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Chapter 1

Introduction

Introduction:

Zinc Oxide is an inorganic, nontoxic and inexpensive compound of
zinc and oxygen with the chemical formula ZnO. A water insoluble
white powder, ZnO is found naturally as the mineral zincite but the
commonly available and used ZnO is mostly synthetically produced.
ZnO is classified as a (I1- 1VV) semiconductor with a wide band gap of
3.37 eV and an excition binding energy of 60 meV. Different synthesis
routes such as sol-gel, hydrothermal, co-precipitation, wet chemical
methods etc. are adopted to synthesize ZnO [1]. By adopting different
synthesis methods and different precursors or by changing the
conditions of synthesis different morphologies of ZnO can be
synthesized such as nano rod, nano needles, nano flowers etc. The
properties of ZnO can be modified by adopting different synthesis
routes or by doping and codoping ZnO with other elements or
compounds. This doping allows properties of ZnO such as
optoelectronic, magnetic and sensing properties to be enhanced or
tailored. The optical bandgap and defect states in ZnO can be tuned
quite appreciably by adopting favourable synthesis conditions and
dopants. This makes ZnO an interesting material for applications in
optoelectronic devices with a special emphasis on its photo sensing

properties in the UV to Visible range.

1.1 Crystal Structure:

ZnO mainly crystalizes as Cubic Zinc blend, Hexagonal Wurtzite and
Rocksalt structure. Under ambient conditions the Hexagonal Wurtzite
structure is the most stable thermodynamically and hence is most
common[2]. In the Wurtzite ZnO structure, Zinc and Oxgen centres are
tetrahedrally bonded with sp® covalent bonding. The arrangement of

0% and Zn?* planes are such that they alternate along the c-axis. In
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this structure with each O is surrounded by four Zn?* and each Zn%*
is surrounded by four O% (Figurel.1). The Wurtzite structure of ZnO
has point group Cey and space group P6smc [2,3] with lattice
parameters a=b=3.250 A and ¢=5.207 A with c/a~ 1.6 which is very

close to the ideal value of 1.633 for an ideal Wurtzite crystal structure.

O Zn Plane

-: O Plane

Figure 1.1: The Waurtzite structure of ZnO. The tetrahedral
coordination of Zn-O

1.2 Properties of ZnO:

The interest in the study of any material is greatly influenced by its
properties and the applicability of these properties in various fields.
ZnO is a very interesting material because its properties ranging from
its intriguing electrical, optical and opto-electronic properties to its
mechanical properties finds applications in various fields from
cosmetics and textile industries to potential applications in electronics,
sensor technology and bio-medical applications. A brief description of
some of the properties of ZnO is given below:

1.2.1 Physical Properties:
ZnO in its pure form is white in colour which on heating changes its

colour to lemon yellow and on cooling turns back to white. It is

odourless and has a melting point of 1975 °C and a boiling point of

2
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2360 °C with a heat capacity of 9.62cal/deg/mole at 25°C. Its molecular
weight is 81.38 g/mol with a relative density of 5.607 g-cm,

1.2.2 Optical Properties:
Pure ZnO is expected to be transparent to light in the visible region but

absorbs ultra violet light. This property is due to ZnO having an optical
bandgap of ~3.3eV at room temperature and ~3.44eV at temperatures
of 4K[4] which corresponds to light in the UV region. This optical
property of ZnO can be used for applications in photo detectors, solar
cells, UV filters, etc. [4,5-7]. ZnO shows a sharp absorption peak near
the vicinity of 380nm (UV region) in the photoluminescence spectra
which is attributed to band to band transition and a broader emission
band in the visible region which has been attributed to the intrinsic

defects present in the ZnO structure.

1.2.3 Electrical Properties:
ZnO is a semiconductor with n-type conductivity without unintentional

doping. This n-type characteristics has been attributed to the presence
of oxygen vacancies. Since ZnO being an n-type semiconductor it has
a temperature dependent electron mobility with a maximum value of
~2000cm?/(V's) at 80°C. ZnO has a direct band gap of ~ 3.3eV at room
temperature which can be tuned by doping or by alloying with other
metal oxides. This wide bandgap has advantages because a wide
bandgap material has a high breakdown voltage, reduced electrical
noise and can sustain large electric fields and also allowing operations
at high power. A p-type dopant for ZnO has been one of the challenges
in the study of ZnO and its property modification. A candidate for p-
type dopant by modifying deep levels has been put forward in this

thesis.
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1.2.4 Opto-electronic Properties:
ZnO has a room temperature exciton binding energy of around 60 meV

[8]. There is efficient excitonic emission in ZnO due to this large
exciton binding energy making ZnO a potential material for
applications in optical devices. The optical absorption and emission are
influenced by transition related to defects which can be tuned by
doping and are responsible for creating discrete electronic states in the
bandgap[8]. Reports have shown green emission in photoluminescence
of ZnO the origin of which has been attributed to the presence of
defects such as oxygen vacancies. These defects can be tailored and in

turn improves the optoelectronic properties of ZnO nanomaterials.

1.2.5 Mechanical Properties:
ZnO has hardness ~ 4.5 on the Mohs scale and is relatively soft. ZnO

nano wires have been reported to have a Young’s modulus of ~50 GPa
and the modulus value for bulk scale of ~150 Gpa[9,10] . This value of
elastic constant is lower than that of other materials relevant
semiconductors suchas GaN. ZnO is known to have a high heat
conductivity with low thermal expansion. ZnO has been reported to
have high radiation hardness which makes it applicable for conditions
in high altitude or space[13,14T].

1.3 Intrinsic Defects in ZnO

The ZnO structure is known to have intrinsic point defects. These
intrinsic point defect are: oxygen vacancies (Vo), oxygen interstitial
(Gi), zinc vacancies (Vzn), zinc interstitial (Zn;), oxygen antisites (Ozn)
and zinc antisites (Zno). These defects provide levels in the band gap of
ZnO and the transition from conduction bands to these levels is
responsible for green, blue, violet, yellow and orange-red emission as

shown in figurel.2.
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CONDUCTION BAND

Zni

~2.1eV

~25¢V

“0i

2.6V

Vo
VZn

VALENCE BAND

Figure 1.2: Intrinsic defects in ZnO and corresponding colour emission

1.3.1 Oxygen Vancies (Vo):

Oxygen vacancies may be conceived as the removal of an oxygen
atoms which is in the —2 oxidation state, from the lattice. The electrons
which would normally be bound to oxygen atom which has been
removed can be thought of as coming from the four neighbouring Zn
sites. The electrons are still present for an uncharged defect and so
there is an excess of electrons and thereby Vo is expected to behave as
a donor[11].

1.3.2 Oxygen Interstitial (Oi):
Two possible sites for oxygen interstitial (Oi) in the ZnO lattice has

been identified. One at the tetrahedral site and the other at the
octahedral site. Tetrahedral site O; has been found to be unstable while
Oi is stable at the octahedral site. It has been reported that the O;
introduces states in the band-gap and these states are capable of
accepting two electrons [11]. The transition levels introduced by O; are
located above the valance band maximum this transition state gives
yellow and orange-red colour emission when an electron makes a
transition from the conduction band to O; or from transition level

introduced by Zn; to Oi.
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1.3.3 Zinc Vacancies (Vzn):

Zinc vacancies (Vzn) can be conceived as a Zn being removed from the
lattice resulting in four dangling oxygen bonds [11]. The four oxygen
bonds in the valence band combine into a doubly occupied symmetric
state and in the band gap as three almost degenerate states close to the
valence band maxima. These three almost degenerate states has only
four electrons and therefore capable of accepting two electrons. Hence,

Vzn shows an acceptor behavior.

1.3.4 Zinc Interstitial (Zni):

Zinc interstitial in ZnO has two possible sites: one at the tetrahedral
site and the other at the octahedral site[11]. Reports have shown that
the octahedral site for Zn; is the most stable, and that the tetrahedral
site Zn; is of a higher energy and highly unstable. At the tetrahedral
site, one Zn and one O atoms are the nearest neighbours while the
octahedral site, has three Zn and three O atoms as nearest neighbours.
A state with two electrons is introduced above the conduction band
minimum by Zn;. The two electrons are transferred to the conduction

band thereby making Zn; a shallow donor[11]

1.3.5 Zinc Antisites (Zno):

Zinc antisites defect originates when zinc atom is substituted at the site
of the oxygen atom. Zinc anitisite has a double donor behaviour in
ZnO. Zinc antisite a double donor in ZnO it might be expected that this
intrinsic defect will be one of the sources of unintentional n type
conductivity in ZnO. However, the high formation energy reduces its

possibility for being a source of unintentional n-type conductivity[11]
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1.3.6 Oxygen Antisites (Ozn):

Oxygen antisites (Ozn) defect originates when there is a substitution of
an oxygen atom at zinc atom site. Although the oxygen antisite (Ozn) is
an acceptor-type defect it has a very high formation energy and is
electrically inactive even under favourable O-rich conditions.
Therefore, the concentration of Oz, defects are very low in ZnO at

equilibrium[12].

1.4 Doping in ZnO

ZnO is a wide band gap semiconductor and shows mostly n-type
conductivity even without any intentional doping. Doping methods
conventionally used does not yield a stable p-type conductivity for
ZnO. However, doping with higher or lower charged ions have been
found to have a great deal of effect on the defect states and carrier
concentration in ZnO. The luminescence of ZnO has been found to be
adversely affected by doping. This effect on the luminescence of ZnO is
due to modification of native defects of ZnO or by introduction of new
defect states. Co doped ZnO shows red emission [13], Mn doped ZnO
shows yellow-orange-red emission[14], Cu doped ZnO yields blue
emission[15]. The effect on the carrier concentration due to doping is
quite appreciable. Depending on whether the ions have a lower or
higher valency than the Zn the carrier concentration have been reported
to vary. Doping of elements such as Si, Ge, Sn on Zn-site have been
reported for n-type conductivity in ZnO [16-20T] but reports on stable
p-type dopant is sparse and an attempt has been made in this work for a
p-type dopant for ZnO. The ability to alter the defect states and carrier
concentration of ZnO by doping shows the workability of the material
and opens up the way for a wide range of applications. Properties of
ZnO can be modified, enhanced and in a sense customized to meet the

need for applications in electrical, optical and opto-electronic devices.

7
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1.5 Applications of ZnO

ZnO has a wide range of applications and is used in various products.
In rubber manufacturing it is used in the process of vulcanization, in
medicine as zinc oxide eugenol, in baby powders, lotions, ointments,
sunscreen and dentistry. ZnO is used in cigarette filters to remove
hydrogen cyanide and hydrogen sulfide from tobacco smoke, it is used
in food industry as a necessary nutrient. ZnO also find applications in
the manufacturing of paints as a pigment, and also as anticorrosive coat
for metals. ZnO also finds applications in ceramic industry due to its
high heat capacity, thermal conductivity and relatively low coefficient

of expansion.

1.6 Potential functionalities of ZnO

ZnO has been reported to be a suitable material for application in
electronic, opto-electronic and sensing devices. The properties of ZnO
such as its structure, defect states, conductivity and bandgap determine
its applications. These properties of ZnO can be altered and in a sense
customized by introducing dopants which might suppress certain
properties while enhancing certain others to suit the need for the
functionality targeted. Below we discuss some of the functionalities of
ZnO like transparent conducting oxide, UV-sensing and visible light

sensing which have been probed in this work.

1.6.1 Transparent Conductive Oxide (TCO):

Transparent conductive oxides (TCOs) are material highly transparent
to visible light and are electrically conductive. TCOs are used as
transparent electrodes in Dye sensitized solar cells (DSSC) and flat
panel displays such as liquid crystal displays (LCDs), plasma display
panels, electronic paper displays, light-emitting-diodes (LEDs)[21],

8
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and touch panels[22,23]. For high conductivity and transmittance a
carrier concentration of the order of 102 cm™ or higher and a band-
gap energy above 3 eV is needed [24]. Various TCOs material like
impurity-doped SnO2 (SnO2: Sb and SnO2: F), In203 (In203: Sn, or
ITO), and ZnO (ZnO:Al) have been studied [25, 26]. Tin-doped
indium-oxide (ITO) is the one in practical use [27,28]. However ITO is
not cost efficient, Indium is not readily available and is also toxic.
Thermal instability is also another issue. Hence, there is a search for an
alternative material [21]. In this search for an alternative material, ZnO
has been found to be a promising candidate. The pros of ZnO in
comparison to ITO is that it is cost efficient, nontoxic, thermally stable
and is highly durable[29]. Pure ZnO is resistive and absorbs visible
light due to presence of defects in the lattice. A good choice of dopant
and appropriate doping concentration can modify ZnO and hence is a

promising candidate for TCOs.

1.6.2 UV and Visible light sensing:

Ultraviolet detection has become an important aspects of science and
technology related with health, environment and even space
research[30,31]. UV detectors based on silicon although available in
the market are not cost efficient as they require expensive visible light
filters. Faster, more sensitive, cost-effective UV detection is therefore
an important research area. ZnO is easily available, cost efficient, non-
toxic, does not pose a threat to the environment and has good thermal
and chemical stability with high photoconductivity.

Visible light sensing can be an indispensible tool for mankind with
possible applications in communication, traffic safety and automated
robots. ZnO has defect levels in the band gap which can be modified
by doping and changing the synthesis conditions. This modification
allows for customized properties. One of the property worth exploring

is the visible light sensing property of ZnO. Light in the visible region

9
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does not have good sensitivity for pure ZnO however by modifying the
defect levels UV sensitivity can be suppressed and the sensitivity to a
particular colour of light enhanced. In this thesis we show enhanced
red light sensing with suppressed UV sensing in co-doped samples.
Pure ZnO nanoparticles normally show a relatively poor UV sensing.
This is due to large n-type carrier concentration as well as fast
recombination rate of photoexcited electron—hole pairs. To resolve this
fundamental issue, defect engineering and doping processes have been
applied to tailor certain properties of ZnO.

UV sensing and response in ZnO, mainly depend on the surface
reaction and therefore, surface defects, grain size and oxygen
adsorption properties[32—-34]. The mechanism of UV sensing is based
on the adsorption and desorption of Oxygen. We argue a similar
mechanism for light in the visible range as well. When ZnO material is
kept in the dark, the oxygen molecules get adsorbed on the surface of
the ZnO by capturing free electrons from n-type ZnO

O2(g) + & = O2-(ad)

This adsorbed oxygen increases the resistance near the surface of ZnO.
When the ZnO surface is illuminated by light, with energy hv there is
generation of electron-hole pairs.

hv=> e +h*

the adsorbed oxygen molecules get oxidized by the holes generated in
the above process and the oxygen molecule gets desorbed from the
surface of ZnO nanoparticles

O2- (ad) + h*>02(g)

This desorption from the surface increases free carrier concentration

and produces a large photocurrent.

10
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The research work reported in present thesis has been accomplished
systematically in following manner

(1) Synthesis of pure and doped ZnO samples

(ii) Structural analysis of pure ZnO and the effect of doping on its

structural properties(strain, lattice parameter etc.)

(ii1) Optical properties of ZnO such as bandgap and defect states were

studied and the effect of doping/co-doping on these properties.

iv) Investigating the electrical properties of the pure ZnO samples and
the effect of doping/codoping on conductivity, carrier type, carrier

concentration and mobility

(v) Study of UV and Visible light sensing properties of pure and doped
ZnO.

11



Chapter 2

Experimental Details

In this chapter we shall discuss in brief the process of sample
preparation and the different characterization techniques used in
studying the prepared samples. All the samples in this study have been
prepared using sol-gel method. Characterization techniques used in this
study include:

(1) X-ray diffraction (XRD) to study the structural properties
(if) UV-Vis spectroscopy to study the optical band gap

(iii) Photoluminescence spectroscopy to study the defect states and
related optical properties (color emission) of the materials.

The electrical properties: |-V measurements were made using a
Keithley source meter 2450 and for carrier concentration and mobility,
hall effect setup was used. In house constructed setup was used for the

purpose of UV and Visible light sensing.
2.1 Synthesis Process

The synthesis process used for synthesizing all the materials used in
this study was done using the sol-gel method. A general schematic
diagram for the synthesis of the nano powders is given in figure 2.1,
Below a description of the nanopowder synthesis process is given for

the samples used in this study.
2.1.1 Synthesis of Ga doped ZnO:

Single phase homogeneous nanopowders samples with chemical
composition Zni1xGaxO for x = 0 (hereafter referred as Z0), 0.0156
(ZG1), 0.0312 (ZG3) and 0.0468 (ZG4) were synthesized using sol-gel
method. A precursor solution for Zn was prepared by dissolving ZnO
(Alfa Aesar, purity 99.9%) in HNOs (Alfa Aesar, purity 99.9%). A Ga
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precursor solution was prepared by dissolving gallium nitrate in DI
water. The Ga solution was poured into the Zn solution and stirred for
~1hr. In a separate beaker, citric acid and ethylene glycerol were mixed
in de-ionized water (DIW) and stirred for ~1hr. This solution was
heated mildly to polymerize into a gelling agent. The Zn/Ga solution
was then added while continuously stirring at ~70°C. The solution was
heated at 70°C for ~4hrs to allow the water to evaporate and form a
gel. These dehydrated gels were further heated and eventually burnt
under ambient conditions to produce yellowish white powders. The
yellowish white powders were then heated in a muffle furnaces at
450°C for 6 hrs to form nearly white nanopowders. The samples were

then annealed at 600°C for 2 hrs in air.

Precursors +
Gelling agent

- Stirring
Dopant
precursors

Synthesis:  Sol-gel Method

Zn0 + 2HNO, IZDZI

Zn(NO,), + H,0

NANO POWDERS Final solution

Figure 2.1: Sol-gel process for synthesis of ZnO
2.1.2 Synthesis of Ga-Si co-doped ZnO

Zn(1-x(GaSi)x20 nanopowders were synthesized for x=0, 0.0156,
0.0234 and 0.0312. Ga (NOs)3.xH,O and Tetraethyl Orthosilicate
[(C,Hs0)4Si] were used as a precursor for Si** and Ga3* respectively.

Applicable quantities of both Ga and Si precursors were dissolved in

13



deionized water (DIW). ZnO was dissolved separately in HNOs and
DIW. After thorough mixing the solution containing the dopant ions
were added to ZnO dissolved separately in HNOs and DIW and
vigorously stirred. Ethylene glycol and citric acid were mixed in DIW
and heated at 70°C for 4hrs to obtain a polymeric solution and added
to the previous solution. Finally, this solution was stirred and heated
on hot plates at ~70°C for several hours to dehydrate the sol to obtain
gels. Yellowish-white powders were then obtained by burning the gel
on hot plates. The samples were then heated at 450°C for 6 hours and

then at 600°C for 2 hours in air.

2.2 Characterization Technique

The samples synthesized using sol-gel route as discussed above was
characterized wusing different characterization techniques. The
characterization was done to investigate the structural, optical,
electrical and sensing properties of the prepared samples. In the
following section a brief description of the characterization method

used is given.

2.2.1 X-Ray Diffraction

X-ray diffraction (XRD) is a non-destructive method of probing the d-
spacing, crystal structure, lattice parameters and bond angles of the
material. XRD also allows for the study of lattice strain and nano-
crystalline size. Powder, pellet or film samples can be studied using
XRD. The X-ray with wavelength ‘A’ falls at an angle of incidence 9, it
undergoes diffraction by sets of atomic planes in the crystal lattice. If
the d-spacing and 0 satisfies the Bragg relation

2dsinO = n\ (where, n is an integer) ---------------- (2.1)

a constructive interference takes place. The diffracted X-ray photons
are then detected and counted by a detector. The X-ray falls on the
sample at different angles and when the Bragg’s relation is satisfied

there is constructive interference and peaks are observed for that
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particular value of 6 corresponding to particular sets of planes. This
information from the diffraction peaks is unique for different structures
and are signatures of the materials structural phase also this
information is used to determine the value of d-spacing and the
material being studied can be identified. The uniqueness of a set of d-
values for a particular material identifies and validates the purity of a

the structural phase of the material being studied.

Instrumentation of XRD:

The main components of the X-ray diffractometer are:

i. X-ray Tube: the source of X-Rays.

ii. Incident-beam optics: to condition the X-ray beam before it is
incident on the sample

iii. Goniometer: the platform that holds and moves the sample, optics,
detector, and/or tube

iv. Sample holder

v. Receiving-side optics: to condition the X-ray beam after it has
encountered the sample

vi. Detector: to count the number of X Rays scattered by the sample

' -
X-ray source X-ray Detector

’ Diffracted X-ra

Incident X-ray >
;;p&« AT T TR v».f,.’: ~6 i U}
SN Ry RS e |

Sample

Figure 2.2: Schematic diagram showing XRD setup

Figure 2.2 shows a schematic diagram for an X-ray diffractometer with
different axes of rotation. Here 26 is the angle between the incident and

diffracted beam
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2.2.2 UV-Vis spectroscopy

When light passes through a substance, the absorption of light takes
place according to the Beer-Lambert law

The amount of light absorbed is given by the difference between the
incident radiation (lo) and the reflected or transmitted radiation (I). For
thickness, t =1 the Beer-Lambert law transforms as

a = —Inixi(I1/10)------------ -- (2.3)

where, «a is absorbance, lo and | are the intensities of incident and

transmitted light respectively.

Experimental Set-up:

UV-Vis spectrophotometer consists of: A source of light which is
usually a tungsten-halogen or deuterium lamp which is used in addition
to a monochromator for selection of wavelength. The UV- visible light
is converted into electrical signal with the aid of a detector. It also has
a sample holder, a signal processor and a readout. Figure 2.3 shows a

schematic representation of a UV—Vis Spectrophotometer.

Light Source UV

Diffraction %
Gratng S l ;l] Mirror 1

/

Skt 1
Shit 2
Light Source Vis
Filter g
Reference
Mirror 4 Cuvette Detector 2

& Reference ﬂ ey
: -3 0

Beam
Lens 1

Half Mirror |—T|

& Meirror 2 Sample
Cuvette Detector 1

- Sample ﬂ o1
Mirror 3 Beam ULens 2

Figure 2.3: Experimental set-up of UV-Vis spectroscopy

i
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2.2.3 Photoluminescence spectrometer

Photoluminescence spectroscopy is a method for investigating the
defect states and electronic structure of materials[35]. A laser beam
whose energy is greater than the band gap i.e., E > Eg is made to fall
on the sample. The idea behind this is that the energy which is now
absorbed by the sample will dissipate when the electron makes
transitions from the conduction band to the defect states or the valence
band. These transitions may or may not be radiative. If the nature of
the transition is radiative then there is an emission of light. The
colour(wavelength) of light holds with it valuable information about
the defect levels and the electronic structure of the material being
studied.

The Photoluminescence spectroscopy setup consists of two main parts:
(1) Light source which provides the energy to excite the electrons

(2) Detection system for the photons emitted when the electron
transitions to defect states or valence band.

2.2.4 Hall Set-up:
The Hall effect, is a phenomenon where a current carrying conductor

placed in a magnetic field applied in a direction parallel to the direction
of that of the current produces a voltage in a direction transverse to that
of the current. The transverse voltage is induced because the charges
experience a Lorentz force,

F=q(E+ Vv x B)
This force deflects the charges on one side of the conductor producing

a potential difference.

If Vh is the hall voltage, and Inthe hall current then

Rh=Vi/ In

If e the charge associated with an electron, Ry the hall coefficient and
n the number of charge carriers then, we have a relation

Rn=1/ne

This phenomenon equation allows one to determine the carrier

concentration and type of carrier from the hall effect measurements
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For Hall effect measurement, a voltmeter, a constant current source, an
electromagnet with provision for changing the magnetic field and a
gauss meter to measure the magnetic field is required. Figure 2.4

shows a schematic diagram for hall measurements.

CURRENT CURRENT

MAGNETIC FIELD

Figure 2.4: Schematic diagram for Hall probe measurement

2.3 Set up for UV and Visible Light sensing:

UV and Visible light sensing setup is an in house constructed setup to
study the response and sensitivity of the prepared samples when
exposed to light of different wavelength.

Instrumentation:

The setup consists of:

i) UV lamp as the source of UV light of wavelength 290nm

i) LEDs of Red, Green and Blue colour of wavelengths 640nm,
540nm, 450nm respectively

iii) A dark chamber to house the sample and the light source.
iv) Arduino Uno

v) A PC (computer)

The UV lamp and the LEDs are connected to the power source via a
relay that is connected to an Arduino UNO. The Arduino can be
programmed to automatically control the ON and OFF states of the
light source. The sample is kept in a dark box and the light is allowed

to fall on the sample. Electrodes are available so that the sample can be
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connected to a multimeter or source meter. Figure 2.5 shows a
schematic diagram for the UV to Visible light sensing setup along with

photographs of the different wavelengths of light

Blue- 450nm
Figure 2.5: Schematic diagram for UV to Visible light sensing setup

2.4 Thermoelectric effect setup:

Instrumentation:

The setup consists of

i) Peltier module and cartridge heater to generate temperature gradient
i) Thermocouples with digital display for temperature readings

iii) Heat sink (CPU heat sink)

iv) Constant current source

The setup has a peltier module and a cartridge heater which generates
the temperature gradient and are each connected to a constant current
source which is connected to a control knob. A 12 volt fan-cooled heat
sink is used as the sink for the peltier. Two thermocouples are used to
take the temperature gradient readings. The aluminium sample holder
also acts as the electrodes which can be connected to a multimeter.
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Chapter 3

Structural properties of pure and doped
ZnO

In this chapter we shall discuss the structural properties of pure ZnO
and the effect of Gallium (Ga) doping and Gallium-Silicon (Ga-Si) co-
doping o the structure studies through X-Ray Diffraction analysis. X-
ray diffraction (XRD) was performed on the synthesized nanoparticles
using Bruker D2-Phaser diffractometer with Cu anode. The X-ray tube
had a radiation of wavelength ~1.5406A.

3.1 Effect of Ga doping on Structural properties of ZnO

XRD spectra showed a single phase structure for all the samples
Zn1xGaxO for x = 0 (hereafter referred as Z0), 0.0156 (ZG1), 0.0312
(ZG3) and 0.0468 (ZG4) without the presence of any secondary phase.
The XRD spectra is shown in Figure 3.1.

{101)

(100)
~ (002)

{103
(1)

L 1200y
(LU]]
) (M)

[ntensity(a.u.)

}l{] 4I[} Sl(] (J-IU T-'IU- 50
20 (®)

Figure 3.1 XRD pattern of samples Z0, ZG1, ZG3 and ZG4 showing

structural resemblance to pure ZnO wurtzite P6zmc space group

Rietveld refinement of the XRD data was performed using
GSAS software, and it revealed a wurtzite P6smc space group as

shown in Figure 3.2(a, b, c, d). Lattice parameters a (=b) showed an

nominal increasing trend while ¢ increased with substitution [Figure

3.3(a)].
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Figure 3.2: Rietveld refinement performed with P6smc space group for
the samples Z0, ZG1, ZG3 and ZG4

Peaks corresponding to (002) showed a shift[Figure 3.1 (inset: (002)
peaks] indicating change in ¢ parameter. Crystallite size was estimated
using Debye Scherrer equation, D = 18,0001)/ (nLx), while strain was
calculated using S = (nLy)/18,000, where, Lx and Ly were obtained
from Rietveld refinement. The crystallite size of the particles increased
from 38 nm to 46 nm with increasing Ga-content. On the other hand
the lattice strain decreased with increasing Ga-content from 0.33% to
0.29%. Bond lengths and bond angles were also estimated from the
refined cif files show in Figure 3(c, d, and €). The Zn-O bond length
along c-axis for ZG1 increases by ~1.1% compared to Z0. However,
with further substitution, the bond lengths start decreasing for ZG3 and
ZG4. The Wyckoff position and occupancy is given below:

Samples Zn 0 Ga
Wyckoff position occ Wyckoff position occ Wyckoff position occ

x=0 0.33 | 0.66 | 0.49 | 1.0000 | 0.66 | 0.33 | 0.37 | 1.0000 0.0000
X=0.015 | 0.03 | 0.66 | 0.50 | 0.5076 | 0.66 | 0.33 | 0.39 | 1.0000 | 0.33 | 0.66 | 0.5219 | 0.0156
6

X=0.031 | 0.33 | 0.66 | 0.05 | 0.9688 | 0.66 | 0.33 | 0.17 | 1.0000 | 0.33 | 0.66 | 0.0526 | 0.0312
2

X=0.046 | 0.33 | 0.66 | 0.49 | 0.9532 | 0.66 | 0.33 | 0.37 | 1.0000 | 0.33 | 0.66 | 0.4961 | 0.0468
8
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It may be noted, that for ZG4 this bond length is actually smaller than
Z0. On the other hand the bond length not along a/b axes decrease by
0.3% for ZG1 and thereafter start to increase for ZG4 this bond length
IS more than Z0. The Ga-O bond lengths along the c-axis are smaller
than similar Zn-O bond lengths along c-axis of the corresponding
samples and also of a pure ZnO. On the other hand the Ga-O bond
lengths angular to the c-axis are larger than their corresponding Zn-O
bond lengths. Bond angles also follow a similar trend [Figure 3.3(e)].
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Figure 3.3(a). Increase of lattice parameters a=b, ¢ with increasing x
(b) Increasing crystallite size and decreasing lattice strain with
increasing x (c, d, e) bond lengths and bond angles obtained from
refined cif files of Z0, ZG1, ZG3 and ZG4

3.2 Effect of Ga-Si co doping on structural properties of ZnO
XRD patterns confirm a hexagonal wurtzite ZnO structure for all the

samples annealed at 600°C. It shows some nominal traces of zinc-
blende phase which is due to the precursor material. No extra phases
other than the wurtzite ZnO are observed related to any complex mixed
oxides of Zn, Ga or Si [Figure 3.4(a)]. Rietveld refinement was

performed for all the samples using GSAS software to estimate the
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structural properties of the samples. Lattice parameters (a= b) and ¢

decreases with substitution [Figure 3.1(b, c)].
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Figure3.5: Variation of crystallite size and strain with doping in

Zn(l-x)(GaSi)x/Zo

Nominal changes in lattice parameters (a, b and c) were observed in
the third decimal digit. The ionic radii of the dopants, Ga®* (0.62 A)
and Si** (0.40 A) are smaller than that of Zn?* (0.74 A). Hence, from
the aspect of ionic size such a lattice contraction is logical. However,
an enhancement in cationic charge may introduce excess oxygen to
satisfy charge balance in the lattice. This may create oxygen
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interstitials which can result in lattice expansion. Such factors
influence bond lengths and bond angles which can be related to lattice
strain [20,38,39]. The crystallite size was found to decrease with

concentration with increase in strain as shown in figure 3.5.
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Chapter 4
Optical properties of pure and doped ZnO

Zinc oxide (ZnO) is recognized as a II-VI photonic semiconductor
materials with a wide band gap (~3.37 eV) and high exciton binding
energy (~60 meV)[4]. It is a potential material for applications in
optoelectronic devices such as UV lasers, gas and bio sensors. Wide
range of properties of doped ZnO[64] depends on defects and
associated charge carriers that are possible in these materials. The
customization of these properties plays an important role in the
applicability of ZnO.

The pure and doped ZnO samples were studied for their optical
properties. The study involved studying its bandgap and defect levels
using UV-vis spectroscopy and photoluminescence spectroscopy.

4.1 Ga doped ZnO

4.1.1 Bandgap analysis

From the room temperature optical absorbance data [Figure 4.1(a)], the
bandgap (Eg) was estimated using a Tauc plot by extrapolating the

linear part of graph between (ahv)? Vs hv [47].
[ehv=A (hv-Eg)"]

where, «a is the absorption coefficient, A is a constant, hv is the
energy of the incident light and n is a constant (n=1/2 for direct and
n=2 for indirect bandgap). Urbach energy (Eu), an estimate of lattice
disorder [8,9,26], was calculated from the slopes of In(a) versus hv
graph where, a = ao exp (hv/Eu), where, ao is a constant. Enhancement
in Eq is observed with Ga doping, from ~3.21 eV (Z0) to 3.28 eV
(2G4), while Ey decreases from ~92.5 meV (ZGO0) to 72.5 meV (ZG4)
[Figure 4.1(b)]. Hence, it seems, Ga doping helps reduce the strain and
stabilize the structure by reducing lattice disorder.
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Figure 4.1(a) Tauc plots of substituted and parent samples showing
modifications in bandedge and bandtails; (b) Bandgap increases while

Urbach energy decreases with substitution

4.1.2 Defect study
The PL spectra comprised of NBE (near band emission, i.e. UV part)

and DLE (deep level emission, i.e. visible color emission) [Figure
4.2(b)]. The DLE and NBE spectra were deconvoluted [48-53] into
various emission peaks in different colour regions [Figure 4.3(a, b, c,
d)], e.g. UV (>3.1 eV), violet (~3-3.1 eV), blue (2.50-2.75 eV) [21,
22, 54], green (2.17-2.50 eV) [55,15-20], yellow (2.10-2.17 eV) and
orange-red (2.1 eV) [26,56,57]. These emissions correspond to various
defects, e.g., Zn; (violet) [55, 58], Vo (green), Oi (yellow, orange-red),
and Vzn (blue), located below the CB at ~0.22 eV, ~2.5 eV, ~2.28 eV,
and ~2.85 eV respectively. The energy level diagram of native defect

states in ZnO is shown in Figure 4.2(a).

The area under the curve in the DLE region decreased with Ga
doping, indicating a reduction in defect states [Figure 4.2(b)]. The
gradual shift of the NBE to higher energy [Figure 4.2(b) inset],
confirms the changes in Eg in agreement with UV-Vis spectroscopy

results. Area calculation of each peak provides information on color
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contribution [26]. The proportion of each color in PL spectrum
is estimated as Pcolor=Acolor/Atotal [Figure 4.4(b)], such that Aotai=
>Acolor and, XPcolor=1. Individual color contributions, Pcolor, have been
normalized with respect to Puy, to yield Pn (=Pcoior/Puv) [Figure 8(a)],
assuming UV contribution is constant for all samples which is a
contribution of a CB=»VB transition.
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Figure 4.2(a). Energy level diagram of native defect states in ZnO
(b).Modifications of the PL spectra with substitution is observed,
suppressing the DLE regions and blue shifting (inset) of NBE region
indicating increase of bandgap and decrease of defect states; (c). CIE
representation of samples

It is observed that Pn decreases for green and orange-red colors. The
decrease in green color intensity hints at a reduction in latent Vo [22,
59-62]. Notably, latent Oi (orange-red emission) decreases at par Vo
[15-20, 26, 63, and 64]. Hence, the latent Oi present may be filling up
the latent Vo present in pure ZnO. Zn; (presence of violet emission) is
present in ZG3 and ZG4. Vz, (blue emission) are present in ZG0 and
increases in ZG1 samples but nearly vanishes in ZG3 and ZG4. Yellow
emission too shows such a fluctuating nature and decreases drastically

for ZG1 but thereafter increases for ZG3 and ZG4 respectively.
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Figure 4.3 (a, b, c and d) De-convolution of the DLE and NBE regions
for all samples using Voigt distribution function

The inverse trends between Vz, and O; tempt one to believe
that these O; were actually occupying a position adjacent to a Zn-site in
the pure ZnO, which by the substitution of a smaller Ga®* ion (0.62 A)
has been rearranged. Beyond ZG1, the extra charges of Ga®* ions may
attract excess O ions, which will result in O;, in the vicinity of a
comparably more attractive Ga®*, thereby filling in the Vz, [Figure
4.4(a)].

A ‘Commission ion Internationale d’Eclairage’ (CIE 1931
standard) chromaticity color graph was calculated using OSA software.
Chromaticity coordinates obtained were as follows: Z0 (0.39, 0.47),
ZG1 (0.43, 0.46), ZG3 (0.49, 0.44) and ZG4 (0.49, 0.43) [Figure
4.2(b)]. A drastic coordinate shift towards orange-red emission is
observed for ZG3 and further for ZG4. Shifting of coordinates is

probably due to a proportionate reduction of Vo and Oi, and the
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simultaneous extra addition of newly created O; due to the extra
charge of the substituent Ga®*. Therefore, it can be inferred that all
sorts of latent defects reduce with Ga doping while Ga®* associated Oj
increases for ZG3. Both Inge/loLe (intensity ratio) and Pnee/PoLe (color
ratioy ratios increase with Ga* substitution which indicates latent

defects suppression [Figure 4.4(c)]. This agrees with UV-Vis studies.
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4.2 Ga-Si doped ZnO

4.2.1 Bandgap Analysis
The optical bandgap was calculated from energy-dependent optical

absorbance data [Figure 4(a)] using Tauc method [37,44-48]. Davis
and Mott further expressed the relation between optical absorption and

the difference between photon energy and bandgap as:
(ahv)'" = A(hv—Eg) [44,45,49]

where, a is the absorption coefficient, v the photon’s frequency, h the
Planck’s constant, A is a proportionality constant and Eg is the bandgap. The
power coefficient n determines the nature of transition between CB and VB:
n=1/2, 3/2, 2, and 3 for direct allowed, direct forbidden, indirect allowed

and indirect forbidden transitions, respectively. The direct bandgap (n=%) of
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ZnO increases slightly with Ga3*/Si** co-doping from ~3.21 eV (Z0) to ~3.25
eV (ZSG03). Such an increase of bandgap has been discussed in literature
[9,37,48,50-53] as a result of Burstein-Moss effect, in which states are
created in the conduction band very close to the conduction band edge with
degenerate energy levels exceeding the density of states of the conduction
band edge. Such degenerate states shift the Fermi level into the conduction
band. This imitates an Ohmic nature of the samples giving rise to the linear
nature of the I-V characteristics. The bandgap can also be modified due to

modifications in the lattice strain in a defective semiconductor.
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Figure 4.5 (a) Tauc plots of Zn (1x(GaSi)x20 (x=0, 0.0156, 0.0234,
0.0312) showing changes in bandedge and band tails or localized
states; (b) Increase in Bandgap and decrease in Urbach energy with

substitution x

Certain localized defect states (disorderness, lack of crystallinity, etc.)
are formed just below the conduction band or above the valence bands
resulting in induced band-tails (Urbach tail). A reduction of structural
strain can reduce band-tailing. The gap between the available
electronic states near the band edges therefore increases, thereby
increasing the bandgap when lattice strain decreases. Urbach band-tail
energy, EU, was estimated from the slope of logarithmic plots of In[a]

and hv as:

In[a] = In [ao] + (hv/Ey) [44, 45, 54-56]
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Where, ao is a constant, Ey is the Urbach energy of the band tail. With
increasing substitution the Ey nominal decreases from ~93meV (Z0) to
~88 meV (ZSGO3). Hence, with increasing substitution the lattice
strain (Eu) becomes less strained and there by results in nominal

increase in Eg.

Defect study:

Information on the defect states located inside the band-edges was
extracted from the photoluminescence (PL) spectra of the ZSGO
samples [Figure 5(a)]. The PL spectra of ZnO has been discussed in
literature as composed of Deep Level Emission (DLE: ~ranging from
~387nm (~3eV) to ~738nm (1.6eV) and the Near Band-Edge Emission
(NBE: a sharp feature ~375 to 380 (~3.2eV) nm regions [25,45,49,57—
62].

In literature, there are several controversial claims about defects
centres and corresponding energy levels in ZnO band structure,
especially in the DLE region. Janotti and Van de Walle described this
in detail for individual defect types including Zn interstitials (Znj),
Oxygen interstitials (Oi), Zn vacancies (Vz), O vacancies (Vo), Zn
antisites (Zno), O antisites (Ozn), etc[11,12]. The entire controversy
was discussed and different theoretical references were detailed
including their own work.

It was observed that Zni can be expressed as a deep donor with
transition levels ~0.5 eV above the valence band (VB). At the same
time, there are reports of Zn; as a shallow donor close to the CB. Zn;
defect states have also been reported at ~0.22 eV below the conduction
band [12,63,64]. Electronic structure of the simulated ZnO structure
revealed that Zn; states can be well inside the CB (~1.2 eV above the
CB edge) thereby allowing an n-type conductivity. However, a
majority of reports have observed Zn; about ~0.2eV below the CB
edge.[9,14,63-65] Hence, taking these major trends into account one
can allot the Zn; defect states in a band ~0.2eV below the CB edge,
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which allows a transition to the VB with energy ~ 2.75-3eV (~ 387-
460nm) nm producing a violet luminescence.

Vzn states can occur in two different charge states above the VB with a
difference of around ~0.8 eV. Himanshi et al. reported Vz, states at
~2.51-2.60 eV below to CB [11,24,49,66]. Similar V2, defect states
have been reported at ~2.60 to ~2.77eV below the CB. Tengfei et al.
reported Vzn at ~2.84 below the CB [46,47,67]etc. Hence, majority
reports hint at Vzn states, that allows CB — Vz, transitions in an
energy band of ~2.5-2.84eV (387 nm to 460 nm) resulting in blue
emission.

Oi defect states have been reported at ~1.96eV above the VB. Djurisi¢
et al. reported a similar Oi defect state ~1.93eV above the VB[62].
Similar multiple reports claimed Oi defect states ~1.70-2.10 eV (~729
to 590nm) above the VB [9,37,49,64,66,68]. These defect levels allow
a transition to the VB, allowing an orange emission. However, Oi
defects have also been located at a higher energy state ~
2.15eV.Transitions from these defect states to the VB results in yellow
emission ~2.15eV (~575nm). As the majority of O; defects have been
discussed in literature as located in the range ~1.95 to 2.15 eV (~635 to
~576nm) and can be related to orange to yellow type of emissions.
Similarly, in the case of Vo states have been reported at ~2.50eV above
the VB. However, Janotti et al. has reported deep level Vo defects
states at 1.0 eV below the CB edge. Others have reported levels ~2.4
eV below the CB edge. Other similar supporting reports are available
at ~2.4 to ~2.5 eV below the CB edge. Hence, there is a majority of
reports [9,12,63,64,69—75] referring to Vo defect levels at ~ 2.2 to 2.5
eV below the CB edge. Hence, taking these major trends into account
one can allot the Vo defect states as a band ranging from ~2.20 to 2.50
eV (~ 563 to ~496nm) below CB edge which incidentally represents a
green luminescence.

Kohan et al. and Zhang et al. reported Zno antisite defect states located
at ~1.45eV above VB [63,65]. These states are at a higher energy level
than Vo and Zni. However, Oba et al. found that Zno energy states to

be comparable with Vo defects in a Zn-rich lattice[64]. However, these
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states have different charges and the energy levels can vary
accordingly. Janotti reported a shallow donor-type nature of Zno for a
stable +2 charge state with energy levels above CB edge[12]. Since the
formation energy of Zno is very high it is unlikely to attain equilibrium
with a Fermi level in between bandgap. Hence, Oba et al. has
mentioned that Zno states (similar to Zni states) can be well inside the
CB (~1.2 eV above the CB edge) thereby allowing an n-type
conductivity [64]. The Zno defects, thereby, can be related to an
increase and an Ohmic nature of conductive properties, but not
significant to DLE. However, O is an acceptor type point-defect with
very high formation energy. Hence, even in the presence of O-rich
conditions, it is unlikely to find a significant and detectable amount of
Ozn [63,64]. Hence, the contribution of such types of antisite defects in
DLE is minimum. Hence, based on the above discussion, the DLE
region can be deconvoluted [Figure 5(b, ¢, d, and €)] into several peaks
corresponding to different color emissions from different defects. This
includes Zn;: violet emission ~2.75-3eV (~450 to ~413nm), Vza: blue
emission ~2.75-2.50eV (~450nm to 496nm), Oi: yellow ~1.65-2.17eV
(~750nm to 571nm) and orange-red emission, Vo : green emission
~2.17-2.50 eV (~570 nm to ~496nm] [Figure 6(c)].
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Figure 4.6 (a) Photoluminescence spectra consists of NBE and DLE
regions of Zn (15(GaSi)x20 (x=0, 0.0156, 0.0234, 0.0312); (b, c, d, €)
deconvoluted PL spectral intensity vs energy of all samples
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The PL spectra reveal a decrease of both the NBE and DLE peak
intensities in the substituted samples than Z0. However, ZSGOL is the
least intense. The intensity increases with increasing substitution.
However, the intensity for all the modified samples remained lower
than the pristine ZnO [Figure 4.6(a)]. A Voigt function was applied to
deconvolution the peaks of DLE and NBE regions [Figure 4.6(b, c, d,
and e)]. The total color contribution was obtained for all samples by
adding the individual areas obtained from the deconvolution of DLE
and NBE regions [Figure 4.7(a)]. It was observed that Vo (green)
decreased for ZSGO1, ZSGO2, but increased for ZSGO3. Oi defects
(yellow) decreased for ZSGO1 but nominally increased for ZSGO2
and ZSGO3. Similarly, Oi related to orange-red emission decreased for
ZSGO1 but increased considerably for ZSGO2 and ZSGO3 samples.
This is a significant point as it relates the role of extra charge of both
Si** and Ga** on the Oi population and simultaneous decrease of Vo.
There were no changes observed for Vz, (blue) and Zn; (violet) in
ZSGO samples.
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Figure 4.7(a) Deconvoluted PL intensity area count vs substitution x
indicating variation in native defects of samples: Zn (1.(GaSi)x20
(x=0, 0.0156, 0.0234, 0.0312); (b) CIE plot of all samples (c) pictorial
representation of energy level diagram showing native defects (in

terms of wavelengths range) for all samples

Commission Internationale de I'Elcairage (CIE) plots was estimated to
define the variation in color coordinate space [Figure 4.7(b)]. A

significant variation was observed from a predominant yellowish-green
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emission to a yellow-orange and orange-red emission. The orange red-
shift further adds strengthens the claim of increased oxygen content in
the lattice with an increase in Ga®*/Si** concentration. These analyses
from intensity and CIE support each other. The NBE region was
examined and the nominal shifting in the samples towards higher

energy with increasing substitution supports the results of Eg.
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Chapter 5

Electrical properties of pure and doped ZnO

The electrical properties of ZnO and those modified by Ga and G-Si
co-doping were studied by taking I-V measurements using Keithley
sourcemeter 2450 and its carrier concentration and mobility
measurements were determined using hall measurements. The doping
has had profound effect on the electrical properties of ZnO and these
changes have been explained with relation to valency and size of the
dopant and the defect modification as discussed in the previous
chapter.

5.1 Ga doped ZnO

5.1.1 IV measurements

The resistances of the samples were of the order of a few kilo-ohms
and hence are few orders higher than junction resistances of the
measurement circuit. This enabled estimation of conductivity, o, for all
samples in capacitance mode from Current-Voltage (I-V)
measurements in the range 0 to 10V. I-V data revealed rise of current
nearly proportionate with voltage implying a near metallic behavior
[Figure 5.1(a)]. Conductivity, o, was calculated for all samples.
Increase of o was observed from 6x10° S/cm in Z0 to 1x10° S/cm in
ZG1. The value of ¢ continued to increase to 1.45x10° S/cm in ZG3.
Thereafter, ¢ increased drastically by nearly one order to 1.26x107
S/cm in ZG4 [Figure 5.1(b)]. As Ga-content increases, an increase in
the nature of conductivity is observed. This may be due to the extra
charge available in Ga®" than the parent Zn?* ion in the lattice. Both
Zn?* and Ga®" are neighboring atoms in the periodic table and have a
complete 3d'° orbital. Hence, the Ga®" states are centers of extra
charge carriers which are likely to contribute to the increased

conductance of the materials.
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Figure 5.1 (a) Increase of conductivity with increasing substitution in
the regime 0-10V; inset: P-N type diode behavior of double layer
pellets of ZGO and ZG4) (b) Increase of carrier concentration (n),
conductivity (odc) and mobility (un) with substitution; A negative Hall
coefficient (Rn) in parent ZnO (n-type semiconductor) changes sign to
positive (p-type) with nominal introduction of Ga which thereafter

remains positive but decreases with further substitution

5.1.2 Carrier properties (Hall effect measurements)

The nature of the charge carriers were estimated by Hall Effect
measurements. Hall coefficient was calculated using the formula, Ru=
Vu.t/In.B for different B values, where, Vu is the Hall voltage, I is the
Hall current, t is the thickness of the pellet and B is the applied
magnetic field. Values of Ry remained invariant with B. It is interesting
to note that while pure ZnO showed negative Ry value of -0.092 ohm-
cm/Gauss indicating an n-type material, the same were all positive for
Ga-incorporated samples indicating a p-type semiconductor material.
With Ga®*" doping in ZnO, the Zn?" ions are replaced by Ga3*. The
extra charge of the dopant ion reduces the oxygen vacancies and

creates O interstitial ions. From Photoluminescence CIE graph as
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discussed in the previous chapter this is confirmed from the fact that
the spectrum moves towards orange-red emission. These O; defects are
acceptor type and hence lead to transforming an n-type ZnO to a p-type
Ga-doped ZnO [65-69]. The Rn value reduced with increasing Ga-
content but remained positive. For ZG1 a value of 0.03 ohm-cm/Gauss
was recorded while it reduced to 0.026 ohm-cm/Gauss for ZG3 and
0.021 ohm-cm/Gauss for ZG4 [Figure 5.1(b)].These results are
extremely exciting hinting at a p-type[29,69-77] semi-conduction in
these Ga-substituted ZnO and hence repeated measurements were
performed on these samples to verify these results. The decreases
nature of Ry for the substituted samples is due to the increasing carrier
concentration with Ga-incorporation. To further verify the n-type
nature of Z0 and p-type nature of the ZG4 samples, a double layer
pellet was pressed at 2 kPa and sintered at 600°C for 2 hours with Z0
in one side and ZG4 on the other. Silver paste electrodes were painted
and cured on both sides in capacitance mode. The resultant device
showed a diode-like behavior [Figure 5.1(a) inset] confirming the n-

type and p-type nature of the materials.

The carrier concentration of the samples were calculated using the
equation n = 1/ (Rn.q), where q is the electronic charge. A dramatic
increase was observed for n from 6.8x10%°/c.c. in Z0 to 2.1x10%%c.c. in
ZG1 and thereafter it increases linearly to 2.42x10%%/c.c. in ZG3 to
~3x10%%/c.c. in ZG4 [Figure 5.1(b)]. On the other hand the mobility of
the charge carriers also improved drastically from 5.55x1071° cm?/Vs in
Z0 to 3x10® cm?Vs in ZG1. With further increase in substitution
mobility increased to 3.75x108 cm?/Vs in ZG3 to 2.66x10”7 cm?/Vs in
ZG4 as shown in [Figure 9(b)]. Thus with increased mobility and
number of charge carriers, ZG samples are good candidates for
electronic devices [78-80] with lesser amount of defect states and a

more perfect lattice.
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5.2 Electrical properties of Ga-Si doped ZnO

5.2.1 1-V measurement

The current vs voltage characteristics reveal nearly linear
dependence of current with voltage which is an indication of ohmic
behavior. VVoltage dependence on current was obtained from current-
voltage (I-V) characteristics [Figure 5.2(a)]. Current for the co-doped
sample increases exponentially to ~10? times. Conductivity is primarily
dependent on carrier concentration and carrier mobility [21,38,76]. The
donor concentration in the ZnO lattice increases due to the higher
charges of Si** and Ga®* which increases the carrier concentration. Due
to decrease in oxygen related defects and an increase in the regularity
of the lattice, electrons are less scattered as confirmed by Urbach
energy study. These modifications in the ZnO lattice could well lead to
enhanced conductivity. Hence, an explanation in the light of a
Burstein-Moss shift seems logical. |-V studies reveal an increase of

conductance with substitution [Figure 5.2(b)].
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Figure 5.2 (a) I-V plot with substitution x of samples (inset; the
logarithmic plot of current vs voltage), (b) plot for current variation

with composition for different voltage

In connection to the discussion on Zno and Oz, antisites in the PL

section in the previous chapter, it is important to point out that these
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antisites are also responsible for the enhancement of conductive
properties. In agreement with the suggestions made in defect studies,

the conductive properties hence are supportive evidence.

5.2.2 Carrier Properties (Hall Effect measurement)

The nature of the charge carriers was estimated by Hall Effect
measurements. Hall coefficient was calculated using the formula, Rn =
Vh.t/Ix.B for different B values, where, V4 is the Hall voltage, I+ is the
Hall current, t is the thickness of the pellet and B is the applied
magnetic field. Ry remained negative and invariant with applied field,
B. This ensures n-type conduction. However, Ry reduced with
increasing GaSi-content: 0.17, 0.078, 0.022 and 0.014 (in units of ohm-
cm/Gauss) for 20, ZSGO1, ZSGO2 and ZSGO3 respectively [Figure
8]. This decreasing nature of Ry with Ga-substitution is due to the
increasing carrier concentration, n, where, n = 1/ (Ru.q) and g is the
electronic charge. The values of n for the Z0, ZSGO1, ZSGO2 and
ZSGO3 samples were recorded as 3.70, 7.9, 29.0 and 46.1 (in units of
10%/c.c.) respectively [Figure 5.3]. The increasing carrier
concentration is also indicative of defect levels created in the CB, as
discussed in previous sections.

The order of the resistances (R) was of a few kilo-ohms whereas the
junction resistances are generally a few ohms. Hence, the linear nature
of the I-V characteristics can be attributed to the Ohmic nature of the
samples. The electrode separation, L, and cross sectional area, A, were
measured and the conductivity, ¢, was calculated using the formula: ¢
= L/RA. The o values of 7.69, 17.5, 260 and 430 (in units of 10 S/cm)
were observed for Z0, ZSGO1, ZSGO2 and ZSGO3 respectively
[Figure 5.3]. This increasing nature of conductivity may arise from the
extra charge of Ga®* and Si** than the parent Zn?* ion, and falls in line
with the I-V studies.

On the other hand the mobility, p, of the charge carriers was calculated
using the formula: p = Rh.o. It is to be noted that the p values although

increased with substitution, did not change orders with substitution.
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For Z0, ZSGO1, ZSGO2 and ZSGO3 samples, u values of 1.3, 1.38,
5.61, 5.83 (in units of cm?/V/s) were observed respectively [Figure 5.3].
Hence, the conductivity rises due to increase of carrier concentration as

well as the mobility factor due to lesser defect states in the doped

samples.
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Figure 5.3 Increase of carrier concentration (n), conductivity (o4c) and
mobility (u) with substitution; A negative Hall coefficient (Rn) (n-type
semiconductor) in Zn 1-x(GaSi)x20 (x=0, 0.0156, 0.0234, 0.0312)

Note that local defect states of either donor or acceptor types are
instrumental in increasing the mobility of charge carriers. Hence,
conduction increase is most likely due to an accumulated result of
defect states available inside the CB due to excess oxygen related

defects as discussed in the PL section.
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Chapter 6

UV and Visible light sensing properties of
pure and doped ZnO

Ultraviolet detection has become an important aspects of science and
technology related with health, environment and even space
research[117,118T]. UV detectors based on silicon although available
in the market are not cost efficient as they require expensive visible
light filters. Faster, more sensitive, cost-effective UV detection is
therefore an important research area. ZnO is easily available, cost
efficient, non-toxic, does not pose a threat to the environment and has
good thermal and chemical stability with high photoconductivity.

Visible light sensing can be an indispensible tool for mankind with
possible applications in communication, traffic safety and automated
robots. ZnO has defect levels in the band gap which can be modified
by doping and changing the synthesis conditions. This modification
allows for customized properties. One of the property worth exploring
is the visible light sensing property of ZnO. Light in the visible region
does not have good sensitivity for pure ZnO however by modifying the
defect levels UV sensitivity can be suppressed and the sensitivity to a
particular colour of light enhanced. In this thesis we show enhanced
red light sensing with suppressed UV sensing in co-doped samples.
Pure ZnO nanoparticles normally show a relatively poor UV sensing.
This is due to large n-type carrier concentration as well as fast
recombination rate of photoexcited electron—hole pairs. To resolve this
fundamental issue, defect engineering and doping processes have been

applied to tailor certain properties of ZnO.

6.1 UV sensing property of Ga doped ZnO

A in house build UV to Visible light sensing setup was used to study
the sensing properties of the samples. With 8V bias the current
between electrodes enhances upon UV illumination and decreases
when the UV light is turned off [Figure 6.1(a)]. Repeated cycles of ON
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and OFF in intervals of 7min have been recorded for all the samples.
Four such cycles are shown [Figure 6.1(a)]. Current increases with UV
illumination, to a maximum, luv_max, and decreases similarly, after the
light was turned off, to a minimum in darkness, ldark min [Figure 6.1(a)].
ldark_min follows a similar trend of current from the 1-V characteristics
and increases drastically with minimum Gallium incorporation and
thereafter increasing further with higher substitution [Figure 6.1(a)].
This implies an increase of conductance in the presence of Ga in the

lattice.

The sensing photocurrent (41), can be estimated from the difference
between luv_max and ldark_min; 1.€. 41 = luv_max - ldark_min Which increases
with Ga-addition. Sensitivity, S, of samples may be defined as S =
(AN gark min)*100. Al increase at a lesser rate than lgark min [Figure
6.1(b)]. Hence, the overall S decreases with an increase in Ga®* doping
[Figure 6.1(c)].
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Figure 6.1(a) Dynamic changes in current for different x (b, ¢) increase
in Al and lgak min and decrease in sensitivity with increasing
substitution (d) increasing trend of growth and decay currents with
substitution (e) fast and slow response and recovery times with

substitution x
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The basic mechanism of UV sensing can be explained on the basis of
adsorption and desorption of oxygen molecules from the surface of
samples. With UV illumination, photo-generated electron-hole pairs
are produced on the surface of the pellets: 7v = e+ h™, where, v is
photon energy, h* and e are photo-generated hole in the valence band
and electron in the conduction band, respectively. The photo-generated
holes in valence band recombine with adsorbed oxygen ions on the
surface, producing an oxygen molecule. This process is described as:
h* + Oz (ad)= O.. Simultaneously, desorption of oxygen ions
adsorbed onto the surface and produces photo-generated electrons [13]:
Oz = O + e. However, from the formula of sensitivity, it seems that
sensitivity is strongly dependent on lgark min. In Spite of sensitivity

being lowered with Ga-doping, the sensing photocurrent (41) increases.

The response and recovery of the UV sensing process follows an
exponential nature [Figure 6.1(a)]. A single exponential formula seems
difficult to address the issue. Hence, a bi-exponential formula for the
current, Ig = Igo+ liexp (-7/ 71) + lexp (-v/z2) was fitted to both growth
of current, where lg is the current offset; 11, I> are positive constants.
Similarly, lg = lgo+ lzexp (-7/z3) + lsexp (-z/z4) was used for current
decay. In the response graph 11 is smaller than T2, thereby representing
a faster process. Similarly, the recovery process has a similar faster
process represented by the decay time t3 and a slower process

represented by Ta.

Note that both processes become slower with substitution in case of
response mechanism. However with substitution the slower recovery
process becomes faster while the faster one becomes slower [Figure
6.1(e)]. The speed of the processes may be correlated with oxygen-
related defects of the system as with substitution the defect densities
vary in a similar trend. It is observed that, for ZG3 and ZG4 samples
yellow emission increases. Most probably speed of response or
recovery is due to O; defects. It is interesting to note that the two
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processes for the response mechanism are comparable in terms of
current in Figure 6.1(d), whereas the faster process is much weaker
than the slower process for the response mechanism [Figure 6.1(e)].
However, the compositional dependence of these current contributions
resembles the trend of carrier concentration, thereby hinting at a direct

correlation between the two.
6.2 UV and Visible light sensing in Ga-Si doped ZnO

Using a homemade setup photo-sensing properties of all samples were
studied for four different wavelengths in the UV to the visible region:
UV (290nm), blue (450nm), green (540nm) and red (640nm). For all
the four different light sources, an exponential rise followed by an
exponential fall of current is observed with the illumination of light
followed by darkness respectively. A general equation was accepted
for both the growth and decay of current of the form: | = lo + liexp (-
t/11) + lexp (-1/12);[13,45,66,77] with two time-constants, t1, T2, and
three characteristic currents lo, I1, Io. It is interesting to note that in both
the growth and decay of current, there is a fast and a slow process
involved with two different current components. The current
components change with the illumination color as shown in [Figure
9(a, b, c, d)]. From the values of these current components, an attempt
to find the actual current in darkness and in the specific light
illumination has been discussed. For a current growth mechanism, the
current can be written as: | = lp (max) - 1giexp (-t/tg1) - 1g2exp (-t/tg2),
while for the decay: | = lp (min)+ lgiexp (-t/td1) + laexp (-t/td2).
Hence, the estimated current in darkness, Imin, can be estimated as
either, lo (max) - Ig:- 1g2, or, lo (min), while the maximum current in
the presence of the light can be estimated as either lo (min) + lq1 + la2,
or lp (max). Depending on the fastness of the two decay processes of
excitation, the response behavior shows a stable or increasing
tendency. The sensitivity, S = (Al/lmin)*100,°1%4778 was calculated
[Figure 11(a, b)] for all the samples, for all colors, where, the sensing

photocurrent, Al = Imax— Imin.
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Figure 6.2(a, b, c, d) Variation in current w.r.t. time for different
substitution x, under UV and visible lights (290nm, 450nm, 540nm,
640nm) irradiation

In the absence of UV light, oxygen molecules get adsorbed on the
surface as negatively charged ions. The free electrons available in the
conduction band are available for a process that leads to adsorption of
an environmental O ion h* (hv) + O?~ adsorbed — O? (g), O? (g) + &~
— O? adsorbed[7,13,78,79]. This adsorbed O creates a depletion layer
with low conductivity at the surface. With UV-illumination, a photon
with energy more than the Eg generates an electron-hole pair. The
adsorbed oxygen ions combine with the holes to produce oxygen
molecules: where, hv is the photon energy, h* and e is the photo-
generated holes and electrons respectively. Hence the adsorbed O ion

is desorbed from the surface.

A similar process of O adsorption and desorption can be formulated for
visible light illumination. It has been discussed that the defect states
owing to Vo, Oi, Vzn, and Zn; vary from sample to sample depending
on the amount of substitution. The electrons available in these defects

are in metastable states and often lead to different decay mechanisms.
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The response to these different lights, therefore, varies with firstly the
population density of these defect states and their transition
probabilities to either the valence band or the conduction band. The
creation and annihilation of electron-hole pairs, therefore, depend on
these properties and thereby changes the response behavior of the

samples.
6.2 UV and Visible Light sensing Ga-Si co-doped ZnO
6.2.1 UV-Sensing: Response:

The faster response time-constant, tgl increases nominally for ZSGO1
and thereafter decreases for further substitution. On the other hand the
slower time-constant tg2 becomes faster than the undoped sample and
continues to become faster with increasing substitution [Figure
10(b2)]. The current components of both slower and faster processes
for the response/growth process increases with increasing substitution.
The current components of the slower and faster processes for a
specific sample are comparable [Figure 10(b1)]. Hence, the Ga-Si

substitution helps in achieving a faster UV-sensing mechanism.

Recovery: For the decay process the faster time-constant td1 increases
considerably with substitution, while the slower time-constant td2
increases nominally [Figure 10(b2)]. Hence, the reverse scenario is
observed between growth and decay of the currents [Figure 10(b1)].
This is an indication of delayed transitions from intrinsic defect states
to the valence band. This should have an impact on the current and the
background current, Imin, iS supposed to increase with time as the
excited electrons are trapped in some of these defects. It appears that
with increasing substitutional centers the electrons ease in transiting to

an excited state but are lazy to return back to the ground state.
6.2.2 Blue-light Sensing:

Response: It is observed that the fast response time-constant tgl
nominally increases for ZSGO1, i.e. the process becomes slower.

However, for further substitution the process starts to be faster and
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becomes fastest for ZSGO3. However, the slower response time-
constant tg2 nominally decreases for ZSGO1 but thereafter increases
with substitution [Figure 6.3(c2)]. It is interesting to note that the
current component of the slower process becomes stronger than the
faster component with substitution [Figure 6.3(cl)]. Hence, with

substitution blue-light-response becomes slower.

Recovery: The faster recovery time-constant, tdl. Initially becomes
slower in ZSGO1 than Z0. It is even slower in ZSGO2 than ZSGO1
but thereafter becomes faster for ZSGO3. The slower recovery time-
constant, td2 has a similar trend as slower response time-constant, tg2,
[Figure 6.3(c2)]. This may be related to the introduction of defects
which can trap and also release electrons at a slower rate. The current
associated with the slower process is much higher than the faster
process and increases with substitution [Figure 6.3(c1)]. The response
is generally faster than recovery. Hence, accumulation of trapped
charges in defect states happens in the case of blue-light sensing
similar to UV sensing.

6.2.3 Green-light Sensing:

The green-light sensing parameters are similar to the blue-light sensing
parameters and show an equivalent trend except for the trend in the
faster response and recovery process time-constants [Figure 6.3(d1,
d2)].

6.2.4 Red-light Sensing:

Response: The fast and slow growth processes of red-light response
(tgl, tg2) have equivalent current components in contrast to green-light
response [Figure 6.3(el, e2)]. The increase and decrease of the growth
time-constants although time in values, follow a similar trend and also

bears a close similarity with the green light sensing.

Recovery: The recovery current is similar to the growth current in
magnitude as well as the trend of increasing nature with substitution.

Both the fast and slow recovery time-constants td1l and td2 show an
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increasing trend [Figure 6.3(e1)]. This is not similar to the trend of the
growth currents and the values of the decay constants are lesser than
the growth constants [Figure 6.3(e2)]. The difference in these growth
and decay time-constants indicate that the decay happens faster than

the growth hence charge accumulation is reduced.
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Figure 6.3 (b1, c1, d1, el) shows trend of growth and decay currents vs
substitution x, (b2, c2, d2, e2) shows variation of fast and slow
response and recovery times vs substitution x respectively for Zn (-
x(GaSi)x20 (x=0, 0.0156, 0.0234, 0.0312)

6.2.4 Photocurrent and Sensitivity:

The sensing photocurrent (Al), is the difference between Imax and Imin;
i.e. Al = Imax- Imin. Al increases with substitution. However, the
calculation of sensitivity, S, which is actually an estimation of
percentage increase of Al w.r.t. the dark current, shows a different
trend [Figure 6.4(a, b)].

For UV-light sensitivity decreases with increase of substitution, but for
all other lights, the sensitivity increases. Hence, while the pure ZnO
sample is a good UV-sensing material, other color-sensing deteriorates
with increasing wavelength. The ZSGO1 and ZSGO2 are most

sensitive to blue, green lights. However, ZSGO3 is most sensitive to
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red-light. Hence, ZSGO3 material can be a very efficient red-light

Sensor.
I I I I I i | I 20
1.8 (b)
| J O\ i
1.6
2 /
~ 14 1 / =415
2 124 \ /
h= / /
m 1 __,"
g 1.0 © ‘ \ 5
W ] - / \ 410
-/ \
0.8 9 -
-
0.6 —— x=0 o 290
| e—x=0.0156 —o— 450 \
0.4 - —eo—x=0.0234 1 @ 540 Vo 05
’ x=0.0312 & 540 &
0.2

300 400 500 600 000 001 002 003

Wavelength (nm) Substitution, x
Figure 6.4 (a) variation of sensitivity with Wavelength of Zn (-
x(GaSi)x20 (x=0, 0.0156, 0.0234, 0.0312) ; (b) sensitivity variation
with substitution x for different wavelengths (290, 450, 540 and
640)nm

The extra charge of Si** /Ga3* changes the Oi and Vo population. This
is observed from the CIE plot. The trend of changes in sensitivity for
different colored-lights also follows the same trend as the changes in
defects with substitution. Hence, sensitivity may be a direct

coincidence of these defect populations.
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Chapter 7

Conclusion and Future Scope

Single phase, wurtzite Zn1xGaxO (x= 0, 0.0156, 0.0312 and
0.0468) samples were synthesized using sol-gel method. Ga
substitution leads to nominal changes in lattice parameters with a
significant increase in Eq from 3.21 eV to 3.28 eV. Ga doping helps in
reducing defects and improving regularity of lattice. The extra charge
of Ga®* invites more carriers. Ga-incorporation also helps improve the
mobility of the carriers. Interestingly, the Hall voltage changes polarity
from negative in pure ZnO to positive in Ga-substituted samples,
implying p-type semi-conduction. The carrier concentration and
mobility shows drastic improvement with substitution making this
material also an ideal candidate for a TCO. Although the promptness
of the UV-sensing mechanism is reduced in Ga-substituted samples the
sensing current is enhanced. The promptness of response and recovery
has been related to the amount of oxygen interstitials and latent
defects. Increase of photocurrent is proportionately lesser than the
increase of dark current. Hence, dark current is a dominant factor in the

estimation of UV sensitivity in the materials.

Ga®*/Si** co-doping in ZnO reveals a wurtzite structured solid
solution. No extra unknown phonon modes were detected in Raman
spectroscopy. The absence of any other element other than adventitious
carbon certifies the chemical purity of the samples without the
presence of impurities due to N and H. The structural and vibrational
studies confirm the improvement of crystallinity of the samples with
increasing substitution. Increase in bandgap with decreasing lattice
strain is obtained with increasing substitution. PL spectra reveal a
decrease of both the NBE and DLE peak intensities in the substituted
samples than Z0. However, both features intensify in ZSGO3 as
compared to ZSGO1 and ZSGO2 but are less intense than Z0. Hence,

surface defects reduces with substitution until ZSGO2 but enhances for
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ZSGO3. The CIE plot shows the orange-red shift supporting a
reduction in Vo. Hall coefficient, Ry remained negative and invariant
with applied field ensuring n-type conduction but reduced with
increasing GaSi-content. The conductivity rises due to increase of
carrier concentration as well as the mobility factor due to lesser defect
states in the doped samples. Note that local defect states of either
donor or acceptor types are instrumental in increasing the mobility of
charge carriers. Hence, conduction increase is most likely due to an
accumulated result of defect states available inside the CB due to

excess oxygen related defects as discussed in the PL section.

The photocurrent and photo-sensitivity for illumination of
different wavelengths of light from UV (290nm) to visible range
(450nm, 540nm, 640nm) were tested on sol-gel processed Zni-
x(SiGa)x20. Photocurrent increases with substitution. The pure ZnO

sample is a good UV-sensing material.

In pure ZnO other light sensing deteriorates with increasing
wavelengths. In contrast for ZSGO3, sensitivity increased continuously
from UV to red-light sensing. Thus, while Z0 is a good UV sensitive
material, ZSGO3 is a good red-light sensitive material. The trend of
changes in sensitivity for different substitutions also follows a similar
trend as the changes in defects with substitution. Hence sensitivity may
be a direct consequence of these defect populations.

Future scope

During the course of this thesis we have studied the effect of doping
gallium and codoping gallium and silicon primarily on the defect sates
and optical band gap and structural properties. The temperature chosen
for annealing was 600°C. This has shown promises for applications of the
material as a TCO and as a sensing material for Red Light. Different
doping elements and co-doping may lead to other exciting results. The
magnetic and dielectric properties of the material can be tailored by
doping with suitable elements. With suitable dopants ZnO might find

applications in gas sensing and also for thermoelectric energy
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generation. A change in the annealing temperature and atmospheric
conditions of annealing may also lead to interesting results and possibly

properties with good applicability.
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