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Abstract

FIELD EMISSION STUDY OF CVD grown ZnO NANOWIRES
GROWN VIA CVD

ZnO is an outstanding II-VI semiconductor material. ZnO as a nano material has been
reported to have nanowire/nanorod, nanoribbon shapes among other types& variety of
techniques are available for their synthesis. Nanowires in particular application perform
better than their other nano regime counterparts due to best aspect ratio. Growth of ZnO
nanowires via chemical vapor deposition (CVD) provides a good array of nanowires with
appropriate sizes.

In this study we intended to grow ZnO nanowire via Thermal CVD without any inert gas
environment i.e. under atmospheric conditions. The rationale for this choice was to device
simplest method of nanowire synthesis without complexity of inert gas or vacuum
requirement. Such method would be of great use for large scale industrial production.

Field emission is the phenomena of electron emission from metal, semi-conductor surface
when a large electric field of the order of 107 V/um is applied across them. This phenomena
is being harnessed in display devices, field-emission microscopy & spectroscopy methods.
The preliminary reason for interest in field emission characteristic of nanowires additional
to their excellent aspect ratio is, smaller sized materials would yield higher resolution for
field-emission process. Thus display devices using such materials would have resolutions
which erstwhile were not possible.

In this study, ZnO nanowires of the radius in the range 15-50 nm were grown via CVD in
atmospheric environment. No special pressure, gas inlet or vacuum was given to substrate.
EDX characterization suggested the formation of contaminant free structure of ZnO
nanowire. UV-vis & photoluminescence spectra gave idea about optical & electronic nature

of as-grown nanowires.



Field emission study of the CVD grown ZnO nanowires in atmospheric conditions provide
some interesting revelations. Maximum current density, turn-on voltage & field
enhancement factor, the key parameters to define field-emission behavior of a material are
used for identification of best candidate in terms of growth conditions. Out of all ZnO
nanowire growth conditions, best ascertained by current study is found to be for nanowire
which were grown at 650°C for 1 hour thermal oxidation. These as-grown nanowires can be

can be potential candidate for field-emission applications.
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CHAPTER 1 : INTRODUCTION

1.1 ZnO:

Why ZnO? ZnO is a II-VI semi-conductor material which in contemporary times have
gained immense popularity due to the fact that it possesses many wonderful characteristics
which are regularly being employed in variety of scientific & industrial applications. ZnO
crystallizes in two types of lattices, Hexagonal closed packing (HCP) & Face-centered
cubic (FCC).
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Figure 1.1 : Waurtzite structure of ZnO [2]

In above structure, yellow balls represent Oxygen atoms & white balls Zinc atoms.

Figure 1.2 provides layout of a single unit cell of Wurtzite structure.



Figure 1.2 : Single wurtzite unit cell [2]
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Figure 1.3 : Unit cell of Zinc blende structure [3]



1.2 :Zn0O as a Semi-conductor :

Zn0O is a potential candidate for semiconductor device applications. Due to a direct and
wide band gap in the near-UV part of spectral region [1], & large exciton binding energy
[1], it can host excitonic emissions at a range of temperatures including room temperature
[1]. ZnO exhibits wurtzite crystal structure, similar to gallium nitride. But contrary to GaN,
big sized single crystallized bulks of ZnO are available [1]. ZnO shows n-type semi-
conductor behaviour, which at times (arguably) is attributed to availability of Oxygen
vacancy defects [4]. Recently, huge advancement in the synthesis of single crystalline
nanowire has been reported. This has triggered the research the research interest in the
application of ZnO nanowire. Furthermore, various efforts are being made to control
inherent n-type semi-conductor nature of ZnO & make p-type ZnO. This emphasis is
particularly laid due to ZnO’s promising candidature for GaN’s alternative in carving
optoelectronic devices. Significance of impurity & defects in n-type semi conductor can get
better perspective by DFT study [1]. Reports of p-type semi-conductivity in
ZnO:Phosphorous nanowires grown via CVD has been made in past [1]. ZnO scores over
GaN in terms of availability of large single crystals as well. For instance Gallium Nitride
has no native material for growth, thus it’s growth in general is carried with significant
proportion of defects due to non-matching structure of substrate. Yet another merit of ZnO
is it’s amenability to wet chemical etching, which is not shown by GaN. This feature is
pivotal for fabrication of devices. In electronics & optoelectronics devices bandgap
modulation is very much desired. Mixing magnesium to zinc oxide increases the it’s
bandgap, while mixing cadmium show decreases in bandgap, which is analogous to impact

of adding aluminium & indium to gallium nitride. Despite MgO, CdO having NaCl/FCC
unit cell, when in small proportion MgixZniO&CdixZnxO alloys attain the wurtzite

geometry of host compound, & delivering large modulation in bandgap.



1.3 : Properties of ZnO:

ZnO possess large number of properties of great utilitarian value [1]. Most
promising of them being a direct band gap material with 3.37 eV bandgap. This single
feature makes it very desired material for realization of optoelectronic devices particularly
in UV to blue parts of spectrum. Availability of large single crystals add another feather to

ZnQ’s cap as prospective semi-conductor. Following has been enlisted it’s useful properties:

* Wide & direct bandgap: ZnO has direct & wide bandgap of 3.37 eV while same for of

gallium nitride is 3.44 [1]. This feature makes ZnO suitable for optoelectronics device (like
LEDs, LASER) operating in the UV or blue spectrum [5]. Many ZnO based nano structures
perform well for Optically pumped lasing.

Direct \\\ ’z'
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Figure 1.4 :Schematic of Direct & Indirect bandgap of energy [23]

 Large exciton binding energy: ZnO has large exciton binding energy of the order of 60

meV [1], which is far more than 25 meV for gallium nitride [1]. For efficient UV emission,
thermal energy (kgsT) which is of the order of 25meV must be exceeded by exciton binding
energy [1]. This enables considerable excitonic emission in ZnO at room temperature and

higher [1].



 Highly Piezoelectric: Piezoelectric materials have tendency to deform when subjected to

applied voltage across their crystal, & vice-versa. This property enable them to be used as
sensors & transducers. The low symmetry of the wurtzite crystal structure combined with a
large electro-mechanical coupling in ZnO gives rise to strong piezoelectric and pyroelectric
properties. Piezoelectric films of ZnO with uniform orientation & structure have been
synthesized over different substrates via various deposition techniques, including CVD,

sol—gel, spray pyrolysis, MBE & sputtering [9-14].

* Large thermal conductivity: This property enables ZnO to be mixed with materials like

rubber to enhance the thermal conductivity of automobile tires). This characteristic also
ensure better performance in heat sinking during device operation. High thermal
conductivity also makes ZnO a good substrate for epitaxial growth (particularly of those

materials which have matching lattice constant like GaN) [1].

* Amenability to wet chemical etching: Amenability to wet chemical etching is a highly

desired feature for semi-conducting materials.This feature is a great aid in fabrication of
devices using such materials. Etching of ZnO films with acidic, basic & even mixture of

reagents make it highly versatile.

* High non-linear resistance of poly-crystalline ZnQ: This property has led to use of

ZnO in synthesizing varistors of fine quality varistors. Grain boundaries are believed to be
reason for resistance’s non-linear behaviour. Good non-ohmic I-V characteristics of ZnO is

reason for the stellar performance as varistors [1].

* Good luminescence: ZnO is again a suitable material for optical-electronic devices

because it possess strong luminescence in the visible part of spectrum. It has emission peak
around 487 & a healthy FWHM of 0.37 eV [1]. It find application in field emission
displays due to n-type semi-conductor nature & for same reason in vacuum fluorescent

displays. The n-type nature is generally said to be due to vacancies (O) or interstitials (Zn),

[1].

» Large single crystals: Availability of large sized single crystals give ZnO yet another

edge over competing semiconductors. This availability of substrate for native growth of



zinc oxide leads to procuring films of better quality along with minimized defect

concentration. On the contrary gallium nitride has no native material for such a growth.

* Hardness to radiation: ZnO possesses very high radiation hardness, far more than that of

gallium nitride radiation hardness is important for applications at high altitude or in space.
[1].

» High surface conduction sensitivity towards adsorbed species: Conductivity of thin

films of ZnO is very responsive the surface’s exposure to large number of gases. This
property has carved ZnO’s way to become a suitable material for synthesis of economical
smart nose or smell sensors. Trimethylamine constitute the odor, which gets along ZnO
very well [1]. The sensing mechanisms involves change in electrical conductance of host

species on adsorption of ambient gas over it’s surface [1].



1.4 : Nanowires:

Nano particles are particles within size range of 1-100 nm. Nano wires are formed by
quantum confinement of ‘particle’ in two dimensions & allowing delocalization only along

remaining one dimension. Thus they exhibit large surface to volume ratio. Also their Debye

lengths are of the order of their diameters.
The formula to calculate energy of particle confined along 2-D directions is given by
E =n’m’h? /2mL?

where, n= quantum numbers,
m= effective mass,
h= Planck’s constant,

Density of states(DOS) is

(a) A (b) A "
= S
a) =)
3D r 2D £
Bulk Semiconductor Quantum Well
IZC) -~ (d) 3
o W
o o
A a
1D E 0D E
Quantum Wire Quantum Dot

Figure 1.5 : DOS of 0-D, 1-D, 2-D & Bulk materials [6]



1.5 : Synthesis of ZnO Nanowires:

ZnO nanowires of considerable length can be synthesized using wide variety of methods.
Nanowires so obtained have little to large variation in their characteristics compared to

those procured via other methods.

1.5.1 : ZnO nanowire using vapor deposition : These methods of growth of nanoparticles

involve two types, PVD (physical vapor deposition) & CVD (chemical vapor deposition).
The essential difference between two methods is, one uses chemical reaction(CVD) while

other rely over physical forces (PVD) for deposition.

Y
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Figure 1.6 : Schematic of thermal CVD system [8]

In CVD substrate is heated in presence of volatile precursors which cause desired solid
formation over the substrate. Varying the condition of CVD like temperature, gas flow,
pressure, mixture of gas varying physical & chemical properties of same substrate can be

obtained. CVD can produce very high quality nanowires.

In PVD materials to be deposited over substrate undergoes from condensed phase to vapor

phase & again convert to condensed phase to get deposited over substrate.



1.5.2 : ZnO nanowire using Solvo-thermal method :

Solvo-thermal synthesis takes place inside a steel autoclave

Following method for growth of ZnO nanowire by Solvo-thermal method has been reported

by [7].

Chemical reagents required are Zn(NO3)2 *6H>O, Cr(NO3)s = 9H: 0,
Ethanol, NaOH

J

2.0 mmol of Zn(NOs3), * 6H>O and 0 mmol of pure ZnO or

0.06 mmol of Cr-doped ZnO Cr(NOs)s * 9H,0 were dissolved in

40 ml of ethanol and the solution was stirred at room temperature
for 20 min

{

Then 4.0 mmol NaOH dissolved in 40 ml ethanol was added

drop by drop into the above solution with stirring

0.

After being stirred

at room temperature for 1 h, the mixture was transferred info a

Teflon-lined stainless autoclave of 100 ml capacity, sealed and
heated

at120 °C for 12 h

U

The as-formed precipitates were filtrated, washed

with distilled water and ethanol, and finally dried in air at 80 °C for

12 hours




1.5.3 : ZnO nanowire using Hydro-thermal method :

In hydro-thermal synthesis method, growth of particles take place in solution-phase in
aqueous medium. This type of synthesis can take place by first growing ZnO over a seeding

layer. Synthesis mechanism for ZnO nanowires is summarized below:

In a typical procedure, solutions of zinc acetate dihydrate

(Zn( Ac)2-2H20) in methanol, ethanol, and solutions of sodium

[

hvdroxide (NaOH) in methanol, ethanol with different concentrations

were prepared as stock solutions i advance

s

10 mL of 0.1 M

of zinc acetate stock solution in methanol was mixed with 20 mL of
0.5 M NaOH solution in methanol to get a clear solution which was
transferred to a Teflon-lined stainless steel autoclave and heated at

150 °C for 24 hours

<

The reaction procedure in ethanol medium 1s

the same. A white precipitate was collected, washed with water and

ethanol several times, and dried in air at ambient temperature

Hydro-thermal method has advantages of low temperature, large scale, economical
synthesis. Hydro-thermal & solvo-thermal methods are both carried within an autoclave
which has capacity of working with high pressure, temperature. The difference between
them underlie in the solution medium which is aqueous for hydro-thermal & non-aqueous
for solvo-thermal. Additionally, solvo-thermal has high pressure due to need to maintain

temperature above the critical point of the solvent.

10



1.5.4 : ZnO nanowire synthesis using sol-gel method :

Synthesis of ZnO nanowires via sol-gel method has been reported by [31]. The reagents
involved in the synthesis are Zinc-acetate-dihydrate (Zn(CH3COO);.2H>0), ethanol,
NaOH & D.I. water. Zn(CH3C0OO0),.2H,0 & C;HsOH were used in above synthesis method

as precursor & reagent respectively. D.I. water provided medium for solvent.

Overall reaction using this Sol-gel method is single step & summarized below,

(Zn(CH3CO0O).2H-0) + 2NaOH — 7ZnO + 2NaCH,COO + HO

Sol-gel method is simplest method for synthesis of nanoparticles since it doesn’t require

any sophisticated equipment. It just need beaker & reagents.

1.5.5 : ZnO nanowire synthesis using Other methods :

Synthesis of ZnO nanowires using molecular beam epitaxy (MBE), electro-deposition on

anodic alumina membrane (AAM) too has been reported [32].

11



1.6 : Application of Nanowires :

1-D nano-materials like nanowires are very versatile materials in terms of their applications.
They find application in electronics, energy harnessing devices, optical devices, sensors
and many more fields. Some of their amazing applications has been summarized in

preceding sections

1.6.1 : Application in LASERS :

Nanowires due to flat facets provide excellent optical response in LASERs.

Coherent

Phase Transfer
over At > 30ps

Repetition rate |
Af > 200GHz

Rabi Oscillations

Nanowire

Figure 1.7 : Nanowire Laser [20]

LASERs stand for light amplification by stimulated emission of radiation. LASER is a
source of monochromatic & coherent source of light. Operation of LASER require discrete
energy level in material being used. Nanowire, since are quantum confined in two
directions, have discrete energy levels for conduction electrons can work very well as
LASER. Both electrically-pumped LASER & optically-pumped LASER has been reported

[17] using nanowires.

12



1.6.2 : Application in Batteries : Nanowires are being used as electrodes in Lithium(Li)

batteries [18]. Apart from nanowires other type of particles like bulk film & micro-sized
particles too have been used in Li batteries. But nanowires outperform them, as is evident

from the figure given below.

ﬂ Initial substrate After cycling

Nanowires

N Facile strain
Efficient 1D relaxation

electron transport

Good contact with current collector

Figure 1.8 : Effect of nanowires as Battery electrode [18]

In above figure, ‘a’ & ‘b’ shows state of Li battery electrode using (bulk film & micro sized
particle) & (Silicon(Si) nanowires) respectively. As is evident from the above figure that
nanowire electrodes have better life after large number of cycles of charge & discharge
compared to thin films & other type of nano-particles. This may be attributed to facile

strength relaxation in nanowires, which is not available with other nano-scaled particles.

13



1.6.3 : Application in optoelectronic devices :

In the optoelectronic devices category, nanowires can be used for fabrication of photo-

detectors.

Figure 1.9 : a) Nanowire as Photo-detector Band structure of nanowire b) before & c) after

interaction with light radiation [19]

Working principle for photo-detector is, when light with energy more than bandgap of
nanowire material, fall over the detector, there is considerable change in band structure of
material. This property of modulation in band structure or ‘band-bending’ of nanowires is

used in all types of optoelectronic devices.

14



1.6.4 : Application in LEDs :

For desire of improved performance nanowires has found application in light emitting

diode (LEDs) as well.

Glass 1
_a | | L |

Ni/Au
GaN buffer layer
Sapphire

n-ZnO nanowires

Figure 1.10 : Nanowire based light emitting diode [21]

Nanowire based light emitting diode are reported to have 50% better efficiency than ones
with bulk counterpart of same material. Nanowire due to large aspect ratio not only outclass
bulk materials, but also perform better than thin-films. Radiation efficiency is improved via

Purcell effect in nanowire LEDs [33].

15



1.6.5 : Application in_dye-sensitized solar cell : Dye-sensitized solar cells due to cost-

effective manufacturing are a popular choice among solar cell category. Dye-sensitized

solar cell which fall under ambit of excitonic solar cell are most efficient among other

options from same category like organic, organic-inorganic hybrid solar cells. Main

constituent of Dye-sensitized solar cell is a thick layer of nanoparticles over which light-

harvesting species adsorb. Application of nanowires in dye-sensitized solar cell ensure

direct conductive path which in turn give rise to solar generated carrier’s smooth & quick

collection. Thus consequently giving better efficiency.
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Figure 1.11 : Nanowire application in dye-sensitized solar cell [22]
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1.6.6 : Application in Photo-catalysis : Photo-catalysis is process of speeding-up chemical

reaction rate using light. Function of photocatalyst is to generate electron-hole pair after
absorption of light. These electron-hole pair in turn provide their energy for expediting the

chemical reaction.

Additional to speeding the reaction, photo-catalysts have environmental impact too.
Effluents from various factories, are big culprit of polluting through chemical dye residue
they release in environment. Using conventional method of their treatment, they got
converted into another type of pollutant. Their biodegradable nature is cause for that. Semi-
conducting nanowire based photo-catalyst have capability of converting these organic dyes

into non-toxic product in presence of UV-vis radiation.

Figure 1.12 : Photo-catalysis mechanism in nanowires [23]

Fig.1.12 shows how, Ag particle present over TiO, nanowire surface aggregates in large
when UV radiation fall over the system. Nanowire due to large surface area have better

capacity of adsorption.

17



1.6.9 : Application as sensors : Wide variety of sensors using nanowires of different

materials have been realized. Gas sensors, bio sensors, temperature sensors, pH sensors,etc
have been realized using nanowires. ZnO is widely used oxide material in gas-based

SE€Nsors.

Figure 1.13 : Band diagram of ZnO wire [27]

The fundamental principle behind a gas-based sensor is that when exposed to gas their
electrical conductivity is changed. This change in conductivity is measured & gives the
idea about presence of certain gas in sensor’s ambience.Surface band bending is the
phenomena which play all important role in ZnO based gas sensor [27]. Reports of gas

sensors for ethanol, CO [30]. are available.

18



1.7 : Field Emission :

Field emission is the phenomena of electron emission from the surface of materials when a
large electric field is applied across them. Contrary to thermionic emission, field emission
doesn’t involve heating of the surface. Rather, the emission is caused by quantum
mechanical tunneling of electrons. The applied electric field is of the order of 10° to 107
V/em for field emission to take place. This phenomena is usually employed for

luminescence in display devices.

~—Metal -—--|--—\-'amum--*
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Figure 1.14 : Tunnel effect in field emission mechanism [29]

Field emission phenomena is credited to Fowler & Nordheim for their contribution to this

field. As a mark of respect it is also called as Fowler-Nordheim (F-N) tunneling

19



Fowler-Nordheim equation provides relation between

J=AP'E’f exp (—B@”/,BE)

where, J = current density,

@ = Work function,
E = Electric-field intensity,

B = Field-enhancement factor,

A =1:54 x10°AeV/V? &B =6.83 x 10° ¢V*?> Vum™! are F-N constants

Prominent parameters which define field emission are electron work function, turn-on field
intensity & field-enhancement factor [28]. These factors, collectively provide statistics of

all important mechanisms happening in field-emission process.

Electron work function : This is threshold energy level at which electron emission from

metal conduction band to vacuum begin. Work function is denoted by ¢.

Field-enhancement factor : Field-enhancement factor is given by [ which provides

enhancement in electric field . This enhancement in field is core of field emission theory. 3
usually has value because of high aspect-ratio & tiny tip size of emitter. This factor is

calculated conveniently as slope of Fowler-Nordheim curve using following formula,
b= -BD* 2/slope

where, F-N constant B = 6.83 x 103 eV¥? Vum®!

Turn-On field intensity : Turn-on field intensity is the value of electric field at which

electron emission from emitter begin in significant amount. Here in our study of ZnO

nanowires, we have defined the turn-on field as 1 pA/cm?.

20



CHAPTER 2 : EXPERIMENTAL

Under experimental set-up zinc foil of thickness 1.2 mm is used for growth of ZnO
nanowires over it. Planar size of foil substrates were taken to be 1.3cm x1.3cm.Thermal
oxidation of Zinc foil substrates was carried in Thermal CVD set up at temperature ranging

from 600°C to 900°C for 1 hour.

2.1 : Merit of method used for synthesis : The selection criterion for used method was to

have a simple method without involvement of complex reaction or hazardous reagents or
gases, so that if mass production is the call, then chosen method can be employed without

apprehensions.

The outcome of First Phase of experimental is summarized in table below:

S.No. Temperature(°C) Time Effect on substrate
1. 600 1 hour No change
2. 700 1 hour Formation of greyish-white rough

patches over substrate

3. 775 1 hour Formation of greyish-white rough

patches over substrate

4. 800 1 hour Formation of greyish-white rough

patches over substrate

5. 900 1 hour Zinc foil turns into powder

Upon observation of above outcome & their subsequent characterization, it was inferred
that fine tuning of above procedure is imperative for better growth of nanowires. Scanning
electron microscopy (SEM) of samples prepared at 700, 775 & 800°C revealed the fair
amount of growth at 700°C sample. As the temperature went higher the growth receded to
large extent. So, in order to fine tune in second phase, substrates were subjected to thermal
oxidation at 600 to 675°C for 1 hour duration. In addition to that, thermal oxidation at

500°C for 3 hours was also performed.

21




The summary for second phase is given in table below:

S.No. Temperature(°C) Time Effect on substrate

1. 675 1 hour Formation of greyish-white rough

patches over substrate

2. 500 3 hour Formation of greyish-white rough

patches over substrate

3. 650 1 hour Formation of greyish-white rough

patches over substrate

Substrates of zinc foil were thoroughly cleaned with acetone to remove contaminant from
the surface. Substrates were also Ultra-sonicated for 15 minutes to degas any foreign entity

from surface.

Figure 2.1 : Thermal CVD at Nano Fabrication lab, DTU
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CHAPTER 3 : RESULT

As-obtained nanowires are characterized for surface morphology using Scanning electron
microscopy (SEM). Chemical composition/stoichiometric analysis is done using Energy-
dispersive X-ray spectroscopy (EDX). X-ray Diffraction (XRD) is used for phase detection
& particle size determination. UV-vis absorption spectroscopy is used for band gap
calculation with aid of Tauc plot. Photoluminescence (PL) spectroscopy is used for Field
emission study of nanowires is done using Current density-electric Field (J-E) plot & work

function (®) is calculated using Fowler-Nordheim plot.

Figure 3.1 : a) Bare Zinc Foil, b) after nanowire growth
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3.1 : Scanning Electron Microscopy :

Figure 3.2 : SEM of ZnO nanowire grown at 700°C for 1 hour

24



HVY WD mag | det |spot| tilt HFW 10 ym ——
20.00 kV[9.4 mm |5 000 x |ETD| 3.0 |-3 °[29.8 pm

HV WD | mag | det |spot| tilt | HFW —— 100 pm
20.00 kV| 9.4 mm |S00 x| ETD | 3.0 |[-3 °| 298 ym

Figure 3.3 : SEM of ZnO nanowire grown at 775°C for 1 hour
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Figure 3.4 : SEM of ZnO nanowire grown at 800°C for 1 hour
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Figure 3.5 : SEM of ZnO nanowire grown at 675°C for 1 hour
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Figure 3.6 : SEM of ZnO nanowire grown at 500°C for 3 hours
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Figure 3.7 : SEM of ZnO nanowire grown at 650 °C for 1 hour
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On the basis of above SEM analysis, it it found that out of all temperatures in first phase,
best growth is observed at 700°C for 1 hour. There is considerable density of nanowires. As
the temperature increased, the density took a plunge at 775°C with almost barren substrate.
At 800°C the damage due to heating effect can be observed.Second phase shown some
outstanding growth for nanowires. At 675°C for 1 hour nanowires of very high density &
considerable length were observed. At 500°C for 3 hours density was little lesser than that
at 675°C but length is longer. Growth at 650°C for 1 hour again shown thick density &
significant length. Thus SEM analysis of ZnO nanowire suggest that, the best temperature
range for growth lie in 500°C to 675°C. With variation of temperature & time duration,

variation in size is noticed.
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3.2 : X-ray diffraction analysis :
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Figure 3.8 : XRD pattern of ZnO nanowire grown at 675°C for 1 hour

Above XRD analysis of as-grown ZnO nanowires at 675°C for 1 hour reveal presence of
peaks corresponding to (100), (002), (101), (103) & (201) phases. These phases are
matched to JCPDS data sheet numbered 36-1451 for Zinc Oxide. One peak corresponding

to pure zinc is also part of XRD signifying presence of unconverted raw zinc in sample.
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Figure 3.9 : XRD pattern of ZnO nanowire grown at 500°C for 1 hour

Particle size determination using Scherrer’s formula:

L = kA/Bcos6

where, L= mean size of ordered crystalline domains,
A= X-ray wavelength (for Cu 0.15406 nm),
B= peak broadening at half of maximum intensity(FWHM), in radian,
0= Bragg’s angle,
k= dimensionless shape factor, has usually value of 0.9

From above formula & calculation of FWHM from Origin software, approximate average

sizes of nanowires at 500°C & 675°C are found to be 25.0 nm & 40.5 nm respectively.
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3.3 : Energy dispersive X-Ray spectroscopy (EDX)
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Figure 3.10 : EDX data for ZnO nanowire grown at 700°Cfor 1 hour

Above data shows presence of only Zn & O in sample signifying impurity free growth of
nanowires via opted method & at given temperature condition, time duration.Even at 775°C

pure growth was observed, comprising only Zn & O which signify presence of ZnO or

unreacted zinc.
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Figure 3.11 : EDX data for ZnO nanowire grown at 775°C for 1 hour

Even at 775°C, nanowires grown have contaminant free synthesis comprising only Zn & O.
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Figure 3.12 : EDX data for ZnO nanowire grown at 650°C for 1 hour

EDX at 650°C shows presence of foreign elements like C, Na & Al which might be due to
contamination added during either handling for SEM-EDX imaging or synthesis procedure

itself. Since the synthesis took place in environmental conditions, possibility of added

contaminants can’t be ruled out during growth phase.

35

0] |
2
L e o LA B o o e e e e e e B
4] 2 4 6 g 10 12 14 16 18 keV
Result Type Weight %
Spectrum Label | Spectrum
7
C 5.14
O 15.00
Na 5.05
Al 0.38
Zn 74.42
Total 100.00




3.4 : Field Emission :

Field emission study of ZnO nanowire was the principle aim of this project. Under this
scheme, Current density-Electric field (J-E) characteristics are obtained from Voltage-
Current data procured from Field emission study. These characteristics further provided

turn-on voltage & maximum current density values for as-grown ZnO nanowires.

10 4
Turn-on Field:
g 19.49 V/um @ 1pA/cm? -
Max Current Density: ./
6 - 8.47 pA/cm? ./
NE . /.
£ B
s /
= i,
- .
24 g
Fioad
0 lﬂﬁ-l-’--‘-- ‘--J --lu."'“""I. .
-2 T v T T T ¥ T T T : 1
0 5 10 15 20 25

E(V/um)

Figure 3.13 : J-E characteristics ZnO nanowire grown at 675°C for 1 hour

From above J vs E plot we obtain the value of current density as 1 nA/cm? at Electric field
19.49 V/um, which is defined as turn-on field value. Maximum current density obtained

was 8.47 uA/cm?. After turn-on field the increase in current density is exponential.
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Figure 3.14 : Fowler-Nordheim plot for ZnO nanowire grown at 675°C for 1 hour

Above Fowler-Nordheim plot provides two slopes, hence two values of -378.6 & -401.05 at

675°C. Also, the work function of ZnO nanowires is determine to be ¢ = 5.28eV [35].

Further using the Fowler-Nordheim equation which relate B to ¢ by relation,

p=-B (024 2/slope

where, F-N constant B = 6.83 x 10% eV3? Vum'!

Using above relation we obtain two values of Field enhancement factor, f = 218.8 & 206.6
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Figure 3.15 : J-E curve for ZnO nanowire grown at 500°C for 3 hours

J-E plot at 500°C for 3 hours, provide turn-on field value of . Maximum current density is
obtained as 20.05 pA/cm?. So, this is 2.5 fold growth as compared to 675°C sample. The
reason may due to thinner profile of nanowires produced at 500°C. Length too might be
playing role, since length & thickness of nanowires together are giving rise to better aspect
ratio at this temperature & condition. The exponential growth in current density is
witnessed after turn-on field point. The turn-on voltage is 12.64 V/pm which is way lower

than 19.49 at 675°C.
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Figure 3.16 : F-N plot of ZnO nanowire grown at 500°C for 3 hours

Above Fowler-Nordheim plot provides two slopes, hence two values of -209.32 & -174.42
at 500°C.

Further using the Fowler-Nordheim equation which relate 8 to ¢ by relation,
b= -BD¥: 2/slope
where, F-N constant B = 6.83 x 10% eV32? Vum'!

Using above relation we obtain two values of Field enhancement factor, f = 395.88 &

475.09 which are considerably larger than ones at 675°C.
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Figure 3.17 : J-E plot for ZnO nanowire grown at 650°C for 1 hour

Field emission characteristics, J vs E, of ZnO at 650°C gave significant improvement in
both key parameters, turn-on field as well as maximum current density compared to ones at
675°C & 500°C. At this temperature we obtained maximum J= 80 pA/cm? which is almost
10 fold to one at 675°C. Similarly the tun-on field too has recorded improvement at 12.10
V/um compared to 19.49 at 675°C. The reason for stellar performance of this sample could

be due to sharp tip of nanowires in sample.
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Figure 3.18 : F-N curve of ZnO nanowire grown at 650°C for 1 hour

Above Fowler-Nordheim plot again provides two slopes, hence two values of -145.55,
-182.39 at 650°C.

Further using the Fowler-Nordheim equation which relate 8 to ¢ by relation,
L= -BD* 2/slope
where, F-N constant B = 6.83 x 10% eV3? Vum'!

Using above relation, we obtain two values of Field enhancement factor B = 569.32 &

454.33.

Thus from Field-emission plots & F-N curves of ZnO at 675°C (1 hour), 500°C (3 hours) &
650°C (1 hour), sample at 650°C has best performance in all aspects, viz, Turn-on Field,

Maximum current density & Field enhancement factor.
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3.5 : UV-vis absorption analysis :

Analysis of UV-vis absorption spectrum and drawing tauc plot with corresponding data
leads to calculation of optical bandgap Eg
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Figure 3.19 : UV-vis absorption spectra of as-grown ZnO nanowire

From the given data of absorption we obtain the Tauc plot using the relation
(ahv)"=hv

where h= Planck’s constant,

v= Frequency,

o= absorbance,

n= 2 for direct bandgap materials like ZnO
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Figure 3.20 : Tauc Plot for as-grown ZnO nanowire

Optical Energy bandgap Egis obtained from Tauc plot by extrapolating on horizontal axis.
The intercept of extrapolation provided optical band gap using the UV-vis spectroscopy as
4.75 eV. This shows with decrease in particle size, the bandgap increases, For bulk ZnO
bandgap is 3.37 eV & what we obtained for nanowires is significantly higher.
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3.6 : Photoluminescence analysis:

Photoluminescence spectroscopy of the as-grown ZnO nanowires were done on a in dry

state
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Figure 3.21 : PL Spectra of as-grown ZnO nanowire

The observed PL spectra of as-grown ZnO shows strong emission in visible range with
peaks at 438, 415 & a small emission peak at 465 nm wavelength associated with violet &
blue part. Usually these peaks from ZnO nanowires are attributed to deep-level defects
present in nanowires. Near band edge (NBE) emission which usually has peaks near to UV

range 360-370 nm [34, 36] is absent from PL of as-grown ZnO nanowires.
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CHAPTER 4 : CONCLUSIONS

The objective of growth of ZnO nanowires over the surface of a zinc foil via thermal
oxidation in atmospheric conditions is satisfactorily achieved. Different time duration &
temperature conditions resulted into different morphology & different performance
characteristics seen via variety of tools like SEM-EDX, XRD, PL & field-emission. From
SEM analysis we witnessed best growth of nanowire at three temperatures 675°C, 650°C&
500°C with time duration of synthesis from 1 hour to 3 hours. Additionally, the longer
duration & lesser temperature resulted in to higher aspect ratio of nanowires. From XRD,
the size of nanowires are found to be between 25nm to 50nm. EDX analysis suggested
contaminant free formation of ZnO oxide, although one or two peaks of pure Zinc in XRD
signal presence of unoxidized Zinc at surface. UV-vis spectra & tauc plot gave optical band
gap of as-grown nanowires in access of 4.5eV which is unconventionally very higher than
the electronic band gap. Photoluminescence spectra show emission peaks corresponding to
violet & blue parts of visible spectrum. These peaks usually are caused by presence of deep

defects present in crystal structure.

Field emission study provided some good results with as-grown nanowires. Out of three
different substrates synthesized at 500°C, 650°C & 675°C field emission was observed at all
three of them. The result of 650°C was found to be par excellence compared to the others.
Max current density was found to be around 80 pA/cm? compared to 8.47 pA/cm? & 20
uA/cm? for 675°C & 500° C samples. Turn-on field value too was recorded best for 650°C
temperature as 12.10 V/um. Field-enhancement factor too recorded maximum value for
650°C temperature in range of 450 to 569.5. Thus we can conclude that as-grown ZnO

nanowires can be employed for field-emission applications.
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