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Abstract

In this thesis, the growth of ZnO nanorod= &he application
of ZnO nanorods such as UV detector has been studrO nanorods
were grown by simple vapor-phase-transfortation T/Rnethod and
structural, optical and electrical characterizatiorere performed. The
feasibility of nanorods to an application for UV teeor is
investigated.

In the chapter 1, a brief introduction of oaraterial and
nanotechnology, growth process of ZnO nanostrusturand the
fundamental ZnO properties are described. The ehapt explains the
principals of scanning electron microscopy (SEMansmission electron
microscopy (TEM), photoluminescence (PL) and higésofution x-ray
diffraction (HRXRD). In the chapter 3, the growthonditions are
investigated and the feasibility of AuGe as a nowedtalyst is
examined. ZnO nanostructures were grown by simpspor phase
transportation method in a function of growth tenapae. In the
chapter 4, the growth mechanism is studied throtigh ZnO nanorods
grown on ITO glass. The growth rate of ZnO nanoredse controlled
by growth parameters such as growth temperature cander gas flow.
In the chapter 5, ZnO nanorod device by using saitd

Si-substrates was investigated. Various metals vpeeedeposited on the



Si-substrates and ZnO nanorods were grown on itectital
characterization and photocurrent properties weneestigated by using
a Shottky contact ZnO nanorods. In the chapterh6, dbtained results

from this thesis are summarized and concluded.



Chapter 1. Introduction

1.1 Nanotechnology and nanomateria

Nanotechnology deals with small structures oma#-sized
materials. The typical dimension spans from subnaater to several
hundred nanometers. A nanometer (nm) is one bilioof a meter, or
10° m. Fig. 1.1 gives a partial list of zero-dimensibmanostructures
with their typical ranges of dimensions [1,2]. Om@anometer is
approximately the length equivalent to 10 hydrogen5 silicon atoms
aligned in a line. Small features permit more fumality in a given
space, but nanotechnology is not only a simple owdtion of
miniaturization from micron meter scale down to omreter scale.
Materials in the micrometer scale mostly exhibitygibal properties the
same as that of bulk form; however, materials ie ttanometer scale
may exhibit physical properties distinctively diéat from that of bulk.
Materials in this size range exhibit some remar&agpecific properties;
a transition from atoms or molecules to bulk forakds place in this
size range. For example, crystals in the nanomstate have a low
melting point (the difference can be as large a®01) and reduced
lattice constants, since the number of surface stomions becomes a

significant fraction of the total number of atoms imns and the
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Fig. 1.1. Examples of zero-dimensional nanostmestuor nanomaterials
with their typical ranges of dimension.

surface energy plays a significant role in the rtredr stability. Crystal
structures stable at elevated temperatures arelestab much Ilower
temperatures in nanometer sizes, so ferroelectaied ferromagnetics
may lose their ferroelectricity and ferromagnetissmen the materials
are shrunk to the nanometer scale. Bulk semicoonduictbecome
insulators when the characteristic dimension isfigahtly small (in a
couple of nanometers). Although bulk gold does eahibit catalytic
properties, Au nanocrystal demonstrates to be amellext low

temperature catalyst.



Miniaturization is not necessarily limited toensiconductor-based
electronics, though simple miniaturization alrealdgings us significant
excitement [3]. Promising application of nanotedbgy in the practice
of medicine, often referred to as nanomedicine,ehattracted a lot of

attention and have become a fast growing field.

1.2 Growth process of nanostructure
1.2.1 Spontaneous growth

Spontaneous growth is process driven by tliuateon of Gibbs
free energy of chemical potential. The reduction Gibbs free energy
iIs commonly realized by phase transformation orngbal reaction or
the release of stress. For the formation of narored nanowires,
anisotropic growth is required, i.e. the crystalows along a certain
orientation faster than other directions. Uniformdijzed nanowires, i.e.
the same diameter along the longitudinal directodna given nanowire,
can be obtained when crystal growth proceeds along direction,
whereas no growth along other directions. In spwetas growth, for
given material and growth conditions, defects amdpurities on the
growth surface can play a significant role in dei@ing the

morphology of the final products.

1.2.2 Template-based synthesis



Template-based synthesis of nanostructuredemads$ is a very
general method and can be used in fabrication oiorals, nanowires
and nanotubules of polymer, metals, semiconductamnd oxides.
Various templates with nanosized channels have lgbored for the
template growth of nanorods and nanotubules. Thetno@mmonly
used and commercially available templates are azsxflialumina
membrane [4], radiation track-etched polymer membsga[5]. Other
membranes have also been used as templates suclanashannel
array glass [6], radiation track-etched mica [7hda mesoporous
material [8], porous silicon by electrochemical hetgy of silicon wafer
[9], zeolites [10] and carbon nanotubes [11,12]JurAina membranes
with uniform and parallel porous structure are mauaye anodic
oxidation of aluminum sheet in solutions of sulfurioxalic, or
phosphoric acids [4,13]. The pores are arrangea iregular hexagonal
array, and densities as high as''1Pores/cm can be achieved [14].
Pore size ranging from 10 nm to 1@®n can be created [14,15]. The
polycarbonate membranes are made by bombarding mparous
polycarbonate sheet, with typical thickness rangiram 6-20 um, with
nuclear fission fragments to create damage traaks, then chemically
etching these tracks into pores [5]. In radiatiorack etched
membranes, pores have a uniform size as small asm0 though

randomly distributed. Pore densities can be as kighl@ pores/cr.
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Fig. 1.2. Common experimental set-up for the text@pbased growth
of nanowires using electrochemical deposition. $&8hematic illustration
of electrode arrangement for deposition of nanaosvirfh) Current-time
curve for electrodeposition of Ni into a polycarbten membrane with
60 nm diameter pores at -1.0 V. Insets depict tH&erdnt stages of
the electrodeposition.

Fig. 1.2 illustrates the common set-up for the tetepbased growth of
nanowires using electrochemical deposition.

Kinetically, enough surface relaxation permitsaximal packing
density, so a diffusion-limited process is prefdrr®©ther considerations
include the easiness of release of nanowires orornds from the

templates and of handling during the experiments.

1.2.3 Electrospinning
Electrospinning, also know as electrostatiderfi processing,
technique has been originally developed for gemggatultrathin

polymer fibers [16,17]. Electrospinning uses eleatr forces to produce
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polymer fibers with nanometer-scale diameters. tEbspinning occurs
when the electrical forces at the surface of a mpely solution or melt
overcome the surface tension and cause an eldigtricharged jet to
be ejected. When the jet dries or solidifies, aecteically changed
fiber remains. This charged fiber can be directad accelerated by
electrical forces and then collected in sheets tberouseful geometrical
forms. More than 30 polymer fibers with diameteenging from 40
nm to 500 nm have been successfully produced bytrefgpinning
[18,19]. The morphology of the fibers depends one tiprocess
parameters, including solution concentration, agapli electric field
strength, and the feeding rate of the precursomtisol. Recently,
electrospinning has also been explored for the h&gd of ultrathin

organic-inorganic hybrid fibers [20-23].

1.2.4 Lithography

Lithography represents another route to thentbgsis of
nanowires. Various techniques have been explorethenfabrication of
nanowires, such as electron bean lithography, [2},®n beam
lithography, STM lithography, X-ray lithography, @xial-probe
lithography and near-field photolithography [26].aMNowires with

diameter less than 10 nm and an aspect ratio of ddi0 be readily
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prepared. Fig. 1.3 outlines the schematic procedunsed for the
preparation of single crystal silicon nanowire [27The nanoscale
features were defined in a thin film of photoredist exposing it to a
UV light source through a phase shift mask made aoftransparent
elastomer, such as poly (PDMS). The light passimgugh this phase
mask was modulated in the near-fled such that amayaof nulls in
the intensity were formed at the edges of the fredteuctures patterned
on the PDMS mask. Therefore, nanoscale feature® wyenerated in a
thin film of photoresist and the patterns were dfarred into the
underlying substrate using a reactive ion etching wet etching
process. Silicon nanostructures were separated froderlying substrate

by slight over-etching.

1.3 Material properties of ZnO

The semiconductor ZnO is fueled and fanned tgy prospects in
optoelectronics applications owing to its directdavi band gap (3.437
eV at 2 K and 3.37 eV at RT). The interest in Zn@s Harge exciton
binding energy of 60 meV which is much larger thémose of GaN
(24 meV), ZnSe (19 meV), and GaAs (4.2 meV) a=disin table 1.1.
ZnO also has much simpler crystal-growth technaloggsulting in a
potentially lower cost for ZnO-based devices. Taldld provides a

comparison of important properties that demonstratene promising



features of the ZnO system.

The large exciton binding energy of ~60 meV gmvihe way for
an intense near-band-edge excitonic emission atmroand higher
temperatures, because this value is 2.4 times tldt the
room-temperature (RT) thermal energiksT=25 meV). It should be
noted that besides the above-mentioned propertieZn®, there are
additional properties which make it preferable owther wide-band-gap
materials: its high-energy radiation stability aramenability to wet
chemical etching [28]. ZnO is easily etched in altids and alkalis,

and this provides an opportunity for fabrication sshall-size devices.

Table 1.1. Comparison of structural and opticabperties of ZnO
with other materials.

Crystal | Lattice constants Bandgap | Cohesive | Exciton binding

Materials structure | 5 (A) | ¢ (A) |energy (eV) energy (eV) energy (meV)
Zn0O Wurtzite 3.249| 5.207 3.37 1.89 60
ZnS Wourtzite 3.823| 6.261 3.8 1.59 39
ZnSe | Zinc blende 5.668 2.7 1.29 19
GaN Wurtzite 3.189 5.185 3.39 2.24 24
GaAs | Zinc blende 5.653 1.42 1.63 4.9

ZnO has recently found other niche applicati@ss well, such as

fabrication of transparent transistors, where thetgetive covering



preventing light exposure is eliminated since Zrg3dul transistors are
insensitive to visible light. Also up to 2x¥0cm® charge carriers can
be introduced by heavy substitutional doping intoOZ By controlling
the doping level electrical properties can be clkdndrom insulator
through n-type semiconductor to metal while maintaining ogti
transparency that makes it useful for transparéettredes in flat-panel

displays and solar cells.

1.4 Objective and organization of this research

One-dimensional (1D) nanostructure materialschs as nanorods,
nanowires and nanotubes, have attracted much iatteriiecause of
their interesting properties for understanding famedntal physical
concepts and for potential applications. In palacuthe electronic and
optical properties of nanostructured materials hdween of interest
because of their potential application in the fedion of
microelectronic and optoelectronic devices.

The objective of this research is to grow veailned ZnO
nanorods by vapor-phase-transfortation (VPT) metfmdthe application
to UV detector. In order to achieve this purposee whave
systematically made progress. First of all, optimgmowth conditions
are obtained through controlled growth parameterd then the growth

mechanism of ZnO nanorods grown on ITO glass aneesiigated.



Finally, feasibility of application as an UV detectis demonstrated.
The chapter 2 describes the growth method afiomals using
metal catalyst. Experimental setups and theoretioatkgrounds for
scanning electron microscopy (SEM), transmissioactebn microscopy
(TEM), photoluminescence (PL) and high resolutiorrax diffraction
(HRXRD) measurements are depicted. In the chapterthd growth
conditions are investigated and the feasibility AtGe as a novel
catalyst is examined in terms of the uniformity amdh optical quality
of nanorods. ZnO nanostructures were grown by smydpor phase
transportation method in a function of growth tenapere. As a new
catalyst, which confirms both controllable growthdahigh crystallinity
of ZnO nanorods, AuGe is introduced. In the chapterthe growth
mechanism is studied through the ZnO nanorods grownlTO glass.
The growth rate of ZnO nanorods were controlled Igyowth
parameters such as growth temperature and carasr flpw. Optical
chracterization of ZnO nanorods was discussed.hk d¢hapter 5, ZnO
nanorod device using sandwiched Si-substrates e bnvestigated.
Various metals were pre-deposited on the Si-sulestrand ZnO narods
were grown on it. Electrical characterization antofocurrent were
performed on Shottky diode using ZnO nanorods. Ha thapter 6, we
summarize and conclude this research. Photolunmenesc properties of

high quality ZnO tetrapods and study on the eleatrestate in ZnO:In



nanostructures by In contents are given in appendix
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Chapter 2. Experimental

2.1 Growth of nanostructure
2.1.1 Non-catalytic growth

The driving force for the synthesis of nan@a@hd nanowires by
non-catalyst growth is a decrease in Gibbs freerggnewhich arises
from either recrystallization or a decrease in ssg@ration. Nanowires
and nanorods grown by evaporation-condensation odsth are
commonly single crystals with fewer imperfectiorSrystal growth can
be generally considered as a heterogeneous reacéind a typical
crystal growth proceeds following the sequences,slkstched in Fig.

2.1.

(1) Diffusion of growth species from the bulk (suels vapor or liquid
phase) to the growing surface, which, in general,considered to
proceed rapid enough and, thus, not at a rateifigniprocess.

(2) Adsorption and desorption of growth speciesoomind from the
growing surface. This process can be rate limitinf, the
supersaturation or concentration of growth speaefow.

(3) Surface diffusion of adsorbed growth speciesuribg surface
diffusion, an adsorbed species may either be immated into a

growth site, which contributes to crystal growthr, @scape from

20
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Fig. 2.1. Schematic illustrating six steps in ¢aysgrowth, which can
be generally considered as a heterogeneous reacéind a typical
crystal growth proceeds following the sequences.

the surface.

(4) Surface growth by irreversibly incorporatingethradsorbed growth
species into the crystal structure. When a sufiicisupersaturation
or a high concentration of growth species is pregstns step will
be the rate-limiting process and determines thevtjraate.

(5) If by-product chemicals were generated on thefase during the
growth, by-products would desorb from the growthfate, so that
growth species can adsorb onto the surface andptbeess can
continue.

(6) By-product chemicals diffuse away from the auod so as to

vacate the growth sites for continuing growth.

21



For most crystal growth, rate-limiting step &ther adsorption-
desorption of growth species on the growth surféstep 2) or surface
growth (step 4). When step 2 is rate limiting, tlgeowth rate is
determined by condensation raté,(atoms/crfisec), which is dependent
on the number of growth species adsorbed onto ttwavth surface,
which is directly proportional to the vapor presswr concentrationP,

of the growth species in the vapor as given by:

ao P,
= 2.1
4 vV 2mmkT ( )

where o Iis the accommodation coefficienty=(P—-pP,)/P, is the
supersaturation of the growth species in the vapomhich Py is the
equilibrium vapor pressure of the crystal at terapge T, m is the
atomic weight of the growth species akds Boltzmann constant. is
the fraction of impinging growth species that beesmaccommodated
on the growing surface, and is a surface specifiapgrty. A surface
with a high accommodation coefficient will have &t growth rate as

compared with lowa surfaces.

2.1.2 Catalytic growth

In the catalytic growth, a second phase natercommonly
referred to as either impurity or catalyst, is msgly introduced to
direct and confine the crystal growth on to a dpecorientation and

within a confined area. A catalyst forms a liquidoplet by itself or

22



by alloying with growth material during the growthyhich acts as a
trap of growth species. Enriched growth specieghim catalyst droplets
subsequently precipitates at the growing surfacsultieg in the
one-directional growth.

(1) The catalyst or impurity must form a liquid sobn with the
crystalline material to be grown at the deposittemperature,

(2) The distribution coefficient of the catalyst onpurity must be less
than unity at the deposition temperature.

(3) The equilibrium vapor pressure of the catalgstimpurity over the
liquid droplet must be very small. Although the peogation of the
catalyst does not change the composition of theraad liquid
composition, in does reduce the total volume of ligeid droplet.
Unless more catalyst is supplied, the volume of liqeid droplet
reduce. Consequently, the diameter of the nanowwikk reduce
and the growth will eventually stop, when all thatatyst is
evaporated.

(4) The catalyst or impurity must be inert chemlicalt must not react
with the chemical species such as by-products ptedein the
growth chamber.

(5) The interfacial energy plays a very importamier The wetting
characteristics influence the diameter of the grawamowire. For a

given volume of liquid droplet, a small wetting déagesults in a

23



large growth area, leading to a large diameter afiowires.

(6) For a compound nanowire frowth, one of the taments can serve
as the catalyst.

(7) For controlled unidirectional growth, the seliguid interface must
be well defined crystallographically. One of themplest methods
is to choose a single crystal substrate with ddsirerystal

orientation.

Vapor
W
Au-Si
Liquid alloy
| %
Si substrate
(a) (b)
Fig. 2.2 Schematic showing the principal steps dhe

vapor-liquid-solid growth technique: (a) initial claation and (b)
continued growth.

In a VLS growth, the process can be simply cdbed as
following as sketched in Fig. 2.2. The growth speciis evaporated
first, and then diffuses and dissolves into a liquiroplet. The surface

of the liquid has a large accommodation coeffigieemd is therefore a

24



preferred site for deposition. Saturated growth csse in the liquid
droplet will diffuse to and precipitate at the iféeze between the
substrate and the liquid. The precipitation wilfsfi follow nucleation
and then crystal growth. Continued precipitation gpowth will separate
the substrate and the liquid droplet, resulting tne growth of

nanowires [1-2].

2.2 Characterization
2.2.1 Scanning electron microscopy (SEM)

SEM is one of the most widely used techniqguesed in
characterization of nanomaterials and nanostrustufidhne resolution of
the SEM approaches a few nanomaterials, and th&uments can
operate at magnifications that are easily adjusfiesm ~10 to over
300,000.

In a typical SEM, a source of electrons isuied into a beam,
with a very fine spot size of ~5 nm and having ggeranging from
a few hundred eV to 50 KeV, that is rastered over surface of the
specimen by deflection coils. As the electronsketrand penetrate the
surface, a number of interactions occur that resultthe emission of
electrons and photons from the sample, and SEM emage produced
by collecting the emitted electrons on a cathodg tabe (CRT).

Various SEM techniques are differentiated on thesidbaof what is

25



subsequently detected and imaged, and the principkges produced
in the SEM are of three types: secondary electramages,

backscattered electron images and elemental X-ragpsm When a
high-energy primary electron interacts with an gtdmundergoes either
inelastic scattering with atomic electrons or etastcattering with the
atomic nucleus. In an inelastic collision with atectron, the primary
electron transfers part of its energy to the otlkeérctron. When the
energy transferred is large enough, the other relectvill emit from

the sample. If the emitted electron has energyesst Ithan 50 eV, it is
referred to as a secondary electron. Backscatteledtrons are the
high-energy electrons thar are elastically scatterand essentially
possess the same energy as the incident or prineegtrons. The
probability of backscattering increases with thendat number of the
sample material. Although backscattering imagesnctarnbe used for
elemental identification, useful contrast can depebetween regions of
the specimen that differ widely in atomic number, Zn additional

interaction in the SEM is that the primary electroallides with and
ejects a core electron from an atom in the sample excited atom
will decay to its ground state by emitting eithercharacteristic X-ray
photo or an Auger electron, both of which have beesed for
chemical characterization and will be discussecrlanh this chapter.

Combining with chemical analytical capabilities, MEhot only provides

26



the image of the morphology and microstructures loiilk and
nanostructured materials and devices, but can @swide detailed
information of chemical composition and distributio

The theoretical limit to an instrument's resgy power is
determined by the wavelengths of the electron beased and the
numerical aperture of the system. The resolving @owr, of an

instrument is defined as:

A

B=5Na

(2.2)

where X is the wavelength of electrons used awmd is the numerical
aperture, which is engraved on each objective aoddenser lens
system, and a measure of the electron gatherindityabof the

objective, or the electron providing ability of tle®ndenser [3].

2.2.2 Transmission electron microscopy (TEM)

In TEM, electrons are accelerated to 100 kdVhigher (up to 1
MeV), projected onto a thin specimen (less than B@t) by means of
the condenser lens system, and penetrate the sathgleness either
undeflected or deflected. The greatest advantagas TEM offers are
the high magnification ranging from 50 to °1Gand its ability to
provide both image and diffraction information from single sample.

The scattering processes experienced by efectrduring their

passage through the specimen determine the kind infdrmation
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obtained. Elastic scattering involves no energys l@nd gives rise to
diffraction patterns. Inelastic interactions betwegrimary electrons and
sample electrons at heterogeneities such as graoundaries,
dislocations, second-phase particles, defects, itgengariations, etc.,
cause complex absorption and scattering effectading to a spatial
variation in the intensity of the transmitted eteos. In TEM one can
switch between imaging the sample and viewing itragtion pattern
by changing the strength of the intermediate lens.

The high magnification or resolution of all MEis a result of
the small effective electron wavelength, which is given by the de

Broglie relationship:
A= (2.3)

where m and ¢ are the electron mass and charge,is Planck's
constant, andv is the potential difference through which electroare
accelerated. For example, electrons of 100 KeV @nerhave
wavelength of 0.37 nm and are capable of effegtivielansmitting
through ~0.6 um of silicon. The higher the operating voltage of a
TEM instrument, the greater its lateral spatialoheson. The theoretical
instrumental  point-to-point  resolution is proporE [4] to AY4.
High-voltage TEM instruments (with e.g. 400 KV) leaypoint-to-point
resolutions better than 0.2 nm. High-voltage TEMtiaments have the

additional advantage of greater electron penetratiecause high-energy
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electrons interact less strongly with matter thawdr-energy electrons.
So it is possible to work with thicker samples orhigh-voltage TEM.
One shortcoming of TEM is its limited depth resmot Electron
scattering information in a TEM image originates onfr a
three-dimensional sample, but is projected onto wo-dimensional
detector. Therefore, structure information alonge tlelectron beam
direction is superimposed at the image plane. Algino the most
difficult aspect of the TEM technique is the preggmmn of samples, it

is less so for materials.

2.2.3 Photoluminescence (PL)

Photoluminescence spectroscopy is a contactle®ndestructive
method of probing the electronic structure of matsr Light is
directed onto a sample, where it is absorbed anghrt® excess energy
into the material in a process called photo-exoitat One way this
excess energy can be dissipated by the samplerasigih the emission
of light, or luminescence. In the case of photoitexion, this
luminescence is called photoluminescence. The sitienand spectral
content of this photoluminescence is a direct measof various
important material properties. The experimental ugetfor the PL
measurements used in this study is schematicalbyvishin Fig. 2.3.

Basically, it consists of an optical excitatidight source, a
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Fig. 2.3. Experimental setup used for PL measunésneat low

excitation.

spectrometer and a detector for the emitted lightr temperature
dependence measurements, the temperature was llehtrby a
temperature controller and PL measurements wereforpeed at
temperatures of 3000 K. PL spectra were measured using the 325
nm line of a He-Cd laser as an excitation source.

The major features that appear in a PL spectunder low
excitation are schematically shown in Fig. 2.4.drder of decreasing
energy, the following structures are usually obsdrvCV, transition
from the conduction band to the valence band; Xg fexcitons; EX
and A’X, excitons bound to neutral donors and acceptaspectively;
DV, transition from a donor to the valence band;,Gransition from

the conduction band to an acceptor; DA, transitimm a donor to an
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Fig. 2.4. Schematic representation of the majoatuies in PL

spectrum

acceptor; Deep, transition at deep state in thdidden energy gap.
All these recombination processes are representbdnstically in Fig.
2.5.

The radiative transition from the conditionndato the valence
band is usually observed at temperatures highen tine dissociation
energy of exciton (~100 K). The line shape is gtmeless and is
given by an effective density of state term(iv—Eg)) multiplied by
the Boltzmann filling factor [5]:

lcvoe V(hv—Eg)exp{-(hv-Eg)/ksT)} (2.4)
Ey is the energy gap of the semiconductoyv, is the photon energy of
the luminescence anBgT has its usual meaning. It can be seen from
equation (2.4) that the low energy edge of the ctime gives the

energy gap of the semiconductor and the temperatdirearriers can
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be obtained from the slope of the high energy part.

Recombination of electrons and holes througke fexcitons (X)
takes place in a high-purity sample at low tempegeat Bound
excitonic emissions emerge in a near-gap luminescapectrum as the
donor or acceptor concentration is increased fromlow level. A
prominent type of recombination process involves #nnihilation of an
exciton bound to either of these species in thautmal charge state.
The sensitivity of these sharp PL components toallostrain in the
sample may be exploited to reveal macroscopic -buiktress [6].

The recombination process from the conductiband to an
acceptor state (CA) is free-to-bound transition. chkn be seen from
Fig. 2.5 that the low energy threshold of this Cransition can be
described as in equation (2.4) for CV transitionyt lEg must be
replaced by E;Eas, where Ea is the position of the energy of the
acceptor above the valence band edge. The CA lgcenee band is
mainly broadened by the kinetic energy of electrorzefore
recombination.

The DA recombination processes compete styomgth the AX
and OX transitions, especially when the concentrationdohor and
acceptor species is increased. The electronic actern within the
ionized donor-acceptor pair after the transitios, idustrated in Fig.

2.5, is responsible for the Coulomb term in the resgion for the
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Fig. 2.5. Schematic representation of optical esses responsible for
PL spectrum.

transition energy:
h¢DA)=Eq (Ea+tEp)+e’/er (2.5)

where e is the elementary charger the separation of the
donor-acceptor pair. The terme’/er in the equation (2.5) is
responsible for the spectral dispersion into a véayge number of
discrete lines. Each line is associated with aedsffit discrete value of
r allowed by the lattice structure. But this diserdine structure is in
most cases smeared out if lattice relaxation acemmeg the electronic
transition.

Many impurities and defects give rise to deepergy in the
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forbidden energy gap of semiconductors. These d#aies are efficient
traps for excess carrier. Not only the capture @sec but also the
resulting recombination through some of the deemtetse are non
radiative. However, other deep centers yield detdet emission bands.
The knowledge about level luminescence is impoytaiice it controls
the minority carrier lifetime.

In general, nonradiative processes are adgsdciavith localized
defect levels, whose presence is detrimental toemaht quality and
subsequent device performance. Thus, material tyuelin be measured

by quantifying the amount of radiative recombinatio

2.2.4 High resolution X-ray diffraction (HRXRD)

Conventional high resolution X-ray diffractidffRXRD) has been
developed as a powerful tool for the non-destractivex-situ
investigation of materials. The information, whias obtained from
diffraction patterns, concerns the composition amdiformity of an
epitaxial layer, its thickness, the built-in straand strain relaxation,
and the crystalline perfection related to its diskion density. The
principal setup is shown in Fig. 2.6. It combines faur-crystal
monochromator and a multiple-reflection analyzeystal to perform
high-resolution measurements for reciprocal lattiseans. A Ge(220)

4-crystal monochromator added by the crossed ¢l#clament is used
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as an x-ray beam source. The Ge 4-crystal monodtmnproduces a
beam with very low divergence and small wavelengipread. The
crossed slit collimator is designed to provide anpx-ray source. The
slit is variable in width up to 10 mm with a step .02 mm. The
diffraction beam is detected by a double arm attemit which is used
for high resolution application. One arm is a rogkicurve attachment
and the second arm carries the channel cut analyzestal to convert

to a triple axis mode.

X-ray monochromator

detector

Fig. 2.6. The geometry of the high resolution foarystal eight
reflection diffractometer.

Fig. 2.7 shows the scan directions for datdleation.
Diffractometer angles consist of the angle between the incident beam
and sample surface, the Aangle between incident beam and detector,

the » sample tilt about the axis in the diffraction plaand the¢
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1. e scans in reciprocal space 2. 20 scans in reciprocal space

Scan direction is an arc Scan direction is along
centered on the origin the Ewald sphere

3. 20- scans in reciprocal space

Scan direction is a straight

line through the origin
4.y scans in reciprocal space S. ¢ scans in reciprocal space
AP ®
| | | |
Scan ig an arc about the Arc in a plane parallel to
horizontal axis sample holder surface

Fig. 2.7. Scan directions for data collection in HRXRD system.
Diffractometer angles consist of the angle between the incident beam
and sample surface,§2angle between the incident beam and detector,
¢ sample tilt about the axis in a diffraction planand ¢ rotation
about the sample normal.
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rotation about the sample normal. The scan directb the » scan is
an arc center on the origin, that of the 2can is along the Ewald
sphere, that of the 2w scan is a straight line through the origin,
that of they scan is an arc along the horizontal axis, and tiathe
¢ scan is an arc in a plane parallel to the sampléen surface.

In this research, thes2» scan and the, scan are mainly used.
In the case of the ¢2-«w scan which makes the detector rotate twice
as faster as the sample rotation around the diffmaeter axis, the
head of the scattering vector moves along the wec of the
scattering vetor in reciprocal space during scam.the » scan, the
detector position is fixed, while the sample is atetd around the
diffractometer axis. The head of the scattering ovetmoves

perpendicular to the scattering vector in reciprasj@ace.
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Chapter 3. Catalytic growth of ZnO nanorods on AuGe

catalyst

3.1 Introduction

Nanostructures exhibit peculiar and fasangpproperties compared with
their bulk counterparts. In nanostructures, thesdgrof states of carriers is
concentrated to a certain levels of energy, whichbées enhancement of
exciton oscillator strength and light-emitting eféincy. As a result, the
performance of nanostructure-based optical devisesxpected to be
improved and to be less temperature dependent [1].

One-dimensional (1D) nanostructure materisdsach as nanotubes,
nanowiresand nanobelt$ave attracted much attention because of their
interesting properties for understanding fundamniepitgsical concepts and
for potential applications [2-6]. Among the wideriedy of 1D semiconductor
nanostructures, ZnO nanorods attract special itefer optoelectronic
nano-devices due to the simple structural configomaln the last few years,
several methods including metalorganic chemical ovapdeposition
(MOCVD), physical vapor deposition (PVD) and vapoinase transport
(VPT) have been employed to synthesize 1D ZnO narcares [7-10].
Among these methods, VPT with a catalyst is thepkst and widely used

method, which provides an unique advantage thdhascontrollability of
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nanostructure.

In this chapter, it is proposed to use navaty material as a catalyst for
nanostructure growth. Since the melting point ane vapor pressure of
alloys strongly depend on alloy composition, altatalysts are expected to
have many advantages in compare to elemental onessms of size- and
density- controllability. Moreover, it has beendseh studied on this catalyst
as far as we concerned.

In the growth using catalyst, synthesisasied out on the basis of the
vapor-liquid-solid (VLS) growth mode. In VLS growthf ZnO nanorods, a
liquid droplet of an alloy forms on substrate a¢ temperature predicted
from the phase diagram of zinc and catalytic mstdtem. The source
materials containing Zn are preferentially absorbediquid droplets due to
higher sticking coefficient of Zn on liquid versusolid. When the
concentration of Zn supersaturate in the droplatbggins to precipitate at
the interface between droplet and substrate amasféine rod structure.

In this chapter, we report on the growth weéll-aligned 1D ZnO
nanorods by vapor phase transport method using As&zenew catalyst. The
growth conditions were systematically investigaded the feasibility of this
new catalyst is examined in terms of the unifornaibhd high optical quality

of nanorods.

3.2 Experimental
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ZnO nanorods were grown by vapor-phase p@magtion process. First
of all, a thin layer of AuGe was deposited on $8D substrates. When the
horizontal quartz tube furnace reached to the d@rdetemperature from 600
°C to 700°C, a quartz tray was inserted into the quartz fulbeace for the
nanostructure growth. AuGe-coated substrate and gawders (5N) were
placed on the same tray. After 30 min. growth, tthg was drawn out from
the quartz tube furnace and cooled down to roonpégature. Dry N was
used as a carrier gas, and flows through the quab& during the growth
with the flow rate of 500 (ml/min.). The morpholegiand structures of the
synthesized samples were analyzed by scanningaiegticroscopy (SEM)
and high resolution X-ray diffraction (HRXRD). Thehotoluminescence
(PL) spectroscopy was used to evaluate the opirogilerty of the samples at
room temperature. And a He-Cd (325 nm) laser wasl @ an excitation

source.

3.3 ZnO nanostructure by growth temperatures

AuGe catalyst (7 wt.% Ge) was depositedngyrhal evaporation on the
SiO./Si substrates. Typical thickness of AuGe layer wastrolled to about
50 nm. The melting temperature of this catalystnewn as 666C, which is
much lower than that of Au (106€) [11].

Although there might be many parameters #fect the formation of

nanostructures, the growth temperature determimeyapor pressure of Zn
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and thermodynamic processétherefore, it is generally believed as the most
important parameter for nanostructure formatione Thnventional model to
explain the growth mechanism of 1D structure ineslthe participation of
VLS in the growth process. The central idea of YHeS growth can be
divided into two stages: 1) the nucleation and dhowf eutectic alloy
droplets and 2) the growth of nanorods throughlidp#id droplets due to
supersaturation. During the growth process, thalysit absorbs the vapor
components such as Zn (vapor) and@r{x<1l, vapor), to form a eutectic
alloy. When it is supersaturated, crystallizatidnZmO will occur [12]. It
should be pointed out that if the ambient tempeeatf this process is too
high, oxygen vaporization will be accelerated amel hanostructure tends to
contain a lot of oxygen deficiencies. Various repaupport this description,
generally at high growth temperature the degradatfooptical property and
forfeit of uniformity are observed [13]n this experiment, therefore, the
growth temperature is restricted to 78D considerably lower than that for
Au-catalyzed VPT method.

Fig. 1 shows SEM images of three differeaxtostructures, which were
grown at different temperatures. Fig. 1 (a) isni@phology of the sample
grown at 600°C, which shows several thick pillars along withaistls-like
structures with hexagonal facets on the top surfddale, Fig. 1 (b) shows
nanorods grown at 65 (150 + 5 nm in diameter and 8 + Q& in length).

Finally, Fig. 1 (c) (grown at 708C) shows high-density long needle like
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Fig. 3.1. SEM images of ZnO nanostructures. (ap fmllars and islands
grown at 600C, (b) uniform ZnO nanorods obtained at 680and (c) ZnO
wire with sheets formed at 70G.

nanowires and the triangular sheets between naeswwhich is usually
regarded as a proof of second-phase growth [14].

Fig. 1 (a) can be considered as the redulspatially simultaneous
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growth due to low solubility of AuGe at the low grth temperature (600
°C). While, in the case of the sample shown in Rig(b), increase of
solubility makes the dispersion of solute conceittrain the solution, which
results in the spatial distribution of initial nacl Once crystallization starts
from an nuclei, growth in the c-axis direction whié preferred due to high
surface energy of c-plane. Resultantly rod-likeustires are formed.
However, when we increase the growth temperaturte @e0°C (Fig. 1 (c)),
the dimension of nuclei will shrink due to the iease of solubility,
accordingly slender wire-type structures appearddeer, the second phase
growth will be promoted as shown in Fig. 1 (c), do¢he increase of Zn and
Zn,O vapor supply.

It is interesting to note that the variatioh diameters of rod-type
structures. First of all, the diameter of ZnO pikkdserved in the Fig. 1 (a) is
in micrometer scale as large as grb, however it becomes nanometer scale
structure as the growth temperature increasesthéldiameter of ~ 150 nm,
and it finally becomes needle-like structure witiameter of ~ 90 nm at the
highest temperature. These results can be unddrstooterms of the

temperature dependence of nuclei size as explaibede.

3.4 The optical properties

Fig. 2 shows room temperature PL spectra ofsmples grown at (a)

600°C, (b) 650°C and (c) 706C, respectively. All samples show strong UV
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emission with negligible deep level emission. Thé &€mission centered at
3.243 eV is assigned as a near band edge exceamsgsion. Fig.2 (a) shows
relatively weak UV emission intensity but the gresnission is not observed.
When the growth temperature increases to €5ahe UV emission intensity
increases, but green emission is not observed, Wbile the growth
temperature increases further up to 700green emission appears, although

UV emission intensity also increases.
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Fig. 3.2. PL spectra of the samples grown at (&) °€, (b) 650°C and (c)
700°C, measured at room temperature.
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Note that, the increase of the absoluterf¢nisity does not simply mean
the excellence of optical property. Generally, tiet absolute PL intensity
but the relative intensity ratio ofnl tO lgreen-bandiS CONnected to the crystal
guality of nanostructures [15]. Therefore, nanostrdictures are considered
to have the best optical quality in our experimétso, these results indicate
the predominance of a low temperature growth, bexan the case of Au
catalyzed ZnO nanorods grown at higher tempera(@@3 ~ 950C) usually
show strong green emission at around 2.45 eV [16This fact also strongly
supports the usefulness of alloy catalyst becalsefdrmation of oxygen
vacancy is enhanced at high temperature. Simitnugsion is also possible,
based on the previous report [18h the report, nevertheless oxygen
atmosphere, the green emission intensity incredsgdannealing, and
eventually it dominates the PL spectrum at 860 Hence, it is considered
that the decrease of growth temperature is readgful to diminish the

oxygen vacancy generation.

3.5 Divergence of nanorods

Fig. 3 shows (a) the histogram of tilting angkimated from SEM
image, (b) the high resolution X-ray diffraction RKRD) measurement
2-dimensional mapping result of ZnO nanorods gretv650°C. The tilting
angle is assessed to be as + 5.5 degree. It iknalvn that the linewidth of

X-ray rocking curve reveals the mosaicity of crystach as tilting, twisting
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(a) L Histogram of tilting angl e
[ N=104 |

Count (en)

Fig. 3.3. Structural uniformity of the nanorodgimated by SEM and
HRXRD. (a) The histogram of tilting angles of Zn@norods grown at 650
°C and (b) a reciprocal space mapping of ZnO narsorgcbwn on

AuGe-coated substrate.

and bending. The tilting of nanorods can be estdhaty the omega linewidth
broadening, since, this value represents the dewmiaf c-axis direction. As

shown in Fig. 3 (b), the full width at half maximu@wWHM) of omega scan
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is evaluated as ~ 11.9 degree, which correspontlsmitk the tilting angle
estimated from SEM image.

Also, the linewidth ofw-20 scan is as wide as 0.014 degree. The
linewidth of ®-20 reflects inhomogeneous strain and/or the disorder o
reflection plane spacing. In our experiment, ittestatively assumed that
inhomogeneous strain from the bending of nanoredsesponsible for the

observed broadening based on the SEM observation.

3.6 Summary

As a new catalyst, which confirms both con#ablée growth and high
crystallinity of ZnO nanorods, AuGe is introduc&hO nanostructures were
grown by simple vapor transportation method in acfion of growth
temperature. All samples show high optical quakith strong UV emission
and negligible deep level emission. It is discusseat the low growth
temperature due to the low melting temperature 0GA is really useful to
diminish the defect generation. Also 2D HRXRD maygpresult is analyzed
by using the statistical treatment of SEM resule Wéfine the uniformity of
the nanorods in terms of narrow FWHM of20 scan and the small
divergence of tilting angle. In conclusion it isosm that AuGe is a good
candidate as a new catalyst for ZnO nanostructwés;h confirms high

crystal quality of the nanostructure.
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Chapter 4. Growth of well-aigned ZnO nanorods on

ITO glass

4.1 Introduction

Nanoscale one-dimensional (1D) materialelsimulated great interest
due to their importance in basic scientific reskamd potential technological
allocations [1,2]. Other than carbon nanotubes, nMHDostructure such as
nanowires or quantum wires are ideal system forestigating the
dependence of electrical transport, optical andhameical properties on size
and dimensionality. They are expected to play apomtant role as both
interconnects and functional components in thei¢dabon of nanoscale
electronic and optoelectronic devices. Many uniqaed fascinating
properties have already been proposed, or demtedtfar this class of
materials such as superior mechanical toughnesshi@her luminescence
efficiency [4], enhancement of thermoelectric figuof merit [5], and a
lowered lasing threshold [6]. Among the wide variet 1D semiconductor
nanostructures, ZnO nanorods attract special sitefer optoelectronic
nano-devices due to the simple structural configuma ZnO has been
recognized as one of the promising photonic mdgeria the ultraviolet
region [7] because of its wide direct band gap {3¥, at RT) and large

exciton binding energy (60 meV). Some interestimgioal properties, for
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example room-temperature ultraviolet laser emissioin  ZnO
nanostructureshave been demonstrated.

In this experiment, it is proposed to usgium-tin-oxide (ITO) glass as
a substrate for nanorod growth. The carrier comagoh of highly
conducting ITO films is in the range of 2a0** atoms/cri Furthermore,
ITO is a wide band gap semiconductog: (B5-4.3 eV, the gap between the
CB and VB where no wavelike electrons obital existhich shows high
transmission in the visible [8-10]. Due to theseparties, ITO has been used
in a wide range of applications.

In this chapter, report on the growth ofilveigned ZnO nanorods on
ITO glass by simple vertical vapor phase transpioriaV-VPT) method. It
was focused on the evaluation of the effects of twportant growth
parameter such as growth temperature and carrgeflga. In addition, the

growth parameter was studied through systematwthreemperature.

4.2 Experimental

ZnO nanorods were grown on ITO glass bytiear vapor phase
transportation (V-VPT) method without any assisearaf catalyst. The
growth temperature and ;Ngas flow were controlled each other by
experimental conditions. First of all, prepared i@ coated about 75 nm on
glass substrates were cleaned with organic solvéMisen the horizontal

quartz tube furnace reached to growth temperatupeagz tray was inserted
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into the quartz tube furnace for the nanostrucgrmevth. ITO-coated glass
and zinc powders were placed on the same trayr Aftemin. growth, the
tray was drawn out from the quartz tube furnace @maled down to room
temperature. In first experimental, the growth temapure was controlled
from 500 °C to 650°C and Dry Nwas used as a carrier gas, and flows
through the quartz tube during the growth with fleev 600 (ml/min). In
second experiment, Ngas flow was controlled from 500 (ml/min) to 800
(ml/min) with the growth temperature fixed 650. The morphologies and
structures of the synthesized samples were anallggescanning electron
microscopy (SEM). The photoluminescence (PL) spsctypy was used to
evaluate the optical property of the samples amrdemperature. And a

He-Cd (325 nm) laser was used as an excitatiorceour

4.3 Growth processes of ZnO nanorods via VL growth method

The morphology of ZnO grown on ITO glass kbgpor-phase-
transportation (VPT) method was investigated. Ghowgmperature was
controlled from 500C to 650°C. Fig. 4.1 show the growth process of ZnO
nanorods and Fig. 4.2 is plan-view images and @es8on images by SEM.

Generally growth temperature is an impot{aarameter for growth
mechanism of nanostructure. ZnO nanostructures wathous growth
condition have been studied using growth tempeeaftiyl 1], growth time

[12], substrate [13], source [14], catalyst [15-1Ra&rticularly, the growth
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..(c)

Fig. 4.1 SEM images of ZnO nanorods grown on IT&gat (a) 500C, (b)
550°C, (c) 575°C, (d) 600°C, (e) 625°C and (f) 650C.

temperature has strong influence on the shape aalitygof nanostructure
and plays an important role for the formation.

Fig. 4.2 shows cross section images of Zra@Qorods in different
growth temperature. The growth process of ZnO naa®was successfully
obtained through control of systematic growth terapge. On the basis of
these observations, we propose that the growtm@f Zanorods may occur
via a VS process [20,21]. We suggest that the m®peoceeds as follows:
First, Zn vapor is generated by thermal evaporatb@n powder and
transported to substrate surface, where the in agnzn vapor is

preferentially adsorbed on the ITO layer. With iherease of the Zn
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Fig. 4.2. Cross section images of ZnO nanorodsvgron ITO glass at (a)
500°C, (b) 550°C, (c) 575°C, (d) 600°C, (e) 625°C and (f) 650°C.

concentration, instead of precipitating zinc andgczohase buffer layers are
formed on the substrate in the form of either IT® alloy or zinc oxide.
Subsequently, the rough nature of the large istanthe fissured ZnO buffer
layers serves as energetically preferred absor@itas for the incoming
vapor Zn, for condensation and nucleation. As thev@por continues to be
deposited onto these nucleation sites, it is imateti oxidized, and

nanorods are formed through a VS process.

4.4 Various features of ZnO nanorods by growth parameters

Fig. 4.3 shows the variation of length,péission angle, diameter and
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density of ZnO nanorods according to controllablengh parameter such as
growth temperature and carrier gas flow. In Fi§. @), ZnO nanorods were
grown at different growth temperature angdsrrier gas flow was fixed on
600 ml/min. As the growth temperature increasieggth was increased and
dispersion angle was decreased. When the growthdasature increases to
600°C, diameter was decreased and, density was inacteAbeve 600C,
diameter was increased and, density was decre&sé&dg. 4.3 (b), ZnO
nanorods were grown on changed carrier gas flowgaodth temperature

was fixed at 650C. As the carrier gas flow increasing, length aispersion
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Fig. 4.3. Numerical values of length, dispersiogla, diameter and density
of ZnO nanorods according to controllable growthapaeter such as (a)
growth temperature and (b) carrier gas flow.
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angle was increased. While the carrier gas flowh&r up to 700 ml/min
diameter was decreased but over 700 ml/min cag#r flow increased
diameter. When the carrier gas flow increases  m¥min density was
increased, and then density was decreased.

From these results, one can find that nbt the growth temperature but
also carrier gas flow has a great influence inftimmation of ZnO nanorods.

Length of ZnO nanorods increased according to iasneg the growth

| HeCd (325nm) @ RT _
- i 32656V
| @) T:550"¢ _
-_ 1‘: .{{‘i‘!= " - ,,// \x&?ﬂ_-
S lm T:575C -
& - -
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Fig. 4.4 PL spectra of the samples grown at (&) °85 (b) 575°C, (c) 600
°C, (d) 625°C and (e) 650C. , , measured at room temperature.
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temperature and carrier gas flow. This might be larpd by
thermodynamics. Under the high growth temperatacethe heavy gas flow,
evaporation pressure of Zn increases, which icee#ise length of rods. In
case of dispersion angle, as growth temperatureasmg well-aligned ZnO
nanorods could be obtained. On the other hand,edisgm angle was

increased as carrier gas flow increasing.

4.5 Optical properties

Fig. 4.4 shows room temperature PL spedaken from the ZnO
nanorods grown at (a) 55C, (b) 575°C, (c) 600°C, (d) 625°C and (e) 650
°C, respectively. All samples show strong UV emissigth negligible deep
level emission. The UV emission centered at 3.287seassigned as a near
band edge (NBE) excitonic emission. When the graemhperature increases
to 625°C the UV emission intensity increases, but greeission weakens.
While the growth temperature increases further ai625 °C, the intensity

ratio (UV emission/green emission) was increased.

4.6 Summary

Well-aligned ZnO nanorods were grown on Igli@ss by vertical vapor
phase transportation (V-VPT) method. Growth temfpeeaand carrier gas
flow were varied in the wide ranges and variouduies of ZnO nanorod

were compared by growth parameter. The growth patemwas discussed
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through controlled growth temperature. All sam@kew high optical quality

with strong UV emission and negligible deep leveission.
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Chapter 5. ZnO nanorod device using sandwiched

Si-substrates

5.1 Introduction

Wide-bandgap materials are under intensiwgliss to improve the
responsivity and stability of UV photodetectors3jLl-Among them, ZnO is
of great interest due to its strong UV photoresponsell-established
synthesis methods, and the capability of operadihbigh temperature and
harsh environments [4-6].

One-dimensional (1D) nanostructures havea@dt#d much attention
because of their interesting properties and vanomisntial applications [7,8].
Among them, ZnO nanorods (NRS) attract speciak@stefor optoelectronic
nano-devices due to the simple structural configoma Also simple and
well-defined vapor phase transportation (VPT) mdtbeen developed, and
provides a unique advantage that is the contrdiialoif nanostructure [9].

Electrical and optical properties of nanostires are typically measured
by making metallic contacts to NRs placed on amlaigg substrate. To
fabricate such devices NRs are usually separated & substrate on which
the NRs were initially grown and then are randodispersed onto a desired
insulating substrate after being diluted in a sofut Also complicated

processes are required to contacting the NRs witheasurement system.
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Although this approach is suitable for the investiign of physical properties
of NRs, it is time- and cost-consuming process.

A possible approach to solve this problemiisct lateral growth of NRs
between two adjacent electrodes. Recently, simdan was successfully
realized using etched Si substrates without anistasse of catalyst [10].
This method can be applied to various applicati@isp may provide the
simplest way of fabricating nano-device and measgurthe electrical
properties of nanostructures. Although sometimesalyst hinder the
performance of device [11], it is helpful for thenthesis of various
nanostructures in terms of the size, position, itensontrol of the
nanostructures. We were trying to use the benefitgshe catalyst and
one-step synthesis of nanorod in between the twacant Si substrates,
simultaneously.

In this chapter, we present a direct NR dholay using a sandwiched Si
substrate. Various metals were pre-deposited onSiksubstrates and the
growth of NRs on it was optimized. We also demaistt that the device
fabricated by using this method shows good curvettkge and

photoresponse properties.

5.2 Experimental
ZnO nanorods were grown by vapor-phasesgrartation process. First

of all, various metal layers (Sn, AuGe, Al, Ag, Ai, and Ti) with various
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physical properties (melting points, crystal stanes, lattice constants) were
deposited by thermal evaporator and e-beam evapaatSi substrates.

The NR growth was started from the insertfiga quartz tray into the
quartz tube furnace at 65Q. Metal-deposited Si substrate and zinc powder
were placed on the same tray. After 30 min. growth,tray was drawn out
from the quartz tube furnace and cooled down tonréemperature. Dry N
was used as a carrier gas, and flows through tleetmjuube during the

growth with the flow rate of 500 (ml/min.).

N, flow
<
Metal/Si
II =
| Source
|
-' Pl _ ar /
Pami IS
 Metal/si N
Ceramic paste Zn0O nanorods

Fig. 5.1. Schematic of ZnO nanorod growing actbssmetal deposition Si
substrate.

Fig. 5.1 shows how to fabricate the sandedciSi-substrate. The
sandwiched Si-substrates were made as follow?1@-)deposition of metals
on each Si substrate. (2) Glue the Si substragggher with ceramic paste, in
this process the metal deposited surface shoulthded, but be insulated

each other. The distance between substrates wa®.6(3) Position the
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sandwiched Si-substrates at the fixed position imnsaanple tray with
Zn-source. The growth condition of NRs in betweér ttwo parallel
Si-substrates was just the same as that of thegktReh itself.

The morphologies and structures of the sgited samples were
analyzed by scanning electron microscopy (SEM) aasmission electron
microscopy (TEM). The photoluminescence (PL) spsciopy was used to
observe the optical property of the NRs at room pemature. Electronic
properties and photoresponse spectrum were obtayedrrent-voltage (-

V ) characteristics curve and photocurrent, respelgti For the
photoresponse measurement Xe lamp with the outpwepof 500 W was

used as a white light source and the spectrum wtasarmalized.

5.3 ZnO nanorods on various metal catalysts

Fig. 5.2 shows SEM images of ZnO nanorodsidferent metal
catalysts. Fig. 5.2 (a) is the morphology of thengke grown on AuGe thin
film, which shows vertically well-aligned ZnO namals. Mean diameters
and lengths of the nanorods were in the range 6f1I®6 nm and 5-@m,
respectively. Fig. 5.2 (b) have revealed needle-iknorods and sheet-like
morphologies. The synthesized ZnO nanorods oniAlftim were typically
about 30-40 nm in diameter and 1uéh in length. Fig. 5.2 (c) present an
image of ZnO nanorods grown on Ag thin film with-80 nm diameter and

850-900 nm length. Fig. 5.2 (d) shows the ZnO nadeibased on Au layer.
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Fig. 5.2. Field-emission scanning electron micopsc(FE-SEM) images of
ZnO nanorod growth on Si®i substrate using various metal catalysts. (a)
ZnO nanorod (diameter: 155-165 nm) using AuGe mé¢alZnO nanorod
(diameter: 30-40 nm) using Al metal, (c) ZnO namb(diameter: 30-40 nm)
using Ag metal, (d) ZnO nanorod (diameter: 20-30 mising Au metal, (e)
ZnO nanorod (diameter: 15-20 nm) using Ni meta), ZhO nanorod
(diameter: 60-70 nm) using Ti metal.

Note that surface appears to be covered by a tlffierdayer formed prior to
the nanorod growth, most probably due to AuZn oxid@ameter and length
were in the range of 20-30 nm and 70-80 nm, regfdygt Fig. 5.2 (e) shows
long needle-like nanorods and the webbing-like héetween nanowires,
which is usually regarded as a proof of second@h@ewth [12]. ZnO
nanorods on the Ni thin film have 15-20 nm dianetand 900-910 nm

length. Finally Fig. 5.2 (f) exhibits ZnO nanorogsown on thin-deposited
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layer. The synthesized ZnO nanorods were in thgeaof 60-70 nm in
diameter and in the range of 32«8 in the length.

In Fig. 5.2, we described the growth of Zn&horods using the various
catalytic metals. Generally melting temperaturefazie¢ energy and crystal
structure of metal catalyst are influence on namosiire formation. These
are believed as the important parameter for growtkchanism of
nanostructure. Melting temperatures and materiatgpgities of the used

metals were exhibited in table 5.1.

Table 5.1 Material properties of metal catalysts

Melting point FC] Crystal structure Lattice parameteA]
Sn 231.9 Diamond a:6.49
AuGe 660 Hexagonal 4.08 5.658
Al 660.1 fcc a:4.05
Ag 960.8 fcc a:4.09
Au 1063 fcc a:4.08
Ni 1453 fcc a:3.52
Ti 1668 Hexagonal (hcp) a:2.95 b:4.68

5.4 Wél-aligned ZnO nanorods

Fig. 5.3 shows SEM images of ZnO nanoradsnetal catalyst layers
which show vertically well-aligned ZnO nanorodsgFb.3 (a) is the

morphology of the sample grown on AuGe thin filmheTtilting angle is
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Fig. 5.3. Tilted-view SEM images show a mean djeece of ZnO
nanorods. The insets show typical cross-sectionatjes. A mean divergence
of ZnO nanorod is (a) 3on AuGe tin film metal and is (b) 5%on Ti thin
film.

assessed to be as # 8egree. Fig. 5.3(b) exhibits ZnO nanorods growiTion
thin film. The synthesized ZnO nanorods were in dwege + 3° degree in
divergence.

On the basis of these observations, wegs®hat for the metal thin
film catalysts, the growth of ZnO nanorods may @ceia a VS process
[13,14]. We suggest that the process proceedsllasvéo First, Zn vapor is
generated by thermal evaporation of Zn powder smusported to substrate
surface, where the incoming Zn vapor is preferéptedsorbed on the large
metal islands formed at 65€. With the increase of the Zn concentration,
instead of precipitating zinc, zinc-phase buffeyels are formed on the
substrate in the form of either metal-Zn-O alloyzorc oxide. Subsequently,

the rough nature of the large islands on the fexsuinO buffer layers serves
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as energetically preferred absorption sites for itltemming vapor Zn, for
condensation and nucleation. As the Zn vapor caasiiio be deposited onto
these nucleation sites, it is immediately oxidizadd nanorods are formed
through a VS process. Finally, it is worth pointiogt the noble-metal
catalysts may result in the difference in nanorocwih mode for

noble-metal catalysts.

5.5 The growth mechanism of ZnO nanorods

Fig. 5.4 shows SEM images of ZnO nanoradshoee different metal
catalysts. Fig. 5.4 (a) is the morphology of theagle grown on Sn thin film.
The inset image shows SEM image of a thin nanoritd &n alloy tip. The
presence of the alloy tip is an indication of trenwentional VLS growth
mechanism. Fig. 5.4 (b) and Fig. 5.4 (c) exhibit®OZnanorods grown on
AuGe thin filmand Al thin films, respectively. Theset image shows TEM

image of a thin nanorod without an alloy tip.

100 nim

Fig. 5.4. SEM images of ZnO nanorod on (a) SnAlke and (c) Al metal
layers. The insets show TEM images of ZnO nanooodsheir tip.
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5.6 Electrical properties of ZnO nanorod device

Shown in fig. 5.5 are thd<V ) characteristics and photocurrent of ZnO
metal-semiconductor-metal circular devices. Fi§.(&) shows a typicallEV
) characteristic curve measured on Sn-ZnO-AuGedidd shown in Fig.
5.5 (a), the (—V) characteristic curve shows a turn-on voltage2¥3 V for
the forward bias and a reverse bias breakdowngeltd -4.3 V. Fig. 5.5 (b)
shows a typical (-V ) characteristic curve measured on Al-ZnO-AuGe
diode, exhibiting clear rectifying behavior withosignificant reverse-bias
breakdown up to 10 V. this significantly enhanceée\( ) characteristic curve
was routinely obtained. Fig. 5.5 (c) shows photoenir spectrum of the
Sn-ZnO-AuGe diode under the modulated illuminatminphoton energy
ranging from 2.0 eV to 4.5 eV, for comparison Plegpum taken for the
nanorods is added in this figure. In the PL spactrihe strong free-exciton
peak is present. In spite of the presence of the-éxciton PL peak, the
excitonic band is absent in the photocurrent spettrThis observation
implies that excitons excited by the above gaptligthe ZnO nanorods do
not contribute to the photoconduction, but thatekeitons participate in the

recombination to emit the PL signal.

5.7 Summary

The ZnO nanorods on various metal layer grawd fabricated Shottky

diode using ZnO nanorods has been investigatedrielccharacteristics. It
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is discussed that the growth mechanisms using wsroetal catalysts by
several parameters. Al-ZnO-AuGe Schottky diodesiokt better electrical
characteristic. The sensitivity to UV emission B&V/) was confirmed using
Sn-ZnO-AuGe Schottky diode. In conclusion it iswhahat Sn-ZnO-AuGe

Shottky diode is an excellent possibility as a Wafedtor.
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Chapter 6. Conclusions

Nanotechnology is a new field or a new scientdomain. Similar
to quantum mechanics, on nanometer scale, matesralstructures may
possess new physical properties or exhibit new ipAlysphenomena.
Some of these properties are already known. Fompba band gaps
of semiconductors can be tuned by varying matediaiension. These
may be many more unique physical properties notwkndo us Yyet.
These new physical properties or phenomena will ooty satisfy
everlasting human curiosity, but also promise nedvaacement in
technology. Nanotechnology also promises the pib$gibof creating
nanostructures of metastable phases with non-ctiovah properties
including superconductivity and magnetism. Yet apotvery important
aspect of nanotechnology is the miniaturization afrrent and new
instruments, sensors and machines that will greatipact the world
we live in.

Nanostructures offer an extremely broad range potential
applications from electronics, optical communicasio and biological
systems to new materials. Many possible applicatiomave been
explored and many devices and systems have beafiedtuln this

thesis, one-dimensional well-aligned ZnO nanorodsrew grown by
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vapor-phase-transfortation (VPT) method for the liappon to UV
detector. In order to achieve this purpose, we haystematically
studied.

First of all, optimum growth conditions are aiped using novel
catalyst, AuGe, through controlled growth tempemtin chapter 3. As
a new catalyst, which confirms both controllableowth and high
crystallinity of ZnO nanorods, AuGe is introducedl samples show high
optical quality with strong UV emission and nedbigi deep level emission
from PL spectra. High structural quality with r@as FWHM of o-26 scan
along and small divergence of tilting angle werendestrated from HRXRD
result and SEM image.

And then the growth mechanism of ZnO nanorodswg on ITO
glass were investigated from controlled growth peters in chapter 4.
Growth temperature and carrier gas flow were vamethe wide ranges
and various features of ZnO nanorod were compase) wesults. PL spectra
show higher UV intensity with increasing growth teenature caused by
increasing surface-to- volume ratio.

Finally, feasibility of application as an UV tdetor was
demonstrated in chapter 5. The ZnO nanorods orowsrimetal layer
grown and fabricated Shottky diode using ZnO natg®rdias been
investigated electrical characteristics. It is dssed that the growth

mechanisms using various metal catalysts by severatameters.
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Al-ZnO-AuGe Schottky diodes obtained better eleetricharacteristic. The
sensitivity to UV emission (3.24 eV) was confirmading Sn-ZnO-AuGe
Schottky diode. In conclusion it is shown that SIGZAuGe Shottky diode

Is an excellent possibility as a UV detector.

76



APPENDIX 1.

Hard x-ray photoemission spectroscopy (HX-PES)

Photoemission spectroscopy (PES) han bhesed extensively to
determine core level and valence band electronictsire [1]. It utilizes the
photoelectric effect in which an electron is ejdcttom the occupied
electronic levels of the sample. In a conventid?aE experiment, the kinetic
energy of the photoelectrons usually varies frofava electron volts up to a
few hundred electron volts, depending on the phetoergy used. Thus this
technique is surface sensitive, as the inelastiamfece paths (IMFPs) of
typical photoelectrons in a solid are in the raafj6.5-3 nm. This means that
ultra high vacuum (UHV) is necessary to maintainsaface free of
adsorbates during the time scale of the measureraadt that the surface
effect should be considered during the interpretatif the resulting spectra.

In this section, the instrument, splef@atures, and efficiency of hard
x-ray photoemission spectroscopy by using brillisyichrotron radiation in
SPring-8 are introduced. Also possible researchgutie dimension of the

probe depth is described.

A.1.1 Advantages of the hard x-ray excitation

Up to now, PES has been consideredrtase sensitive method
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Fig. A.1.1. Inelastic mean free paths for electkametic energies up to 10
keV, for Au, GaAs, Si@and NacCl.

because of the short IMFPs due to low kinetic elesrgs described in Fig.
A.1.1 In order to attain longer probing depths thaat in vacuum ultraviolet
(VUV) spectroscopy, soft x-ray PES using synchnotradiation has recently
become attractive [2]. However, it is obvious tkaft x-ray PES is still
surface sensitive, because the IMFPs of a valelectren are only 1.3 and 2
nm for Au and Si at a kinetic energy of 1 keV, resjpvely [3]. It should be
noted that if surface reconstruction occurs, whigloften the case for
semiconductors, the depth of the surface extendsido around 1 nm. In
contrast to the surface sensitive PES techniques|MFPs values of a

valence electron for Au and Si increase to 5.5%8dm, respectively, at 6
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keV [4], which lies in the range of hard x-ray. Tlagger probing depth
results in small surface contributions. The fiesadibility test of hard x-ray
PES was done by Lindaet al. [4] in 1974 using a first generation
synchrotron radiation source. However, the feeilgieas intensity of even the
Au 4f core level spectrum excluded the possibility denae band studies.
What has prohibited hard x-ray valence band PBBdgapid decrease in

atomic subshell photoionization cross sectionas shown in Fig. A.1.2 [5].
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Fig. A.1.2. Plots of atomic subshell photoionizatioross sections at 1.04
keV (right) and 8.05 keV (left) for the elements=(Zto 85).

Theo values for Au 8 (1x10°> Mb) and Si  (3x10°> Mb) at 6 keV are only
1~ 2 % of those at 1 keV [1]. However, hard x-R&/S with high throughput
and resolution has been realized by using the tp@deration high energy
synchrotron at SPring-8. Unprecedented high phditon and flux density

from an undulator [6,7] compensate for the decraaseross section and

make hard x-ray valence band PES possible.
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A.1.2 Experimental setup

A schematic of the experimental setuguding optics is shown in
Fig. A.1.3. X-ray monochromatized at 5.95 keV wdhSi (111) double
crystal monochromator were vertically focused wéhcylindrically bent
mirror onto samples mounted in an analyzer chamberchannel-cut
monochromator with a Si (333) reflection placed dstkeam of the mirror
made it possible to reduce the energy bandwidthOtaneV. At the sample
position, a photon flux in a focal spot of 0.12 nmertical) x 0.7 mm
(horizontal) was measured at 2x16ounts/s. In order for easy operation, the
sample manipulator is motorized and CCD camerasattaehed. The vacuum
of the analyzer chamber was400° Pa during measurements. No surface

treatment was carried out and all the samples weesstigated as inserted.

SPring-8 storage ring

Focusing mirror
(vertical)

Focusing mirror

Channel-cut
Undulator Double crystal Monochromator
Monochromator Si (333)

Si(111)

Sample

Electron energy analyzer

Fig. A.1.3. Schematic of hard x-ray PES experimlesgtup including optics.
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