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Abstract

In this thesis, synthesis and applications of Zn&emals for the nano-
devices such as field emitter and UV laser havenbewestigated. The
objective of this paper is to control the shap&i® nanostructures according
to the growth temperature and carrier gas fluxestarshow the feasibility for
the various nano-devices.

In the chapter 1, the fundamental ZnO propertibaracteristics in the
nanostructure, and many applications of the ZnQsianctures are introduced.
In the chapter 2, the principles of scanning etactnicroscope (SEM), energy
dispersive x-ray (EDX), cathodoluminescence (CL)d gphotoluminescence
(PL) are explained. In the chapter 3, the contrbltlee shape of ZnO
nanostructures is systematically studied by changine growth temperature
and carrier gas fluxes. And the controlled ZnO manmtures are analyzed in
terms of the structural and optical propertieshi chapter 4, the luminescence
properties of ZnO nanostructures are investigatetliding not only the origin
the green emission but also the luminescence merhaof the UV emission.
In the chapter 5, the Field emitter device and UAéel operation is
demonstrated. Finally, the results found from tthiesis are summarized and

concluded in the chapter 6.



Chapter 1. Introduction

1.1) Introduction to ZnO compound semiconductor

ZnO has been known as a very important 1I-VI semdzactor with
wide band gap (3.44 eV at 2 K, and 3.37 eV at RI9o, it has a large exciton
binding energy of 60 meV [1], which is more thatirBes larger than those of
GaN (23 meV), ZnSe (19 meV) and GaAs (4.2 meV)sted in Table 1-1. The
combination of wide band gap and large exciton inigeéenergy makes ZnO a
desirable candidate for a stable room-temperateif@ (ltraviolet (UV) optical
device. As well as, ZnO, with a large cohesive gngil.89 eV), which is
comparable to that of GaN (2.24 eV), has good lesslrdue to the large
cohesive energy.

Therefore, it is suitable for UV/ Blue optoelectio applications such
as light-emitting diodes and laser diodes. RecedttyD nanostructures as well
as ZnO films have received increasing attention doetheir potential
applications in optoelectronic switches, high-efficy photonic devices, near-
UV lasers and assembling complex three-dimensiosabscale systems [2-4].

Fig. 1.1 and table 1.1 show the wurzite ZnO stmgcand the important
properties that demonstrate some promising featuwesZnO system,

respectively.
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Fig. 1.1 The crystal structure of ZnO wurzite phase

Table 1.1 Comparison of structural and optical prips of ZnO with other
materials

cohesive  melting band gap exciton binding

crystal lattice constant energy point (at RT) energy

material structure a(d) c(A) Ecn(V) Tm (K) Ey (eV) Ep (MmeV)
Zn0O Wurzite 3.246 5.207 1.89 2250 3.37 60
ZnS Wurzite 3.823 6.261 1.59 2103 3.8 29
ZnSe Zinc blende 5.668 - 1.29 1793 2.70 20
GaN Wurzite 3.189 5185 224 2791 3.39 21
GaAs Zinc blende 5.653 - 1.63 1513 1.42 4.9




1.2) ZnO nanostructures
1.2.1) Definition of nanostructure

Nanostructures play an important role in high tetbgy industries.
The studies of nanostructures started in the d280’s and have now become
one of the hottest worldwide research fields. Matemade with atomic
accuracy is called a nanostructured material. Natenals usually show
unique properties through nanoscale size confinempredominance of
interfacial phenomena and quantum effect. The a@oaches a few to a few
hundred nanometers. Many of the outstanding prigsestre strongly enhanced
when the size is smaller than the electron mea+jeth length. Therefore, by
reducing the dimension of a structure to nanosi@ny inconceivable

properties will appear and may lead to differemgleations.

1.2.2) Quantum size confinement
One of the key factors associated with nanomasensl the size
dependence of their physical and chemical promeriibe size of nanopatrticles
results in spatial confinement of the charge camave functions, which is
termed quantum size confinement. With decreasing, she effective bandgap
increases and the relevant absorption and emisspattra shift to bluer
wavelengths.

In molecules electrons exist in discrete localiztdtes. In a bulk



semiconductor the large number of molecular orbitateates a band of
continuous electronic states. In the ground eledtrstates or the valence band
(VB), equal numbers of electrons move in forwardl aeverse directions,

resulting in no net conduction, in order to havenisenductors conduct the
electrons have to be excited from VB to the banflexzited states or the

conduction band (CB). In semiconductors valence @mduction bands are
separated by an energy gap, where no Bloch func@ations of the wave

equation can exist. The energy gap between theotdpe valence band, or
highest occupied molecular orbital (HOMO), and limétom of the conduction

band, or lowest unoccupied molecular orbital (LOM@B)called the bandgap.
Thermal or photonic excitation can excite electrtms¢he CB and create holes
in the VB. Under this situation, net number of &lecs moving in one direction

is not canceled out, thus generate net conduction.

The bandgap is of fundamental importance becdudetermines both
the electrical conductivity and the optical absmptonset energy. In a direct
bandgap semiconductor the electronic wave functafthe unit cells are in
phase,

K. = Ky
at the maximum of HOMO and the minimum LUMO enesgiln an indirect
gap semiconductor, they are out of phase. Analogouglectrical dipole

allowed transitions in molecules, a direct band gsgmiconductor is



characterized by structured and intense absorpi@hemission spectra due to
allowed electronic transitions.

For nanostructures of semiconductors, quantumiremient effects
play an important role of in their electronic angtical properties. The quantum
confinement effect can be qualitatively explainesing the effective mass

approximation [5]. For a spherical particle witllitzs R, the effective band gap

Eg.e(R), is given by:

Es e (R) = Es(0) +

R lm m) R

hzﬂz(l N 1)_1.8e2
where E(«x) is the bulk band gap, sand m are the effective masses of the
electron and hole, and is the bulk optical dielectric constant or relativ
permittivity. The second term in the right handesghows that the effective
band gap is inversely proportional t4 &d increases as size decreases. On the
other hand, the third term shows that the band eagrgy decreases with
decreasing R due to the increased coulombic irtteracThe second term
becomes dominant with small R, thus the effectimadogap is expected to
increase with decreasing R. The quantum size cemfemt effect becomes
significant especially when the particle size beesrnomparable to or smaller
than Bohr exciton radiugs which is given by:

a, =&€,n2" | e
wheregy ande; are the permittivity of vacuum and relative perivity of the

semiconductory is the reduced mass of the electron and holeffme+my),
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and e the electron charge. The Bohr radius of Znh@round 1.8 nm [6], and
particle with radius smaller or comparable to 18 show strong quantum
confinement effects as indicated by a significahtebshift of their optical

absorption relative to that of bulk [7].

1.2.3) Application fields of ZnO nanostructures

ZnO, a representative group 1l-VI compound semicmtok with a
direct band gap and large exciton binding energy60f meV at room
temperature, has attracted considerable attentientbe past years owing to its
attractive properties, such as good piezoelech@acteristics, thermal stability,
and biocompatibility.

Field emission property, as one of the applicattdnnanostructural
materials, is of great commercial interest in digmnd other electronic devices.
In the past decade, research on field emissiomtasly focused on carbon-
base materials, because of their low work functligh mechanical stability,
high aspect ratio and high conductivity [8]. Withustural properties similar to
carbon nanotubes [9], nanostructured ZnO, with atieantage of allowing a
relatively high oxygen partial pressure in its aggtions, should be a good
candidate for field emission cathodes.

Another major application for nanostructures isiedl to the sensing of

important molecules, either for medical, environtagnor security-checking



purposes. The extremely high surface-to-volumeosatissociated with these
nanostructures make their electrical propertieseextly sensitive to species
adsorbed on surfaces. Researches on the gas sefising have attracted
great attention for a long time due to their adagabus features, such as higher
sensitivity to ambient conditions, lower cost anmticity in fabrication [10].

It has been found to exhibit sensitivitgGOH, GH,, CO and other species
[11]. The gas-sensing properties of materials elated to the surface state and
the morphology of materials.

As previously stated, ZnO is a good candidate fewvetbping high
efficiency room temperature excitonic laser duétsaa larger exciton binding
energy of 60 meV and superiority over nitrides aswlenides in thermal
stability as well as in resistance to chemicalckitand oxidation. Up to now,
the room temperature optically pumped UV stimulaggdission and lasing
have been observed in ZnO thin films [12], ZnO maines [13], and signle
ZnO nanoneedles [14]. Therefore, ZnO nanostrudtueesuitable for UV/blue
optoelectronic applications such as light-emittitigdes and laser diodes.

As nanoscale devices, switches are also criticaltfi®@ important
applications like memory and logic devices. Eleetri switching on the
nanometer and molecular scales has been predoiyigahieved through the
application of gate potential, as exemplified bynaotabe transitors. In fact,

several groups have demonstrated that it is p@ssibkreate highly sensitive

10



electrical switches by controlling the photocondimcte of individual

semiconductor nanostructure [15]. And these higelysitive photoconducting
nanostructure could serve as very sensitive UMWligetectors in many
applications for nano-optoelectronics divisions veh®N and OFF states can

be addressed optically.

1.3) Growth methods for ZnO nanostructure fabrication
1.3.1) Physical vapor deposition (PVD)

The method obtained by condensation from the vaploase is
commonly called physical vapor deposition (PVD). DP\'s accomplished
through three main steps: generating a vapor phmseevaporation or
sublimation of the material in reduced atmosphéa@sporting the material
from the source to the substrate; and formationasfostructure by nucleation
and diffusion. Examples of PVD include electron+beavaporation, molecular-
beam epitaxy (MBE), thermal evaporation, sputteringthodic arc plasma
deposition, and pulsed laser deposition (PLD).

When the crystalline size of materialsi$00 nm, the effects arising
from size reduction and increasing amount of iiegE give rise to many
interesting and useful properties, as compared he toarse-grained
counterparts. Nanostructure shapes can be faltidatemany methods, but

thermal evaporation is a commonly using methodchasstmplest in the all the

11



techniques.

For example, solid metal may be evaporated bystiesly heating a
twisted-wire coil or a metal boat, which contaile tmetal source. The heat
transfer to the metal source is mainly by radiatibhe boat temperature is
much higher than that of the evaporant in ordeeffiiently evaporate. For
metal sources that react chemically with the holtbeat) materials, induction
heating may be used with a ceramic crucible to mize contamination from
the holder (boat). The evaporated atoms or moledwdee a vapor pressurg P
which is proportional to exp &H,/RT), where H, R, and T are molar latent
heat of vaporization, gas constant and temperatespectively. It is helpful to
usepy, to make an order-of-magnitude estimate of thepsrature needed for
pre-deposition bake-out of vacuum chamber and tercene the type of

evaporation source.

1.3.2) Chemical vapor deposition (CVD)

In chemical vapor deposition (CVD), the vaporizececursors are
introduced into a CVD reactor, where the precursotecules adsorb onto a
substrate held at an elevated temperature. Thesmhbedl molecules will be
either thermally decomposed or reacted with otlaeseg/vapors to form a solid
film in the substrate. Such a gas-solid reactiothatsurface of a substrate is

called the heterogeneous reaction. Because a nushbkemical reactions may

12



occur in the CVD process, CVD is considered to beracess of potentially
great complexity as well as one of great versgtéid flexibility. It can be used
to grow a variety of materials including metalsmgsnductors and ceramics.
The solid films can be as amorphous, polycryst@llior single crystalline
materials with the desired properties, dependinghe)r growth conditions. In
general, particle formation in the gas phase iv® @rocess should be avoided
because this will not only considerably deplete rismctants, leading to a non-
uniform film thickness, but also incorporate thelesirable particles formation
in the gas phase can be used to synthesize nam@®izders or particle. Gas-
phase nucleation and controlled growth of the pladiare of prime concern in
the growth processes. The particle-size range mgraibed by the number of

nuclei formed in the reactor and the concentratiothe condensing species.

1.3.3) Sol-gel processing
The sol-gel techniqgues have been extensively u$ed the
manufacturing of nanophased materials for the ttagte decades. Among the
physical and chemical methods devised for preparaif nanoscaled materials,
synthesis from atomic or molecular precursors sscthe sol-gel route can give
better control of particle size and homogeneitpanticle distribution.
The sol-gel processing, which is based on inogalymerization

reactions, can loosely be defined as the preparafianorganic oxides such as

13



glassed and ceramics by wet chemical methods. dalks of sol-gel processing
in general are to control the composition homoggnand the nanostructure
during the earliest stages products with nanostradt grains can be attained
without vacuum conditions.

The technique exhibits a number of advantage$) asdhe potentially
higher purity and homogeneity and the lower praogstemperature, over both
conventional ceramic processing and traditionakglenelting, especially in
preparing multicomponent systems. Many unique msiog characteristics of
the sol-gel route provide unique opportunities ekmpure and well-controlled
composition inorganic composited oxides.

This processing can control the structure of éemea on a nanometer
scale from the earliest stages of processing. tBoisnique to material synthesis
is based on some organometallic precursors, angelsemay form by network
growth from an array of discrete particles or bgnfation of an interconnected
3-D network by the simultaneous hydrolysis and pohdensation of
organometallic precursors. The size of the soligast and the cross-linking
between the particles depend upon some variabterf&asuch as pH, solution
composition, and temperature etc. Thus by contigllthe experimental
conditions, one can obtain the nanostructured targderials in the form of

powder or thin film.
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1.3.4) Hydrolysis method

Hydrolysis is attractive because it can produce,fspherical particles
with improved chemical purity, better chemical hayapeity and controlled
particle size. Most of the homogeneous precipitappoocesses involve ionic
solutions. Mono-dispersive particles can be prepdmg carefully controlling
the kinetics particle-forming species, only one sbuof nuclei occurs. A
continuous diffusion of solutes onto the existinglei leads to the growth of
the particles. Care must be taken to avoid secgnulacleation to narrow the
size distribution.

The easiest way to prepare uniform colloidal méigtirous) oxides is
based on forced hydrolysis of metal salt solutidhss well known that most
polyvalent cations easily hydrolyze, and that depration of coordinated
water molecules is greatly accelerated with ingrepsemperature. Because
hydrolysis products are intermediates to precijpitabf metal (hydrous) oxides,
these complexes can be generated at the propdpratentually yield uniform
particles by the adjustment of pH and temperatreaddition, anions other
than hydroxide ions can affect the homogenous pitation of metal ions.
These anions can be strongly coordinated to disswietal ions or affect the

particle morphology without being incorporatedlie precipitates.

1.4) Objective and organization of thiswork

15



Nanostructures refer to the materials with sizeedligion on the length
scale of a few to a few hundred nanometers. Bothliequm and dynamic
properties of nanomaterials can be very differeramf those of their
corresponding bulk materials or isolated atoms raotecules. Their properties
are often strongly dependent on the particle sikhape, and surface properties.
For example, spatial confinement is expected td tea changes in the density
of states (DOS) for both electrons and phononsthadrate of electron-hole
recombination. The possibility to control the matksr properties by varying
these parameters is significant to many techno@ipplications ranging from
microelectronics to non-linear optics, opto-elesics, catalysis and
photoelectrochemistry.

The purpose of this research is focused on thehsgrs of pure-ZnO
nanostructure growth and its applications to tlkeédfemitter or nanolaser. The
growth and elucidation of the properties of welfided nanostructure are
needed to understand the fundamental physics obstracture, creating
nanostructured materials, and developing new aguphics.

The chapter 2 is an introduction of various measerdgs, such as
scanning electron microscopy (SEM), energy dispersi-ray spectroscopy
(EDX), photoluminescence (PL), and cathodoluminesegCL), to investigate
the grown ZnO nanostructures. To achieve the piiomiapplication of ZnO

nanomaterial in nanoscale optoelectronic devidess important to know its

16



fundamental properties through many analysis system

In this chapter 3, the growth condition of ZnO nstnacture is
optimized by different growth conditions, espegiafor the VI/II ratio by
adjusting the growth temperature and carrier gas fThe structural and optical
properties with respect to the shape of differemOZnanostructures are
observed by various measurements.

In chapter 4, the luminescence properties of th® Aanostructures are
investigated. The origin of the green emission @idemission, which exist in
ZnO material, is defined.

In chapter 5, feasibility of the ZnO nanostructuie®xamined. From
the results of the field emitter device and optcabumping test, we
demonstrated the potential application of freestapdetrapod-type ZnO
nanostructures.

In the chapter 6, summary of this thesis and canafuare given.

17
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Chapter 2. Experimental

2.1) General growth mechanisms of nanostructure
2.1.1) Vapor-Solid (VS) growth

The vapor-solid (VS) process is a conventional ghowvechanism used
for interpreting the growth of nanostructure, suels the growth of
nanotetrapods or nanobelts of ZnO;0p SnQ, CdO, GaOs, and ZnS [1-4].
Most of products were oxides because oxidation s€eim be inevitable due to
the inclusion of trace amount of,(n the reaction systems. The major
advantage of a vapor-phase method is its simplaitg accessibility. In this
process, the vapor species are first generated apoeation, chemical
reduction, and other kinds of gaseous reactionssé&lspecies are subsequently
transported and condensed onto the surface ofchsdistrate placed in a zone
with temperature lower than that of the source nadtéVith control over the
supersaturation factor, one could easily obtain -dineension (1D)

nanostructures.

2.1.2) Vapor-Liquid-Solid (VL S) growth
The vapor-liquid-solid (VLS) is another conventbn growth
mechanism, which was first proposed by Wanger dhsd iB 1964 for silicon

whisker growth [5]. And it was widely used for sewmductor nanowires
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preparation, such as Si, GaN, GaAs, InAs, ZnO [6A®8] important feature of
the VLS process is the existence of metal partithes locate at the growth
fronts and act as catalytic active sites.

The central idea of VLS growth is the participatioh the liquid-
forming agents (or so-called catalysts). The céitapgent is one of important
keys to synthesize nanostructure. Another imporkayt is to keep catalytic
particles in liquid state during the VLS growth mboper high temperature,
which can be chosen by a phase diagram with comsgithat the melt-point of
nano-sized catalytic particles is less than thatbolk materials. For ZnO
nanostructures, the growth process can be divided two stages: the
nucleation and the growth of the liquid dropletsd athe growth of the
nanostructure from the droplets due to supersaburay the VLS mechanism.

The critical radius of ZnO nuclei with catalystgiven by the equation:

(o= 2a,,V,
" RTIn,

where o,y is the liquid-vapor surface free energy, ¥ the molar volume of
liquid (droplet), and s is the supersaturating degof the mixed vapor [10].
Above the equation is shown that thinner Au layaw®r the growth of thinner
nanowires. By the previous studies, Au clusterdawerage diameters of 25
nm and 118 nm were obtained after annealing 24 AA8tick Au films,

respectively.
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Fig. 2.1 A schematic illustration showing the grbvaf a nanowire via th
vapor-liquild-solid mechanism

2.2) Characterization
2.2.1) Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) has become dntheo most
versatile and useful method for direct imaging,rabterization, and studying of
solid surfaces. As the electrons penetrate theseirfa number of interactions
occur that can result in the emission of electrmnphotons from (or through)
the surface. Appropriate detectors can collect asaeable fraction of the
electrons emitted, and the output can be used wulate the brightness of a
cathode ray tube (CRT) whose x- and y- inputs aireed in synchronism with
the x-y voltages rastering the electron beam. énvilay an image is produced
on the CRT. When the primary electrons collide veitbms of a solid surface in

the specimen the electrons take part in variowsaetions.
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Fig. 2.2 Schematic describing the operation of BMS

The principle images produced in the SEM are ofeghitypes:
secondary electron images, backscattering eleatrages, and elemental X-ray
maps. Secondary and backscattering electrons areectionally separated
according to their energies. They are produceditbyrednt mechanisms. When
a high-energy primary electron interacts with aomat it undergoes either
inelastic scattering with atomic electrons or etastattering with the atomic
nucleus. In an inelastic collision with an electr@ome amount of energy is
transferred to the other electron. If the energpdfer is very small, the emitted
electron will probably not have enough energy tib e surface. If the energy

transferred exceeds the work function of the maketihhe emitted electron can
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exit the solid. When the energy of the emitted tetecis less than about 50 eV,
by convention it is referred to as a secondary telac(SE), or simply a
secondary. Most of the emitted secondaries areupest much deeper in the
material suffer additional inelastic collisions, ialn lower their energy and trap
them in the interior of the solid.

Higher energy electrons are primary electrons llaae been scattered
without loss of kinetic energy (i.e.,elasticallyy bhe nucleus of an atom,
although these collisions may occur after the prinedectron has already lost
some of its energy to inelastic scattering. Backsped electrons (BSEs) are
considered to be the electrons that exit the sp&Tiwvith an energy greater then
50 eV, including Auger electrons. However, most BSEave energies
comparable to the energy of the primary beam. Tigkeh the atomic number
of a material, the more likely it is that backsestig will occur. Thus a beam
passes from a low-Z (atomic number) to a high-Zaathe signal due to
backscattering, and consequently the image brigbineill increase. There is a
built in contrast caused by elemental differendéss usual to define the
primary beam curreniy, the BSE currentgsg, the SE currentsg, and the
sample current transmitted through the specimegroondisc, shch that the

Kirchoff current law holds:

fo=lese e +isc
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These signals cam be used to form complementargemas the beam current
IS increased, each of these currents will alsoem®e. The backscattered
electron yieldn and the secondary electron yiddwhich refer to the number
of backscattered and secondary electrons emitted ip@dent electron,

respectively, are defined by the relationships.

:.__ JIE
lo lo
In most currently available SEMs, the energy of ghienary electron beam can
range from a few hundred eV up to 30 keV. The \&loid andn will change

over this range, however, yielding micrographs thay vary in appearance and

information content as the energy of the primargrbés changed.

2.2.2) Energy dispersive x-ray spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy (EDX) has hessd for quality
control and test analysis in many industries incigd computers,
semiconductors, metals, cement, paper, and polyr&¥ has been used in
medicine in the analysis of blood, tissues, borsg] organs; in pollution
control, for asbestos identification; in field skesl including ore prospecting,
archeology, and oceanography; for identificationl &orgery detection in the
fine arts; and for forensic analysis in law enfonemt. With a radioactive
source, an EDX system is easily portable and candeel in the field more

easily than other spectroscopy techniques. The adiantages of EDX are its

24



e-

Intensity (cps)

Liguid

\{ N Nitrogen Energy (eV)
Si(Li) Dewar CRT
Display
v
Sample _ H FET H AMP H MCA

Fig. 2.3 A Schematic of an EDX system on an elect@umm. The inciden

electron interacts with the specimen with the emms®f X-rays. These X-
rays pass through the window protecting the Si@lnyl are absorbed by t

detector crystal. The Xay energy is transferred to the Si(Li) and proed

into a digita signal that is displayed as a histogram of nunidfephotons

versus energy.

speed of data collection; the detector’s efficienyoth analytical and
geometrical); the ease of use; its portability; #melrelative ease of interfacing
to existing equipment.

X-rays are produced as a result of the ionizatibaroatom by high-
energy radiation wherein an inner shell electrorreisioved. To return the
ionized atom to its ground state, an electron fiemigher energy outer shell
fills the vacant inner shell and, in the procesdeases an amount of energy
equal to the potential energy difference betweentito shells. This excess
energy, which is unique for every atomic transitiail be emitted by the atom

either as an X-ray photon or will be self-absorlzed emitted as an Auger
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electron.

As shown Fig. 2.3, the heart of the EDX is a diatkde from a silicon
crystal with lithium atoms diffused, of drifted,ofn and end into the matrix.
The lithium atoms are used to compensate the velgtiow concentration of
grown—in impurity atoms by neutralizing them. Iretdiffusion process, the
central core of the silicon will become intrinstayt the end away from the
lithium will remain p-type and the lithium end whle n-type. The result is a p-
I-n diode. When an X-ray photon enters the intansggion of the detector
through the p-type end, there is a high probabiliigt it will ionize a silicon
atom through the photoelectric effect. This resuitsan X-ray or an Auger
electron, which in turn produces a number of etectiole pairs in the Si (Li).
Both charge carriers move freely through the lattend are drawn to the
detector contacts under the action of the appliad field to produce a signal at
the gate of a specially designed field effect tigtos mounted directly behind
the detector crystal. The transistor forms the irgtage of a low-noise charge-
sensitive preamplifier located on the detector imgusThe output from the
preamplifier is fed to the main amplifier, where tsignal is finally amplified to
a level that can be processed by the analog-teatligpnverter (ADC) of the
multichannel analyzer (MCA). The height of the aifigl output pulse is
proportional to the input preamplifier pulse, arehbe is proportional to the X-

ray source.
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2.2.3) Cathodoluminescence (CL)

Cathodoluminescence (CL) can provide contactledsnamdestructive
analysis of a wide range of electronic propertiés ovariety of luminescent
materials. The excitation depth can be varied fedraut 10 nm to severagin
for electron-beam energies ranging between ab&at/land 40 keV.

And it is an optical and electrical phenomenon whar beam of
electrons generated by an electron gun (e.g. cathay tube) impacts on a
phosphor causing it to emit visible light. The maesinmon example is the
screen of a television. In geology, a CL is useddamine internal structures of
rock samples in order to study the history of thekr A cathodoluminescence
(CL) microscope combines methods from electron wegiilar (light optical)
microscopes. It is designed to study the lumineseenharacteristics of
polished thin
surfaces irritated by an electron beam. To precbatging of the sample, the
surface must be coated with a conductive layerotd gr carbon. CL color and
intensity are dependent on the characteristick@sample and on the working
conditions of the microscope. Here, acceleratiotlage and beam current of
the electron beam are of major importance.

As the result of the interaction between keV etatdrand the solid, the
incident electron undergoes a successive serielasiic and inelastic scattering

events, with the range of the electron penetrabeing a function of the
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electron-beam energy:
R :[E]Es
P
where, E is the electron-beam energy, k andepend on the atomic number of
the material and onpEand p is the density of the material. Thus, one can
estimate the so called generation (or excitatiaslyme in the material. The
generation factor, i.e., the number of electrorehmrirs generated per incident
beam electron, is given by
G=E @-pn/E

where Eis ionization energy (i.e., the energy required tfeg formation of an
electron-hole pair), and represents the fractional electron-beam energy los
due to the backscattered electrons.

In inorganic solids, luminescence spectra can begoaized as intrinsic
or extrinsic. Intrinsic luminescence, which appedrglevate temperatures as a

near a Gaussian shaped band of energies withatsapa photon energy

hv, OE,
Is due to recombination of electrons and holesssctbe fundamental energy
gap Eas shown fig.2.4. Extrinsic luminescence, on tlieeohand, depends on
the presence of impurities and defects. In theyarsabf optical properties of

inorganic solids it is also important to distinduisetweerdirect-gap materials

and indirect-gap materials. This distinction is based in whethez tlalence
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Fig. 2.4 A schematic diagram of luminescence ttaors between th
conduction band &, the valence band (£ and exciton (E), doner (k),
and acceptor (B levels in the luminescent material.

band and conduction band edges occur at the sdme ofethe wave vector k in

the energy band E (k) diagram of the particulardsdh the former case, no
phonon participation is required during the direbgctronic transitions (A

phonon is a quantum of lattice vibrations). In tleter case, phonon

participation is required to conserve momentum rduthe indirect electronic

transitions; since this requires an extra partitie,probability of such a process
occurring is significantly lower than that of ditedransitions. Thus,

fundamental emission in indirect-gap materials aitively weak compared

with that due to impurities or defects.

A simplified schematic diagram of transitions thead to luminescence in
materials containing impurities is shown in fig.2id process | an electron that

has been excited well above the conduction band ddgbles down, reaching
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thermal equilibrium with the lattice. This may réésn phonon-assisted photon
emission or, more likely, the emission of phonomy.oProcess 2 produces
intrinsic luminescence due to direct recombinati@ween an electron in the
conduction band and a hole in the valence bandtrarglresults in the emission

of a photon of energy

hvE]Eg

Process 3 is the exciton (a bound electron-holge plaicay observable at low
temperature free excitons and excitons bound tiongarity may undergo such
transitions. In processes 4, 5, and 6, transittbas start or finish on localized
states of impurities (e.g., donors and acceptarghé gap produce extrinsic
luminescence, and these account for most of theepses in many luminescent
materials. Process 7 represents the excitationradiidtive deexcitation of an
impurity with incomplete inner shells, such as seraarth ion or a transition
metal. It should be emphasized that lattice defestech as dislocations,
vacancies, and their complexes with impurity atomsgy also introduce
localized levels in the band gap, and their presenay lead to the changes in
the recombination rates and mechanisms of excasgrsain luminescence

processes.

2.2.4) Photoluminescence (PL)

Photoluminescence is a well-established and widedgticed tool for
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Fig. 2.5 Schematic layout of the photoluminescesystem

He-Cd laser

materials analysis due to its sensitivity, simpjicand low cost. In the
context of surface and microanalysis, PL is applmedstly qualitatively or
semiquantitatively to exploit the correlation beéne the structure and
composition of a material system and its electratate and their lifetimes, and
to identify the presence and type of trace chemjgalpurities, and defects. PL
systems are largely made up the source of lighekmitation (laser), sample
holder (or cryostat to measure at low temperatume)uding optics for focusing
the incident light and collecting the luminesceniiéer, a double or a triple
monochrometer, the optical detector such as phdtgier tube or CCD or
photodiode arrays, and recoding equipments. Therarpntal setup for the PL
measurements used in this study is schematicathyistin fig. 2.5.

In PL, a material gains energy by absorbing light@me wavelength

by promoting an electron form a low to a higherrggdevel. This may be
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described as making a transition form the grouatesio an excited state of a
semiconductor crystal (electron-hole creation), Blgstem then undergoes a
nonradiative internal relaxation involving interact with crystalline or

molecular vibrational and rotational modes, andekeated electron moves to a
more stable excited level, such as the bottom efdbnduction band or the

lowest vibrational molecular state as shown infifp&.6.

Conduction band

Non-radiative
JTransitions

Excited state
incident Emitted y
photon PL photon
> . Emi
WWW> W\ > & i mitted
sl W VN

/_//Cp\ Ground state \ 4

Valence band

(a) Crystalline systems (b) Molecular systems

Fig. 2.6 The schematic of PL the standpoint of ¢amiconductor ¢
crystalline system (left) and (b) molecular systérnght)

The major features that appear in a PL spectrunerulodv excitation
are schematically shown in fig.2.7. In order of @@sing energy, the following
structures are usually observed: CV, transitiomftbhe conduction band to the

valence band; X, free excitonp® and AyX, excitons bound to neutral donors
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Fig. 2.7 Major features of near band edge photatestence spectrum

and acceptors, respectively. DV, transition frordaaor to the valence band;
CA, transition from the conduction band to an ateeDA, transition from a
donor to an acceptor; deep, radiative transitiodestp states in the forbidden
energy gap. All these recombination processes gpeesented schematically
fig.2.8.

The radiative transition from the conduction bamdhe valence band
is usually observed at temperatures higher thandibsociation energy of
exciton (~100 K). The line shape is structurelesd s given by an effective

density of state term multiplied by the Boltzmaiiiing factor.

hv-E
|, Ohv-E, exp(— VkT g]

Egy is energy gap of the semiconductor, il the photon energy of the

luminescence andgK has its usual meaning. It can be seen from above
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equation that the low energy edge of the strucgives the energy gap of the
semiconductor and the temperature of carriers easbbained from the slope of
the high-energy part.

Recombination of electrons and holes through frestens (X) takes
place in a high-purity sample at low temperatureul excitonic emissions
emerge in a near-gap luminescence spectrum as dher dor acceptor
concentration is increased from a low level. A proent type of recombination
process involves the annihilation of an excitonrzbto either of these species
in their neutral charge state.

The recombination process from the conduction liarath acceptor state
(CA) is free- to bound transition. As shown in &8, the low energy threshold

of this CA transition can be described as in abegeation for CV transition,

electron Conduction band ®
® ®
-] _ ___ _______ @ -
_.._
DA
CA
Deep y DV AX| DX X CcVv
0 S
v v T v Vv v
O O O O O
hole

Valence band

Fig. 2.8 Recombination processes of photoluminesEgpectrum
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but E; must be replaced bygsfEa, where E is the position of energy of the
acceptor above the valence band edge. The CA lsecenee band is mainly
broadened by the kinetic energy of electrons bafecembination.
The DA recombination processes compete stronglig wie AX, and

DoX transitions, especially when the concentratiofsdonor and acceptor
species are increased. The electronic interactighirwan ionized donor-
acceptor pair after the transitions, as illustratefig. 2.8, is responsible for the
Coulomb term in the expression for the transitinargy.

hV(DA) =E, - (E, +E,) +—
&

where e is the elementary charge, r the separafidthe donor-accepter pair.
The term &er in the above equation is responsible for the tspkdispersion
into a very large number of discrete lines. Eacte lis associated with a
different discrete value of r allowed by the latt&tructure.

Many impurities and defects give rise to deep gpndevels in the
forbidden energy gap of semiconductors. These de&sps are efficient traps
for excess carriers. Not only the capture process dso the resulting
recombination through some of the deep centersnisadiative. The knowledge
about the deep level luminescence is importantesihcontrols the minority

carrier lifetime.
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Chapter 3. The shape control of ZnO based

nanostructure

3.1) Introduction

ZnO is a semiconductor material with wide direchdb@ap of 3.44 eV
and a large exciton binding energy of 60 meV. Aldbhe ZnO-based
nanostructures are known as an attractive candidateany application fields.
Therefore, numerous studies have been performedthen various ZnO
nanostructures such as nanowires, nanorods, tesap@anobelts, nanotubes
and nanosheets [1-6]. Among the diverse ZnO namgsies, tetrapod-shape
nanostructures are known as one of the most statal¢ough structure, which
is an important point for the purpose of applicatiblowever, since tetrapod
structures have usually diverse mutations such @tpods and second phase
structures, structural homogeneity is an importasie. Although, there were
several studies about the shape control of Zn@pet-structures, systematical
investigation has not been performed yet [7-8].r&fwee, the evaluation of the
correlation between the growth conditions and thepes of nanostructures is

important for the successful nano-device applicetio

In this chapter, ZnO nanostructures were fabricéed simple vapor

phase transportation method. It was focused orevh&uation of the effects of
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two important growth parameters such as growth &atpre and VI/II ratio.
The structural and optical properties of ZnO nanms$tires were characterized
by scanning electron microscopy (SEM), energy di&pe X-ray spectroscopy
(EDX) and photoluminescence (PL). As a result, thgtimum growth

conditions for the growth of high quality ZnO tgical structure were presented.

3.2) Experimental

ZnO nanostructures were grown on the Si (111) satest by using a
horizontal tube furnace and Zn powder (5N) withany assistance of catalyst.
The substrates were cleaned with organic solutibng nitrogen was used as a
carrier gas. The flow rate of carrier gas was fil@@00 sccm, however, various
reaction tubes with different diameters (8 mm, 22,31 mm, 39 mm and 50
mm) were prepared to control the carrier gas fiiix.source (0.5 g) and Si
substrate (5 mm x 5 mm) were placed at the fixegitipos, respectively. The
growth temperature was controlled from 6D to 900°C. The supply ratio
(VI/I ratio) of elements was adjusted by the vaaa of carrier gas flux. The
variation of shape and dimension was observed bgnrseg electron
microscopy (SEM) and the chemical composition rd@dZn ratio) of ZnO
product was analyzed by energy dispersive X-rayctspgcopy (EDX). The
optical properties were characterized by photol@sdence (PL) measurement

with He-Cd laser (325 nm, 10 mW) at room temperatur
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3.3) Sructural characterization of thedifferent ZnO nanostructures
Fig. 3.1 shows SEM images of the typical ZnO namestres formed

under the various growth conditions. As shown i Bi(a), under the relatively

Fig. 3.1 SEM images of the ZnO nanostructuresl(ester (b) rod (c) tetrapod

low growth temperature (700~80C) and high carrier gas fluxl(xgas>10
cc/mnfmin), clusters with irregular shapes and diversessi(5~20um) are
formed. While, in the intermediate carrier gas f{ix fluxg.s <10 cc/mmimin)
region, rod or wire types are exhibited as showkim1 (b). The diameter of
typical rod is as large as 100~200 nm with the tlered 5 ~ 10um. Tetrapods
are only obtained at high temperature (800~80p and low carrier gas flux
(fluxgas<1 cc/mnimin) region.

Tetrapods have considerably uniform shape with @60 thick and
1~1.5um long legs without second phase growth. Note Wisn we decrease
the growth temperature lower than 6@ only the macro clusters are obtained
in all gas fluxes without any proof of nanostruetémrmation.

In the fig. 3.2, the described results are sumradriZThree regions
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Fig. 3.2 The relationship between the growth cood# am the shapes ¢
nanostructures; the figurdivided into three regions based on the shag
nanostructures. Region-1 is for cluster-types, oegdi is for rodiypes anc
region-lll is for tetrapod-type nanostructures.
(from | to Ill) are divided into the base on theapk of nanostructures. The
tetrapod shape is mainly observed from the redipnwhich can be
characterized by high growth temperature and lomieragas flux. Within this
region, the tetrapods show considerable homogemegiape and dimensions.

In the region-Il, which can be described by thesrimtediate carrier gas flux,

rod- and wire-types are mainly observed. Finallystér-types are dominated in
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the region-I with the highest carrier gas flux anel lowest growth temperature.

From these results, one can find that not onlygioevth temperature
but also carrier gas flux has a great influencetlo@ formation of ZnO
nanostructures [9-10]. The growth temperature erfees directly the supply of
group-Il element (Zn) and thermodynamic process adbptoms on the
substrates. Since the carrier gas flux changeseidual pressure of group-VI
element (O) in the furnace, the supply ratio (ViAtio) will be changed by the
variation of carrier gas flux at a given temperatur

P. Yang et al has been synthesized the nanosteschyr adjusting the
reaction temperature and the partial pressure pfex within the system [7].
Diverse tetrapod shapes as well as hanocombs oribbons were found. The
exact reason for this subtle change in shape has het clearly explained so
for. But, it could be proposed that the growth ratedeeply correlated to
determine the different shape of nanostructure][1t8s well known that the
various growth conditions such as temperature,tgaties source material and
catalyst have a lot of influence for the determorabf the shape and properties
of nanostructures [9-16]. For example, the sulesttatnperature plays an
iImportant role for the formation of clusters. Sinbe Zn and Zn suboxides
(ZnQy, x < 1) have low melting temperature (~4Dfor Zn) [17], the density
of ZnO droplets formed from liquid phase Zn andsaiboxides will increase as

the substrate temperature decreases.
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Also clustering is closely related on the thermaawit conditions.
Since, the residual time of adaptoms is a functbrsubstrate temperature,
surface energy, and supplying rate of cation/anibe, probability to find
clusters would depend on those parameters. Bagithié explanation can be
extended to the formation process of the other stamctures. Also it explains
why the shapes of nanostructure have a correlatitmthe VI/1l supply ratio.
Moreover, the clusters show high density of oxydeficiencies in comparison
to tetrapods [18], which indicates that not onlyashd but also chemical

composition of nanostructures will be affected byrier gas flux.

3.4) Composition analysis of the nanostructures

Fig. 3.3 shows the variation of chemical compositd nanostructures.
It is plotted in a function of carrier gas flux thie given growth temperatures
(700°C ~ 900°C). The O/Zn ratio, which means the chemical coritjposratio
of ZnO products, was qualitatively estimated byngsEDX measurement.
Since the probing depth of electron beam is at ladswpm, the composition
should be considered as an average value of winblene in the focused area.
But, we did not perform a quantitative analysisc@8ese, the exact quantity of
Zn and O is not important but only the variation@#n ratio has significance
In our experiment.

Although the carrier gas flux decreases by deangagas flow or using
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large size reaction tube, the VI/II ratio will becreased due to an increment of
oxygen supply in the reaction tube, which increabesO/Zn ratio. However,
the increase of O/Zn ratio would be saturated atedain gas flux, when
stoichiometric supply is achieved as shown in Bi§.

The inverted triangle marks show estimated storoeiic positions at
each growth temperature. The VI/II ratio, required the achievement of
stoichiometric composition, increases along witte timcrease of growth
temperature, presumably due to the increase ofl&éndt high temperature.
Also more oxygen supply is required at higher terapge, since oxygen re-
evaporation will be enhanced.

The above and below parts of the stoichiometrigtippsare nominated
as O-rich and Zn-rich regions, respectively. If @oenpares the results shown
in Fig. 3.3 and Fig. 3.2 one can find that under Zm-rich conditions cluster-
and rod-type nanostructures are mainly observedh&umore the tetrapods are
grown only under the stoichiometric and O-rich dtinds, which strongly
indicate that the VI/Il ratio playsan importantedio determine the shape of
nanostructures. Since a lot of oxygen deficien@es prospected from the
samples grown under the Zn-rich conditions, oxydeficiency related deep
level emission known as green emission is also @rgde Note that, although
many studies have performed concerning the origiigreen emission from

tetrapod structures, there is an obscurity. Need#s the similar growth
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Fig. 3.3 The variation of O/Zn ratimm a function of carrier gas flux
different growth temperature (a) 760 (b) 800°C (c) 900°C.

conditions such as experimental configuration, terafure and carrier gas,
some samples show strong green emission [10,19a20f, the other has just
negligible deep level emission intensity [20].

On the other hand, in the case of nanorod strusttine green emission
intensity shows close relationship with the surfeckime ratio.

It is interesting to note that, in our experimette cluster and rod

structures are mainly observed under the conditiaps to form oxygen
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vacancies (Zn-rich region), while tetrapods are yormdbserved under
stoichiometric and O-rich regions. Based on thesallts, it is considered that
the distinction of the green emission between rmah@nd tetrapod is mainly
originated from the difference of growth conditiof& each nanostructure.
Because, nanorod structures are grown from ligbiasp, the concentration of
oxygen vacancies will be easily changed by the trowondition, on the
contrary, tetrapods are only obtained under oxygmn-condition through
vapor phase, therefore small variation of the ghowadnditions will not have
large influence on the green emission intensitgni-the Fig. 3.2 and Fig. 3.3,
800°C is determined as the optimum growth temperatuigraw uniform ZnO

tetrapods with stoichiometric chemical composition.

3.5) Optical properties

Fig. 3.4 shows room temperature PL spectra of ti@ Aanostructures
grown under a variety of growth conditions. Figd 8), grown at 706C and
carrier gas flux of 0.8 cc/mfmin, shows the relatively strong deep level
emission from 2.8 eV. The observed deep level eamisenergy is not
corresponded to that of well-known green emissier2 @ eV). However, it
should be noted that since the growth conditionthes sample is in strong
oxygen-rich region, additional defects and defeminglexes will be easily

formed and will make new deep level emission.
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Fig. 3.4 PL spectra of the Zn@®anostructures grown under a variety
growth conditions (a) & ; 700°C, Fluxgas: 0.8 cc/mnimin (b) T ; 800°C,
Fluxgas: 0.8 cc/mmmin (c) Tg ; 800°C, Fluxgs: 0.5 cc/mrmin (d) Tg ; 900
°C, Fluxgas: 0.8 cc/mrfmin (e) Tg ; 900°C, Fluxgs: 1.6 cc/mnimin

Fig. 3.4 (b) and (c) are the PL spectra of samglesvn at 800°C
under the carrier gas flux of (b) 0.8 cc/Amin and (c) 0.5 cc/mfmin,
respectively. From both spectra negligible deepellevmission is observed,
which indicates that the growth conditions areahlé for the growth of high
quality nanostructure. Fig. 3.4 (d) shows a PL spet of the sample grown at

900 °C under the carrier gas flux of 0.8 cc/Amin, which is assigned to Zn-

46



rich condition. In the PL spectrum, weak green sioisis observed. When one
increases the carrier gas flux more, the PL spectitered as shown in the Fig.
3.4 (e). The green emission dominates the spectnwing to the increase of
oxygen vacancy by the decrease of oxygen suppbo,Ahis growth condition

is not classified into the tetrapod-region, du¢h® incomplete configuration of
nanostructures. The PL spectra, shown in Fig.shdw clearly that the carrier
gas flux has a strong correlation with the deegllewission intensity, because

it affects the chemical composition of nanostruesuformed by changing the

oxygen supply.

3.6) Conclusions
ZnO nanostructures were fabricated by vapor tramapon method.

Growth temperature and carrier gas flux are vamedhe wide ranges, and
structural, chemical and optical properties arestigated. The VI/II ratio has a
large influence on the shape, chemical composition, optical properties of
the nanostructures. Also, it is found that the telisand rod-type structures are
apt to have oxygen vacancies in comparison withdtrapods, presumably due
to the difference of growth condition and formatiorocess. Finally, based on
the distinctions of the chemical composition andnfiguration of
nanostructures, it is argued that the origins eegremission (centered at 2.4

eV) and the blue emission (at 2.8 eV) are different
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Chapter 4. The luminescence of properties of tetrapod

ZnO nanostructures

4.1) Introduction

Zinc oxide (ZnO) is a wide-gap §E= 3.44 eV) compound
semiconductor, which is known as one of the suitaimaterials for the
realization of novel optoelectronic devices, sific@as a distinctive optical
property such as efficient excitonic emission eatrroom temperature [1].
Also, ZnO-based nanostructures are expected t@krexaxel properties owing
to the size effects, which will reduce the densitystates at band edges and
enhance radiative recombination due to carrier inenient [2]. Therefore,
there have been numerous studies on the variousnamOstructures such as
nanowires [14], nanorods [15], tetrapods [16], reatts [17], nanotubes [18],
and nanosheets [19] by thermal evaporation [3], ovadeposition [4],
hydrothermal method [5], spray pyrolysis [6], cas&éimediated organization
[7-8], and electro-deposition [9]. Among them, vapansport process with the
assistance of catalysts such as Au [10-11], Corj,[12], NiO [13] is the
most popularly selected method. The major advantdgiis process is the
controllability of the shapes of nanostructureg,the main disadvantage is the

remains of the foreign catalysts, which may inflceerthe purity of ZnO
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nanostructures [14].

Among the diverse ZnO nanostructures, tetrapodesimamostructures
are known as stable and tough structure, whicmigrgortant point for the
purpose of application. Also high purity materialutd be easily obtained by
thermal evaporation without any catalysts or ade#i Therefore, there have
been several studies on the optical [14, 20-21jicsiral [21-22], and device
applications [17, 23] of this structure. Howeveiisiwell known that although
strong UV emission is readily observed even at re@mperature, one or more
peaks in the visible spectral range are unavoidatardless of the crystal
quality of the tetrapods. So far, several mechasisimve been proposed to
explain the origin of the visible (green) emissibuat it is still ambiguous.

In this chapter, ZnO nanostructures were grown kg simplest
method without any assistance of catalysts. Thecttral and optical
properties of ZnO nanostructures were investigabgdscanning electron
microcopy (SEM), energy dispersive X-ray spectrpsco (EDX),
photoluminescence (PL) and cathodoluminescence.(CThg luminescence
properties of ZnO nanostructures have been stddeed on the origin of the

green emission band.

4.2) Previous studies

4.2.1) Theoretical background on the optical properties
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Low-temperature (4-10 K) PL spectra of ZnO tydicatxhibit the
several peaks (labe}-111), which corresponds to bound-excitons [24].

However, the assignment of the bound-excitoakpein ZnO is, in
general, controversial for all forms of the sampl&asO crystal, epitaxy films,
and nanostructure. For example, it was proposddtireemission lines; ko 1
in the lower part of the energy spectrum can bebated to excitons bound to
neutral acceptors. However, other reports in ttexdiure attributed some of
these lines to donor bound excitons [24]. The clkamdentity of the donors
and acceptors responsible for different bound esilmes still remains unclear.

One of commonly observed bound-exciton lines i®Zranostructure
is the ) line at ~ 3.3628 eV. This emission is typicallyriauted to the donor
bound exciton, and the donor has been identifidaydsogen [24-25]. While in
general there is a consensus in assigningstireelto hydrogen donors [24-25],
the chemical identity of donors responsible foreottionor bound-exciton lines
remains unclear.

For acceptor bound-exciton, the most commonly mepo peak is
located 3.3564 eV. This peak is commonly attributedxcitons bound to Na or
Li acceptors [26]. Alkali metals are predicted toguce shallow acceptors on
the cation site, but the experimental results destrate that doping with group
1 ions produces complex results. Other accept@isdwave also been proposed,

such as an acceptor complex involving the N imgunit an O site [27].
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However, some authors attribute this line to a ddround-exciton instead [24].
Therefore, further work is needed for conclusivenigfication of the origin of
different bound-exciton lines in ZnO. The assignh@several bound exciton
lines, especiallyq| is still controversial and conclusive chemicantfication
of the majority of donors and acceptors has noh l@@eomplished.
Low-temperature PL spectra can also contain danoeptor pair

transitions and longitudinal optical (LO) phonomlieas [28]. First-, second-,
and third- order LO phonon replicas can typicakydioserved. The LO phonon
energy can be determined from the separation betwe exciton peaks and
their LO phonon replicas, and for ZnO it is 71-78\min the spectral region
(3.218-3.223 eV).

Biexciton emission was observed at 77 K in highiqu epitaxy ZnO
films. The biexciton binding energy was estimated ke 15 meV [29].
Biexciton emission has also been observed in Zn@waes and nanorods.
Clear observation of free-exciton and biexcitoreséinat low temperature is

usually considered as an indication of very goodgda quality.

4.2.2) UV emission of in terms of different ZnO nanostructures
In room-temperature PL spectra, some variatiothefposition of the
PL peak can be observed for different nanostrustuifferent UV peak

position (387 nm for tetrapods, 381 nm for needB®¥, nm for nanorods, 377
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nm for shells, 379 nm for faced rods, 385.5 nm ribbons/combs) can be
observed. Individual nanostructures, such as narsolexhibited UV emission
in a range between 384 nm and 391 nm. These diffesein the peak positions
of individual nanostructures indicate that therdikely a different explanation
for the variation in the band-edge emission in Zmostructures reported in

different studies.

4.2.3) Defect emissions

Room-temperature PL spectra from ZnO can exhibituanber of
different peaks in the visible spectral region, ethhave been attributed to the
defect emission. Emission lines at 405, 420, 485, £10, 544, 583, and 640
nm have been reported.

Green emission is the most commonly observed defetssion in
ZnO nanostructures, similar to other forms of ZrOis often attributed to
singly ionized oxygen vacancies, antisite Oxygerygen vacancies, zinc
interstitials, and Cu impurities. Therefore, thégor of the green emission is
still an open and controversial question.

Yellow defect emission is also commonly reported #¥nO
nanostructures. This emission is typically attrdgltto oxygen interstitial,
although a Li impurity represents another possd@adidate [30]. The deep

levels responsible for green and yellow emissioesewiound to be different,
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unlike the defect responsible for the green emisdioe defect responsible for
the yellow emission is not located at the surf&8f.[In addition to green and
yellow emissions, orange-red emissions are oftepn abserved. The visible
emissions at ~ 540 nm and 610 nm in ZnO dendrigoevattributed to surface
dislocations [31]. Orange-red emission at ~ 626 innZnO nanorods was

attributed to oxygen interstitials. In additionange emission at 640-650 nm in
ZnO needles and nanowires was proposed to be oxygersamples on

agreement with a previous study on ZnO films.

4.3) Experimental

ZnO nanostructures were prepared by using three-honizontal tube
furnace without the assistance of catalyst. Betbeegrowth, the reaction tube
was baked at high temperature for 1 hr to elimimagdual contaminations.
Pure Zn powder (4N) was used as a source maténal.it was placed at the
highest temperature zone (~ 980) using a quartz boat. Then, the substrates
were located in the designated position of diffetemperature from 450 to 600
°C in the same reaction tube No carrier gas was hsedhe reaction furnace
was pumped out from the end of low temperature witle the pumping rate of
24 liter/min. The pressure in the reaction furnaneasured at the outlet of the
furnace, was 3< 10" Torr during the growth. It is assumed that bothazxl

O supplying rate are kept constant for all sampMi®r 30 minutes growth, the
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samples were characterized by scanning electromostiopy (SEM), energy
dispersive  x-ray analysis (EDX), photoluminescencéL) and

cathodoluminescence (CL).

4.4) Sructural evaluation

9
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Fig. 4.1 SEM images of ZnO nanostructures (a) Zet@apods (Ts = 608C)
(b) typical shape of ZnO tetrapods (c) ZnO clus(&ss= 450°C)

Fig. 4.1 shows SEM images of ZnO nanostructureghtdensity ZnO
tetrapod structures with hexagonal legs and clsistéth arbitrary shapes are
obtained. Considerable variation of the shape wapeds is not observed in
our samples. As shown in Fig. 4.1 (a), the typid@ameter and length of
tetrapods are about 100 ~ 200 nm and 3 m5 respectively. However, the
density of tetrapods decreases as the substratpetature decreases. In

contrast, significant influence of the growth temgtere is observed from the
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Fig. 4.2 EDX spectra of ZnO tetrapods and clug@y<lusters have a lot of
oxygen deficiencies, while (b) tetrapods show $tioimetric composition.

ZnO clusters. With decreasing substrate temperatheedensity and size of
ZnO clusters increase. Fig. 4.1 (c) shows a clifetened at 450C with large
diameter of 1.5 ~ dm and 0.4 ~ um long needle-like shapes on the surface.
Although, it is well known that various growth catons such as
growth temperature [3-4], growth time [15], sub&r§32], source [33] and
catalyst [7, 10-11, 12-13] have strong influencetba shape and quality of
nanostructures, the growth mechanism of ZnO namdstres still has many

obscurities. However, it is clear that the gronvemperature plays an important
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role for the formation of clusters. Since the Zml &m-suboxides (ZnQx < 1)
have low melting temperature (~41Q) [34], if one assumes constant supply
rate of Zn and Zn-suboxides, the density of ZnOpbhis formed from liquid

phase Zn and Zn-suboxides will increase as thetsubtemperature decreases.

4.5) Composition analysis of ZnO nanotetrapods

Fig. 4.2 shows EDX spectra of ZnO tetrapods andtefts. The atomic
composition of ZnO tetrapods is found to be vemysel to the stoichiometric
one (k. 1lo). But, ZnO clusters show considerable oxygen dafcies (%n:
0.%). The origin of O deficiency in the ZnO clusteemde explained in terms
of the vapor-liquid-solid (VLS) growth mechanismm #ould be transported in
gas phase such as Zn (g) or 4@, x<1), thus Zn (g) or Zn{Qg, x<1) will be
deposited on substrate. Also it is valid during thigal nucleation of nano-
particles. If the ambient temperature is aboventlefiing temperature of Zn and
Zn-suboxides, the deposited Zn will undergo phdmange to Znlj or ZnQ, (1)
(x<1). Those will be segregated into the nucle][T®us the clusters and initial
nuclei tend to have oxygen deficiencies. While, tbiemation mechanism of
ZnO tetrapods have not been definitely explainetasoGenerally, it is known
that ZnO tetrapod are formed by the vapor-solid)(M@&chanism [35], which is
the oxidation process of evaporated Zn (g). A mesireport [37] indicates that

the supply rate of oxygen determines the length sirape of tetrapod. In our
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case, therefore, constant oxygen supply rate dudigb pumping rate is

presumably responsible for the uniform size oftéteapods.

T
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Fig. 4.3 Room-temperature PL specttd/ emission at 3.21 eV ar
green emission at 2.5 eV are observed. PL spettre samplegrown
at (a) 450°C and (b) 600C

4.6) Optical evaluation of ZnO nanotetrapods
Fig. 4.3 shows PL spectrum measured at room teryperasing 325

nm line of a He-Cd laser with the excitation pow&r20 mW. As reported in
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the previous studies, both UV emission and greewtwanission (G-band) are
observed at 3.21 eV and 2.50 eV, respectively T3le intensity ratio (UV
emission / G-band) increases as growth temperatgrease. The increase of
the absolute PL intensity does not simply mean ékeellence of optical
property. Generally, not the absolute PL intenbity the relative intensity ratio
of lyy 10 ls-bandiS coOnnected to the crystal quality of nanostregy3]. The UV
emission at 3.21 eV is assigned to near band edggsien of ZnO. While, the
origin of G-band is believed to be related with theive defects such as Zn
interstitial (k) [20-21], Zn vacancy (%) [36], and oxygen vacancy &Y [36].

In our experiment, as the substrate temperatunedse the density and size of
clusters increase, and the clusters are revealetdat® a lot of oxygen

deficiencies from EDX measurements. Therefores, #Ssumed that the increase

R BEE T OWEE -aEDE

(a) (h) (c)

Fig. 4.4 Comparison of SEM and CL images measuredcm temperaturga)
SEM image of ZnO tetrapods and clustgts) CL image of ZnO tetrapot
recorded at 3.2 eV (c) CL image of ZnO clustersorged at 2.5 eVUV
emission is dominated from the tetrapods, whileegremission is mainl
observed from the clusters.
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of G-band intensity is closely related with thergese of the density of cluster.
Fig. 4.4 shows CL images measured at room temperdtig. 4.4 (a) is
a SEM image, which shows several tetrapods alotiy clister. While, fig. 4.4
(b) and 4.4 (c) are the CL images, which are rembrddy collecting the
luminescence at 3.2 eV and 2.5 eV, respectivelyorescan see, UV emission is
dominated from the tetrapods, however green enmssimainly observed from
the clusters. Also the clusters are found to hagaknuminescence intensity in
compare to the tetrapods that can be explaine@rmst of the poor crystal

quality of clusters due to high defect density.

4.7) Summary

Tetrapod-shape ZnO nanostructures are grown oulfStraites by using
vapor phase transport method without any catalyégh-density tetrapods
along with clusters are formed at elevating tenmjpees. Tetrapods show
uniform shape along with almost stoichiometric cosipon. However, the size
and density of clusters show close correlationht® growth temperature, also
the clusters are revealed to have a lot of oxygditiéncies. It is discussed that
the oxygen deficiencies are originated from theresgafion of liquid phase Zn

and Zn-suboxides, which are responsible for thergemission.
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Chapter 5. Applications of high-quality ZnO nano-

tetrapods

5.1) Introduction
ZnO is a semiconductor with a wide direct band gaf3.44 eV (4 K)

and a large exciton binding energy of 60 meV. Tiwes the ZnO-based
nanostructures are known to be attractive candidatemany application fields.
Recently, numerous studies have been performed anous ZnO
nanostructures [1-7]. ZnO nanostructures have begarded as an appropriate
alternative to carbon nanotubes (CNTs) for fieldssmon devices due to their
high mechanical strength, thermal stability, andoemt insensitivity. Already,
there have been several reports on the successfubrtstration of high-
performance field emitters [4, 8] using ZnO nanesttires Among the diverse
ZnO nanostructures, tetrapod-shaped nanostrucaree&nown to be one of
most suitable structures for field-emitter appiioas, and the best is almost
comparable to that of CNTs [9-11].

Since the demonstration of the ultraviolet lasimgission from ZnO
nanowires [14] is realized, nanostructured ZnO basn regarded as the
attracting material for blue optoelectronic appii@as. To achieve efficient

excitonic laser action at room temperature, thalibg energy of the exciton

63



must be much greater than the thermal energy ab temperature (26 meV).
As previously stated, ZnO is a good candidate beeats exciton binding
energy is ~ 60 meV, substantially larger than tfaZnSe (22 meV) and GaN
(25 meV).

In this chapter, ZnO tetrapod structures, which whewn the best
high-quality properties in the 3 chapter, were sggpto the demonstration of a

low-threshold-voltage field emitter and opticallympped lasing.

5.2) Previous studies
5.2.1) Field emission properties of ZnO nanostructures

CNTs have been widely investigated for field enues{FE) for years.
However, besides the geometric factors, thermabilgta and ambient
insensitivity are equally important to the operataf field emitters [12]. As an
oxide, ZnO exhibits high melting point (1978) and large exciton binding
energy (~60 meV) [13], which makes it have morerrtted stability and
ambient insensitivity compared with CNTs. In adzfiti ZnO is more resistant is

radiation and oxidation, which is essential todpelication of FE.

5.2.2) Current-Voltage measurements
Usually current-voltage (I-V) measurements aredute characterize

the electron emission behavior according to theléeiordheim (FN) relation.
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Form these measurements technologically importaatarpeters such as
threshold field  or the current density J can be determined, btitwuark
function @ as the physically relevant parameter. The reasortHhis is that
experimentally one does not measure current-fiblaracteristics but current-
voltage characteristics, where one relates theieppbltage to some applied
field for example by dividing the applied voltagatlwthe anode cathode
distance.

In order to understand the emission behaviordata are also analyzed

by applying the Fowler-Nordheim (FN) equation:

4 aV 2 [bd¢3/2 )
ﬂzdz =Y
where J is the current density [AinV is the applied voltage [VIpis the work

function [eV], B is the field enhancement factor, and z=1.56 X’#eVV? and
b=6.83 x 10° Vm™eV>2 The FN emission behavior can be examined from the
linearity of curves by plotting In (I/%) versus 1/V. The slope of this straight line

will be equal to

VNsIope = _A/ ¢
B

V is a function of the applied voltage, wher@agenerally is unknown. In case
of well-defined emitter geometry the work functigrcan be calculated within
certain accuracy. In case of thin film emitterstisi generally not possible. This

means that the work functiap of the emitter cannot be determined from the
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measurement of the |-V characteristics alone.

5.2.3) Basic principles on the stimulated emission

Due to its high exciton-binding energy, ZnO is oterest for the
achievement of excitonic stimulated emission ahrdemperature, which has a
lower threshold than electron-hole plasma recontimina While, there have
been numerous reports on optically pumped lasirhamplified spontaneous
emission from ZnO [14], no electrically pumped hgshas been achieved as yet.
Lasing has been reported in a number of differeatires such as, nanowires
[15], tetrapods [16], and nanoribbons/combs [17).efy broad range of lasing
thresholds has been reported for different ZnO s@notures, ranging form 8
kWem? (ZnO fibers) [18] to 867 kWcihi(ZnO nanorods) [19].

Stimulated emission in ZnO can be achieved eiblyeexciton-exciton
scattering (EES) or electron-hole plasma (EHP) mdmpation. As the
excitation power increases, sharp peaks will appetire emission spectra. Due
to the significantly shorter decay time of the stiated emission compared to
spontaneous emission, lasing peaks can be obseneee clearly in time-
resolved spectra. As the excitation power increabesincrease in intensity and
the appearance of narrow lasing modes can be aukafith a further increase
of excitation power, lasing in the EHP mode occurs.

The peak position of the emission resulting framlastic collisions
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between excitons is given by:
E =E -E’(1-1/n*)-3KT /2

where n=2,3,..., k is the Boltzmann constant, T estdmperature, and’ =60
meV is the exciton binding energy. The transitimonf spontaneous emission to
stimulated emission is evidenced by narrowing @& #mission with a full-
width half maximum (FWHM) about two orders of matgiie lower compared
to the FWHM of spontaneous emission. The thresfarlthsing due to exciton-
exciton scattering in nanostructure is typicallyd 2imes lower than that for
lasing in the EHP regime.

With increasing excitation energy, the density leé £xcitons in ZnO
will also increase. As the exciton density increasending energy decreases.
The EHP plasma forms at densities higher than Mett* density” given by

[13]:

_ kT
" 22E

where @is the Bohr radius. The Mott density is estimatete= 3.7 x 16° cm
3[13], although lower estimated such=ag x 13%m* have also been reported
[20]. The EHP emission is typically more broad ard shifted compared to
emission due to exciton-exciton scattering [13].eTited shift of the EHP

emission is the result of bandgap renormalization.

67



5.2.4) Nanostructures as fabry-perot resonators
Detailed mode analysis of nanostructures as lasaties has been
performed [20-21]. Good agreement in ZnO nanowbetsveen the measured

modes with similar polarization and expected mquemg is given by:
AZ

ZL(n - dnj
dA

whereAA is the mode spacing, is the wavelength, n is the refractive index,

A =

and L is the length. The linewidth of the measuiasing modes was also in
good agreement form the theoretical estimate obtder of 1 nm obtained for

a Fabry-Perot resonator by using the following expion [20]:

c
47t n

Ay =-

IN[RR,@-T)’]

where c is the speed of light; Bnd R are the reflectivities of the mirrors, and
T; is the transmittance of the internal medium of ¢heity. The threshold gain

can be expressed as [22]:
g, =a+--In"(RR)
th 2L

where L is the length anal is the absorption loss. It should be noted, howeve
that thresholds in individual nanowires differenaeslimensions, the condition

of the cavity, and the extent of substrate couplitj.

Among other more complicated cavities, ZnO tetdspeave been most
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thoroughly studies. The each leg of the tetrapasl a€ an individual laser [16].
The lasing from multiple tetrapod arms occurs ahigil the arms are excited,
otherwise lasing will occur only from the exciteak alue to high losses in the

non-excited tetrapod arms [23].
5.3) Experimental

Field-emission measurements with grown high-qualit{ tetrapod in
optimum growth condition were performed in a vacuclmamber at a pressure
of < 1 x 10° Torr at room temperature. The distance betweetwbelectrodes
was estimated as ~ 950n, and the measured emission area was 4. fihe
emission current was measured by applying voltages 1000 V.

Photoluminescence spectra of ZnO tetrapod structie® measured
with a He-Cd laser (325 nm) as an excitation saulceorder to explore the
possible stimulated emission from the high-qualinO tetrapods, the power-
dependent emission has been examined. The sampleptiaally pumped by

Nd:YAG (Yttrium-Aluminum-Garnet) laser (355 nm, rad room temperature.

5.4) Field emitter realization of ZnO nanotetrapods
Figure 5.1 illustrates the emission current densidyn ZnO tetrapods
grown on Si substrate, as shown in Fig. 3.1 (c)e Tiset is the device

configuration. The turn-on voltage is estimatetbécabout 1 \fAim at a current
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Fig. 5.1 Field emission characteristics of the Ze@®apod field mitter; The
turn-on voltage is about 1 Mh at a current density ofigA/cm?. The inset is
schematic drawing of the device configuration.

density of 6uA/cm?®. Note that the reported lowest turn-on field freetrapod
structures is 1.6 im at a current density of IA/cm?[4, 12, 24]. The field
emission property is deeply related to the geometrg structure and the
density of the nanostructures [24-26]. The low emis field should be

attributed to the high structural quality of theagod structures.
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55) Optical pumped lasing at room temperature of the ZnO
nanotetrapods
Fig. 5.2 shows the luminescence spectrum exciteldva excitation
intensity with a CW He-Cd laser (325 nm) as an taticin source, which is
indicated on the down position in black line. Arttier spectra are measured by

using Nd:YAG (355 nm, 5 ns) under different exegatintensities at room

i @RT
I 3.184 eV ]

Intensity (a.u.)

3.24 eV

(a) He—Cd (325 nm) T

3.06 3.12 3.18 3.24 3.30 3.36 3.42 3.48

Photon Energy (eV)

Fig. 5.2 (a) The PL spectra excited by the 325 m@m 6f a CW Hecd
laser. Stimulated emission spectrum as a functibrthe pumping
intensity provided by the Nd:YAG laser (355 nm 5ns)
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temperature.

At low excitation intensity, the spectrum consisfsa single broad
spontaneous emission with a full width at half maxin of ~ 140 meV. The
corresponding emission mechanism is related tonge-band-edge radiative
recombination such as free exciton (~3. 26 eV),tereexciton scattering (EES,
~3.18 eV), and electron-hole plasma (EHP ~3.14 ed)mbination. As shown
in fig. 5.2 (a), the spontaneous emission centatedi24 eV, which is 130 meV
below the band gap (3.37 eV), is generally ascribatie recombination of free
exciton (FX).

As the pump power increases in the fig 5.2 (bg émission peaks
narrow because of the preferential amplificationfrefquencies close to the
maximum of the gain spectrum. With the excitatiotensity increasing, the
spontaneous free exciton emission (FX) is graduaplaced by a new band
labeled P-band (3.184 eV) that is located at 56 ioeldw the FX band. The P-
band is commonly shown as resulting of exciton4exd scattering [14].

The linewidth of these narrow peaks is about 1 Bw.using the
equation between mode spacing and cavity lengtthénsection 5.2.4), we
could obtain that the cavity length is estimatetd¢a30um. However, note that
the length of the real ZnO nanotetrapod isuh. Therefore the lasing
mechanism is regarded as not a conventional lasibghe random lasing. The

random lasing in ZnO was reported in polycrystallthin films, nanopatrticle,
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Fig. 5.3 Lasing characteristics of the ZnO tetrapadostructure at RT. The
threshold intensity for lasing is 1.3 MW &nat 355 nm. The inset shows
variation of lasing spectrum with excitation intgns
nanorods, nanoneedles, and nanowires [14-17]. Onstinglishing
characteristic of a random laser is that stimulaeussion can be observed in
all directions. For the case of a nanowire withd@n lasing, it is difficult to
establish from angular-dependence measurementshefemission spectra
whether the feedback originates from individualesimacting as resonators or

from scattering between wires. Another characiercdtthe random laser is that
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the lasing threshold depends on the excitation.afdée lasing threshold
increases as the excitation area decreases.

Fig. 5.3 shows the evolution of lasing emissioB8%& nm with increase
in optical excitation intensity at room temperatundth the excitation intensity
increasing, the threshold intensity for lasingstreated as 1.3 MW cf

Different lasing mechanisms, lasing wavelengths lasohg thresholds

110 T y I T T y T T T T T

100

©
o

80

70

60

50

40

FWHM of the EES emission (meV)

1.0 1.2 1.4 1.6 1.8 2.0

Excitation Intensity (mW/cmz)

Fig. 5.4 FWHM variation of the Band (EES) dependence of the excita
intensity
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have been reported from the various ZnO nanostegthe variation in the
lasing threshold is expected even for individuahosructures with the same
morphology, due to differences in their dimensiand other properties [14-17].
The high threshold excitation intensity might bemeo from the lasing by
random cavity. Although, in general, lasing by ai®n-exciton scattering
mechanism shows lower threshold intensity, fornmated a random cavity
indicates increase of external loss.

Fig. 5.4 shows FHWM change of the P-band (EESaiobd under
different excitation levels. With excitation intétysincreasing, a linewidth
decreases from 93 meV to 43 meV. It is due to tinbeinescence mechanism

transition from spontaneous emission to stimuladssion.

5.6) Conclusions
We have investigated the feasibility of the teth@O nanostructure.
From the field emission experiment, a low turn-aftage of 1 Vjim operation
Is achieved. It has been demonstrated to be seifablapplications as high-
performance field emitters. As well as, the ultodei lasing of ZnO tetrapod
has been realized at room temperature. The laseghamism is discussed in
terms of exciton-exciton scattering and the fororatof random cavity is

attributed to responsible for the high threshotemsity.
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Chapter 6. Summary and conclusions

A widely accepted definition of a nanostructuraisystem in which at
least one-dimension €100 nm, typically including layer-type, wire-typand
particle-type structures. Quantum effects due tae siconfinement in
nanostructures occur when the characteristic sizaeo object is comparable
with the critical lengths (typically 1-10 nm) of ghcorresponding physical
processes, such as the mean free path of electenspherence length, or the
screening length.

Oxides are the basis of smart and functional naserSynthesis and
device fabrication using functional oxides haveaated a lot of attention
recently because the physical properties of thestes can be tuned. Among
them, II-VI semiconductor compound ZnO is considete be the most
prospective one due to its large exciton bindingrgyn (60 meV), high
electromechanical coupling constant, and resigtiatharsh environment. And
when it is fabricated to the nanostructure, thee @omising potentials in
extensive applications such as nanolaser, nanteaas, field emitters (FES),
and nano gas sensor. Therefore, ZnO nanostruckimsilated so much
attention, and a large number of publications happeared lately reporting
nanostructures of various shapes grown by diffemethods.

In this thesis, it has focused on the synthedigracterization, and
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application of ZnO nanostructure. In the chaptet i, exhibited the basic ZnO
properties, characteristics in the nanostructune, @pplications for the many
semiconductor devices. In the chapter 2, the piesi of analysis
measurements, scanning electron microscope (SEMYge dispersive x-ray
spectroscope (EDX), cathodoluminescence (CL), dmatghuminescence (PL),
to estimate of the synthesized ZnO nanostructuesi@scribed. In the chapter
3, the shape of various ZnO nanostructures (clusiez-type, tetrapod-type) is
controlled by the change of VI/Il supplying ratoth systematically adjusting
growth conditions such as growth temperature andiecagas flux. The
feasibility of the uniform ZnO nanotetrapods groanthe optimum growth
condition for a practical application is testedhe chapter 5. In the chapter 4,
mainly the luminescence properties of ZnO nanosiracare elucidated. It has
proved that the green emission is originated frolusters with oxygen
deficiency. And the luminescence mechanisms of Uwssion have been
investigated from the low-temperature photolumieese (LT-PL)
measurements.

In the chapter 5, feasibilities of ZnO nanostruesu for many
applications are confirmed by field emitter deviest and optically pumping

experiment at room temperature.
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