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Abstract

ZnO 15 a direct and wide band gap semiconducting material It s optical and electrical properties
has depicted a greal potential application for the UV detection Specifically designed and custom
fabricated un-doped thin film of ZnO Epitavially grown on sapphire (0001) substrate was
studied 10 1nvestigate the possible device output characteristics desirable for UV detection
applications Detailed electrical and electro-optical analysis of the device structure was
performed on sophisticated machines to yvicld the requisite signature for the utility of the
specified matrix for sensing and detection mechanism i ZnO  Electro-optical analysis
include device parameters such as absorption cocflicient, optical band gap. mobility,
carrier concentration, 1-V characteristics 1 he un-doped epitaxially grown ZnO on sapphire
substrate showed n-type behavior The epitavial ZnO 1s cheap and efficient solution for
UV detection application in which no intentional doping 15 required Doping not onty adds
a cost factor but could affect the UV sensing abihity ot ZnO The Epitaxial ZnO mobility
which 1s far better when compared to standard Al doped /nO that makes Epitaxial ZnO to
worh 1n intrinsic photoconductive mode Device engincers may utilize this knowledge to

manufacture low cost ZnO sensors and UV detectors
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mechamsm for diffcrently designed structurcs have been proposcd Synthesis of nanoscale
materials have brought a revolution 1n clectronic world [5] Semuconductor matenals are
preferred choices for functional Nano devices Nano fabrication have allowed the synthesis of
semiconducting materials 1n the form of Nano devices and Nano rods Now, Nano devices have
shown full functionality using scnuconducting materials especially 1n the form of single
electron transistors, clectric ficld cffect switches, biological and chemical sensing and
luminescence for one dimensional (1-D)} semuconducting structurces [6] In such applications
semiconductng oxides are of particular importance Among these oxides 7inc oxide (ZnO)
has shown remarkable properties for Nano device applications When comparcd to GaN Sun
radiations can causc damage to semiconducting matcrials but semiconducting oxide 1 ZnO
Js quite resistant to sun radiations ZnQ 1s a direct and wide bandgap semiconductor having
bandgap energy of 3 37e\ It's opiical and electrical propertics has depicted a great potential
for the UV detection applications Wide bandgap makes ZnO good for applications in UV
wavelength range like UV laser diodes, hght emutting diodes and UV detectors [7]
Optoelectronic devices based on ZnO are mainly designed for their sersitivity to UV photons
but there a1e devices which are based on the phenomena of stimulated emission, lasing and UV
lummescence ZnO has a binding energy of 60meV Thermal 1omization encrgy of ZnO s less
as compared to 1ts binding cnergy at room temperature So, this binding cnergy and lasing can
only be achicved by using extremely high quality ZnO films [8] ZnO electronics stans by the
development of ZnO thin films that arc pure and of high quality These thin films are cither in
the form of single crystal films having quantum wells or micro crystallite films There are
various method by which high quality ZnO thin films can be gmown Somc methods include
atomic-layer deposition, metalorgame chemical vapor deposition, and molccular beam epitaxy
and pulsed laser deposition [9] Using ZnO films different structures for UV detectors for

practical applications can be developed ¢ g p-n junctions, photoconductors, and Schouky
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contact devices The Fabrication process of ZnO has many advantages as compared to UI-
Nutrides semiconductors ZnO fabricauion has lower cost. lower growth equipment and higher
guality natine substrate [10] In order to understand photocurrent mechamism on ZnO UV
dcrectors due to their defects e g presence of oxygen vacancies and zinc interstnals, 1t 15
important to analyzc its clectrical and optical properties In this thesis Elcetnical and opucal
charactenization of un-doped epitaxially grown ZnO on Sapphire substrate 1s performed for UV

detecior apphications

1.2 Problem Statement

Lot of research 1s done on doped ZnO based UV detectors, adding dopant 1in UV detector not
only increases a fabrication process but also make UV deteclors quiet expensive So. rescarch
work 1s required for making un-doped UV detectors as cffective as doped UV detectors

resulung in an cconormiecal solution in UV detector applications

So 1n order to make UV detectors efficient and economical, we study and analyze the usage of
un-doped epntaxially grown ZnO on Sapphire as potential substrate sclectuion for cffective

utihization 1n device manufacturing for UV detector application

1.3 Motivation

Zn0O has many optical and electrical advantages as compared to semiconductors especially for
UV detection apphication ZnQ fabrication has lower cost, low er growth equipment and higher
quality native substrate The lower cost fabrication 1s the main aim of this research work The
main motivauon (8 to remove the doping process and to utilize the pure ZnQ for UV detection
apphcavon  That v why n this thesis Electrical and Opucal charactenization of un-doped

bpunaxially grown ZnO on Sapphire substrate 1s performed for UV detector applications

16



Chapter No. 2

Background Theory

2.1 Properties of Zinc Oxide
2.1.1 ZnO as bulk material

In crystalline torm Zine oxide mostly cxists in hexagonal wurtzite and cubic 7inc-blend
structures and 1t 1s also rarely obscrved as cubic rock salt structure [11] The most common
form of ZnO exists i wurtzite structure This structure 1s stable at room temperature Zn0O that
¢xists 1n the form of zinc blend structure 1s normally not stable In order to stabilize ZnO 2in¢
blend structurc. ZnQ 1s grown on substrates having cubic structure lattice form However 2inc
and oxide centers arc tetrahedral in both the cases [11] Rock salt structure 15 mostly formed at
hgh pressure above 10 GPa ZnO 15 a direct and wide bandgap semiconductor having bandgap
cnergy of 3 37¢V with large cxciton binding encrgy of 60 meV [11, 12] Temperature variation
¢an causc a great change in clectron mobilty of ZnO Electron mobihity of ZnO s
approximately ~2000 ¢cm (V s) at 80 K Hole mobihity 1s approximately 5£30 cm2 (V ) [12]

The nontoxic behavior of ZnO makes 1t very uscflul for practical applicauons Generally ZnO
shows n-type charactenstics N-type doping can be achieved by replacing Zn with Group 111
clements ke Al Ga. Tn or by replacing oxvgen with Group-V 11 elements hike CL I [13]

However, P-type doping s very difficult to achicve The main reason 1s the low solubihity of

p-type dopant and their compensation by n-1ype abundant impurnities [13]
2.1.2 Physical Properties

£Zn0 15 a sermconductor having propertics quite similar to GaN, which makes 1t potenual
candidate for optoclectronic apphication in UV region ZnO 1s -V semiconductor 11-VI
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semiconductors exist in the form of cubic zine-blende or wurtzite structure {14] In case of ZnO
10ns exist (n between covalent and onic semiconductor ZnQO crystal structures wurtzite, 2in¢

blend and rock salt are shown below

(b) (c)

Figure 2.1 ZnO crystal structures (a) Cubic Rack Salt (b) Cubic Zinc-Blend (c) Hexagonal Wurtzite
13 14)

Under normal conditions most stable form of ZnO 15 wurtzite Wurtzite structure 1» a
combination of cation 1 ¢ “Zn” and amoni1 ¢ Q" Lattice constant of ZnO hexagonal unit cell
1s reported 1o be a=3 250A and c=5 206 A f14] Thbe c'a ratio for ZnO hexagonal close packed
unit s | 60 As ZnO has a large direct band gap semiconductor at room temperatuic therefore

Zn0 15 color less and transparent in pure form

Due to large band gap seme advantages associated with ZnO arc as follows

Breakdown voltages are ugh

‘!

Electronsc noise 1 low

Al

Device can work at high temperatures and high power operaton 15 possible

\r

Large clectric ficlds can be mamntained

\i’

Un-doped ZnQO (s N-type matenial, mam reasons include presence of some defects in ZnO
structure like oxygen vacancics or Zing interstitials N-type doping 1s achies ed substitution of
Zn with group- I elements like Al In, Ga or by substitution of oxvgen with group-VII
clemenis lthe CU T However p-type doping of ZnQ 1s very difficult to achicve ZnQ. Electron

mobility varies strongly with tlemperature and has a maximum value of ~ 2000 em” (V s) at 80

18
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K where a hole mobility values varies in the rage of 5-30 em” (V s} [15,16] As a matenal ZnO
I1s relatively soft having approxvimate hardness of 4 5 on Mohs scale ZnO elastic constants arc
smaller as compared to 111-V semiconductors such as GaN [16] Having high conducuvity, high
heat capacity low thermal expansion and high melung temperaturc makes ZnQO a beneficial

maleral for ceramics

Some of the basic physical properties of ZnQ are shown n the table below

. Propertics

Value

[.atlice constant

Ta=032495nm.

, ' ¢=052069nm
: Density 5606 g cm’

|

l Stable Structure | Wurtzite

! Melting Point 1975 °C

* Thermal conductivity 06 Wem °C!

Refractuve Index (n)

|

Zinc Blend n=2 008

Wurtzite n=2 029

Energy Band Gap (E,) 337 eV  direct
Ir Breakdown Voltage S0(106 Vem')
Saturation Velocity 30(107ems ')
Binding Energy ) 60 meV
! Electron L ffective Mass 024 gm
Hole Effectuve Mass | 059 gm
: 76

Dielectnie Constant

Iable 2.1 Physical Properties of ZnO |16 15]
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Research shows that optical and electrical properties of ZnQO thin films are greatly aftected by
the quahity of the crystal used Many substrates materials are used for ZnO thin film deposition
like S102. Si, glass, quariz MgO, GaAs and sapphire (Al0+) [17] As compared to other
matertals the most commonly used material as a substrate for ZnO 1s sapphire The lattice

musmatch between ZnQ and its substrate matenals 15 listed 1n the table below

| Material Crystal Structure Larttice Constant Lattice Mismatch ‘
a(A) | c(A) :
(Il 0} ‘
ZnO Hexagonal 3252 5213 0 !
AIN Hexagonal 3112 4 980 45 ]
a- Al203 Hexagonal 4757 12 983 18 '

Si Cubic 5430 101

GaN Hexagonal 3189 ]T 5185 [ 8

_ |

Table 2.1.1 Lattice Mismatch Between ZnQ) and its Substrate [17,18)

Nanostructure of ZnO arc preferably grown on sapphire substrate duc to same hexagonal type
latice structure [17] For epitaxial growth of ZnO «apphire substrate could reduce the density
of structural defects and allow 1es1dual free ZnO layers Sapphire provides a large area of arrays
and interconnected rods These rods like structure could limat the strain and cracks development

1n device structure
2.1.3 Chemical Properties

ZnQ 1s found in nature i the form of white powder The common name of ZnQ 1s zinc white
oras zincite A small amount of mangancse and some other clements are also present in Zincite

It 15 observed that crystalline ZnO 1s thermochromics 10 nature which mcans upon heating 1ts

20



color changes from white to vellow and upon cooling 1t comes back to 1ts white color [18] At
high temperaturc, the observed change in color 1s mainly duc to loss of Oxygen that results m

the fommatton of Zn; O
Chemucally ZnQ can be dissolved i Acids but 1t 1s not soluble in water or alcohol
ZnO + 2HCI — ZnClx + H20
Likc acids, bases can change the solid form of ZnO to Zincue which 15 soluble
ZnO + 2NaOH ~ H20 — Nax(Zn (OH))

Cement like product can be obtained from ZnGO To obtain cement like products ZnO 1s reacted
with aqueous solution of zinc¢ chlonde Such products arc used in dentistry At about 1975 °C

Zn0O decomposes 1nto Zine vapors and oxygen, showing 1ts considerable stability [18]
2.1.4 Applications of ZnO Material

Zn0 based LEDs, solar cclls, FET«, Nano generators, UV detectors bave been reported
intensively These wide applications makes ZnQ a competitive and appropriaie material in
present and future oploclectronies fabrnication Being nontoxic material ZnO find broad
applicauons n cvervday usc including medicine [19] ZnQ emerging applicanons forecast
shows that there will be more than 2 billion dollar investment in emerging ZnO basced devices

by the end of year 2016
2.2 Sapphire

Sapphire (Al205) crystal has quite umque optical, physical and chemical properties Al-QOx 18
extremely hard material and 1ts structure remains intact in stabic form cven at high temperature

[hermal properties of sapphire are very good and being a transparent matenal makes 1t good

21



for optical applications Sapphire 1s a stable matenal and 1t 15 not atfected by the presence of

acid or alkaline material. which makes 1t an excellent matenial for harsh environments for

opucal UV and infrared applications Being amsotropic m nature, Al:Oz showed a vaniation 1n

its optical propertics upon changing 1ts crystallographic direction

2.2.1 Properties of Sapphire (Al:O3)

Some physical and cbemical propertics of Sapphire are shown (n the table below

Properties Value -
—
Crystal Type Trigonal |
Molecular Weight 101 94 |
|
Density (g cm* ) 398 -
Diclectnic Constant (1S j|
L
r Resisuvity {Ohm cm) > 10" l
Mclting Pomt (K) 2300 B
B Thermal Conductinvity (W{m K)) 351 f
Themmal Expansion, 'K 56x10°

_-—S;cuﬁ(. Heat cal (g K) 018 B

Bandgap (cV) 99

Table 2.2.1 Properties of Sapphire [20]
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2.3 Working Principle of UV Detectors

Whenever a photon of sufficient energy strikes the surface of UV detector it excites an electron
from a non-conducting form to a conducting form. as a result of that current or voltage s
generated 1n the detector [t should be noted that this clectronic excntation only occurs 1f the
incident photon cnergy s cqual to or greater than the excitation energy [21] So, the condition

for excutation to occur 1s given by
Ett{' S hV (1)
Or Eeve<1.24/0 (2)

Where Eexe 15 the excitation energy in electron volts and & 1s the way clength in micrometers

A good U\ dcetector has a response time that 1s very smali, the main reason 1s that photon are
directly mn contact with the clectrons of the UV detector material UV detection based on such

interaction 18 referred to as a photo ctfect [21]
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Chapter No. 3

Literature Review

It was 1930s rescarch work on ZnO started mamly because of 1ts optoclectronics prospects (]
It has a direct wide band gap Eg=3 37¢V at 300K [22] ZnO s quue similar to GaN 1n
optoclectronic apphication GaN 1s also a widc gap semiconductor with Fy=3 4¢V at 300 K In
1970s and 1980s ZnO was theoretically proven to be used as a ferromagnetic material for
various spintronic apphcatons but this 1dea was not practical because 1t was impossible to dope
Zn0O 1n both p and n types Al that ttme ZnO research mainly focus on buik samples which

covers topics like doping, crystal growth cxcitations luminance, lasing and band structurcs

When Nanoparticies of 7nO were fabricated they showed great versatility and compaubility
in numerous apphcations including optoelectronics ZnO was fabricated i different Nano
forms like Nano rods, Nano tubes, Nano wires, Nano belis. Nano springs Nano combs. and

Nano bows ety

Some of the main propertics that made ZnO suable for optical application especially for UV

detccuion are as follows

Propertics

1 | Direct band gap= 3 37 ¢V

(g ]

. Excrtation Energy= 60meV

i |
{ —_ {
3 UV Emission '

~— L

4 Transparent conductinaty

) Piezoclectric behavior

[E—

—T— - -

Table 3 1 Optical Propertics of ZnQ [22
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Research work on ZnO started many decades ago but recently a lot of academic and research
mstiutions laboratorics around the globe are interested 1in exploiting the Nano form of ZnO

and its application A list of some rescarch work 15 given below

Hw Zhang [23] at Zhejiang Unmiversity. China fabricated ZnO nanow ires by a simple chenucal
sol-gel process Z7nO nanowires fabricated by this approach were very uniform and ther

diameter was about 60 nm

Sang Sub Kim [24] at Chonbuk National University South Korea has fabricated ZnO Nano
«0lumns by metal organie chemical vapor deposition (MOCVD) They grew ZnO on sapphire
[0001] and GaN Individual ZnO Nano columns were used to labricate Ficld effect 1ransistors
n order to perform clectrical characterization for detcrmining 1ts potential i Nano scale

clectronic devices

A Chrissanthopoulos [25] at Unnersity of Patras Greece v working on growth of ZnO
nanostructurcs on carbon nanotubes by thermal evaporaton [t was concluded [rom thar
cxperiment that 7nO Nano rods are the basic building unit and their self-assembly results 1n
dilferent types of important structures like Nano hedgehogs poly pods Thesc special structure

dcpends on the location of ZnO

Minlin Zhang [26] etal [s involved n fabnication of ZnO Nano rods by using wet chemical
method ZnO strucrure was found to be wurtzite structure The results showed that ZnO device

can deteet the blue hight at 466 nm and yellow-green Light at 542nm

Xuchang Qiao [27] at Huazhong University of Science and Technology, China is imvolved 1s
fahricauing ZnO nanoparticles by chemical routing Their experiment revealed that the rod hke

structures of ZnQ nanoparticles changes to prism like form by increasing reaction temperature

25



Results showed photoluminescence band of about 380 nm which depicted high optical

charactenstics with great potential in optoclectronics devices

Yeong Hwan Ko, [28] at Kyung Hee University, South Korca 1s involved in the studies of ZnO
nanostructures doped with different tvpes of polymers for fabricating optoelectromcs devices
and scnsors Expeniments have shown that doping of ZnO with polymers can give new

applicanons along with other propertes like mechanical flevibiliny

[ W Ji, {29] at National Cheng Kung Umversity, Tatwan have used molecular beam epitaxy
MBI for growing ZnO Nano {1lms on sapphire substrate Elcctrode contact were formed from
Ag. Pd and N1 Results showed that barmer height 1in case of Ag, Zn0O 15 0 736 eV and 1n case
of Ntand Pdis 0 701¢V and @ 613 ¢V When the wavclength of 370nm 15 used among with 1V
bias maximum optical responsivity was observe 1o be 0 066 A W 0 051AW 0 09A Win case

of Ag Pd. and Nirespectively

Y Lu, [30] at Rutgers University, New jersey, USA used n-type ZnO epitaxial films for
fabricaung Schottky UV detectors substrate used was sapphire Schottky metal contact was of
Ag Other ZnO photoconductive detector was fabricated using Al as ohmic contact for
companny results ZnO deteetor fabricated by this technique showed a fast photo response and

high efficiency

Jiying Zhang, [31] at Chinesc Academy of Sciences fabricated ultraviolet {UV) detectors using
Schottky type Zn0 metal semiconductor metal (MSM)} They performed different measurement
test for determuming its electrical optical and structural properties Peak response of 0 337 A W

was obsernved at 360 nm

lakafum: Yao, [32] at Institute for Materials Rescarch. Tohoku Umiversity, Japan

cxperimentally proved that ZnO can be used for optical detection especially in UV region They

26



fabricated ZnO films by plasma-assisted molecular beam epitaxy (MBE) Experimental results
showed the significance of ZnO grown on different epi-layers on Sapphire [0001] substrates
This research work showed that ZnO can be used for excitation opuical device apphications

becausc of high excitation and binding energy

X G Zheng, [33] at Qufu Normmal University, China presented diftcrent charactenistics of ZnO
film based ultras 1olet photoconductive detectors ZnO film was grown on glass substrate using
pulse lascr deposition technique Detector structure was based on metal semiconductor metal
planar Quantum cfficiency obscrved was quite higher and peak value was found 1o be around
360 nm Rescarch work reveals that photo generated holes are neutialized by oxygen ions

(ncgatvely charged), these 1ons play a vital role in photoconductive behavior of ZnO films

Ler Luo, [34] at Umiversity of Califormia, Berkeley, USA fabricated a devices that resulied in
the heterojunction of n type ZnO nanowires grown on substrate of p-type silicon The Diameter
of nanowircs was observed to be 70-120 nm 1n range Research work showed that the

photodiode response of 0 07 AW (or ultraviolet ight having wavelength 365 nm

SJ Chang, [35] at National Cheng Kung Umversity, Tarwan fabricated metal msulatot
semiconductor based ZnO photodetectors Research work compared results of MIS and MSM

based photodetectors

El-Yadoum [36] at Universite de Mctz et Supe lce. France prepared ZnO Nano film on
sappbire  substratc by using metalorgamic chemical vapor deposition techmque
Characterization techniques used were Raman spectroscopy and X-ray diffraction TE and TM

mode cxcitation used for determining refractive index
Q Humayun, [37] at Umversit1i Malaysia Perlis, Malaysia fabricated ZnO Nano rods doped

with Tin (Sn) on a glass substrate Scanning electron microscope was used for post annealing
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cxamination UV spectrophotometer was used for measuring bandgap values Elcctrical

properties werce studied at increased and normal temperature for UV sensing applications

T Okada, [38] at Kyushu University, Japan used sapphire substrate for growing 2-D ZnQO Nano
walls using pulse lascr deposition techniques Research work tocus on ultra violet detecting
propertics and tield emission Results showced good field emission and devise fabricated was

good for UV detcction

Tacksoo Ji [39] at Chonnam National University, Korca proved that ZnQ based UV detectlor
arc low cost and extremely sensitine The responsivity of detector can be improved by adjusting
the dimensions and length of clectrodes and Nano rods The clectrodes were arranged 1 a
squarc form just ke a Wheatstone bridge ZnO Nano rods haying diameters of 20 to 70 nm

were preparced using hvdrolvsis techmque

A Rostami (407 at University of Tabniz, [ran prepared a low cost ZnO bascd UV detector Cu
clectrodes were used and ZnQ sheets were prepared by sono-chemical techmique TV
charactenstics and other optical properties were reported Results showed that proposed ZnO

based detector has faster response nme as compared to cons entional one

Simon S Ang [41] at Umiversity of Arkansas. USA used quast symmetric Wheatstone bndge
configuration for fabnicaung metal semiconductor metal Zn() UV detector  Optical
responsivity was measured 10 be as high as 54 AW 1emperature effects and responsivity can

be controlled by controlling the length and diameter of rods 1n tw 0 quadrants

C Y L [42] at The Insutute of Physical and Chemical Rescarch (RIKEN), Japan used
sappbire { Al-0) as substrate to grow ZnQ films using metalorganic chemical vapor deposition

{(MOCVD) technique  Photoconducuvity, IV charactenistics were imvesugate  Research
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T - 17475

showed that difference n photo response from bulk and surface process Photo responsivity

was calculated to be 24 W at 3 V bias

JTL L [43] at University of Califormia, USA fabnicated ZnQ film doped with GaN on sapphire
substrate using plasma assisted molecular beam cpitaxy Ohmic contacts were formed from
Al/Tt T'mission and absorption propertics were studied using different photoluminescence

techniques Result showed peak response of 1 68 AW

Lie Luo ct al [44] presented UV photodiodes using hetrojunction of n-type ZnQ Device was
made using n-typc ZnO on (100) Si substrate [V charactenistics depicted rectifying behavior

of hetro junction Photo response of the device was 0 07 A/W for UV lLight

Q Xu et al [46] manufacwured metal-sermiconductor-metal (MSM) UV detectors on ZnQ (ilms
dopcd with Al by using magnetron sputtering Detector showed responsivity of about 4 A W

in UV region Detector had showed a fast pholo response

X D Chenetal [47] fabricaled nitrogm doped ZnO.p-S1 hetrojunctions using ion implantation
Zn0O films formed are n 1vpe and highly resistive ZnO+p-Si follow ed Ohmuc behavior if the

bias voltage was larger than 0 4 'V

Singh et al [48] obscrved intense broadband photolumimescence emission from ZnO/Porous
S1 films Porous Silicon (PS) samples were fabnicated by electrochemical anodization of Si
wafer Thin films were deposited by spin coating techmque The quality of Zn( Nano
crystallites improved with annealing t modcrate temperature These films can be used as a

photo luminance source across most of the 1 isible spectrum
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AM Suhail et al [49] presented UV solar blind detectors using ZnQO films by pyrolysis
thermal chemical spray techmique ZnO thin films were grown on quartz substratc Photo

responsinvity of device was obsenedtobe 2 24 AW
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Chapter No. 4

Experimental Techniques

Experimental techniques used for the charactenization of Epitaxial ZnO on sapphire subsirate

mcludes

Optical Analysis

» Ellipsometry

Electrical Analysis

» Hall EfTect Measurement

» ASMEC Analysis

These optical and electrical analysis techmques are discussed 1n detail in the follow ing scetion

4.1 Ellipsometery

Ellipsometery technique s used (o1 measuring the vanation i polanzation of light, which 1s
reflected from the surface under observation In other words Ellipsometery 1s an impedance
measutement, which gives the amplitude and phase Main parameters that can be measured by
ellipsometery include film thickness, absorption coefficient, optical constants and line width

[50] Ellpsometry uscs pelanzed hight for extracting optical propences

W hencver light comes 1n contact with an optically activated surface. 1t 15 reflected from a
surface As the result of reflection, the amphtude of the light wave will be reduced and us phase
will be shifted So, in case of multiple reflecting surface, a lot of hight beams reflected from the
surface mteract with each other and form maxima and mimima [50] These maxima and minima

helps 1s measuring the opuical vanables with great preciston using ellipsometry because 1t
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dcpends on angle measurement and 1t 1s free from reflectance. sensitivity of light and amplitude

u{ the detector

In order to understand light polarization consider a plane surface as shown below The

polarnized light 1s incident on a smooth surface and 1t 1s reflected as shown (n the figure below

Inaident Normil

Reflocted

Pline o
Ncrdence

Figure 4.1 Schematie of Polavized Light Reflection from a Surface [51]
Pelanzed Light can be divided into two components 1 € P-component and S-component P-
component 1s considered parallel to plane of light of incident and S-component 15 considered
perpendicular to plane of light of incident It should be noted that in ellipisometery when
lincarly polanced tight 15 reflected from the surfaee the difference in phase shift 1s observed at
90 degrees and this phase shifl difference will make the reflected hight elliptically polariced

which 15 the fundamental principle for ellipsometric measuremnts

Some application of spectroscopic cllisometery are listed below

»  Sample thickness can be obtained especially thin film thichness
= Sample’s Refractive index (n) can be measured
= Sample’s Extinction coefficient (k) can be extracted

» Informauton about the Reflecuon of the sample can be obtained
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= Light Transmission can be extracted

= Structural analysis can be performed to determine Anisotropy
* Depolanization behaviour of the sample can be observed

»  Effect of light resulung in Scattering (Mueller martriv)

» Latcral and vertical materal non-uniformitics

» Effect of light on Crystal modification

» Sample Composttion can be detcrmined

* Information can cxtracted about the Impurities n the sample
» Orentation of organic molecules

»  Sample’s Conductivity

»  Sample’s Doping profiles can be determined

« Sample’s Surface and mterface roughness can be obtained

The cquipment used {iom optical measurement 15 Spectroscopic Ellipsometer SE 800 PV

4.1.2 Spectroscopic Ellipsometer SE 800 PV

Spectroscopic elhpsometer SE 800 PV 1s an excellent tool for the analysis of anti-reflectine
coatings on textured crystalline and multi-crystal silicon solar cells With this equipment one
can casily measure the refractive index, exunction coeflficient absorption coefficient and
optical band gap of the material SE 800 PV 15 bascd on the Step Scan Analyscr measutement

modec {40]
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Figure 4.2 Spectroscopic Ellipsometer SE 800 PV image courtesy by Advance Electromics Lab 11UI

This spectroscopic ellipsometer provides casy operation for research and development
SpeciraRay-3 ellipsometer software 15 used for analysis This software compnises of two modes

of operauon [55]

4.1.3 UV-VIS Absorption Spectrum

The Absorption spectrum of ZnO sample 15 obtained from psi delta measurements, which were
obtained by SENTECH ellipsometer in the range of from (enter wat elength) nm Absorbance
measurement as a function of wavelength 1s used to calculate absorption coefficient (a) and
opucal cnergy band gap (E.) Opucal Energy band gap can be calculated from absorption
cocfficient, which depends on film thickncess absorbance [51] Absorption cocfficient (@) 18

given by

A =2303(A/)eeeeeeeeereeeennns ceeees (4.1)
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Where A 15 absorbance and t 1s the film thickness The absorbance coefficient 1s calculated as

a function of wavelength

Optical Band gap can be calculated by plotting the graph between (¢hv )= and photon cnergy

[S1] Thus can be represented by Tauc equation as follows
ahv=B (hv—Eg®)r...cceevvrnenn.... (4.2)

Where B 1s a constant, hv 1s photon energy 1n ¢V and r has diffcrent values (12, 3,3 2. 2)
When the graph 1s plotted between (ahv )? and photon energy (hv) the curved line 18
extrapolated to the point where (ahv )* approaches to zero The point where (ahv ) approaches

1o cero gives the optical band gap of the matcnial

4.2 Hall Effect Measurement

Scientist named Hall discovered Hall Effect in 1879 Hall Effect measurements can be taken
by analyzing a current carrying conductor or semiconductor under the influence of magneuc
field Hall Effect measurement finds many application n the characterization of
semiconductors materials [53] These measurements give mformation about camer density,
resistivity and mobihity Van der pauw techmique 1s used for Hall measurement evaluation of a

given sample
4.2.1 Van Der Pauw

This techniques s a most common method for measuring the resistivity, sample type (N-
type P-type), camer concentration and Hall cocfficient of a samplc In this techmque four-point
probe 15 placed around the sample [54] Van Der Pauw measurements help in determining the

following parameters
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# Rcsistivity
» Doping Profile (N-typc or P-type)
» Sheect Carner Density

~ Mobility
Van der Pauw techruque can be applied on a sample 1f it mecis the following conditions

» Sample should be flat and have uniform thickness
~ Sample should bc 1sotropic
~ Contacts should be placed at the edges of the sample

» Contact arca should be less as compared to the entire area of the sample
4.2.2 Sample Preparation for Van Der Pauw

Four ohmic contacts are to be placed on the sample for taking these measurements These
contacts should be o the boundary of the sample Contacts should be as small as possible

Below diagram shows the corrcet contacts for Van der Pauw measurcments

Squnre or Square or rectangle:
Cloy erleat rectangle: contacts al the ed=e«
contacts at o inside the
' 4 the corners porimcter
m P "
] L — >—
W ~ T
2 1
(1) (b) (<)
Preferred Acceptable Not Recommended

Figure 4 3 Correct contact method for Van der Pauw Technique [54)

In Figure 4 3, (b} 1s used for Hall Effect measurement of our sample
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4.3 Hall Measurements
4.3.1 Resistivity Measurement

In order to measure resistivity of the sample contact are made on the edges of the sample and
current 1s passed through one side of the edges Iike [12 and the voltage across the opposite of

the samplc 1s measured 1 ¢ V-1 So, By Ohms law

Riz =Vl 2 {4 3)

4.3.2 Hall Voltage

Hall voltage 1s calculated by simply multiplying the clectric ficld strength with the width of

the matenal. which 1s given by

VL= € W riiiietireriieenreerineeennons (4.4)
But € = [B' gnA (4 5)
Vy = 1B/ qn; (46)

Where n. s the sheet density
4.3.3 Mobility

Mohility can be expressed in terms of sheet resistance and sheet density as
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4.3.4 Hall Effect Measurement Equipment

Hall Lffect measurement equipment used 18 probing device that supports a range ot DC Ilall
medsurements [t can measure mobility as a function of termperature and ficld Hall Effect
system mcludes a software for easy systcm operation, deviee and system level analysis and

data acquisition [44] The Hall Effect system 1s shown m the figure below

Figure 4.4 Hall Effect Measurement System image courtesy by Advance Electronics Lab 11Ul

4.4 ASMEC

ASMEC stands for automatic system for matenal electro physical charactenizanion It 1s an
extremely sensitive equipment that can measure current n the 1age of Pico Amperes [S5] It
compniscs of Cryogenie cylinder mn which the sample to be observed 15 placed Cryogenic
cylinder 1s conneeted to ASMEC which 1s connected to computer for observing the data Some

of the features of ASMEC system are enlisted n the table below

Current Sensitivity lpA
Charge Sensitivity 5x107teC
Range of Bias Voltage -135Vio+13 5V
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Range of Rate window 10us-200s
Temperature 72K-500K (Fxtendable)

Probe-station [ xternal

Interface
Acquisiuon
Deep level concentration < -~
5x10
sensitvaty

Table 4.4 ASMEC System Features [35]

4.4.1 Applications

ASMLEC finds application 1n many Nano chip reliability measurements somc of those

measurements are enlisted below

» Kineuies of free and trapping charges

* -V Charactenzation (Pulse and line scanned)

= [-V charactenistic

*  Charge-DLTS

» Photo-sumulated Internal Field Transient Spectroscopy (PIFTS)
» Electnical Exeitation

«  Optical Exentation

* Iph(t}
= Vphi)
+ Q)

= AQM)

= Y
* bLmission Recombination Rate
« Minonty Camier Concentration

= Minority cammer Lifc time
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« Bulein Voltage

» Resistinity/Conductivity

* Actvanon Fnergy

* Concentrauion of non-compensated donors and acceptors
» Diclectric constant

« Charge Analysis

= Carnier ConcentrationDeep Level concentration

» Failurc mode Analysis [55]

ASMEC Sysiem used for the measurement of [V charactenstics. [prr. Vpy measurement 1s

shown below

Figure 4.5 ASMEC System image courtesy by Advance Electronics Lab [ILH

4.4.2 ASMEC MEASUREMENT
4.4.2.1 TV Characteristics

IV Characteristics of the samples were analyzed by using ASMEC System 1V cunve gives the

1dea about possible values of current and voltages that can activ ate the sample for UV detection
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application [45] Normally the TV charactenistics of a UV Detector can be expressed by the

following relation

I(V)= I [exp (eV/nkT)-1]- €G ....uvern........ crreeeees (A7)

In the aboy ¢ equation s 15 referred to as a saturation current, n1s wdeality factor, k 1s Boltzmann
constant T 15 absolute temperature, V 15 applied voltage and G 1s the generation rate The
factors Is {exp (eV/mkT)-1] and e¢G are rcferred to as dark current and photo current

respectively
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Chapter No. 5

Experiments, Results & Discussion

5.1 Sample

Sample used for experimentation 1s un-doped thin film of ZnO [ pitaxially grown on sapphire
{0001} substrate Thickness of the thin film 18 500 nm with a thickness vanation of about 5%
Reststivity of the sample 1s 10-1000 Q-cm and Epi erientation 1s <~ 0001> Dimension of the
sample s 10 x10 x 0 Smm One side of the sample 15 ZnO Epuavial layer and the other side 1s

polished The surface roughness of the sample s < SA

5.1.1 Procedure

Lpuaxaally grown ZnQO on sapphire substrate sample 1s first used for spectroscopic ellipsomnetry
measurements The sample s analyzed under Ellipsometer SENTECH-800 for film thickness,
refracuve index. and psi-delta measurements in several repetiions  After obtatming optical
measurements the sample (v prepared by masking for repeated clectrical measurement The

mask used for electrical measurement 1s shown in Figure 5 1

Figure 5.1 Mask used for Creating Contacts
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Using the mask shown in Figure 5 1, silver (Ag) contacts were deposited on ZnO film The
thickness of Ag contacts was 20004 Hall Effect measurements were taken and sheet resistance,
mobility, conductivity, resistivity were measured After Hall Effect measurcments, ASMEC
was used for measuring the current-voltage characterisuc of the sample together with the photo

response chaiactenistics desirable for detection immechanism for such devices

5.2 Results and Discussion

In this section. the results and analysis of experimental measurements of cpitaxially grown ZnO

on sapphire substrate are presented [or UV detection application

The results include detailed optical and electrical charactenistics achieved by repeated
measurements Optical results include psi-delta measurement, abortion cocfficient analysis and
calculanion of optical band gap ol the device structure Electnical analysis include comparison
of Hall Effcct measurcment with that of doped ZnO Vital parameters like carricr mobility,
carrier concentration were also compared Fnally, the I-V analysis curves were obtained and
photo current (Ipx) and photo voltage (Veu) analysis was done to access the possible UV

detcction application for this sample

5.2.1 Optical Properties

The optical properties of Eputaxial ZnQ on sapphiie substrate have been investigated The
properties include psi delta measurement, Refiactive ndex and cxtmction coefficient and
absorption cocfficient analysis and finally optical band gap of the sample was calculated ZnO

wds repiesented hy Tauc Lorentz model and Sapphire was represented by Caushy layer

43



Psi

The Figure 5 2 2 shows the Psi response of the sample plotied agamnst wavelength  The overall
regime of the wavclength 1s considered [t 1s observed that the crror 1s quiet low 1f we limit the
operation m the UV region Thus. the above graph proves that the sample gives best results 1f

operated 1n the UV regime The actual Ps1 graph obtamed 15 actually the average of all the

-
graphs that arc obtained by taking readings at different points of the sample
The average Ps1 graph in full regume 1s shown Figure 52 3
Ehi
i F—13Ruatn; |
J1TRER
o, . _ —— {Reamng
| Atk Frgzing |
o F“rajln:
! |
- ) LR Wb
7 Mt Raaong |
pl4 == Pregang
I
[—'ﬂ" Ragding {
= 1imR-ztirg ’
51
£ |—1':h 23003 .
2 dearing I
1= - 1ipFaamrg J
h=-zony
L ‘34 Ruaging !
1 e -2
p N o0 3 1 &) ain

Wavelength (nm)

Figurc 5.2.3 Average Ps1 Graph

In Figure 5 2 3 the bold red line shows the average graph for Ps1 measurements Tt can clearly
be observed that the in the UV rcgron the sample depicted a linear behav tor which show s that

the sample works best in the UV region
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Della

5.2.1.1.2 Delta Graph in Full Regime

The Delta Graph obtained by taking different readings from the samples in full regume can be

observed in Figure 52 4
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The Tigure 5 2 4 shows the lincar behavior in the UV region which 1s good for UV detection

applicauons

The actual Delta graph 1s obtained by 1aking the average of all the reading taken at different

pomts of the sample which 1s shown in Figure 52 §

46



Delta

400

33C

30C

250

200

150

100

50

D\

-
*stAgadng

2nd Readng
3™ Seadng

4R Re3an]

— I*h=eatn:

£th Reading
—— T'hReadr;

&'h Seadng

uth Reading
— - 'Dh Reading
—— mAzaln]

“Xh [eadin)

- “Th Realing
“$n =ead 13 :

|

—— *"JhRcadr)’

600

Wavelength (nm)

Figure 5.2 5 Average Delta Graph

The 1ed bold linc shows the average Delta graph The Red Lincar hine mn the UV regime m

Figure ¢

5.2.1.1.3 Psi Graph in UV Regime

2 5 clearly shows that the sample showed excellent response in the UV region

UV region for the sample 1s separately analyzed and the graph for UV regime 15 shown in

Figure 52 6
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The above graph shows linear behavior 1n the middie of UV regime The Linear behavior

depicts good detection in the UV 1egion

The Psi graph for UV regime 1s obtained by taking the average of all the points on the sample

The average graph obtained 1s shown in Figure 52 7
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5.2.1.1.4 Delta Graph in UV Regime

Delta Graph in UV regume is obtained by taking measurements at ditferent point on the sample

and the final 1esult 1s the average of all the reading The Delta Graph 1s Figure 5 2 8
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Figure 5.2.8 Delta Graph in UV Regime

The average delta graph 1s shown in Figure 529
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The average graph in Figure 5 2 9 shows linear behavior of the sample tn the UV Regime

This indicates the stability of the sample 1n UV regime
5.2.1.2 Absorption Cocfficient and Optical Band Gap

The absorption cocfficient gives the idea about the absorption of hight and how much a light
can penetrate wnto the sample It depends on the material and also on the wavelength of bght
Semuconducting matenals have a sharp edge 1n their absorption cocfficient [51] Absorption

coefficicnt 15 given by

Where k 1s the extinction cocfficient and A 1s the wavelength By using above formula the
absorption cocfficient at different wavelengths are determuned Absorption cocefficient as the
function of wave lengih 1s used to calculate the optical band gap of the sample Optical energy

gap <an be determined by using the Tauc equation [51]

Graph for finding opucal band gap 1n shown 1n Figure 5 2 10
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Figure 5.2.10 Graph for Finding the Optical Band Gap
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In Figure 5 2 10, Photon cnergy 1s represented on w-axis and (ahv)~ 13 represented on the y-

axl1s

The opucal band gap can be found by extrapolating the hinear portton of the graph to x-axis

where (ghv)™= 0 This can easily be observed 1n the Fsgure 5§ 2 11
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Figure 5.2.11 Extrapolation for finding Optical Band Gap

The pomnt where (ahv)™= 0 15 3 23 eV as shown m Figure 52 11 Therefore. the optical band
gap of ZnO on sapphire substrate 18 estimated to be 3 23¢V Other rescarch works Iike Smkant
et al [56] also proves that obtained optical band gap 1s good for UV detection This optical
band gap proves that our sample 15 very cfficient for UV detection apphications and 1t also

matches with others rescarch work [57, 58]
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5.3 Hall Effect Measurement

Ilall Effect measurcment shows that Epitaxial ZnO on sapphire substrate 1s n-type
semuiconductor The Hall parameters for n-type ZnO film which are included (resistivaty,
conductivity, and Hall cocfficient) are 1Hustrated in Table 5 3

Hall Effect Measurement Table

Sheet Reistacc Rs(ohm/sq) 3198111
Rho{ohm-cm) 1599
Conductivity Con(1/ohm-cm) 0 06253692
Ns(/cm?) -2 871264E+11
N(/em?) -5 742528F+18
Mobilitv(cm? /V's) 67 97

Table 5.3 Hall Effect Measurement Results

[n Table 5 3 1t 15 observed that carnier concentration has negative sign. which depicts that the
device 15 N-Type however the sample 1s un-doped ZnQ 15 naturally N-type semiconductor
matenial The natural N-type behavior of ZnO thin films 15 due to mininsic defects present in
ZnQ structure hike oxvgen vacancies and zing nterstitials  Epitaxial ZnO 1n sapphire also
possess a mismatch 1n there structure which also leads towards the N-type behavior of the

device
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5.3.1 Comparison of Hall Measurements of Doped
ZnO and Un-doped Epitaxial ZnO

Sample Carrier | Mobility ' Resistivity
Concentration | (cm?/Vs) (ohm-cm)
(cm™) ‘ ]
Epitaxial ZnO 574 x10® | 67 97 15 99
{undoped) ]|
T 2n0:Al (2%) 237 x 10 1 48 5 | 0 054 {
1 |
| InO. Al (4%) 116 x 108 1 135 I 04
l :

L |

Table 5.3.1 Comparison of Hali Measurements of Doped ZnO and Un-doped Epitaxial ZnO

The Table 5 3 1 shows the comparison of Epitaxial ZnO with that of Al doped ZnO sample
which are the average of multiple measurements on the device structure The results of Al
doped ZnQO sample were presented by Wang et al [55] Un-doped Epitaxial ZnO showed the
same carricr concentration as of the order of 10" em™ The mobility of our sampie 1s quict high
as comparcd t the other doped ZnO samples High reststivity 1s desirable for allowing
minimum dark cuntent for UV detection application Epitaxial ZnO has shown a remarkable
Increase i resistivity making it an ideal low cost candidate for UV detection applications In
Table 5 3 | 1t can be observed that thc mobility and resistive of un-doped ZnO sample 1s high
as compared to doped ZnO sample The main rcason ts that un-doped ZnQO sample 1s epitaxially
grown, 1n cpitaxial growth an atom sits on another atom 1y orderly manner which result n
atormically flat surface structures This organized ZnO matnx results tn high mobility and high

resistivity at the same ume
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5.3.2 Carrier Concentration
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Figure 5.3.2 Carrier Concentration of the sample plotted against current

Camer concentration behan tor was obseryed with the increasing Hall current Fig 5 3 2 shows

that 1n the practical working regron of current, the carrier concentration 1s shghtly increasing

te our device 1s operational within the current range of 107 to 10® Amperes In tlus sub

microampere region the carrier concentration available for suitable detection mechanism 1s

Linearly increasing

5.3.3 Mobility
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Shect resistance as shown m Fig 5 3 5 18 decreasing with the incrcase in electric current The

decreasing icnd of the sheet resistance 1s due to the change i ZnO martnx causcd by the

scattering of electrons due to heavy current flow

5.4 ASMEC MEASUREMENT
5.4.1 I-V Characteristics

The current voltage (I-V) characteristics of the epitaxial ZnO on sapphire substrate 15

1llustrated n the Tgure 5 4 ]
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034

——— 1 300K
——-1 310K

.

-
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w
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Valtage (V)

Figare §.4.1 [-V Characteristics of Zn( Sample

The linca1 behavior 1s associated with the ohmic nature of the device Two recadings were taken

at shghtly different tempceratmes The current curve moses upwards with the increase n
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temperature The value of current 1s very low in the range of Nano Amperes Low value of the
current depicts that the device consumcs less cnergy and cfficient results can be obtaned
without any heat losses Linear I-V behavior in Nano-scale eurrent regime makes the devices

very efficient for UV detection applications

5.4.2 Iru and Vpu Response

Photocurrent response of the sample 1s shown inthe Fig 54 2
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Figure 5 4.2 Photocurrent Response

When the samplc 1s 1lluminated with a Light source of 2=360nm the photoconduction occurs as
1t can be scen 1a the Fig 54 2 Photocurrent, Ipn 15 produced which shows that the samplc 1s

photoconductive and 1s good for UV detection The Light source produces perturbation 1n the
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ZnO atoms matnix and alter a certatn amount of time the ZnQO atoms retums te their original

place depicting the normal behavior

Similariy. photo voltage responsc of the sample 1s shown 1n the Figure 5 4 3
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0 1 2 3 4 S 6 7

Time
(msec)

Figure 5.4.3 Photo Voltage Responsc of the Sample

When the samplc 1s 1lluminated with a light source of A=360nm. the photoconduction occurs
and voltage 1s induced for few milliscconds Photo voltage (Vpu) 15 thus produced which

suggcsts that the sample 1s photoconductive and 1s good for UV detection
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Chapter No. 6

Conclusion and Future Work

6.1 Conclusion

Major findings of this work are as follows

-

Specifically designed and custom fabricated un-doped thin film of ZnO Fpitanaily
grown on sapphire (0001) substrate was studied to investigate the possible device
output characteristics desirable for UV detection applications Detailed clectrical and
clectro-optical analysis of the device structure was performed on sophisucated
machines to yicld the requisite signature for the utility of the specified matrin for
sensing and detection mechanism in ZnO

The un-doped cputantally grown ZnQ on sapphire substrate showed n-type behavior
The eprtaxtal ZnO 1s cheap and efficient solution for UV detection application in w hich
no mtentional doping 1s required Doping not only adds a cost factor but could affect
the UV sensmg ability of ZnO

The results for ZnO Epiaxial device suggests a strong carmer interaction This
inleraction may result m new lattice 1n relaxation and recombination channels
associated with electron-hole energy transfer This behavior may not be accomplished
with intentional doping This new evidence of carner interaction leading to possible
recombination mechamsm may result in fast photoconductive behavior This 1s further
substantiated by the Epitaxial ZnO mobility wbich 1s far better when compared to

standard Al doped ZnO that makes Epitaxial ZnO to work i intrinsic photoconduct ¢
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mode Device engincers mayv utihize this knowledge to manufacture low cost ZnO

sensors and UV detectors
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6.2 Future Work

The results presented in this thesis showed that we can achieve good UV detechon with
Fpitavial ZnO on Sapphire substrate without intentional doping making the device cost
cffective and more efficient There are number of possibilitics to further investigate these

results such as

s Research on heterojunction formed as the result of ZnO deposition on Sapphire
w hich may further cnhance the fast response for UV detection

e The prepared device may also be utilized 10 mvesugate the Metal-Oxide-
Semiconductor (MOS) devices for switching vanatons of optical capacity

o The design of the design may also be looked at with an introduction of either a
buffer layer between the un-doped region and substrate to mimmize the effect of
mtetfaces or introducing very controlled “delta doping profile™ 1n the epitaxially
grown ZnQ to resist the effect of ultra-low and spiked doping sensitivity impacting

on the lattice relaxation and recombination process 1n ZnQ malrix
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