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Optical properties of ZnO-based nanowires grown by

vapor transport method

Student: Hsu-Cheng Hsu Advisor: Dr. Wen-Feng Hsieh

Department of Photonics & Institute of Electro-Optical Engineering
National Chiao Tung University

Abstract

We successfully fabricate ZnO-based nanowires by vapor transport method.
The optical properties of ZnO nanowires are also investigated. Hexagonal ZnO
nanowires have been selectively ,synthesized via vapor-solid process without gold
catalysis on a pre-coated ZnO buffer:layer.——Ihe presence of nanometer-sized pits or
hills on the surface of ZnO buffer layer provides nucleation sites to which the zinc
vapor is transferred and condensed. Followed by immediate oxidation the ZnO
nanowires were grown on the buffer layer. ZnO nanowires can be also synthesized
on porous silicon substrates with different porosities via the vapor-liquid-solid method.
The texture coefficient analyzed from the XRD spectra indicates that the nanowires
are more highly orientated on the appropriate porosity of porous silicon substrate than
on the smooth surface of silicon. Vertically well-aligned ZnO nanorods are
synthesized without employing any metal catalysts on various substrates including
glass, Si(111), and saphire(0001), which were pre-coated with c-oriented ZnO buffer
layers, by simple chemical vapor deposition. The epitaxial relationship between

7Zn0O nanowires and various substrates is discussed in detail.
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From the temperature dependent photoluminescence spectra, we deduce the
activation energies of free and bound excitons. Besides a strong ultra-violet
emission at 3.26 eV observed at room temperature, the coupling strength of the
radiative transition to LO-phonon polarization field was deduced in use of the
Huang-Rhys factor from low temperature photoluminescence spectra to show that
single crystalline ZnO nanorods.

The coupling strength of the radiative transition of hexagonal ZnO nanowires to
the longitudinal optic (LO) phonon polarization field is deduced from temperature
dependent photoluminescence spectra. An excitonic polaron formation is discussed
to explain why the interaction of free excitons with LO phonons in ZnO nanowires is
much stronger than that of bound excitons with LO phonons. The strong
exciton-phonon coupling in ZnO nanowires affects not only the Haung-Ray S factor
but also the FXA-1LO phonen energy ‘spacing, which can be explained by the
excitonic polaron formation.

We report room-temperature-ultraviolet stimulated emission and lasing from
optically pumped high-quality ZnO nanowires. Emission due to the exciton-exciton
scattering process shows apparent stimulated-emission behavior. Several sharp
peaks associated with random laser action are seen under high pumping intensity.
The mechanism of laser emission is attributed to coherent multiple scattering among
the random-growth oriented nanowires.  The characteristic cavity length is
determined by the Fourier transform of the lasing spectrum.

Finally, we demonstrate a simple method to achieve the bandgap engineering in
core-shell ZnO-MgO nanowires by using Mg diffusion. Furthermore, we report the

observation of stimulated emission (SE) from optically pumped ZnMgO nanowires.
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Chapter 1 Introduction

1.1 A general of one-dimensional ZnO nanostructure

Ever since the discovery of carbon nanotubes by Iijima [1], there has been great
interest in the synthesis and characterization of other one-dimensional (1D) structures.
Nanorods and nanowires, nanobelts and nanotubes have become important
fundamental building blocks for nanophotonic devices and offer substantial promise
for integrated nanosystems.[2,3] 1D nanostructures are useful materials for
investigating the dependence of electrical and thermal transport or mechanical
properties on dimensionality and size reduction (or quantum confinement). They are
also expected to play an important role as both interconnects and functional units in
fabricating electronic, optoeleetronici iielectrochemical and electromechanical
nanodevices.  Several nice -review articles have been written on synthesis,
characterization, and applications of ene-dimensional inorganic nanostructures. [4-6]

ZnO is a wide band gap semiconductor (3.37 eV) with a large exciton binding
energy (60 meV) which is much larger than thatof GaN and the thermal energy at
room temperature (21 meV), and therefore enables stable existence of excitons at
room temperature even up to 550°C. In thisregard, ZnO has been recognized as a
promising photonic material in the blue-UV region. The stable excitons could lead
to laser action based on their recombination even at temperatures well above room
temperature.  Optically pumped UV lasing have been demonstrated at room
temperature using high quality ZnO films.[7,8] The excitonic gain close to 300 cm™
at a fluence of 3.8 uJ/cm® was achieved.[9] ZnO thin films are expected to have
higher quantum efficiency in UV semiconductor laser than GaN.

Recently, UV lasing for ZnO nanowires has also been demonstrated at room



temperature [10]. It is expected that a lower threshold optical pumping density for
lasing is due to the carrier confinement effect in one dimensional nanowires.
Nanostructures composed of ZnO nanowires are also being intensively investigated
because they possess a combination of attractive optical [11], mechanical [12], and
magnetic properties. [13] ZnO nanowires have been evaluated for potential
applications as UV  laser[14], light-emitting diodes[15], and UV
photodetectors[16][17], array gratings. [18] Therefore, the ZnO nanowire has
become one of the most promising elemental building blocks in nanotechnology
applications. In recent years, much effort has been devoted to developing various
ID ZnO nanostructures.  Vapour-liquid-solid (VLS) and vapour-solid (VS)
mechanisms for growth of ZnO nanowires are well recognized, and have been used.
1D semiconductor nanostructures have also been‘ebtained via laser ablation-catalytic
growth, oxide-assisted growth, template-indueed growth, solution-liquid-solid growth
in organic solvents and metal-organic-.chemical ~ vapour deposition (MOCVD).
Moreover, the observations of quantum confinement [19] and the discrete energy
levels [20] are demonstrated in ZnO/ZnMgO nanorod heterostructures. The ZnO
nanowires can serve as excellent photon emitters as well as good photon emitters due
to their sharp tips.[21-24]

To date, most of the work on ZnO 1D nanostructures has focused on the synthesis
methods. For application of nano-photonics and electronics, it is needed to create
ZnO nanowires that are selective area growth, highly aligned and orientation-ordered
on substrates. The fundamental optical properties, including the origin of
luminescence, carrier-carrier interaction, stimulated emission and lasing are also
needed to understand. Furthermore, band-gap engineering, which is the process of
controlling or altering the band gap, and fabrication of heterostructure or quantum

structures of ZnO-based nanowires are important issues.
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1.2 Basic properties of ZnO

The wurtzite structure of the ZnO crystal is shown in Fig. 1-1.  ZnO is a crystal

of hexagonal structure with the lattice constant of a=3.249 A, ¢=5.207 A.

Fig. 1-1 Wurtzite structure

The basic properties of ZnO for optoelectronic applications can be obtained by
examining Table I, which compares the relevant material properties of ZnO with
those of other wide band gap semiconductors. The notable properties are the large
bond strength (indicated by the cohesive energy) and the melting point and the
extreme stability of excitons (indicated by the large exciton binding energy). ZnO is
one of the ‘‘hardest’” materials in the II-VI compound family. The stability of the
exciton makes ZnO a promising material for the realization of excitonic laser gain at
RT. The excitonic lasing have been demonstrated for ZnO-based thin films,

quantum well, and nanowires.



TABLE I. Comparison of properties of ZnO with those of other wide band gap semiconductors.[25]

Band gap Exciton
energy Cohesive Melting  binding
Crystal Lattice constants at RT energy point energy  Dielectric constants
Material  structure a(A)  c(A) E, (eV) Eeon (V) T, (K) E, (meV) =(0) &(=)
ZnO Wurtzie 3.249 5.207 3.37 1.89 2248 60 8.75 3.75
ZnS Wurtzie 3.823 6.261 38 1.59 2103 39 9.6 5.7
ZnSe Zinc blende  5.668 2.70 1.29 1793 20 9.1 6.3
GaN Wurtzie 3.189 5.185 3.39 224 1973 21 8.9 5.35

6H-5i1C  Wurtzie 3.081 15.117 2.86(ind.) 3.17 =2100 9.66 6.52

1.3 Organization of the dissertation

This dissertation is organized as follow. Chapter 2 presents a brief review of
growth and characterization techniques. In Chapter 3, the growth of the ZnO
nanowires on varies substrates, inicluding Al,O3, porous Si, ZnO/Si(111) films and
ZnO/sapphires(111), are demonstrated. [ also explain the growth mechanism and the
epaxitial relationship between the nanowires and the substrates. In Chapter 4, the
fundamental luminescence of the ZnOr-manowires is investigated. The binding
energies of the free and donor bound excitons are obtained by temperature dependent
photoluminescence. The stimulated emission and laser action at room temperature
are demonstrated. In Chapter 5, I discuss the fabrication of the ternary ZnMgO
nanowires and their optical properties. The band gap engineering of the ZnMgO
nanowires is demonstrated by annealing treatment. The stimulated emission from
ZnMgO nanowires will be discussed.  In the final Chapter 6, I conclude the
investigations on the ZnO-based nanowires and propose the several topics of the

future work.
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Chapter 2 Growth and characterization

techniques

2.1 Growth of ZnO nanowires

Previous effort in the synthesis of ZnO nanowires and nanorods have employed
vapor-phase transport via a vapor—liquid—solid (VLS) mechanism [1,2] and vapor
solid mechanism [3,4], gas reaction [5] and oxidation of metal in the pores of anodic
alumina templates [6,7]. In this research, the vapor-phase transport was used to
grow the nanowires. The detailed growth mechanisms of the nanowires are

discussed as follows.

2.1.1 Vapor-Liquid-Solid (VLS) Methods

Among all vapor based ‘methods, the VLS methods seems to be the most
successful for fabricating nanowires :with single erystalline structures and in relatively
large quantities. This process was first developed by Wagner et al. to produce Si
single crystalline micro-whiskers in 1960s [8], and recently re-examined successfully
by Lieber [9] and Yang [3,4]. The key factor is needed to deposit metal clusters such
as Fe, Co, Ni, and Au as the catalysts. A typical VLS process starts with the
dissolution of gaseous reactants into nano-sized liquid droplets of catalyst metal while
the liquid droplets are supersaturated with the guest material, followed by nucleation
and growth of single crystalline nanorods and then nanowires. The 1D growth is
mainly induced and dictated by the liquid droplets, whose size remains essentially
unchanged during the entire process of nanowire growth. In the sense, each of liquid
droplets serves as a soft template to strictly limit the lateral growth of an individual

nanowire. As a major requirement, there should exist a good solvent capable of



forming liquid alloy with the target material, ideally they should be able to form
eutectic compounds. All of the major steps involved in a VLS process is
schematically illustrated in Fig. 2-1(a) [10]. Based on the Zn-Au binary phase
diagram as shown in Fig. 2-1(b), Zn and Au form liquid alloys when the temperature
is raised above the eutectic point. Once the liquid droplet is supersaturated with Zn,
growth of nanowire takes place at the solid-liquid interface. The vapor pressure of
Zn in the chemical-vapor-deposition system has to be kept sufficiently low so that the
second ordinary nucleation will be completely suppressed. Both physical methods
(thermal evaporation and laser ablation) and chemical methods (chemical vapor
transport and deposition) have been employed to generate the vapor species required
for the growth of nanowires, and no significant difference was found in the quality of

nanowires produced by these methods.
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Fig. 2-1 (a) Schematic illustration of vapor-liquid-solid growth mechanism including three stages

(I) alloying, (II) nucleation and (III) axial growth. (b) Au-Zn phase diagram.



2.1.2 Vapor-Solid method

The vapor—solid (VS) method for nanowires growth also holds for the growth of
1D nanomaterials. In this process, evaporation, chemical reduction or gaseous
reaction first generates the vapor. The vapor is subsequently transported and
condensed onto a substrate. The VS method has been used to prepare whiskers of
oxide, as well as metals with micrometer diameters. It is, therefore, possible to
synthesize the 1D nanostructures if one can control the nucleation and the subsequent

growth process.

2.2 Characterization techniques

2.2.1 X-ray diffraction [11]

The peaks of an x-ray diffraction pattern are directly related to the atomic
distances. Consider an incident monochromatic x-ray beam interacting with the
atoms arranged in a periodic manner as shown in 2-dimension in Fig. 2-2. The
atoms, represented as circles in the graph forming different sets of planes in the
crystal. For a given set of lattice planes with an inter-plane distance of d, the

condition for a diffraction (peak) to occur can be simply written as

2dsin@ =nA (2.1)

which is known as the Bragg's law. In this equation, A is the wavelength of the
x-ray, € the diffraction angle, and n an integer representing the order of the

diffraction peak.
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Fig. 2-2 X-ray diffraction from 2-dimensional periodic lattices

Let’s consider hexagonal unit cell as shown in Fig. 2-3 which is characterized by
lattice parameters a and c, the equation reptesenting the plane spacing for the

hexagonal structure is

3 > +—. (2.2)

a 2

1 4(h2+hk+k2J E
C

Combining Eq. (2.1) with (2.2) yields:

2 2 2 : 2
%:i h +h12<+k 1_2:[2sm9j 2.3)
d 3 a C A
and rearranging to give
2 2 2 2
Sinze:)‘_ 4 w +1_2 ) (2.4)
413 a c

Thus, the lattice parameters can be estimated from (2.4).
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(a)

Fig. 2-3, The hexagonal unit cell.

2.2.2 Raman characterization

Raman scattering is an ineldstic scattering process. When light encounters the
surface, most of the light is reflected, transmitted, absorbed, or Rayleigh scattered,
because of the first-order elastic interaction with electrons, phonons, and impurities.
There is no change in photon frequency. However a small portion of the light beam
interacts inelastically with phonon modes, producing outgoing photons whose
frequencies are shifted from the incoming ones. These are the Raman-scattered
photons. They gain energy by absorbing a phonon (anti-Stokes shifted), or lose
energy by emitting one (Stokes shifted), according to the energy and momentum

conservation rules:

W, =w; £ (2-5)

qs =0; £K | (2-6)
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where @; and @; are the incoming and scattered photon frequencies. Q. and

g ; are the incoming and scattered photon wavevectors, and Q and K are the

phonon frequency and wavevector, respectively. Raman scattering is inherently a
weak process, but lasers provide enough power that the spectra can be routinely
measured.

All of the Raman parameter-band frequencies and intensities, line-shape and
line-width, as well as polarization behavior can be used to characterize the lattice and
impurities. The intensity gives information about crystallinity. The line-width
increases when the crystal contains defects or disorders, because they would damp the
crystal vibration to shorten the phonon lifetime or relax the selection rules for
momentum conservation in Raman ptocess.  All these capabilities can be used as a
judgment for layered microstructure as well:as bulk,"subject only to the limitation that
the penetration depth of the exciting radiation range from a few hundred nanometers

to a micrometer.

2.2.3 Raman modes of ZnO

Waurtzite ZnO belongs to the C/, (P6;mc) space group. At the T' point of the
Brillouin zone, the group theory predicts the existence of the following optic modes:
Lo =A +2B, +E +2E,. These two B; modes, Bi(low) and Bj(high), are silent,
and A; , E;, and E; modes are Raman active. The displacement vectors of the
phonon normal modes are illustrated in Fig. 2-4 [12]. In addition, A; and E; are also
infrared active and split into longitudinal and transverse optical (LO and TO)

components. The frequencies of these modes assigned in the literature [13] are listed

in Table 2.1.
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Fig. 2-4 Displacement vectors for the:five'Raman modes of the wurtzite structure. [12]

Table 1 Raman-active w-ZnO I -point pHonon frequencies

Mode frequency (cm™) [13]

Ex(low) 101
E (high) 437
A(TO) 380
E((TO) 408
AL(LO) 574
E1(LO) 584
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2.3 Photoluminescence characterization [14-16]

Photoluminescence (PL) is one of the most useful optical methods for the
semiconductor industry, with its powerful and sensitive ability to characterize
impurities and defects in semiconductors, which affect material quality and device
performance. To control crystal purity is crucial in many optical applications, such
as laser action, optical gain, and active optical devices. A given impurity produces a
set of characteristic spectral features. The fingerprint identifies the impurity type,
and often several different impurities can be seen in a single PL spectrum. And the
linewidth of PL peak is an indication of sample quality and crystallinity, although

such analysis has not yet become highly quantitative.

2.3.1 Fundamental optical transitions

Since the PL emission requires that the system be in a nonequilibrium condition,
and some means of excitatiort is needed to act om the semiconductor to produce
hole-electron pairs. We consider the fundamental transitions, those occurring at or
near the band edges.

The ground state of the electronic system of a perfect semiconductor is a
completely filled valance band and a completely empty conduction band. We can
define this state as the “zero” energy or “vacuum” state. If we start from the
above-defined ground state and excite one electron to the conduction band, we
simultaneously create a hole in the valance band. In this sense an optical excitation
is a two-particle transition. The same is true for the recombination process. An
electron in the conduction band can return radiatively or nonradiatively into the
valance band only if there is a free space, i.e., a hole. Two quasi-particles are
annihilated in the recombination process. What we need for the understanding of the

optical properties of the electronic system of a semiconductor is therefore a

14



description of the excited states of N-particle problem. The quanta of these
excitations are called “excitons”. Here we will consider the so-called Wannier
excitons more specifically. In Wannier excitons, the Bohr radius (i.e. the mean
distance between electron and hole) is larger in comparison to the length of the lattice

unit cell. This condition is met in most II-VI, I1I-V, and column IV semiconductors.

2.3.1.1 Wannier excitons
Using the effective mass approximation, Fig. 2-5 suggests that the Coulomb
interaction between electron and hole leads to a hydrogen-like problem with a

_e2

Coulomb potential term —— ..
47&905|re - rh|

Indeed excitons in semiconductors form,to a.good approximation, a hydrogen or
positronium like series of states below.the.gap. For a simple parabolic band in a
direct-gap semiconductor one can’separate.the relative motion of electron and hole
and the motion of the center of mass. This leads to the dispersion relation of exciton

as shown in Fig. 2-6

.1 KK?
E.(ng,K)=E;, —Ry n—2+ Y

(2-9)

where ng=1,2,3... is the principal quantum number, Ry" = 13.6ii is the

2
0
exciton binding energy, M=mc+my, and K=Kke+k;, are translational mass and wave

vector of the exciton, respectively.
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Fig. 2-5 The exciton dispersionsin'a ‘two-particle (electron-hole) excitation diagram of
the entire crystal. The crystal'ground,state (zero €nergy and zero momentum) is the point at
the origin.  Different parabolas represent:the kinetic: energy bands associated with different

terms of the excitonic series.[14]

2.3.1.2 Bound excitons

A real crystal is never perfect. Imperfections such as ion vacancies, interstitials,
or substitutional atoms (either native or intentionally introduced) exist in densities
ranging from n; < 10'? e¢m™ in ultrapure crystals. The imperfections can attract
excitons that become localized at the defect sites to form bound excitons. The
binding energy of the exciton to the defect is often quite small, typically a few meV.
Therefore, the bound excitons are best observed at very low temperatures.

An exciton may be bound to a donor, which is a substitutional atom with a higher
number of valance electrons compared with the host atom, or to an acceptor, a
substitutional atom with a lower number of valance electrons. Donors contribute

excess electrons to the crystal, while acceptors tend to capture electrons or



equivalently donate holes. Donor or acceptor atoms may be electrically charged or
neutrals. When the donor atom has given away its initial extra valence electrons, it
becomes positively charged and it referred to as an ionized donor. Similarly, when
an acceptor atom has captured an electron (or equivalently released a hole), it has a
negative charge and is called an ionized acceptor. In contrast, a neutral donor or
acceptor has no charge, since it has kept its original number of valance electrons.
Excitons may get bound to either an ionized donor or acceptor, or a neutral donor or
acceptor by forming complexes represented schematically in Fig. 2-6. In many
crystals, the binding energy of the exciton to a neutral donor or acceptor is close to
tenth of the donor or acceptor ionization energy, which is the energy required to free
the extra valence electron of a neutral donor, or the energy to free a hole (to accept an
electron) in a neutral acceptor. Bound excitons.are characterized by more sharply
peaked emission which occurs at a lower energy than the corresponding free exctions,

which is due to reduced kinetic btoadening,.since the bound exciton is spatially

localized at an impurity.  The emitted-energy of bound energy E; . is

E.,. =E, —Ef —EZ, (2-10)

g
where E¢ is energy necessary to bind the exciton to the defect center and E{ is the

binding energy of the free exciton. Therefore, luminescence of bound exciton
typically dominates the near band edge emission and occurs on the low energy side of

the free exciton emission.
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Fig. 2-6 Visualization of (a) an exciton bound to an ionized donor, (b) a neutral donor, and (c) a neutral

acceptor. [14]

2.3.1.3 Donor-Acceptor Pairs (DAP)

Donors and acceptors can form pairs and act as stationary molecules imbedded in
the host crystal. The coulomb interaction between a donor and an acceptor results in
a lowering of their binding energies. Inithe donor-acceptor pair case it is convenient

to consider only the separation between the donor and the acceptor level:

2

Epair :Eg - (ED +EA) +q_ ) (2—1 1)
er

where r is the donor-acceptor pair'separation, Ep and E, are the respective ionization

energies of the donor and the acceptor as the isolated impurities.

2.3.1.4 Deep transitions

By deep transition we shall mean either the transition of an electron from the
conduction band to an acceptor state or a transition from a donor to the valence band
in Fig. 2-7. Such transition emits a photon hv=E, — E; for direct transition and
hv=E, — E; - E,, if the transition is indirect and involves a phonon of energy E,.
Hence the deep transitions can be distinguished as (1) conduction-band-to-acceptor
transition which produces an emission peak at hv = E, — Ea, and (2)
donor-to-valence-band transition which produces emission peak at the higher photon

energy hv=E, — Ep.
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Fig. 2-7 Radiative transition between a band and an impurity state.

2.3.2 Influence of high excited light intensity

The PL conditions as mentioned above are excited by low excitation light
intensity. At low excitation light intensity (low density regime in Fig. 2-8), the PL
properties are determined by single electron-hole pairs, either in the exciton states or
in the continuum. Higher excitation intensity. (intermediate density regime in Fig.
2-10) makes more excitons; Such conditton would lead to the exciton inelastic
scattering processes and form the biexciton.~The scattering processes may lead to a
collision-broadening of the exciton ‘resonances and to the appearance of new
luminescence bands, to an excitation-induced increase of absorption, to bleaching, or
to optical amplification, i.e., to gain or negative absorption depending on the
excitation conditions. If we pump the sample even harder, we leave the intermediate
and arrive at the high density regime in Fig. 2-6, where the excitons lose their identity
as individual quasiparticles and where a new collective phase is formed which is

known as the electron-hole plasma (EHP).
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Fig. 2-8 The general scenario.for many-particle effects in semiconductors. [14]

2.3.2.1 Inelastic scattering processes

In the inelastic scattering processes, an exciton is scattered into a higher excited
state, while another is scattered to the photon-like part of the polariton dispersion and
leaves the sample with high probability to release luminescence photon, when this
photon-like particle hits the surface of the sample. This process is shown
schematically in Fig. 2-9 and the photons emit in such a process have energies E,

given by Ref. 14
1 3
E =E, -EX1-— |-=kT, 2-7
n ex b ( nzj 2 ( )
where n =2, 3, 4,..., E*=60meV is the binding energy of the free exciton of ZnO,

and kT is the thermal energy. The resulting emission bands are usually called

P-bands with an index given by n.
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Eexciton

Fig.2-9 Schematic representation of the'inelastic-exciton-exciton scattering processes. [14]

2.3.2.2 Electron-Hole Plasma
In the high density regime, the density of electron-hole pairs n, is at least in

parts of the excited volume so high that their average distance is comparable to

c

or smaller than their Bohr radius, i.e., we reach a “critical density” n_ in an

EHP, given to a first approximation by aén; ~1. We can no longer say that a

certain electron is bound to a certain hole; instead, we have the new collective
EHP phase. The transition to an EHP is connected with very strong changes of

the electronic excitations and the optical properties of semiconductors.
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Chapter 3 Experimental procedures

The experimental detail, including the preparation of ZnO nanowires, structural

and optical analysis methods are presented as follows.

1. 3.1 Growth of ZnO nanowires

3.1.1 Preparation of substrate and buffer layer

Several kinds of the substrates were used in this research, including
polycrystalline Al,O3 (alumina), porous silicon, pre-coated ZnO thin films on silicon
(111) and c-face sapphire. All substrates were cleaned before the growth process of

7Zn0O nanowires.

The porous silicon substrate was made by the electrochemical andization method
on <100> p+ silicon substrates. +Electrochemical etching using Pt as the cathode was
carried out for 2 mins in a Teflon cell containing HF and ethanol with 1:1 volume ratio
under different current densities between 10 and 80mA/cm®.  The resultant porous Si
has a thin nanoporous layer. Then thin gold films were deposited on the alumina and

the porous silicon substrates as catalyst using sputtering deposition.

The ZnO/Si and ZnO/sapphire pre-coated films were grown by pulsed laser
deposition. A ceramic ZnO target (99.999%) was ablated in a vacuum chamber by a
KrF excimer laser with wavelength of 248 nm and pulse duration of 25 ns. A metal
grid as a mask covered on part of the substrate was used to pattern the ZnO film.
The deposition was done at 500°C-600°C for 2 hours under the pressure of 10™* Torr
and in-situ annealing for 1 hour at 700°C. All samples are unintentionally doped.

The thickness of the ZnO buffer film is ~ Ium.
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3.1.2 Preparation of ZnO nanowires

The ZnO nanowires were grown in a horizontal quartz tube furnace. A typical
schematics of the equipment is shown in Fig. 3-1. The detail experimental
parameters such as temperature, process time, pressure and flow rate etc., will be
shown in each chapter. The typical growth condition is introduced in this section.

A powder mixture of pure ZnO and graphite (weight ratio 1:1) or pure Zn metal
was placed in an alumina boat as the starting materials. The substrates were placed
on an alumina boat and then putinto the center of a quartz tube, 2.5 cm in diameter
and 90 cm long, located in the middle of a high temperature cylindrical tube furnace.
The zinc source was positioned in the center of the quartz tube and the substrate was
placed 1cm-5cm downstream of the zinc source. After the system was evacuated to a
pressure of less than 1 Torr bya mechanical’.pump, high-purity argon gas was
introduced into the system with..a flow rate of 500 sccm. Then the furnace
temperature was increased to 500°C10-950°C and maintained for required time
(typically 30 min) while the expetiment proceeded. After the system had been
cooled to the ambient temperature, a gray-white colored product was found deposited

on the substrate and the wall of the tube close to the low-temperature end of the

furnace.
Thermal Vapor Deposition
T=550"C -950°C
Furnace
i - Pump
8 - —
Ar:0, gas flow / / \
4 o Zn metal or Substrate
Zn0+C powders (sapphire, porous Si,

and ZnO thin films)

Fig. 3-1 A schematic diagram of the experimental apparatus for growth of ZnO nanowires

24



3.2 Structure Characterization
3.2.1 X-ray Diffraction

Structural properties were characterized using x-ray diffraction (XRD) (MAC
Science MXP18) and high resolution XRD (Bede D1 system with dual channel single
crystal Si monochromator). The scanning step is 0.02° and scanning rate is 4

degree/min.

3.2.2 Electron Microscopy
The morphology and crystal structure of the products were characterized by field-
emission scanning electron microscope (SEM, LEO 1530 and JEOL-6500) and

transmission electron microscope (FEM, JEOL-2100).

3.2.3 Electron Beam Scattering Diffraction

The Electron Beam Scattering Diffraction” (EBSD) is attached to FE-SEM
JEOL-6500. The EBSD acquisition hardware comprises a sensitive CCD camera,
and an image processing system for pattern averaging and background subtraction.
Figure 1 is a schematic diagram showing the main components of an EBSD system.
The EBSD acquisition software will control the data acquisition, solve the diffraction
patterns and store the data. EBSD is carried out on a specimen, which is tilted
between 60° and 70° from the horizontal. This is the best achieved by mounting the
specimen so that the surface is normal to the electron beam, which is the optimum
position for examining the microstructure using backscattered electrons. Following
such examination the specimen may then be tilted to the EBSD operating position.

If a backscattered image is required from the tilted sample, additional backscattered
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electron detectors must be used [1,2] and these are typically positioned close to the

transmission phosphor screen.

(b)

Phasphor
screen

T Digital slage ard
Eam contred wnit

Fig.3-2 (a) Diagram of the principal components,of. an EBSD system. (b) A photograph taken inside

an SEM chamber showing the typical exéefimeqt’ia_l’iarraﬁgerﬁént for EBSD. [3]
| | 5 . | '_‘

. _ " ]

3.2.4 Raman scattering measu'rgmlein_tj:'ﬁ' SR

The macro-Raman scatteriné " &as” measdf;a with an Ar-ion laser (Coherent
INNOVA 90) as the excitation source emitting at a wavelength of 488 nm with
500mW. The spectra were measured at room temperature. As shown in Fig. 3-2,
the incident beam was in 45° reflection geometry with the samples mounted on the
holder to a spectrometer. The laser beam was focused by a converging lens (f =5
cm) in beam spot size ~ 30-50 um in diameter) and an average power about 10 mW
on the sample surface. The scattered light was collected using backscattering
geometry by a camera lens and imaged onto the entrance slit of the triplemate

spectrometer (Spex 1877).
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Fig. 3-3 The scheme of the Raman system.

The micro-Raman system was also preformed in the backscattering geometry
with a confocal Olympus (BX-40) optical microscope. The scattered light was
dispersed through the triple-menochromator system and detected by a
liquid-nitrogen-cooled CCD. The 515 nnt line of a frequency-doubled Yb:YAG laser
was used as the Raman excitation source: = The best'spatial resolution during Raman

measurements was 1.0 pm with a‘spectral resolution of0.2 cm .

3.3 Luminescence characterization
3.3.1 Photoluminescence

For continuous-wave (cw) photoluminescence (PL) measurement, we used a
He—Cd laser ( A =325 nm) as the excitation source. For pulsed pumping, we used the
third harmonic of Nd:YVO, laser ( A=355nm) with pulse width of ~500 ps and
repetition rate of 1kHz. The schematics of the cw-PL and pulsed pumping system
are shown in Fig 3-4(a) and (b), respectively. The excitation laser beam was directed
normally and focused onto the sample surface with power being varied with an optical
attenuator. The spot size on the sample is about 100pm. Spontaneous and

stimulated emissions were collected by a fiber bundle and coupled into a 0.32 cm
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focal-length monochromator with a 1200 lines/mm grating, then detected by either an
electrically cooled charge coupled device (CCD) or a photomultiplier tube (PMT)
detector. The temperature-dependent PL. measurements were carried out using a
closed cycle cryogenic system. The closed cycle refrigerator was used to set the

temperature anywhere between 7 K and 300 K.

3.3.2 Cathodoluminescence

Cathodoluminescence (CL) studies were carried out in SEM JEOL-6500 system
and a fully integrated GATAN MonoCL system equipped with scanning
monochrometer. The sample was irradiated by the electron—-beam at 45°C oblique
incidence and emission was collected from the normal direction to the sample surface.
The beam diameter in the SEM is of the order of a few nanometers. The excited
volume depends on the energy of the electronsbeam. - Electron energies ranging from
1 keV to 25 keV are commonly used in-the-SEM.' = The resulting probe areas range
from tens of nanometers to a few microns. in 'radius. The light emitted from such
region is captured by a parabolic mirror, and a spectrum is obtained using a grating

and a high efficiency light detector.
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Fig. 3-4 The scheme of the PL system (a),optical pumping system (b).
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Chapter 4 Growth and structure properties of ZnO

nanowires

4.1 Introduction

To understand the novel physical properties of ZnO nanowires and their
applications in constructing nanoscale electronic and optoelectronic devices, the study
focus is on how nanowire can be fabricated. Although each substrate has specific
advantage for device application, the principal aim of this study is to grow vertically
aligned ZnO nanowires. To step toward this aim, varies substrates, including ZnO
buffer layers, Au coated-porous silicon,,sapphire (0001) and so on, were used for the
fabrication of ZnO nanowires:" The "growth and structure properties of ZnO
nanowires are discussed. Moreover, controlling the growth area, growth direction,

epitaxial relation between nanowires ‘and substrates are also investigated.

4.2  Selective growth of ZnO nanowires via self-catalyst method

Figure 4-1 displays the atomic force microscope tomography of a ZnO buffer
layer with the oxygen pressure of 102 Torr. It is seen that the film surface was
non-uniform with root mean square (RMS) roughness of 1.3 nm. Presented in Fig.
4-2 1s the SEM photograph of the nanowires grown on ZnO buffer layer with the
oxygen pressure of 102 Torr. High yield of the nanorods were observed on ZnO
buffer layer (left hand side of the figure) but rare nanorods were observed on the other
part of the sapphire substrate, where was covered by the metal mask during the
growth of ZnO buffer layer. The SEM-photograph shown in Figure 4-3(a) is a
magnified section of high yield ZnO nanowires, as can be seen, the nanowires are
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well-defined hexagonal crystals with diameters of around 100-300 nm and lengths up

to 3um. Figure 4-3(b) shows the Energy-Dispersive X-ray (EDX) spectrum of this

section, which indicates that the nanowires contain only Zn and O elements and

notably no other elements are detected.

Fig. 4-1 The AFM image showﬁlg t e njﬁh{gjﬁg@s équnO buffer layer grown on a sapphire
3y (0001) '

I =
ubstr ate. iﬂ
_,»:" |

Fig. 4-2 SEM image of the ZnO nanorods showing two different growth regions
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The formation of ZnO nanowires includes two steps: nucleation and growth.
For the conventional VLS process, metal catalyst such as gold is necessary to form
the liquid metal-alloy droplets and the nanowires are grown through condensation of
the source metal from the supersaturated liquid metal-alloy droplets followed by
immediate oxidation. Since there are no metal catalysts involved in the growth
process, no droplets were found at the ends of nanorods, which is the main feature of
the VLS mechanism, the growth mechanism is not based on VLS but it is likely
governed by vapor-solid process [1] or the so-called self-catalyzed VLS process.[2]
As shown in AFM tomography in Fig. 1, the presence of pits or hills with nanometer
order on the surface of ZnO buffer layer may provide nuclear seeds for the thermally

vaporized Zn atoms to condense onto the substrate, which is similar to the growth of

(b)

Intensity (a. u.). .

Zn
zn

2 4 6 8 10 12
Energy (KeV)

Fig. 4-3 (a) A typical high magnification SEM image shows shapes of ZnO nanowires. (b) EDX pattern

of the ZnO nanorods.

It has been demonstrated that the morphology of the crystals is related to the

relative growth rates of various crystal faces that bound the crystal; these growth rates
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are not only determined by the internal structure of the crystal but also affected by the
growth conditions.[4] The SEM image in Fig. 4-3(a) indicates that the growth rates
of the directions <001>, <101>, and <100> of the ZnO crystal have the relationship of
R0 > Raoi- > Rage-.  The anisotropic growth of the crystal causes formation of high
aspect-ratio ZnO nanostructure and the ZnO nanowires are preferentially oriented

along the c-axis with prismatic morphology on their tops.

On the other hand, there are only very few nanowires on the bare sapphire.
This is due to the smooth surface may not serve as a nucleation site, Zn vapor is
hardly condensed on the clear sapphire surface as compared with on the rough ZnO
buffer layer. This result is consistent with the previous report on ZnO nanorods
growth by MOVPE method [5] that a,thin ZnO, buffer grown at low temperature is a
key factor for their growth méthod. | Hencey, according to the VS axial growth
mechanism, pre-coated ZnO buffer layer is preferential to grow ZnO nanowires.
Figure 4-4 displays an assembly of “ZnO nano-homojunctions formed on several
nanorods on the different morphology of buffer layer. If the surface of the nanorods
is rough and the concentration of Zn reaches the critical vapor pressure, then the
nano-branches will grow from the nano-valley on the surface of the nanorods. This
growth mechanism of ZnO branch may be similar to the growth of self-catalyzed
nanowires and is analogous to Jian’s finding on SnO; nanodendrites. [6] They found
the morphologies of the SnO2 nanowires change under different oxygen gas flow.
Unfortunately, we are still not able to completely control the growth conditions to

obtain the desired types of ZnO branches.
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Fig. 4-4 3D ZnO structures with several nanowires.

4.3  ZnO nanowires grown on porous silicon substrate

ZnO nanowires grown on Si-based substrates have received increasing interest
for their low cost and large size. The next-generation semiconductor
nanowire-based nanophotonic devices with the well-developed Si-based technology
will have many potential applications. Unfortunately, the large mismatches in the
thermal expansion coefficients and the lattice constants would introduce a rather large
stress between the ZnO and the Si substrate. This stress results in the growth of

randomly oriented ZnO nanowires. Many efforts to prepare ZnO nanowires on a Si
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substrate have not attained a satisfactory quality due to the large stress. Recently,
Fan et al. [7] reported self-oriented regular arrays of carbon nanotubes by using a
porous silicon substrate. Additionally, porous silicon (PS) can emit red to blue
emission with rather easily obtainable red emitting in PS. [8,9] A white light source
is achievable if the red emission from the PS layers can be combined with the green
emission from the defect band of the ZnO and the blue-UV emission from the ZnO
excitonic emission.

A typical cross-section-view SEM image of the high-density ZnO nanowires
grown on a large area of the substrate is shown in Fig. 4-5. The majority of the
nanowires are grown with a length of about 2-3 um and diameters ranging from
20-200 nm. This micrograph reveals a high density of quasi-aligned nanowires
uniformly distributed over the entite substrate. © A TEM image (see Fig. 4-6) shows
that the diameter of an individual,ZnO nanowire.is about 30 nm. The inset in Fig.
4-6 shows a typically selected area kelectron-diffraction (SAED) pattern for a single
ZnO nanowire. Along the same nanewire, the diffraction patterns are essentially
identical, revealing that the nanowire is hexagonal wurtzite single-crystalline ZnO.
The absence of even one droplet on the tip of a ZnO nanowire seems to imply that the
growth mechanism is not followed by the VLS mechanism. This observation is due
to the Au being infiltrated into the PS pores as the growth temperature is increased.
The adhesive force between Au and PS was stronger than that between Au and plain
Si. Therefore, Au as a catalyst stayed at the bottom of the nanowires when Zn vapor
was introduced into the catalytic system. The above growth is still likely to be

governed by the VLS mechanisms.
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Fig. 4-5 SEM cross-section-view image, of the ZnO nanowires on PS.

10 nm

Fig. 4-6 TEM image showing the representative morphology of the ZnO nanowires. Inset shows the

SAED patterns, revealing the monocrystalline phase nature of the nanowires.
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Figure 4-7(a) displays a typical XRD pattern for the ZnO nanowire. Major
peaks were identified and compared with JCPDS file 36-1451, drawn at the bottom of
Figure. 4-7(a). This reveals that the product is composed of hexagonal ZnO with
lattice constants a=0.325 nm and ¢=0.522 nm, which is in agreement with the JCPDS
card for ZnO. These data from XRD and SAED analysis altogether further reveal

that the ZnO nanowires are hexagonal wurtzite crystalline ZnO.
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Fig. 4-7 (a) Typical XRD spectra of the ZnO nanowires. (b) Texture coefficient of the

ZnO nanowires as a function of the Etching-Si current density.
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Furthermore, we used the texture coefficient (TC) [10] to determine the
orientation of the ZnO nanowires. Normally, the growth direction of ZnO nanowires
is [002].[11] The texture coefficient can be expressed as the following expression:

TC. = I(hkl)/IO(hkl) 4.1
1 ’ '
ﬁ Z (I(hkl)/ IO(hkl))
N

(hkl)

where Iy is the observed intensity of the (hkl) plane, lopiy is the standard data
(JCPDS 36-1451) of the (hkl) plane, and N is the total number of diffraction peaks.
When the TC value is larger than 1, a preferred orientation exists in the sample. We
calculated three stronger diffraction peaks for ZnO nanowires, which are (100), (002)
and (101). Figure 4-7(b) shows the TC of (002) plane as a function of the current
density of the etched silicon. Notably, the porosity increases with the etching current
density for a specific HF concentration.[12} »One can find that all of the TC values
of (002) plane are larger than- 1, indicating-the preferred orientation of the ZnO
nanowires. The TC value (1.48-1.77).0f Zn©O nanowires grown on PS is larger than
that of most other ZnO nanowires grown on silicon substrates [13-15], which are
calculated and listed in Table 4-1. The TC value of the ZnO nanowires grown on
(110) sapphire [11], which is lattice matched with ZnO, is also listed in Table 4.1 as a
reference. The calculated TCs with different porosities of the porous silicon made
by different current densities reveal that the porous silicon would benefit the growth
orientation of ZnO nanowires. The possible reason for this is that the small current
density makes the morphology of the silicon surface appear to have a <111> direction
and helps ZnO nanowires grow in the <002> direction. With increasing current
density, the morphology of porous silicon results in randomly directed growth of the

ZnO nanowires making the TC decrease.
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Table 4-1

The calculated (002) texture coefficient value with pervious works and this work.

TC value substrate refence
1.05 (100) Si Ref [9]
1.41 (100) Si Ref[10]
0.99 (100) Si Ref [17]
~3 (110) sapphire Ref [3]
1.48-1.77 porous Si This work

To investigate the influence of the current density of the Si-etching on the
diameter of nanowires, the diameters of the ZnO nanowires in all of the samples were
carefully estimated from the SEM images. Figure 4-8 plots the histograms of the
diameter distribution for ZnO nanewires grown on various substrates etched at
different current densities. A Gaussian curve fitting to each of these histograms as
solid curves yields a mean diameter, of ' 83.5nm, 89.0nm, 72.4nm and 60.0nm for
Si-etching under current densities. of IOmA/cmz, ZOmA/cmz, 40mA/cm® and
80mA/cm’, respectively. Among these etching conditions, ZnO nanowires have the
smallest mean size and the narrowest distribution on porous Si for the etching density
of 80mA/cm®. This observation results from the monodispersity of the catalyst
clusters on PS under the large etching current density. We have also grown the ZnO
nanowires on Au-coated plain Si (100) substrate as a reference. The overall
structures of the nanowires are similar to those grown on porous silicon. However,
we found that the nanowires synthesized on plain silicon substrates have an even
broader diameter distribution than those on PS substrates. Also, the nanowires
appear to be less well aligned (lower TC ~1.53) on plain silicon substrates than on the
PS ones. Hence, we believe that these PS substrates would play an important role in

controlling the orientated growth and narrowing the diameter distribution of ZnO
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A typical Raman spectrum for ZnO nanowires grown on a silicon substrate is
shown in Figure. 4-9. The observed phonon frequencies are A;(TO) ~380 cm ' and
Ey(high) ~ 436 cm ', Since the penetration depth of the Argon laser is longer than
the length ofthe ZnO nanowires, a pronounced phonon mode of the Si substrate at 520
cm” was also observed. The E;(LO) is associated with a lattice defect, such as
oxygen vacancies and zinc interstitial in the ZnO nanowires, which is similar to the
previous results. [16] Clearly, this result with very weak E;(LO) indicates that the

sample is composed of ZnO with high quality hexagonal nanowires.
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Fig. 4-9 Typical Raman spectra of the ZnO nanowires on PS substrate.

4.4 Well-aligned ZnO nanowiresion'Zn0O thin film

From the finding of the first section of the chapter, ZnO nanocrystal can be served
as a seed. Here, we report thé-ZnO nanewires grew on the high quality ZnO thin
films and investigate the in-plane orientation of nanowires.

Figure 4-10(a) and (b) show typical plane and oblique-view SEM photographs of
the ZnO nanowires fabricated on ZnO/Si(111) and ZnO/sapphire(0001) substrates,
respectively. All ZnO nanowires are well vertical aligned normal to the surface.
The diameter of ZnO nanorods can vary between 70 to 200 nm depending on

processing parameters and the lengths can be as long as 1.5 pm.
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Fig. 4-10The typical oblique-view SEM photographs of the ZnO nanowires fabricated o
Zn0O/Si(111) and (b) ZnO/sapphire (0001) substrates.

Figure 4-11 shows the 0-20 x-ray diffraction patterns. Only the {0001}
reflection family of ZnO and surface paralleled plane of substrate appear in the wide
angle XRD profile, indicating all the ZnO films have a ZnO single phase as well as a
complete c-axis preferential growth. 'MeaﬁWhilg, the FWHM of the corresponding
Zn0(0002) 6-rocking curve was 01732 }aind 0056 The broad mosaic distribution
causes some ZnO nanowires gfown | slighﬂ? along 1 the inclined angle, due to the
mosaic grains behave as the nucieus for growth Qf ‘ZnO nanowires. It means that the
buffer layer on the sapphire substrates was almost perfectly grown along the c-axial

direction.  Therefore, the ZnO nanorods reflect more vertically aligned on

ZnO/sapphire(0001) being comparable to ZnO/Si(111).
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Fig. 4-11 The XRD patterns of the ZnO nanowires grown on (a) sapphire(0001) and (b) Si(111).

The vertically nanowires aligned on theboth substrates. The relationship of
in-plane orientation can be discovered from plane-yview SEM photographs by the fast
Fourier transform (FFT), as shown in the insets. The FFT of Fig. 4-12(a) displays
the blurred spots indicating that"the ZnO nanowires on ZnO/Si(111) are randomly
oriented in the in-plane direction. On the contrary, the vertically aligned ZnO
nanorods on ZnO/saphire(0001) show an in-plane alignment with six-fold symmetry

confirmed from the hexagonal star-like spots, as shown in the insets in Fig. 4-12(b).

(b) ZnO/sapphire (0001) substrates. The Inset shows their corresponding FFT images.
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The EBSD also provides crystallographic information of the micro-structures.
Figure 4-13 shows the EBSD patterns of two different position from the ZnO
nanowires on the ZnO/Si(111) substrate. The EBSD patterns constitute a number of
Kikuchi lines but are not identical. To specify an orientation, it is necessary to
define a reference frame consisting of at least two axes, which is known as a
coordinate system. Important surfaces or directions associated with the shape of the
specimen are commonly used to define the axes. The direction normal to the
specimen surface is called ‘normal surface’, in-plane directions are the ‘rolling
direction’ and ‘transverse direction’. Figure 4-14 shows the inverse pole figures.

In the normal surface direction, a discrete peak was observed as a result of the

vertically aligned of the nanowirgs. Howevery-both in the rolling and transverse
& : I ¥ -.

directions, a continuous curve appeared. It indicates that the in-plane orientation of

nanowires is disordered. b ——

Fig. 4-13 The EBSD image taken from two different position of the ZnO nanowires on the ZnO/Si(111)

substrate.
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Fig. 4-14 The inverse pole figures of the ZnO nanowires on the ZnO/Si(111) substrate for the three

orthogonal directions.

On the contrary, the EBSD patterns of two different positions from the ZnO
nanowires on the ZnO/sapphire(0001) substrate are identical as shown in Fig. 4-15.
The inverse pole figure maps is shown in Fig. 4-16. A discrete peak was observed
both at the rolling and transverse directions. It clearly indicates that the nanowires

with not only the out of plane order but alsb iq;i;lhng order.

=1
"1

Fig. 4-15 The EBSD image taken from two different positions of the ZnO nanowires on the
ZnO/sapphire (0001) substrate.
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Fig. 4-16 The inverse pole figures of the ZnO nanowires on the ZnO/sapphire (0001) substrate for the

three orthogonal directions.

It is believed that the difference of relationship of in-plane orientation results
from the orientation of the precoated ZnO buffer layers. To explaining the in-plane

growth relationship of ZnO nanorods, the XRD @ -scan analysis was used to

investigate the ZnO buffer layers on. ifferent substrates.  Figure 4-17(a)
demonstrates that the ZnO/Si( AV c m alignment along the in-plane
direction. The reasons are ex torm: of amorphous phase for glass and the
possible formation of an amo 10US S
Although the lattice mismatch between ZaO and Si(111) is ~3.5%, but the difficulty
basically stems from the fact that Si surface gets easily oxidized during the nucleation
stage of a ZnO growth process.[17] In contrast, the ZnO buffer layers on
saphire(0001) exhibit an in-plane alignment with six-fold azimuthal symmetry, as
shown in Fig. 4-17(b). For sapphire substrate the epitaxial relationship would be
[0001]z00 // [0001]g-ar03 and [1010]za0 // [112 0]o.aos. This result also consist
with the FFT of top-view SEM image as shown the sharp star-like spots when ZnO
nanowires grown on sapphire (0001) and the EBSD observation. Consequently, we

conclude the excellent normal and in-plane alignment for ZnO/sapphire(0001),

therefore improving the growth of ZnO nanowires.
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Fig. 4-17 The XRD ® scan of ZnO thin films on (a) sapphire (0001) and (b) Si(111).

4.5 Epitaxial relation between nanowires and substrates

Figure 4-18 shows the low=magnification SEM images of the ZnO nanostructure.
High yield nanostructure grew “over the substrate. Figure 4-19(a) shows the
high-magnification image with 15° inclination of the region of the pre-coated ZnO
epilayer. Vertically aligned nanowires have diameters ranging from 80 to 350 nm.
The cross section of each wire was well-faced hexagon. The epitaxial relationship is

[OOO 1 ]ZnO wire//[OOO 1 ]ZnO film and [1 1 ‘2O]Zn0 wire//[1 1'20]2110 film-
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A top-view image of the nanowires grown on the region of bare c-plane sapphire

is shown in Fig. 4-19(b). There are three clearly noticeable orientations with
in-plane components parallel to the sides of an equilateral triangle. Some wires are
oriented perpendicular to the surface, they appear just as small bright spots from the
top view. A hillock was noted at the base of these nanowires. A noticeable feature
of hexagonal hillocks is a typical phenomenon in the epitaxial growth of
nanowires.[18] The hillocks form in an early stage and serve as nucleation sites for

subsequent growth of vertical nanowires.

49



ITRI - MRL

ITRI - MRL 5 5.0k 0 100nm WD 9.9mm

Fig. 4-19 High-magnification SEM images of the synthesized ZnO nanostructure on the ZnO epilayer

(a), c-plane sapphire (b), junction bwteeen the epilayer and sapphire (c).

It is noted that the crystal surface of the pyramid island has a 30° rotation of the

ZnO unit cell respect to that of sapphire. This phenomenon is due to reduce the
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lattice mismatch between ZnO and sapphire from 32% to 18%, similar to the growth
of the ZnO epilayer on cC-plane sapphire substrate.[19] The in-plane epitaxial
relationship between ZnO island and sapphire should be ZnO(10-10)
//sapphire(11-20). Baxter et al. analyzed the epitaxial relation of nanowires on
c-plane sapphire.[20] The nanowires grow at an angle of 51.8° with ZnO[0001]//
sapphire [10,14] as a result of the excellent lattice symmetry and lattice match
(~2.3%). Combining with the 3-fold rotational symmetry of the ¢ -plane sapphire,
these epitaxial relationships lead to nanowires growing on € —plane sapphire in one of

three directions separated in projection by 120°.

In addition, the nanobelts/nanosheets grown at the junctions between the epifilm
and the c-plane sapphire are shown inFig./4:19(c). The width, thickness, and length
of the belts are in the ranges of50-100 nm and 3-6 nm, and 5-40 pm, respectively.
Unlike the nanowires whose gtowth and alignment were strongly related to the ZnO

buffered layer and sapphire.

The growth mechanism of ZnO nanowires is likely governed by vapor-solid
process.[21] According to the growth of ZnO thin film, under zinc-rich ambient,
thin film will prefer to column growth.[22] Under this growth condition, the growth
rate of the plane [001] is higher than the others. In our processing furnace, no extra
O, was added, hence the anisotropic growth of the ZnO crystal nanowires occurred.
Nevertheless, the formation of the nanobelts is an issue. We believe that it is related
to the airflow condition at the step of ZnO thin film or the crystal face of the step wall
of ZnO thin film. The supersaturation of the Zn vapor occurs at the step position,

leading to an enlargement of the crystal dimensions.

Figure 4-20 shows typical micro-Raman spectra of the ZnO nanostructures.
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The waurtzite structure of ZnO belongs to the space group C. (P6;mc) with two

formula units in a primitive cell.[23-24] The group theory predicts the existence of
the following optic modes: A;+ 2B; + E; + 2E; at the I point of the Brillouin zone;
Bi(low) and Bj(high) modes are normally silent; A; , E;, and E; modes are Raman
active; and A; and E; are also infrared active. To analyze the Raman mode of ZnO
materials on sapphire substrate has to be quite careful because there are several peaks
overlapped with each other.[25] For example, the EI(TO) mode of ZnO overlap
with the Eg mode of sapphire at 378cm™; A1(LO) mode of ZnO with another Eg
mode of sapphire appears near 578 cm™. In spite of these two features in Raman
spectra, we still observed the E, (high) mode at 437 cm ' with their width of 10 cm™
indicating good crystal quality, we also obseryed E1(LO) mode near 586 cm™ for the
vertical aligned nanowires. This is because the propagation direction of EI1(LO)
parallel to [0-11] is parallel n¢ither to the XY-plane nor to the Z-axis.[26] In the
backscattering configuration, this wibration=mode of the tilted nanowires and
random-orientation nanobelts is more efficiently collected than that of the vertically
nanowires so as the Raman spectrum of these ZnO nanostructures strongly depends

on the collected configuration and crystal face.
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Fig. 4-20 Raman spectra obtained from (a) theivertically aligned ZnO nanowires grown on the ZnO
epilayer; (b) ZnO nanobelts on th& junction bwteeen'the epilayer and sapphire, (c) tilt aligned

ZnO nanowires on C-plane sapphire.
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Chapter 5 Optical properties of ZnO nanowires

5.1 Introduction

The various effects and phenomena observed during the interaction of light with
matter in an optical experiment are unique to the particular material system under
investigation. The manner in which a material system responds to the impingement
of light reveals details of the optical, electronic and nanostructural characteristics of
the material. Light in the form of photons incident on a semiconductor material
interacts with the individual electrons that constitute the bound state of the host atoms.
In the process, an electron may be excited to a high energy state in the conduction
band from which it is rapidly thermalized to the'lower unfilled states within the band.
Simultaneously, a net positive charge (or the so-called hole) is left in the valance band.
In addition to exciting electrons:across the band gap, photon interacts with a variety of
quasi-particles such as electron-hole pairs with Coulomb interaction (excitons),
polaritions, polarons and plasmons. It is well known that light interacts with the host
atoms through the assistance of phonon-photon interaction process. Compared with
the other wide gap materials, ZnO has larger exciton binding energy (~60 meV),
which assures more efficient excitonic emission at higher temperatures. Stimulated
emission and lasing at room temperature from exciton-exciton scattering process and
electron-hole plasma (EHP) was observed in ZnO epitaxial thin films and bulk. [1,2]

In this chapter, the discussions will be directed to optical properties of the ZnO
nanowires with particular emphasis on the interaction of photons with ZnO nanowires.
The principal technique employed in this study is photoluminescence (PL).
Temperature-dependent and excitation-power-dependent PL was measured to

investigate the detailed emission mechanisms. The basic understanding of the
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underlying physics and optical properties in ZnO materials and material structures

sheds light on new phenomena with tremendous potential for device applications.

5.2 PL emission under low excitation density
5.2.1 PL from ZnO nanowires grown on textured ZnO buffer layer

The typical room temperature PL spectrum (see Fig. 5-1) of the ZnO nanorods
grown on textured ZnO buffer layer shows a sharp emission located at 3.26 eV and
another broad emission centered at 2.55 eV. The sharp peak corresponds to the
recombination of free exciton and the broad emission is attributed to excess Zn (or
oxygen vacancy) or surface state emission. It is not surprising to observe free
exciton emission at room temperature due to its large exciton binding energy (60 meV)

as aforementioned.
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Fig. 5-1 The room temperature PL spectrum of the ZnO nanowires.
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Shown in Fig. 5-2 is a near-band edge PL spectrum of ZnO nanorods measured
at 6K. Several sharp peaks observed in the range of 3.0 to 3.45 eV were attributed to
the exciton-related recombination. The inset in Fig. 5-2 shows the wide range PL
spectrum of ZnO nanowires. The feature of the PL spectrum can be also classified
into two categories: near band-edge emission and deep-level emission, which is
relatively weak. The near band edge emission of the ZnO nanowires is dominated
by the bound exciton peak at 3.370 eV, similar to the previous report [3], due to
recombination of excitons bound to donors or acceptors, as depicted in Fig. 5.  Since
the as-grown ZnO thin film is generally n-type, the bound exciton peak is most likely
related to the excitons bound to the neutral donors (D°X), even though the origin of
the donor level remains a controversial issue.[4-6] On the high energy shoulder of
the D°X peak, the free exciton®A transition ®(FXA) is observed at 3.383 eV,
representing no evidence of quantum confinement as presented in an earlier report in
which the diameter of the wires-greatly exceeded 20 nm. A weaker structure at even
higher energy represents the FXA-(n=2)-at 3.425 eV. Generally, in II-VI
semiconductors, the binding energies of neutral-donor-exciton complexes are smaller
than those of excitons bound to neutral acceptors. Thus, the emission labeled A°X
most probably belongs to the acceptor-exciton complexes.[7] On the lower energy
side of the exciton peaks, the phonon replicas of both FXA at 3.322 eV and D°X at
3.298 eV are identified with the relative energy shift from the exciton peaks by a LO
phonon energy, respectively. The higher order LO phonon replicas (up to the 5"

order replica of FX) were also observed.
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Fig. 5-2 The near-bandedge emission-of the ZnO manowires:measured at 6K. The inset shows the

wide-range PL spectrum.

In the Franck-Condon model, the coupling strength of the radiative transition to
the LO-phonon polarization field is characterized wusing the Huang-Rhys
S-factor.[8] The relative intensity of the n-th phonon replicas (I,) is related to the
zero-phonon peak (Ip) by the S-factor as,

In=1Io(S"¢>/n!),n=0,1,2 ... (5-1)

From the measured spectra, the S-factor associated with D°X is estimated to be
approximately 0.044, but the S-factor associated with FXA is around 0.325, which is
much higher than that for D°X. It is expected that the coupling of the FXA to the
1LO phonon is stronger than that of D°X due to larger binding energy of FXA exciton,

which is closer to the LO phonon energy (72 meV), as compared with D°X
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exciton. Table 5-1 shows S-factors of the ZnO nanowires and epitaxial layer. It is
found that S-factor of the nanowires is more than two times larger than that of the
epilayer. It indicates that the strong exciton-phonon interaction in nanowires and
thus reducing structure size seems to enhance the probability of exciton-phonon
scattering. The exciton-phonon interaction discussion will be discussed in the next

section.

Table 5-1 The data of S factor associated with different excitons in ZnO nanorods and epilayer.

S factor associated with D°X | S factor associated with FX

ZnO nanorods 0.044 0.325

ZnO epilayer 0.0136 0.186

5.2 PL from ZnO nanowires.grown on-alumina

The inset in Fig. 5-3(a) shows a.typical low temperature PL spectrum measured
at 6 K and the near band edge spectrum of the ZnO nanowires, including several
individual emission peaks is also depicted in Fig. 5-3(a). The feature of the PL
spectrum is basically the same as that grown on the textured ZnO buffer layer, except
for the larger broad defect emission in this case. Fig. 5-3(b) displays the near
band-edge PL spectra of ZnO nanowires at various temperatures. As the temperature
increases, the D°X peak is quenched more quickly than the FXA emission and the
emission peaks move toward lower energies. Observably, the FXA emission
becomes the strongest one when the temperature exceeds 75 K. The exciton
linewidth is broadened due to scattering of LO phonons and the excitons become
thermally ionized on raising the measured temperature. Some of the bound excitons

are thermally dissociated into free excitons and its LO-phonon replicas dominate the
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PL spectrum. Third-order and even fourth-order LO phonon replicas are observed
when the temperature exceeds 200 K, which implies strong coupling of phonon and
exciton in ZnO nanowires. Finally, only free exciton emission and its first-order

phonon replicas were observed at room temperature.
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Fig. 5-3 (a) The near band edge emission of the ZnO nanowires measured at 6K. The inset shows the

wide-ranged PL spectrum. (b) Temperature dependent PL spectra of the ZnO nanowires.

We also characterize exciton-phonon coupling in the use of the Huang—Rhys
factor and found the S factor associated with D°X is ~ 0.01, but around 0.39 for FXA.

Again, it reveals strong coupling of FXA to the 1LO phonon than that of DX, and it
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is consistent with the ZnO/ZnMgO MQWs system.[12] On comparison of our
previous report on ZnO short nanowires and the epilayer, the S factor correlated with
FXA of the nanowires is two times larger than that of the epilayer (0.186) and slightly
larger than that of the nanorods (0.325). These results imply that the strength of the
free exciton—LO phonon coupling, which correlates with the crystallinity, is strong in
the 1D nanostructure.

The characteristic energy of the LO phonon can be determined from the energy
spacing between the exciton resonant lines and their LO phonon replicas.[13] The
LO phonon energy of ZnO crystal is ~72 meV at low temperature, depicted as the
dotted line for reference in Fig. 5-4 together with the three physical quantities,
FXA-1LO, (FXA-2LO)/2, and (FXA-3LO)/3, marked with solid squares, circles, and
triangles, respectively, is shown as functions of"temperature. Notably, the energy
softening associated with the FXA-1LO phonen approximately equals 9 meV (phonon
energy of 63 meV), the total amountiof energy-softening of FXA-2LO is only 2 meV,
while for FXA-3LO it is 6 meV.+ The energy softening of FXA-1LO has been
observed in ZnO crystals and other polar semiconductor crystals. Absorption spectra
have shown a ~10% softening of 1LO phonon energy for ZnO crystals [14] and it is
theoretically explained by the exciton—polaron model.[15] Similar phonon softening
have also appeared in the low temperature PL spectra of ZnO epilayer films [16-17],

which are marked by an open circle and an open square in Fig. 5-4 for comparison.
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Fig. 5-4 The 1LO phonon energy spacing and 2 LO phonon spacing versus temperature. The dash
line at 72 meV is plotted as reference line. The open square and circle are the values of the ZnO film

in Ref. 11 and 14, respectively.

Polaron formation was used'to describe-the dispersion relations of phonons and
excitons, which will be split ifnito two new phonon-like and exciton-like dispersion
curves under the strong exciton—phonon-coupling.[7] Because ZnO has a free
exciton binding energy of 60 meV, which'is almost resonant with the LO phonon
energy of 72 meV, the excitation is transferred to the excitonic polaron. However,
the bound exciton—phonon coupling of ZnO is far from resonance because of the
relatively small binding energy of the bound exciton (~several meV). This explains
the fact that the S-factor of FXA-1LO is much larger than that of D°X-1LO.

We also indicate in Fig. 5-4 that all the phonon energy of the phonon replica
declines with the temperature increasing over 75 K. The temperature-dependence of
the phonon energy shift can be explained by Permogorov's theory [18], which states
that
(1) the shift of the spectral maximum from its low-energy threshold increases linearly

with temperature, A=(L+1/2)kgT, and hence also the energy spacing between the
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zero-phonon and its phonon replicas;

(i1) the probability of one phonon scattering is approximately proportional to the
excitonic kinetic energy, i.e. (3/2)kgT or L=1; and

(ii1) for two phonon scattering, the annihilation probability is independent of the
excitonic kinetic energy, that is L=0.

The temperature dependence of the various phonon replicas of FXA of our ZnO
nanowires shows basically linear behavior beyond 75 K with the slope of the
temperature dependent curve of FXA-1LO replica approximately equal to (—3/2)kg, in
accordance with the Permogorov's theory, but it becomes flattened below 75 K as
indicated in Fig. 5-4. However, the slope is close to —kg for FXA-2LO and close to
(—1/2)kg for FXA-3LO. The larger slope for the FXA-2LO line might be attributed
to combination of the second order exciton phonon scattering and cascading phonon
scattering. It is still an open-issue. On the other hand, the strong exciton and
phonon interaction leads to the-excitation,of-the exeitonic polaron with large energy
softening of the FXA-1LO phonon, which eauses a flattening of the curve at low
temperatures in the energy spacing versus temperature plot in Fig. 5-4. The phonon
scattering processes become dominated at temperatures higher than 75-100 K, which
is roughly equal to energy spacing between 6 and 9 meV. The flattening effect also
appeared in GaN films in Fig. 5-4 of Ref. [13] at around 15 K or ~1 meV, which is the

energy spacing of the exciton—phonon interaction of GaN.

5.2.2 PL from ZnO nanowires grown on porous Si

Fig. 5-5(a) shows temperature-dependent near band-edge PL spectra of ZnO
nanowires. As the temperature is increased, the energy peaks shift to the low-energy
side dueto the decrease of the band gap. The deconvolution of the low temperature

(7K) PL spectrum ranged from 3.34 eV to 3.39 eV by a series of Lorentzian line
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profiles, as depicted in Fig. 5-5(b), the dominant luminescence lines at 3.358, 3.363,
and 3.372 eV are assigned as two exciton—bound-to—defect emissions and a free
exciton (FX) emission, respectively. On the lower energy side of the exciton peaks,
the longitudinal optical (LO) mode of the FXA at 3.31 eV and the peak at 3.24 eV are
identified by the relative energy shift from the exciton peaks of higher order LO
phonon replicas. The strong exciton-phonon coupling in ZnO nanowires affects the
FXA-1LO phonon energy spacing because of the excitonic polaron formation. A
further increase in temperature causes the bound excitons localized by the defects to
become free excitons, resulting in enhanced emission from the free excitons.
Observably, the FX emission becomes the strongest when the temperature exceeds 30
K. As the temperature increases, the exciton linewidth is broadened due to scattering
with LO phonons and the excitons become thermally ionized. The PL intensity
exponentially decreases with inereasing temperature-due to the thermal ionization of
exciton and thermally activated-nontadiative.recombination mechanisms. Some of
the bound excitons are thermally dissociated-into free excitons, and the free excitons
and their LO-phonon replicas dominate the PL spectrum. Finally, only free exciton
emission and its one phonon replica can be observed at room temperature.

The dependence of the integrated PL intensity of the UV band on temperature is
givenin Fig. 5-5(c). The temperature dependence of the PL intensity can be expressed

by the Arrhenius expression:

I
M= (52)
1+ Aexp( T )

B

where AE is the activation energy of the thermal quenching process, kg is the
Boltzmann constant, |y is the emission intensity at 0 K, T is the thermodynamic
temperature, and A is a constant. The result shows that the activation energy of

about 55.7 meV is in agreement with the exciton binding energy of 60 meV for bulk
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ZnO crystal, which further supports our assessment that this emission band is from
free exciton recombination.

In use of the Arrhenius-plot analysis, the activation energies of the two
exciton-to-defect emissions were also obtained, corresponding to 8.8 meV and 13.6
meV. These values are in agreement with the binding energies of the exciton
emission bound to neutral donors for the I, and |4 emission lines, respectively.[19,20]
In addition, the exciton binding energies for the I, and |4 lines estimated from their
spectral positions are 9 and 14 meV, respectively, which agree well with the values
calculated from temperature-dependent PL.  These values are found to be exactly

the same as the activation energy for thermal release of excitons from the neutral

donors: (D°,X)> D° + X.
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Fig. 5-5 (a) PL spectra of ZnO nanowires at temperature range 7 to 300 K. The intensities are plotted
logarithmically. (b)The fitting results of PL measured at 7 K. (c) Integrated intensity of the free

exciton of ZnO nanowires as function of temperature with theoretical fitting curve.
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5.3.3 Comparison of PL from different morphologies of 1D nanostructures

Fig. 5-6 shows the morphologies of the well-align nanowires, tilted-growth
nanowires and nanobelts, respectively. Figure 5-7(a)-(c) show their corresponding
CL spectra. All of the emission bands are composed of a sharp UV band around
3.26 eV and a green band around 2.5 eV. As aforementioned, the UV peak is
correlated to the exciton-related emission near the band-edge, usually be reported as
the recombination of free exciton.[22] The broad green emission band is commonly
observed in the PL spectra of nominally undoped ZnO thin films.[22,23] and
nanostructures.[24-26] Recent studies on the recombination mechanisms responsible
for the green emission in ZnO phosphors have specifically suggested that the green PL
arises from the recombination of electrons in singly occupied oxygen vacancies with
photogenerated holes in the valence band.[27] *.The vacancy defect centers exist
primarily in the thin (~30nm) electron-depletion layer near the surface of ZnO.

The vertically aligned nanowires -have-the-highest intensity ratio of UV emission
to green emission, whereas, the nanobelts have the lowest ratio. It indicates that the
more oxygen vacancy or surface state exist in belts. A previous study on vertically
ZnO nanowires found that the intensity of the UV (green) emission has maximum
(minimum) along (perpendicular to) the ¢ axis of the ZnO nanowire and proposed the
green emission is generated and emitted from the side of the nanowires.[28] Shalish
et al. [29] show that the intensity ratio of the UV to green emission decreases while
the diameter of ZnO nanowires reduces. They proposed a simple model,
surface-recombination-layer  approximation, to confirm that the surface
recombination dominates the green luminescence spectra with diminishing diameter.
In our experiment, the emission was collected from the normal direction to the sample
surface. Under this geometry, we collected more UV emission along the c-axis from

vertically aligned nanowires than that from tilted ones and nanobelts. On the
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contrary, the green emission was emitted from the side of the tilted wires and
nanobelts because it generates from the recombination between holes trapped at the
surface defects of the sidewall and electrons trapped at the oxygen vacancy. That is

the reason why it is easier to observe the green emission from the random-oriented

nanowires[30] and nanobelt.[31]

Fig. 5-6 High-magnification SEM images of the synthesized ZnO nanostructure on the ZnO epilayer
(a), c-plane sapphire (b), junction bwteeenithe‘epilayer and sapphire (c).
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Fig. 5-7 Room-temperature PL spectra from (a) the vertically aligned ZnO nanowires grown on the

ZnO epilayer; (b) ZnO nanobelts on the junction bwteeen the epilayer and sapphire.; (c) tilt aligned

ZnO nanowires on C-plane sapphire

5.5 Stimulated emission and lasing under high excitation density
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One-dimensional semiconductors have become the important fundamental
building blocks because of their fundamental physical properties and their potential
applications for nano-electronic and nano-photonic devices.[33,34] ZnO nanowires
are especially interesting because they exhibit large exciton binding energy (60meV),
wide band gap (3.37eV), and low threshold ultraviolet lasing.[35] Recent progress in
lasing or stimulated emission has been achieved from a variety of low dimensional
ZnO structures such as micro-cavity[36], nanowires, [35,37-40] nanorods,[41-43] and
nanoribbons.[44]  For large diameter such as ZnO micro-cavity,[36] the lasing
mechanism results from whispering gallery modes (WGMs). The light is trapped
proximity to the perimeter of nanowire by the total internal reflections (TIR). When
the diameter of the ZnO nanowire is smaller than the optical wavelength, the WGMs
will experience high scattering los$ as a result of diffraction. Fabry-Perot resonator
has been used to explain the lasing mode in the individual single
nanostructure[35,44-46] and long i whiskers{47,48] in which two well-aligned
end-faces of the nanowire serve as the Fabry-Perot cavity.

However, in a disorder system of randomly oriented nanowires, coherent photon
may exist during multiple scattering among these disordered nanowires. Unlike the
conventional laser, the random laser emission in disorder media of polycrystalline
ZnO films and powders is a result of the coherent photon scattering that did not
contain any conventional Fabry-Perot cavities.[49-51] The key factor to random
lasing is the existence of a high-gain medium and efficient light scattering in the
samples to provide the necessary coherent feedback. Due to the high-gain
characteristic of the ZnO nanowires,[35] random lasing also acts in high-density
vertically aligned ZnO nanorod arrays.[52] The different resonant cavities formed
by multiple scattering could have different lasing directions. In this section, we

demonstrate the stimulated emission and lasing of randomly oriented disordered ZnO
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nanowires and discuss their relevant mechanisms. By Fourier transforming the
lasing spectrum, we obtained a characteristic loop length of random lasing cavity.

Figure 5-8(a) shows the typical emission spectra of the ZnO nanowires measured
at various pumping intensities. As a reference, the cw-PL is also shown at the
bottom of this figure. At low pumping intensity, only a spontaneous emission peak at
3.26 eV with a full width at half maximum (FWHM) of 110 meV is attributed to the
exciton emission. With increasing the pumping intensity, a narrow emission appears
on the low-energy shoulder of the exciton band. By decomposing the emission
spectrum into a broad spontaneous emission and a sharper peak, we observed that the
integrated intensity of the broad spontaneous emission increases almost linearly with
pumping intensity (Ispzlpo'%), illustrated as close circles in Fig. 5-8(b); however, the
integrated intensity of the narrower peak at 3.22. eV experiences a strong superlinear
dependence (I4=Ip>"") of the excitation intensity. (open circles). As shown in Fig.
5-8(c), the FWHM of the sharper peak-is.only-20 meV. These results indicate a clear
evidence of stimulated emission. The-stimulated emission process was interpreted in
terms of inelastic exciton-exciton scattering in which one exciton is scattered into a
photonlike polariton state giving rise to luminescence, while the other exciton is
scattered into an excited state with a larger quantum number or a totally dissociated
state. [53]

When the pumping intensity exceeds a certain threshold at a specific position of
the sample, shown in Fig. 5-9(a), we found several sharp peaks emerge from 3.20 to
3.25eV with FWHM ~2 meV. Note that the red shift of the PL peak with increasing

excitation intensity is caused by the band-gap renormalization.
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Fig. 5-8 (a) Excitation power dependence of emission spectra of ZnO nanowires. (b) Plot of integrated
intensity of the stimulated emission of ZnO nanowires versus the pumping intensity. (c) The FWHM of

the emission peaks versus pumping intensity.

There are two possible optical resonance modes in ZnO nanowires for laserlike
action. The first resonance mode is the Fabry—Perot mode of the natural optical
cavity formed by the two-end facets of the well-organized nanowires which is a

well-accepted reason for explaining the lasing behavior in a single ZnO nanowire [35]
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and GaN nanowire.[46] Another possible lasing mechanism results from light
amplification due to photon coherent scattering in the random media.[49][50][51]
Compared with the previous reports of lasing from ZnO nanowires,[35] our samples
show an unobvious feature of Fabry—Perot modes. The longitudinal modes spacing

can be determined by the equation,
AA=A7/(2nL) ' (5-3)

Here L is the laser cavity length, n is the refractive index (2.45), and is the resonant
wavelength (~390 nm). For a ZnO nanowire with length of about 3 um, the mode
spacing between the closest longitudinal modes is expected to be 10 nm. It should
exist only a single Fabry—Perot mode in the whole measured PL range (3.0-3.4 eV)
and may become a broad lasing spectrum,due to averaging out the emission spectra of
the single Fabry—Perot modes having differenit lengths. However, we did observe
several sharp lasing modes under high pumping intensity. Therefore, we further
considered the other possible lasing action-from  eoherent photon scattering in the

random medium.
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Fig. 5-9 (a) Typical lasing spectra of ZnO nanowirer The'excitation intensity is about 2 MW/cm?; (b)

Fourier Transform of the lasing spectrum shown in'Fig 3 (a).

To confirm the origin of the laserlike emission peaks, we studied the influence of
the excitation area on the number of modes in the random lasing. Figure 5-10 plots
the emission spectra measured at different excitation areas slightly above the lasing
threshold. Under the smallest excitation area ~ 7.9x107 ¢cm?, no narrow emission
peak was observed. With increasing the excitation area, several sharp laserlike
emission peaks appear. In addition, the number of sharp laserlike peaks tends to
increase with increasing excitation area. According to the previous report on
random lasing,[49] the laser oscillation would not have occurred if the closed-loop
paths were too short to provide enough amplification. This result clearly indicates

that the sharp emissions result from the random lasing action. The scattering
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probability of coherent photon in random-oriented ZnO nanowires is higher than that
in well-aligned ZnO nanowires. We found no distinct sharp peaks from the
well-aligned ZnO nanowires grown on a quartz glass[54] with optical pumping.
Hence, random laser only acted in high-density vertically aligned ZnO nanowires[52]

or disorder-oriented ZnO nanowires.
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Fig. 5-10 Lasing spectra of the sample“of different’excitation area (from top to bottom for decreasing

area).

To further determine the cavity length of the closed-loop random lasing, a simple
and powerful technique which is Fourier transform (FT) of the lasing spectrum is
used.[55-56] The unit of the FT result is in length provided that the unit of the lasing
spectrum is in wave number (1/length). For a traditional Febry—Perot laser cavity,
the separation of harmonics in FT of the lasing emission is nL/#. We assume that
the closed-loop paths of the coherent photon are approximately circles, then the
optical path 2L is replaced by the circumference of the loop, and the resultant FT
harmonics appear at the multiples of nD/2, where D is the loop diameter.

Fig. 5-9(b) is the FT of the laser emission spectrum of Fig. 5-9(a). We found a
broad peak at 20 pm and a series of peaks of the harmonics that appear at 56, 112, and

168 pm, respectively. In fact, the broad peak contains many individual peaks that
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are belonging to several short laser cavities within the illuminated area. The
fundamental resonator of random lasing has a diameter of 56 um. The calculated
loop diameter of the random laser is smaller than the spot size of the pumping laser

beam on the sample.

5.6 Summary

The LO phonon-assisted luminescence of the donor-bound excitons and free
excitons in ZnO nanowires were studied at various temperatures. The strong
exciton—phonon coupling in ZnO nanowires affects not only the S factor but the
FXA-1LO phonon energy spacing, which can be explained by the excitonic polaron
formation. The S factor associated with FXAlof the nanowires is larger than that of
the epilayer. The flattening of'the lenergy-spacing of FXA-1LO phonon replicas is
attributed to formation of the excitonic-polaron and the exciton—phonon scattering
dominates when the temperature exceeds the binding energy of the excitonic polaron.
Furthermore, we deduced the activation energies of free and bound excitons from the
temperature dependent photoluminescence spectra.

We have shown stimulated emission of randomly grown oriented-ZnO nanowires
under optically pumping. Below the lasing threshold, the stimulated emission shows
superlinear dependence of the pump-intensity. Above the lasing threshold, several
sharp peaks with FWHM ~2 meV were observed. The random laser action requires
long enough path length of closed-loop to generate photon amplification via coherent
feedback scattering. If the path length of closed-loop was reduced to below a critical
length, the laser action stopped. Random lasing is more easily realized in disorder
grown oriented-ZnO nanowires than well aligned ZnO nanowires because of short

mean-free path of coherent light scattering in the former case. Finally, the typical
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cavity length of the random laser can be roughly determined by Fourier transforming

the lasing spectrum.
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Chapter 6 Structure and optical properties of

ZnMgO nanowires

6.1 Introduction

The most challenge of realizing the photonic devices based on ZnO nanowires
are p-type doping technique, heterostructures, and bandgap engineering. A desire to
produce ultraviolet (UV) emitting/detecting nanodevices are required for a number of
applications, such as sensing of chemical and biological contaminants, biological
agent detection, sterilization, and tunable solid-state lighting. ~Various groups around
the world are attempting to achieve shorter-wayvelength operation, while at the same

time improving the output power and extraction efficiency of their devices.

Alloying ZnO phase with MgO_and ZnS has been investigated for widening the
bandgap of the ZnO-based nanowites. A blue-shift of the UV emission compared to
that of the pure ZnO nanowires have observed while sulfur was doped into ZnO
nanowires. [1,2] The room-temperature (RT) photoluminescence [3] and absorption
spectra [4] of the well-aligned ZnMgO were tuned by adjusting Mg concentration.
However, no reported studies on stimulated emission (SE) in ZnMgO alloy nanowires.
In this chapter, we demonstrate a simple method to achieve the bandgap engineering
in core-shell ZnO-MgO nanowires by using Mg diffusion. =~ With increasing
annealing temperature, the diffused concentration of Mg was increased as a result of
the PL UV-shift. Furthermore, we report the observation of stimulated emission (SE)

from optically pumped ZnMgO nanowires for the first time.
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6.2 Experimental details

Synthesis of ZnO nanostructure was fabricated in a simple vapor transport
process. Zinc powder (99.9999%) and Mg powder (99.6%) with Mg:Zn weight
ratios of 1:19 were placed in a ceramic boat as the starting materials. An a-plane
sapphire wafer was used as a substrate. The boat was positioned in the center of the
quartz furnace tube and the substrate was placed 10 mm downstream from the mixed
powder. Prior to heating the furnace, the quartz tube was purged with high-purity
argon gas for 3 min twice. The system was heated increased to 570 °C with an
Argon flow rate of 500 sccm and kept at this temperature for 60 min.  After the wire
growth, the products were subsequently heat-treated under ambient atmosphere
pressure for 120 min from 800°C to 1000°C. After the reaction was completed, the
system was cooled to the ambient:temperature and a gray-white colored product was

found deposited on the substrate.

6.3 Growth of MgZnO nanowires

Figure 6-1(a) shows the SEM images of the products for as-grown. All the
morphologies of the products are nanowire- shape with diameters of about 200-500
nm and lengths of over 5 um.  Figure 6-1(b) shows the EDX pattern of as-grown
nanowires, indicating that mainly composed of Mg and O, with a small amount of Zn.
The typical XRD pattern of the nanowires is shownin Fig. 6-2. All relatively sharp
diffraction peaks can be perfectly indexed to a high crystallinity of the hexagonal
structure of ZnO and faced-center cubic structure of MgO. The TEM image of
as-grown nanowires illustrated in Fig. 6-3 (a) shows the individual nanowire displays
difference in brightness between the core and sheath regions. The core structure has
a diameter of about 90 nm and the sheath region has diameter of 600 nm. EDX

pattern as shown in Fig. 6-3(b) indicates that the nanowire is composed of Mg and O
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with a small amount of Zn. The HRTEM image taken from the edge of nanowire, in
Fig. 6-3(c), shows a perfect lattice plane with the inter-planar spacing of 2.1 nm, in
good agreement with the (002) spacing of MgO. The selection-area electron
diffraction (SAED) pattern of this region as shown in Fig. 6-3(d) shows the outer
layer of the nanowires is single-crystalline MgO with a cubic rock salt structure.
From the above observations, we propose that the formation of the nanowires should

be ZnO/MgO core-shell heterostructure as drawn in Fig. 6-3(e).
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Fig. 6-1 (a) Typical SEM image of as-grown nanowires and (b) EDX pattern
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Fig.6.2 Typical XRD pattérn of the as=grown nanowires.

The growth of the ZnO/MgO core-shell nanowires discussed above was
accomplished by simple thermal evaporation'of Zn and Mg powders. The growth is
proposed to proceed as follows. Because the melting point of Zn (~419°C) is lower
than that of Mg (650°C), the Zn powder would evaporate to produce Zn vapor before
Mg powder does with further increasing the processing temperature. In the present
case, as no evidence for catalyst particles was observed on any tips of the synthesized
nanowires, therefore the vapor—solid (VS) mechanism would be a reasonable
explanation for the growth of the ZnO nanowires. The follow-up vaporation of Mg
would condensed, and rapidly oxidized to MgO on the ZnO nanowires. This may
lead to the formation of ZnO/MgO core-shell nanowires. Although the formation
mechanism is important for the fabrication of high quality ZnO-based heterostructures,

the detailed growth mechanisms of the nanostructures are not fully understood.
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Figure 6.3 (a) TEM image of as-grown‘nénov&ir’es; (b) EDX analysis showing the nanowire is
composed of Zn, Mg and O; (c) HRTEM image of the edge of the nanowire; (d) SAED of
single-crystalline MgO with a cubic rock salt structure; and (d) Schematic model of the core-shell

nanowires.

6.4 Bandgap Engineering

Figure 6-4 shows the room temperature PL spectra of the ZnO/MgO core-shell
nanowires annealed at different temperatures in the range from 800°C to 1000°C.
In the PL spectra of the undoped ZnO nanowires and as-grown ZnO/MgO core-shell
nanowires, an near band edge (NBE) emission peak at 3.27 eV with a Full Width at
Half Maximum (FWHM) of 81 meV is attributed to the free exciton emission have

been reported elsewhere.[5,6] As the annealing temperature is increased, the

85



position of the NBE emission peak tends towards higher photon energy with from
3.27 to 3.5 eV, as shown in Fig. 6-5. Meanwhile, the FWHM of the emission
broadens gradually from 81 meV to 112 meV (Fig. 6-5). Another peak appears at
3.23 eV on the low-energy of the exciton band. While the annealing temperature
increases up to 1100 °C, the position of the emission peak reaches to 3.50 eV and the

low-energy peak disappears.
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G

2:2 . 2:4 . 216 . 2:8 . 3:0 . 3:2 . 3:4 . 3:6
Photon Energy (eV)

Fig. 6-4 Room temperature PL spectra of (a) pure ZnO nanowires and (b) the as grown ZnO/MgO
core/shell nanowires annealed at different temperatures in the range from (¢)800°C, (d)900 °C and

(¢)1000°C.
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Fig. 6-5 The energy position of excitonic emission of Zno/MgO core-shell nanowires and

corresponding FWHM as a function of annealing temperaturé;

The dramatically blueshifted emission is attributed to the formation of ternary
ZnMgO nanowires via interdiffusion. Figure 6-6 shows the EDX spectra of the
ZnO/MgO core/shell nanowires annealed different temperature. Zn content
increases with increasing temperature. This indicates that annealing treatment leads
to Mg diffusion into ZnO nanowires and Zn diffusion towards MgO. The diffused
concentration content of Mg element increases while increasing annealed temperature.
The origin of the emission peak at 3.22eV is should be attributed to the NBE emission

from the residual inner core of ZnO nanostructures.
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Fig. 6-6 EDX spectra of ZnMgQ\nanowires at different annealing temperature for (a) 800°C,
(b)900 °C, (c)1000 °C.

A decrease of the PL intensity with increasing Mg concentrations results from
the increase of nonradiative recombination processes. Besides the NBE emission,
the other two emissions, including a blue emission at ~2.62 eV and a green emission
at 2.23 eV, were also observed. The green light emission results from the single
ionized oxygen vacancy in ZnO. The relative intensity of the green emission band to
the NBE band also changes with the change of Mg content in the Mg-doped ZnO
nanostructures. From the PL spectra, it can be seen that pure ZnO has a much
stronger NBE band than the green emission band, while both Mg-doped ZnO
nanonails and nanowires have a weaker NBE band than the green emission band.

The relative intensity of the green emission band to the NBE band follows the order
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Mg-doped ZnO nanowires > ZnO nanowires. The difference in the PL spectra
among these products can be explained as follows. Since Mg™ has a smaller ion
radii than Zn™, the incorporation of Mg into ZnO crystal lattice may introduce little
lattice distortion in the ZnO nanostructures. After all, Mg doping into ZnO
nanostructures influences the energy structure of ZnO and thus a new band structure
may be formed, which should result in changes of the PL intensity of green light
emission. With the increase of Mg content in the Mg-doped ZnO nanostructures, the
intensity of surface oxygen vacancies may also increase due to the insufficiency of
oxygen in the reaction system, which also results in the increase of green emission.
The NBE emission peak weakens and the green light emission is enhanced. The
band gap broadens for the reason mentioned before, which leads to the blueshifted of
the PL spectra and changes the inténsity of near band edge emission. This will give
rise to some new defects, such as oxygen.vacancies, which should result in the

changes of the PL intensity of green light emission.

6.5 Stimulated emission
As shown in Fig 6-7 is the optical pumped spectrum as a function of excitation
intensity. The emission intensity of SP and SE as a function of | at RT is plotted in

Fig. 6-7(b),(d) and (f). The SE is attributed to stimulated recombination of

exciton-exciton scattering and exhibits a dependence of lex. (g oc 12,, where # ~

ext ?

2.08). The spontaneous emission is seen to increase approximately linearly with
increasing ley., whilethe SE is seen to increase in a strongly superlinear fashion with
increasing lx.. The stimulated emission is a two-particle process, which is attributed
to stimulated recombination of exciton-exciton scattering.[7,8]

After annealing treatment with different temperature as well as as-grown
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nanowires are shown in Figure 6.  The blue-shifting of the SE peak is also observed
and similar to the result of cw-PL. Otherwise, when the doping of Mg is increased,
the power of I decreases from 2.08 to 1.45. The material quality was degraded after
the process of Mg diffusion due to additional scattering centers by impurities and
defects. Hence many non-radiative centers formed or other loss mechanisms formed
after diffusion of Mg. The cross section (or probability) of exciton-exciton
scattering is reduced. It means that the efficiency of the stimulated emission

decreases. The result of SE is consistent with cw-PL result.
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Fig. 6-7 The RT emission spectra as a function of excitation intensity for (a) as-grown (c)
annealing-800°C (e) annealing-900°C ZnO/MgO core/shell nanowires. Figure 6.6 (b),(d) and (f) show

the integrated PL intensity dependence on excitation intensity.
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6.3 Summary

We report a simple fabricated method for the hetrostructure of ZnMgO
nanowires. The formation of the core-shell structure is discussed. A blueshift in
the near band emission at room temperature after annealing treatment is attributed to
the diffusion of Mg into the ZnO nanowires and then ZnMgO alloy formation. Band
gap engineering and stimulated emissions of ZnMgO nanowires with different Mg
doping are also domesticated. The unique properties of stimulated emission in

MgZnO nanowires could potentially be utilized for nano-device application.
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Chapter 7 Conclusions and Outlooks

7.1 Conclusion

We have demonstrated the possibility of selective growth of ZnO nanowires on a
low temperature grown ZnO buffer layer. The vapor-solid mechanism is responsible
for this selective growth of the ZnO nanowires. We have studied the epitaxial
relationship between the nanowires and the substrates. Besides we found
enhancement of the orientation of ZnO nanowires on can be achieved by using the
porous silicon substrate, we also demonstrated ZnO nanowires are vertically aligned
with well in-plane alignment as a result of homoepitaxy in the region of the ZnO
epifilm on c-plane sapphire. In the regionof bare c-plane sapphire, however, besides
few nanowires vertically aligned with [0001]Zn0O//[0001]a-Al,O3, the nanowires
were properly aligned with 3-fold rotation-symmetry. Furthermore, ZnO nanobelts
were found at the junction regions between the epifilm and the bare sapphire (0001)
surface.

Although no apparent quantum confinement was observed in these samples from
the PL spectra, both of strong edge-emission and phonon-assisted exciton emission in
nanowires from low temperature PL spectrum shows good crystalline quality of the
grown samples.  Moreover, the LO phonon-assisted luminescence of the
donor-bound excitons and free excitons in ZnO nanowires were studied at various
temperatures. The strong exciton-phonon coupling in ZnO nanowires affects not
only the S factor but the FXA-1LO phonon energy spacing, which can be explained
by the excitonic polaron formation. The S factor associated with FXA of the
nanowires is larger than that of the epilayer. The flattening of the energy spacing of

FXA-1LO phonon replicas is attributed to formation of the excitonic polaron and the
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exciton-phonon scattering dominates when the temperature exceeds the binding
energy of the excitonic polaron. By fitting the temperature-dependent PL spectra
with the Arrenius expression the activation energies of FXA and D°X were obtained.
The green emission is due to recombination between holes trapped at the surface
defects or electrons trapped at the oxygen vacancy, the stronger green emission
implies that the more surface defects existing on the side wall of the nanowires and
nanobelts. We demonstrated that not only the emission prosperities but also the
vibration prosperities are related between collected configuration and crystal face of
nanostructures.

We have shown stimulated emission of randomly grown oriented ZnO nanowires
under optical pumping. Above the lasing threshold, several sharp peaks with
FWHM ~2 meV were observed:which shows the superlinear dependence on the
pump intensity. The random -laser action requires: a long enough path length of
closed loop to generate photon amplification-via coherent multiple scattering. If the
path length of the closed loop was reduced to-betow a critical length, the laser action
stopped. Random lasing is more easily realized in disorder-grown oriented ZnO
nanowires than well-aligned ZnO nanowires because of the short mean free path of
coherent light scattering in the former case. Finally, the typical cavity length of the
random laser can be roughly determined by Fourier transforming the lasing spectrum.

Finally, we report on the simple fabricated method for the hetrostructure of
ZnMgO nanowires. The formation of the core-shell structure is discussed. A
blueshift in the near band emission at room temperature after annealing treatment is
attributed to the diffusion of Mg into the ZnO nanowires and ZnMgO alloy formation.
Band gap engineering and stimulated emissions of ZnMgO nanowires with different
Mg doping are also demonstrated. The unique properties of stimulated emission in

MgZnO nanowires could potentially be utilized for nano-device applications.
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7.2 Outlooks

We have studied the substrate effect on the growth orientation of ZnO nanowires,
the fundamental emission (the origin of the recombination), and the fabrication of
ternary MgZnO nanowires and their optical properties. There are some pending
challenges for not only fundamental research but also device applications. For
fundamental research, the first challenge is to explore the properties of the single
nanowire, especially carrier-carrier interactions, time-resolved photoluminescence and
nonlinear optical effects. The second challenge is to fabricate fine controlled
hetrostructures and stable p-type ZnO nanowires.  The further study we must
develop is to grow the periodic arrays of vertical aligned ZnO nanowires. These
periodic arrays can be as 2D photonieerystals.

One of the important devi¢e applications.is. to achieve the electro-luminescence
device, such as light emitting=diode and laser.” Lieber’s group has developed an
electrically driven CdS nanowire laser.[1] Suchlasers promise to increase flexibility
and to reduce costs. They also may enable new uses, including integrated single-
and multicolor emitters for lab-on-a-chip systems; nanosensors for biochemical
defense, medicine and general chemical and biological detection; near-field optical
nanolithography; and integrated optoelectronics for inter/intra-chip optical
communication.

Another application is used as energy-conservation devices based on p-n
junctions. Energy conservation is an important issue in the future. Dye-sensitized
solar cells (DSSCs) are the efficient, stable, inexpensive excitonic photovoltaic cells
since they were first developed by M. Gritzel and co-worker in 1991 with an
efficiency of 7.1%.[2] The most popular n-type semiconductor is TiO, nanocrystals.

Very recently, two research groups individually demonstrated the ZnO nanowires
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based DSSCs.[3][4] However, the conservation efficiency of ZnO based DSSc is
1/10 times lower than that of TiO, based DSSCs. To improve the conservation
efficiency is an important work in the future. ZnO-based nanowires will be one of

the most functional photonic materials in future research and device applications.
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