Bottom gate TFT for different intensity of
UV light at VGS = 2V
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Figure 5.7: Transfer Characteristics of Bottom gate TFT for different intensity of
UV light at VDS = 2V

Intensity variations

The effect of UV light on the output and the transfer characteristics for the TFT

has been investigated for channel width W=40 μm and length of L = 9 μm, as the

UV illumination intensity is varied from 25, 50, 75 & 100 mW/cm2, are as shown

in Figs. 5.6 & 5.7. The output currents show a significant increase of 2-4 times as

compared to the ambient currents.
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Wavelength variations

The effect of UV light on the output and the transfer characteristics for the TFT

has been investigated for channel width W=40 μm and length of L = 9 μm, as the

UV illumination wavelength is varied from 100, 200 & 300 nm, are as shown in

Fig. 5.8 & Fig. 5.9. The output currents show a significant increase of 2-4 times as

compared to the ambient currents. The TFT behaviour under UV illumination

Figure 5.8: Output Characteristics of Bottom gate TFT for different wavelengths
at VGS = 2V

Figure 5.9: Transfer Characteristics of Bottom gate TFT for different wavelengths
at VDS = 2V

shows that it is suitable for UV applications.
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5.3 EXPERIMENTAL DETAILS

5.3.1 Fabrication of Bottom Gate TFTs

The bottom gate ZnO TFT was fabricated in 5 processing steps. Initially, the sur-

face of a 4 inch Si (100) wafer with a thickness of 380 μm and resistivity of 1-10

Ω-cm., was cleaned with standard RCA-1 method (10 minutes boiling in NH3 +

H2O2 + 6H2O) followed by RCA-2 (10 minutes in HCl + H2O2 + 6H2O at 60○C).

These processes cleared its surface of the organic and metallic contaminants. SiO2

layer, 100 nm thick, was grown by dry oxidation, to act as a gate insulator layer

(5.16). The sample was then cleaned with acetone, IPA (C3H8O) and DI water

sequentially, followed by soft baking for 5 minutes, to prepare it for lithography.

The top-side of the wafer with SiO2 layer was immediately coated with a posi-

tive photo-resist S1813 (Shipley) with spin coating technique at 4000 rpm. Mask

preparation for patterning the different layers was done with opto-lithographic

process of mask writer Heidelberg Instruments (Model μ PG-501). Transfer of

Figure 5.10: Mask writer

the mask on the wafer was done in vacuum with a UV dosage of 45 mJ/cm2 for

7 seconds, using SUSS MicroTec (Model MJB4) mask aligner, with a resolution

of 0.5μm. Each of the patterned layers were developed using MF26A for 24 sec-
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onds. A nano-crystalline ZnO film was grown on this SiO2 layer with a thickness

200 nm, as a channel layer, by RF sputtering process, at room temperature in 22

minutes with the following process parameters: a base vacuum of 5.0 ×10−6T ,

pressure of 4.1 × 10−6T , RF power of 100 Watts, ZnO target (iTASCO) of 99.99%

purity and target to substrate distance of 7.5 cm. The ZnO film step height was

measured with the Dektak XT surface profiler, as shown in 5.11.

Figure 5.11: ZnO layer thickness measurement done with DEKTAK

Lift off process was done at the chemical wet bench (FELCON), to remove the

unwanted ZnO. Annealing was done at 450○ in oxygen for 1 hour to achieve the

surface uniformity and upgrade the stoichiometry of zinc and oxygen. The same

process of mask deposition was done to prepare the wafer for deposition of alu-

minium to act as source and drain electrodes, for two different channel lengths

of 6 μm and 12 μm, both having a width of 40 μm. Finally, wet-etching was

performed with buffered HF to remove SiO2 layer on the back side of the wafer

before deposition of silver (Ag), thickness 140 nm, with DC sputtering to act as

gate electrode. The wet bench setup is as shown in Fig. 5.12. Rapid Thermal An-

nealing (RTA) at 350○C in argon for 1 minute was done to improve the electrical

characteristics of the fabricated device.

The corresponding photo-image of the fabrication process steps of the ZnO thin
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Figure 5.12: Wet Bench setup

film on SiO2 /Si substrate is shown in Fig. 5.13.

Semiconductor Parameter Analyzer (Agilent B1500A), with probe station, was

used to perform the electrical characteristization of the TFTs. X-ray diffractome-

ter (XRD) (Rigaku, Smartlab-3KW) provided valuable information concerning the

micro-structural properties of the ZnO thin film. Characterization with Atomic

Force Microscopy (AFM) (Bruker, Multimode8-HR)and Scanning Electron Micro-

scope (SEM) (Nova Nano FE-SEM, 450) was done to find the surface morphology.

The transmittance/ absorption of the film was measured with UV-VIS-NIR Spec-

trometer (Shimadzu MPC3600). UV lamp with a wavelength of 365 nm and an

input optical intensity of 1.28 mW/cm2 was used to find the photo-response of

the TFTs. The transfer characteristics of the fabricated device were further inves-

tigated for their behaviour under different bias stress conditions, at room temper-

ature, with the Semiconductor Parameter Analyzer.
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Figure 5.13: Schematic of the bottom gate TFT fabrication process
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Figure 5.14: Microscope image of the bottom gate fabricated TFT with L =12 μm

Figure 5.15: Microscope images of the fabricated TFT

Figure 5.16: SiO2 layer thickness measurement done with ellipsometer
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5.4 RESULTS AND DISCUSSION

5.4.1 ZnO Thin Film Characterisation

The detailed structural and optical characteristics of the ZnO thin film has been

described in [103], however some of the important properties are discussed here.

The XRD spectra of the ZnO thin film deposited on the silicon substrate is shown

in the Fig. 5.17, that shows a strong diffraction peak at 2θ= 34.4○ and also a weak

diffraction peak at 2θ= 62.8○. The result confirms the deposited ZnO thin film

is polycrystalline with hexagonal wurtzite structure and possesses (002) c-axis

orientation.

Figure 5.17: XRD pattern of ZnO thin film

The optical transmittance of the deposited ZnO thin film is shown in Fig. 5.18

for the wavelength ranging from 300 nm to 1100 nm. The obtained transmittance

in excess of 80% for the wavelength for the visible range (400-700 nm) permits us

to fabricate the bottom gate TFT based on the ZnO channel layer to act as a UV

(100 - 400 nm) detector.
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Figure 5.18: Transmittance of the ZnO thin film

5.4.2 TFT performance

The output characteristics of the fabricated bottom gate TFT detector are shown

in Fig. 5.19 for the two different channel lengths, L, of 6 and 12 μm. From the

Figure 5.19: Output characteristics for the two different channel lengths

plots, we see that the drain current, ID increases as the drain voltage, VDS, is

increased from 0 to 25 Volts. The curves plotted for different positive gate bias
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in Fig. 5.19 clearly show the device to be operating in the enhancement mode,

achieving saturation at high values of VDS. The gate leakage currents are shown

in Fig. 5.20.

Figure 5.20: The gate leakage current for the two different channel lengths of the
fabricated TFTs

Figure 5.21: Transfer characteristics for the two different channel lengths of the
fabricated TFTs

The transfer characteristics for the device operating in the saturation region/

mode, for different applied VDS of 2, 4, 6, 8 & 10 Volts, are shown in Fig. 5.21.
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Both the output and transfer characteristics show a marked increase in the

output currents, as the channel length, L, is decreased from 12 μm to 6 μm. The

minimum and maximum values of the drain current ID depends upon the gate

leakage current along with the system noise of the measuring device and the ca-

pacitive injection due to the applied field in the ZnO channel, respectively. The

evaluated ON-OFF ratios, for the TFTs of L = 6 μm and L = 12 μm, are of the

order of 4 and 5, that suggest that the fabricated TFTs possess good switching

characteristics for electronic applications.

The two important parameters, namely, the threshold voltage VT and the mobil-

ity, have been extracted from the transfer characteristics. These have been evalu-

ated from the curves when the devices are operating in the saturation region and

the output current follows the relation, as below

ID,sat =
W

2L
μFECOX(VGS −VT)

2 (5.6)

where COX is the capacitance per unit area. The threshold voltage VT can be

evaluated from the output characteristics as the intersection of the linear extrapo-

lation either in the
√
ID versus VGS plot, for higher VDS, or from the ID versus VGS

plot, for lower VDS. The threshold voltage have been extracted from the transfer

characteristics for lower VDS in this paper. From the output and the transfer char-

acteristics, it is observed that as the channel length of the TFT is decreased the

drain current increases.

As in [72], the mobility characteristics being non-ideal as compared to the MOS-

FET structures, the channel mobility can be determined in various ways, for the

ZnO TFTs under consideration here. We have evaluated the field-effect mobility

μFE, the obtained transconductance values, gm, with low VDS, to account for the

efficiency of the carrier transport in the ZnO thin film [4], as below
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μFE =
(d

√
ID

dVGS
)

2

1
2COX

W
L

(5.7)

A comparison of the simulated and fabricated normalised transfer characteris-

Figure 5.22: Comparison of the simulated and fabricated normalised transfer
characteristics for the two different channel lengths

tics of the TFTs for the two different channel lengths is shown in Fig. 5.22. The

difference in the simulation and fabrication results may be due to defects in the

ZnO channel, contact resistances at the source and drain terminals and also the

imperfections in the ZnO-SiO2 layer interface. The evaluated values for these pa-

rameters are shown in Table 5.2.

Table 5.2: Extracted parameters

Channel
Length

Threshold Voltage, VT (V) Mobility, μFE (cm2/V .s)
Fabrication Simulation Fabrication Simulation

6 μm 1.18 0.77 0.62 0.47
12 μm 2.33 1.62 1.61 1.20

From Table 5.2, higher values of the threshold values, VT , have been obtained

for the fabrication results, as compared to the simulation results. The inconsis-

tency in the results may be due to the ZnO-SiO2 layer interface defects. The ex-
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perimentally obtained values of the field-effect mobility, though still at the lower

end of the reported values (comparable to those obtained in [17]) but are better

than those obtained, as in [74]. The experimental results indicate good quality of

the fabricated ZnO thin film with low scattering effects.

Another important parameter to evaluate the TFT is its sub-threshold swing,

S that reflects its speed of operation and power consumption. It conveys the in-

formation regarding the change in gate voltage required for a decade change in

drain current in the sub-threshold region (VGS < VT ). The sub-threshold swing, S,

is the inverse of the maximum slope of transfer characteristics that is essential for

the gate voltage VG to increase the drain current by a decade

S = (
dlog(ID)

dVGS
∣
max

)

−1

(5.8)

Valuable information regarding the density of the trap states can also be extracted

from this parameter from the equation, as below [104]

Nt = (
Slog(e)

kT
q

− 1)
Cgi

q
(5.9)

where Cgi is the gate insulator capacitance per unit area.

We can also evaluate the minimum gate voltage that is required to turn on a TFT

from its OFF state, as under [105]

ΔVGS,min = S.
ION
IOFF

(5.10)

The obtained values of sub-threshold swing, S, of the TFT of W = 40μm and

L = 6 μm & L = 12 μm are 13.5 and 12.8 V/dec, respectively. It is observed that

the sub-threshold swing becomes better as the channel length increases. These

values are better than the reported values [3, 106, 107].
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5.4.3 Device Stability

The active layer of the TFT has trapped charges, due to impurities, between the

fermi level and the minimum energy level of the conduction band, whose dis-

tribution alters with the application of gate bias stress. Both the positive and

negative stress of ±8 Volts were induced on the fabricated device for different du-

rations of 5 minutes and 10 minutes. It was observed that as the stress duration is

increased from 5 minutes to 10 minutes, a perceptible shift in subthreshold slope

results, along with a change in the threhold voltage. Also, the transfer characteris-

tics of the TFTs got shifted on application of both positive and negative-stress but

was mostly deteriorated by the negative stress. This behaviour is in agreement

to the reported logarithmic time dependence [75] and indicates that the charge

trapping process diminishes because of creation or removal of defects, on being

subjected to stress.

Figure 5.23: Stress test transfer characteristics of the TFTs with L = 6 μm

Figs. 5.23 and 5.24 show the experimental results for the transfer characteris-

tics under different gate bias stress of ±8 Volts for 5 and 10 minutes on the fab-

ricated bottom-gate ZnO TFTs, at room temperature. The unstable nature of the
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Figure 5.24: Stress test transfer characteristics of the TFTs with L = 12 μm

TFT characteristics may be due to the presence of high grain boundary concen-

tration of the sputtered ZnO thin film, the ZnO-SiO2 interface layer defects or a

combination of both of these.

5.4.4 UV Detection

Figure 5.25: Output characteristics under UV light for the TFT with L = 6 μm

The UV detector and photo-response of the ZnO thin film based Schottky con-

tacts have already been described by other researchers elsewhere [65, 80]. The
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Figure 5.26: Output characteristics under UV light for the TFT with L = 12 μm

photo-detection mechanism of these TFTs is due to the effect of oxygen adsorp-

tion and desorption by the ZnO thin film surface. Under dark condition, oxygen

is adsorbed by capturing a free electron from the surface of the ZnO thin film, as

reported in our work [103].

Figure 5.27: Transfer characteristics under UV light for the TFT with L = 6 μm

The output and transfer characteristics for the bottom gate TFT on illumina-

tion with the UV light of intensity of wavelength 365 nm 1.28 mW/ cm2, are plot-

ted in Figs. 5.25, 5.26, 5.27 and 5.28 with symmetrical curves indicating a good
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Figure 5.28: Transfer characteristics under UV light for the TFT with L = 12 μm

quality ohmic contact between the ZnO thin film and the electrodes. Compared

with the values reported by others [106], the obtained low photo-response (ap-

prox. 1.5 times) of the fabricated TFTs, is possibly due to low operating voltages

and possible electron-hole pair recombinations. The marked increase in the ob-

served response of the TFT on illumination with the UV light of wavelength 365

nm indicates that the device can be used for UV detection. Fig. 5.29 shows the

variation of output characteristics under different applied UV power. It was ob-

served that the drain current increases by almost 50% under UV illumination at

an applied gate voltage of +10 V and VDS = 25V under UV power of 4.3 mW/cm2.

Increasing the UV powers above this value does not generate additional carriers

thereby producing a negligible effect on these characteristics.
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Figure 5.29: UV power variation on the output characteristics for the two different
channel lengths

5.5 Conclusion

Bottom-gate ZnO Thin Film Transistors of two different channel lengths, 6 μm

and 12 μm, were fabricated on silicon substrate, at room temperature, using RF

magnetron sputtering technique, after conducting detailed simulation studies.

The ON/OFF ratio obtained are of the order of 3. Leakage currents in the nano-

ampere range and mobilities of 0.62 and 1.61 (cm2/V .s) have been obtained for

L = 6 μm and 12 μm, respectively. The response of the fabricated device was

verified with the simulation results that are within ±10% range for lower volt-

ages and match nicely as the transistor moves down into the saturation region.

From the TFT characteristics, it is observed that as the channel length of the TFT

is decreased the drain current increases. The detector was also tested for device

stability with the transfer characteristics of the TFTs which got shifted on appli-

cation of both positive and negative-stress, mostly deteriorated by the negative

stress. Other important device parameters were compared with the simulation re-

sults and found to be in good agreement. The fabricated TFTs were subsequently

tested for UV detection applications, with variation of UV power. The TFTs ex-

hibit a high photo-response with increase of about 50% in the output current.
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Chapter 6

Conclusion and future Work

6.1 Conclusion

Zinc Oxide thin film based Schottky Diodes and TFTs were designed and fab-

ricated. Their application as UV Detectors was demonstrated. Before actual

fabrication, simulation studies were undertaken with various software tools to

optimize the device characteristics and improve the performance. ZnO based

Schottky diodes were evaluated with different types of metal contacts, such as

Gold (Au), Platinum (Pt) and Palladium (Pd) under different temperature condi-

tions, doping concentrations and channel thickness. The variation of responsiv-

ity as a function of wavelength have been simulated for different thickness and

doping concentrations. Effect of temperature on current-voltage characteristics

of Pt/ZnO Schottky photodiode has been studied. Temperature dependency of

ideality factor and barrier height for Pt/ZnO Schottky photodiode has also been

analyzed.

Further their UV responses were investigated with various performance param-

eters such as, contrast ratio, responsivity, photo-conductive gain and detectivity

to extract the working performance of these Schottky photo-diodes.
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Simulations studies were also carried out to evaluate the optimized parameters

for the bottom-gate TFTs, with varying channel lengths. Simulation and perfor-

mance analysis of ZnO bottom gate TFTs was done to plot the output and transfer

characteristic curves for different W/L ratios. Effect of UV light of different inten-

sities and wavelengths was investigated on current-voltage characteristics. The

simulated devices were found to exhibit suitable photo-response for UV detec-

tion applications.

After optimization of electrical and optical properties of both Schottky photo-

diodes (PD) and Thin Film Transistors (TFTs), the actual fabrication was carried

out to validate the simulation results. The important parameters of both devices

observed from the fabrication results as follows:

Schottky Diodes

a. ZnO thin film was prepared by RF magnetron sputtering technique.

b. Characterization techniques, like Atomic Force Microscopy (AFM), Scan-

ning Electron Microscopy (SEM), X-ray Diffraction (XRD) and UV visible

spectroscopy were used to analyse the structural and optical properties of

the grown film.

c. It is observed that the prepared thin film has good crystalline orientation

and minimal surface roughness, with an optical band-gap of 3.1 eV.

d. Subsequently, Au/ZnO and Pd/ZnO based Schottky photo-diodes were

fabricated.

e. From I-V and C-V experimental results both the devices indicate non-linear

behaviour with rectification ratio (IF/IR) of 19 and 427, at ±4 V, for Au/ZnO

and Pd/ZnO Schottky diodes, respectively.
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f. Both of the fabricated diodes show good response to UV light and the re-

sponsivities were found to be 10.16 and 22.7 A/W, for Au and Pd contacts,

respectively.

g. The detectivity and photoconductive gain of both Au and Pd based Schot-

tky detectors were found to be 1.23 ×1010 & 34.5 and 1.95 ×1010.Hz0.5/W

& 77.18, respectively, which indicate better performance of Pd based UV

detector.

h. The above experimental results can provide a good platform for future re-

searchers to explore low cost UV photo-detectors, operating at room tem-

perature, as an alternate to the existing GaN based UV detectors.

Thin Film Transistors

a. After conducting detailed simulation studies, fabrication of bottom-gate

ZnO Thin Film Transistors with two different channel lengths, 6 μm and

12 μm, was undertaken, on silicon substrate, at room temperature, using

RF magnetron sputtering technique.

b. The static performances of these devices have been explored by varying the

channel lengths. The devices show low leakage currents of 14 & 19 nA and

exhibit superior electrical characteristics with an ON-OFF ratio of the order

of 3.

c. Threshold voltages of 1.35 & 1.93 Volts and sub-threshold swings of 8.896

& 10.67 mV/dec have been obtained for the TFTs with L = 6 μm and L = 12

μm, respectively.

d. Mobilities of 0.682 and 0.881 (cm2/V.s) have been obtained for TFTs with L

= 6 μm and 12 μm, respectively.
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e. The response of the fabricated device was verified with the simulation re-

sults that were within ±10% range for lower voltages and match nicely as

the transistor moves down into the saturation region.

f. The devices were also tested for their stability.

g. The fabricated prototype TFTs were also successfully demonstrated for UV

detection applications.

6.2 Future work

The future of ZnO thin film based nano-structures will be fully realized only

when a stable p-type doping will be possible. Only then fully functional devices

will be achieved and the optoelectronic and electronic applications will be thor-

oughly accomplished for commercial applications. The present hetero-structures

have problems of lattice mismatch between the ZnO and SiO2 substrate, thereby

inducing defects and deterioration in the electrical performance.

Measurements still need to be done for the

∎ the radiation hardness of the fabricated devices is to be investigated for

space applications.

∎ wavelength dependent sensitivity and noise analysis.

∎ gas sensing and bio-sensing for bio-medical applications and environmen-

tal studies.
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