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Zinc oxide (ZnO) nanostructures are emerging as the key building blocks for
nanoscale optoelectronic and electronic devices. ZnO has a large exciton binding energy (~
60 meV), which makes its nanotips ideal for studying excitonic emissions in one-dimensional
systems even at room temperature. ZnO nanowires show a strong exciton-polariton
interaction, promising for fabricating UV nanolasers. The large and fast photoconductivity in
high quality ZnO is suitable for making UV photodetectors. ZnO nanotips can be grown on
various substrates, including glass, Si, and GaN, at low growth temperature (~ 400°C) by
metal-organic chemical vapor deposition (MOCVD) that provides the potential of the
integration of ZnO nanotips with Si based microelectronics and GaN based optoelectronics
devices. To date, most of the research has been focused either on ZnO films, or on “pick-and-

place” manipulation of randomly dispersed ZnO nanowires to study their physical properties.



In this dissertation work in-situ n-type doping of ZnO nanotips during MOCVD s
studied, including the doping effects on optical properties and electrical conductivity.
Nanoscale tunneling current-voltage characteristics of the ZnO nanotips show the
conductivity enhancement due to Ga doping at the proper range of doping concentration. At
low or moderate doping levels, the increase in photoluminescence (PL) intensity from Ga
doping is attributed to the increase of Ga donor related impurity emission.

The excitonic emissions of ZnO nanotips are investigated using temperature-
dependent PL spectroscopy. The sharp free exciton and donor-bound exciton peaks are
observed at 4.4K, confirming high optical quality of the ZnO nanotips. Free exciton emission
dominates at temperatures above 50K. The thermal dissociation of these bound excitons
forms free excitons and neutral donors. Temperature-dependent free A exciton peak emission
is fitted to the Varshni’s equation to study the variation of energy bandgap versus
temperature.

A prototype of ZnO nanotips/GaN light emitting devices has been demonstrated using
an n-ZnO nanotips/p-GaN heterostructure. The electroluminescence with a peak wavelength
of 406nm is primarily due to radiative recombination from electron injection from n-type
ZnO nanotips into p-type GaN. A novel integrated ZnO nanotips/GaN LED has been
fabricated for enhanced light emission efficiency. A Ga-doped ZnO transparent conductive
oxide (GZO) film and ZnO nanotips are sequentially grown on top of a GaN LED, serving as
the transparent electrode and the light extraction layer, respectively. Compared with the
conventional Ni/Au p-metal LED, light output power from the ZnO nanotips/GZO/GaN LED
is improved by 1.7 times. The enhanced light extraction is attributed to the increased light

scattering and transmission in the ZnO/GaN multilayer.
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Chapter 1. Introduction

1.1  Motivation

Zinc oxide (ZnO) is a wide bandgap semiconductor that is currently undergoing a
renaissance because of its many exciting properties. The earliest work on ZnO can be
dated back to 1930’s, particularly optical characterizations in 1950s and 60s [1-3].
Recently, several physical characteristics and device-related properties of ZnO have been
explored, showing that ZnO provide a potentially superior material for the optoelectronic
and microelectronic devices. ZnO has the following advantages: [4] (1) a 60-meV exciton
binding energy for more efficient optical emission and detection (much higher than 25
meV of GaN, 4 meV of GaAs), which is 2.4 times the thermal energy at room
temperature; (2) a commercially available native substrate; (3) better radiation resistance
(one order higher than that of GaN); (4) lower cost for the basic materials; (5) wet-
chemical processing is feasible; and (6) high-quality epitaxial films and nanostructures
can be grown at a low temperature (~ 400°C). A high saturation velocity has been
predicted to be ~ 3x107 cm/s, [5] potentially leading to fast electronic devices. ZnO has a
large photoconductivity, making it suitable for UV photodetectors [6, 7].

An interesting topic in the solid-state electronics is the fabrication of low
dimensional material systems to introduce quantum confinement effect. The electron-hole
oscillator strength will have orders of magnitude enhancement in a nanostructure, due to
the dramatically increased joint density of states near the van Hove singularity.
Nanostructured optoelectronic and electronics devices have attracted much interest due to
improved device performance in comparison with their counterparts without

nanostructures. For instance, low lasing threshold, low temperature sensitivity, high



differential gain and high modulation bandwidth have been obtained in infrared
semiconductor laser when quantum dots layer is used as the active layer [8]. A Si
photoconductive photodetector with nanostructured grating in the active region has
shown increased responsivity, higher internal quantum efficiency and faster
photoresponse [9]. In addition, miniaturized single nanowire devices are the building
blocks for the integrated electronics and photonics of next generation.

Among various nanoscale materials, ZnO nanostructure has been placed among
the most prosperous candidates, which stimulates a lot of research interests. Bulk ZnO
has a small exciton Bohr radius in a range of 1.8-2.3 nm [10-12]. Therefore, the quantum
confinement effect in ZnO nanowires should be observable at the scale of an exciton
Bohr radius. The well-width dependent PL blue shift has been observed in ZnO/MgZnO
MQW epitaxial nanorods, [13, 14] with the ZnO well-widths ranging from 1 to 5 nm.
Quantum size effect also caused a blue shift in free excitonic emission in ZnO nanorods
with diameters smaller than 10nm [15]. The extremely giant oscillator strengths of free
exciton and biexciton emission lead to a thermally stable low threshold lasing in ZnO
nanowires. ZnO is a polar semiconductor. It shows strong exciton-polariton interactions
and has been identified as the most suitable semiconductor for a room temperature
polariton laser [16]. In a polariton laser, no population inversion is required to achieve
optical amplifier. The strong light-matter coupling in a resonant microcavity produces
coherent light amplification due to bose condensation of exciton polaritons, forming the
basis of a theoretically zero threshold and spin-polarization conserved stimulated

emission.



Compared with bulk materials, another significant characteristic of nanostructures
is the high surface-to-volume ratio. ZnO nanowires have the same lattice constants and
crystal structure of bulk, confirmed by powder XRD and TEM data [17-19]. Therefore,
many bulk properties are still preserved. Furthermore, doping and energy band
engineering can be made in the ZnO nanotips, which are supported by the epitaxial
MOCVD growth technique. The Zn-O bond is half ionic and half covalent. Doping in
Zn0O is much easier compared with other covalent-bond wide bandgap semiconductors,
such as GaN. By appropriate doping, the electrical conductivity of ZnO can be tailored
from semiconducting to semi-metal, keeping high optical transparency to the visible and
UV wavelength. An important consideration for space communication applications is that
the material should be radiation hard, resistant against high energy particle bombardment.
ZnO nanotips are attractive for field emission due to anti-oxidization, low emission
barrier, high saturation velocity and high aspect ratio. These make ZnO an ideal
candidate among transparent conducting oxides (TCOs) for field emission displays and
transparent electronics.

UV light sources are of strong research interest because of their broad
applications, including non-line of sight covert communication, bio agent detection, high-
density optical storage and UV photonics. ZnO is closely lattice matched with GaN.
Therefore, when integrated with mainstream GaN light emitting diode (LED) and laser
diode (LD) technology, ZnO nanostructure can be used for high efficient solid-state light
source, such as a high light extraction efficient UV/blue nanoLED. We have reported that
single crystalline and highly oriented ZnO nanotips can be grown on Si and GaN

substrates by a catalyst-free growth process, providing a potential integration of ZnO



nanotip arrays with Si and GaN devices [20, 21]. Because of the diversified choices of the
substrate materials for ZnO nanotips, including glass, metals, Si, and GaN, novel vertical
nanotips based devices can be developed, which are significant in both scientific research

and engineering application.

1.2 Scope of Work

The objectives of this research are to develop in-Situ n-type doping of ZnO
nanotips, and conduct feasibility studies on the prototype of n-ZnO nanotips/p-GaN light
emitting devices. Two types of ZnO nanotips/GaN LEDs will be fabricated, including: (i)
n-ZnO nanotips/p-GaN heterojunction devices and (ii) ZnO nanotips/TCO/GaN LEDs. In
type (i) device, ZnO nanotips are grown on top of p-GaN to form p-n junction, and serve
as an active layer. In type (ii) device, ZnO transparent conductive oxide (TCO) and ZnO
nanotips are directly grown on top of a GaN LED, and act as a transparent conductive
and a passive light extraction layer, respectively.

In addition, the excitonic emission properties of ZnO nanotips will be studied.
The scope of work covers:

e Optical studies of ZnO nanotips using temperature dependent photoluminescence
(PL) spectroscopy.

e Studies of optical and electrical properties of in-situ n-type doping of ZnO nanotips
using MOCVD technique.

e Fabrication and characterizations of integrated ZnO nanotips/TCO/GaN LEDs for
higher external quantum efficiency; explore the possible light extraction

enhancement mechanism.



e Fabrication and characterizations of prototype vertical n-ZnO nanotips/p-GaN

heterojunction LEDs.

1.3 Organization of the Dissertation

After establishing the motivation and importance of the related work in Chapter 1,
a technical background of the growth and characterizations of ZnO nanostructures,
including optical properties, are reviewed in Chapter 2. Also reviewed in Chapter 2 is
current develop status of ZnO nanostructure based devices. In Chapter 3, in-situ n-type
doping of ZnO nanotips and their structural, optical, and electrical characterizations are
presented. The temperature-dependent excitonic emission dynamics for bound and free
excitons are discussed in Chapter 4. In Chapter 5, a prototype hybrid n-ZnO nanotips/p-
GaN heterojunction light emitting diode is fabricated. Integrated ZnO nanotips/TCO/GaN
LEDs for enhanced light extraction efficiency are described in Chapter 6. Light
extraction enhancement mechanisms are investigated and analyzed, and compared with
the electroluminescence (EL) testing results from a conventional Ni/Au p-contacting GaN
LED. Finally, Chapter 7 summarizes the work accomplished and proposes future

investigations in the related areas.



Chapter 2. Technical Background

2.1 ZnO Nanostructures

The growth of ZnO 1-D nanostructures are mostly based on bottom-up
approaches using self-assembly or directed assembly of template. As compared with top-
down techniques, the bottom-up techniques do not require nanolithography but are still
capable of producing nanosize features. A self-assembly growth could be a self-limited
process spatially defined by the template, or a self-ordering process established upon a
dynamic balance of two opposite physical or chemical interactions, such as attractive and
repulsive forces, diffusion and dissolution.

A wide variety of growth techniques have been used in the synthesis of ZnO
nanostructures, from simple thermal evaporation to more sophisticated epitaxial growth
techniques, for instance, vapor phase transport, thermal evaporation, chemical vapor
transport and condensation (CVTC), sputtering and pulse laser deposition (PLD),
molecular beam epitaxy (MBE), chemical vapor deposition (CVD) and metal-organic
chemical vapor deposition (MOCVD) [22-26]. Other growth techniques include
template-assisted growth [27] and solution-based synthesis [28-30].

The growth mechanisms for ZnO nanowires have been attributed to vapor-liquid-
solid (VLS), screw dislocation growth, catalyst-free self-nucleation growth, and vapor-
solid (VS) mechanism. During a VLS process, a liquid phase is formed initially, due to
formation of a eutectic phase. Upon supersaturation of the liquid alloy, a nucleation
center forms, and serves as a preferred site for the axial growth of a nanowire. The
adsorbed gas reactants are then diffused through the liquid phase to the solid-liquid

interface, and the growth of the solid phase proceeds. Due to the much larger



accommodation coefficient of the reactants in the liquid, growth is much faster at the
solid-liquid interface as compared to the solid-vapor interface [31-33]. The screw
dislocation growth is a structural defect evolved process to usually form nanowhiskers
[34, 35]. When the line of a screw dislocation is parallel to the growth axis of the
nanowire, e.g. c-axis of ZnO nanowires, the spiral plane perpendicular to the screw
dislocation line possesses a low-energy step, which acts as a site for sequential growth.
Thus, the growth rate along the dislocation line is much faster compared to that of the
radial direction. This results in the formation of a 1-D nanostructure [36, 37]. Typically,
the end tip of the nanowires obtained from this mechanism is conical with a spiral
honeycomb-like morphology. A characteristic of screw dislocation growth is the presence
of axial screw dislocations that is often evident from TEM.

The formation of ZnO nanowires with sharp prismatic tips from MOCVD can be
attributed to catalyst-free, near-equilibrium self-nucleation growth. ZnO nucleates on the
surface of the substrate as a result of the reaction between adsorbed oxygen and zinc from
Diethyl Zinc, similar to ZnO epitaxial growth. The nucleation can be enhanced by the
presence of impurities, high temperature, or presence of a secondary phase, which reduce
the nucleation energy. As-formed ZnO nuclei could follow an epitaxial relationship with
a lattice-matched substrate. The nuclei thus formed then reach a critical size, and begin to
grow in all directions. The growth habit of the nuclei depends on the relative growth rates
of the different crystal faces bounding the nuclei. The growth rate (R) relationship for
different ZnO crystal faces is R<po1> > R<j01> > R<190>> R<po.1>. Thus growth along the c-
axis [0001] has the highest growth rate, while the negative c-axis [0001] has the lowest

growth rate [38]. As the growth rate is much more favored along the c-axis and it is the



direction of free growth without size limitation, it grows into nanowires with sharp
prismatic tips. These nanowires not only grow in height but also increase in width. The
aspect ratio of the nanowires can be adjusted by control of the growth conditions [36, 39].

The vapor-solid (VS) mechanism is another catalyst-free process. In a VS process,
the solid is directly vaporized at a higher temperature and deposited onto a substrate to
form nanostructures [40]. According to Sear’s model, the atoms are impinged onto a
whisker side surface, adsorbed onto the surface, and diffused along the lateral surface
into an atomic sink at the tip of the whisker. Those atoms not reaching the tip are
removed by re-evaporation because of their unstable energies [41]. As a result, 1-D
crystal growth occurs at the tip of the nanowire, where an enormous atomic sink exists.
The sequential growth is a diffusion-limited process. Unlike VLS, VS-governed growth
proceeds at the vapor and solid crystal interface.

ZnO nanowire growth based on a chemical vapor transport and condensation
(CVTC) method has been reported [42-44]. A CVTC growth may use Zn vapors in an
oxygen ambience. Zn evaporated over the substrate reacts with oxygen to form ZnO,
which then condensed onto the substrate surface. The growth temperatures reported for
vapor transport systems are typically higher than 900°C. CVTC growth requires a few
hours of pre-annealing if Au pre-deposition onto the substrate surface is involved. Pre-
annealing of Au results in the formation of small Au islands, which act as nucleation
centers for the subsequent growth of ZnO nanowires. The size of the ZnO nanowires
obtained depends greatly on the size (diameter and thickness) of these Au islands. The

growth mechanism of CVTC is mostly due to VLS that needs the metal catalyst.



Thermal evaporation is used to synthesize 1-D ZnO nanostructure [45-47]. ZnO
powders are heated and vaporized at a high temperature; mostly in the range of 1100°C ~
1400°C. Deposition of ZnO nanostructures occurs on the substrate placed in the
downstream of the carrier gas. Certain growth directions and surface planes are exhibited.
The formation of nanobelt is ascribed to a vapor-solid process. The morphology and
optical properties of nanostructures greatly depend on the specific substrate temperature
as well as the carrier gas species. Other approaches reported to prepare single-crystal
ZnO nanowires include wet oxidation of a zinc and selenium mixture in a heating furnace
[48], where Se serves as a liquid-forming agent in VLS growth, or thermal evaporation of
zinc and carbon mixture in oxygen ambient. Zn or Zn suboxides are proposed to be the
nucleation center for nanowire growth via a VLS-like mechanism.

MOCVD growth follows catalyst-free growth mechanism, which is preferred to
reduce the impurity incorporation. It is a process based on pyrolytic reactions, which uses
metalorganic precursors as the reactant species. These metalorganics have only one
dangling bond and can be easily converted to chemical vapors. This allows the use of a
low growth temperature, depending on the vapor pressure of the precursor. The precursor
compound used in the MOCVD system has a reasonable vapor pressure and a low
melting point. A carrier gas transports the vapors of the reacting species. The reaction
then proceeds on the substrate surface heated at the growth temperature. The MOCVD
technique has several advantages, such as chemical and thermodynamic dependent
growth, low growth temperature, control at the atomic level, large area deposition for
mass production, and high growth rate. It also provides the flexibility of in-situ doping

processes. Energy band engineering can be realized by appropriately choosing reactant
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species and growth conditions. Moreover, the MOCVD technique is compatible with
well-developed semiconductor processing technology due to the low growth temperatures.
The catalyst-free nature of MOCVD growth of ZnO nanowire eases the post-growth
purification process.

ZnO nanorod or nanotip growth on various substrates, such as c-plane sapphire,
fused silica, metals, Si and GaN using MOCVD was reported [20, 21, 49]. The nanotip
growth mechanism is attributed to a catalyst-free self-nucleation process and a layer-by-
layer growth mode. The columnar growth is a result of the highest growth rate along the
Zn0O c-axis. ZnO is a polar semiconductor, with (0001) planes being Zn-terminated and
(0001) being O-terminated. These two crystallographic planes have opposite polarity,
hence have different surface relaxation energies, resulting in the highest growth rate
along the c-axis. Therefore, by controlling the ZnO growth parameters, ZnO nanotips
with c-axis perpendicular to the substrate and with a high aspect ratio can be grown on

various substrates.

2.2  Optical Properties of ZnO Nanostructures

The optical transitions in ZnO consist of intrinsic and extrinsic optical transitions.
Intrinsic transitions are radiative recombination of electrons in the conduction band and
holes in the valence band, and free excitonic emission (FX). Extrinsic transitions are
radiative recombination involving defects and impurities, such as emissions from bound
exciton (BE), donor-acceptor pair (DAP), free-to-bound (e.g. eA), or broad

yellow/green/blue mid-bandgap luminescence.
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2.2.1 Intrinsic Optical Transitions

ZnO has the wurtzite crystal structure, belonging to point group C¢ . In contrast

with the cubic structure, the lower symmetry of the wurtzite structure leads to anisotropy
in the electronic and optical properties of ZnO along c-axis and perpendicular to c-axis.
The energy band structure of ZnO has an s-like lowest conduction band (I'; symmetry)
and three p-like valence bands. Direct interband transition occurs at Brillouin zone center
(k=0).

(a) Spin-orbit coupling (As)

An electron moving through an electric field, such as that the periodic potential of
the crystal lattice, experiences a potential proportional to the scalar product of its velocity
and the electric field. This additional interaction is referred to as the spin-orbit coupling.
Spin-orbit coupling tends to remove the degeneracy of states with the same wave
function and opposite spin. Spin-orbit coupling leads to a partial lifting of the valence
band degeneracy, the formerly six fold degenerate valence band is split into a fourfold (j
= 3/2) and a twofold (j = 1/2) band. In ZnO, the spin-orbit coupling is negative due to the
negative contribution from the zinc d band in the valence band, which results in the j =
1/2 band to be at a higher energy than the j = 3/2 band [50, 51].

(b) Crystal field splitting (A)

Another type of perturbation occurs due to the interaction of the inner electron
shells (d-shell in Zn) with the non-negligible electric field of the surrounding crystal
lattice, which does not have a spherical symmetry but the symmetry of the crystalline site

at which the ion is located. This perturbation is known as the Crystal Field Splitting, and
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results in the splitting of the valance band into I's and I'; states [52] (in the absence of
spin-orbit coupling).

The p-like valence bands are split by the spin-orbit and crystal-field interactions,
shown in figure 2.1 [53]. In figure 2.1, a negative spin-orbit splitting is used for
illustration. Figure 2.2 shows the band structure and symmetries of hexagonal ZnO [54].
Table 2.1 summarizes the band structure related properties of wurtzite ZnO [54].

The valence band ordering of ZnO has been in controversy for decades. Thomas
et al. assigned the three valence bands as A-I'Y, B-I'y and C-I'; in the order of
increasing transition energy to the conduction band [55], whereas Park et al. assigned the

order as A-I'y, B-T'}, and C-I"; [56]. The difference arises from the interpretation of the

spectral line, which Thomas assigned to intrinsic ground-state A-exciton transition, while

Park interpreted as an ionized donor-bound exciton complex transition. Recently,

Reynolds et al. concluded the valence-band symmetry ordering of A-I'y, B-I'}, and C-

'} using polarized magnetoluminescence measurement [57]. However, Lambrecht et al.

conducted the first-principles band structure calculations and suggested the first
assignment [58].

The transition selection rules in hexagonal ZnO are predicted as follows:
transition between A (B) valence band and the conduction band is mainly allowed for the
light polarization E perpendicular to c-axis (E L c¢), where E is the electric field
component of the incident light, while transition between C valence band and the
conduction band is mainly allowed for the light polarization E parallel to the c-axis (E //
c). The transitions between the conduction band and valence bands can be represented

using the group theory [59, 60]:
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Figure 2.1. Splitting of the valence band in hexagonal ZnO by crystal-field splitting

and spin-orbit coupling [53]. The figure is not drawn to scale.
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Figure 2.2. Band structure and symmetries of hexagonal ZnO [54].



Table 2.1: Band structure related properties of wurtzite ZnO [54]
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' >05:TyxTy=T1++T5s (2.1)

'y >T5:TyxI'7=Ts5+T% (2.2)

where I'; and I states are transition forbidden; I'; and I's states are the eigen-
states corresponding to light polarization parallel (E // ¢) and perpendicular (E L ¢) to the
c-axis, respectively. Therefore, all three fundamental ground-state excitons of ZnO are
allowed in the o polarization (E L ¢ and K L ¢), but the ¢ exciton is very weak in terms of
the oscillator strength. The ¢ exciton is strong in the 7 polarization (E // ¢ and k L c), but
A and B excitons are weak in this configuration. All three excitons are allowed in the a
polarization (E L c and k // ¢).

The additional features of intrinsic exciton states include exciton excited states,
exciton-polariton longitudinal-transverse splitting, electron-hole exchange interaction,
and rotation states, etc. ZnO is a strongly polar material, therefore, its free excitons can
significantly couple with photons to form polaritons (i. e. upper polariton branch (UPB)
and lower polariton branch (LPB)). Strong exciton-longitudinal optical phonon coupling
also occurs, leading to exciton scattering and relaxation. The intrinsic excitonic emissions
of ZnO occur in the spectral range of 3.376 - 3.472 eV [61-64]. The energy separation
between the A and B free exciton is in the range of 9-15 meV [65, 66].

In theory, the exciton Rydberg energy of ZnO (i. e. Ry* = 13.6eV*p/(mo*e?)) is
60 meV [67]. A. Teke et al. have shown that the ground-state free A exciton and its first
excited state in high-quality bulk ZnO have an energy separation of 45meV. Based on the
hydrogen-like effective mass model, a free A exciton binding energy of 60meV was
calculated, giving the energy bandgap of 3.4372 eV at 10K in bulk ZnO [68]. Another

approach is to artificially generate the higher order exciton states due to exciton-exciton
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scattering using a high optical excitation. Through the identification of so-called P-band
in ZnO, the energy difference between the first-excited state and the ground state of the
free exciton are determined. Sun et al. have experimentally found that the exciton binding
energy in epitaxial ZnO films is ~ 60meV [69].

Table 2.2 lists the peak positions of intrinsic exciton emissions observed in bulk

ZnO single crystals.

Table 2.2: Summary of intrinsic exciton transitions in bulk ZnO [64, 68]

FXFUTS) FXEHT,) FX73T) FX§2(T,) LPB, UPR, FX5! FX5 FXE! FX=2
Teke et a 3.3771 33757 34220 34206 33740 33810 33898
Reynolds 3 3.3756 3.4221 34209 3.3895
Reynolds 3.3793 33775 3.3743 33829
Hamby et al. 3.378 3374 3385
Muth er al. 340 345 355
(295 K) 1295 K) (205 K)
3455 isla 3.60
(TTK) (TTK) TTK)
Chichibu er al. 3.4231 3.3768 33783 34290 34679
Park et al. 3.3931 34243 34331 34696
Thomas 3.3768 3.3828 34208
Liang andYolTe 3.3781 34282 3.3856 34324 34264 34722

2.2.2 Extrinsic Optical Transitions

When the free excitons are localized by defects and impurities in ZnO, bound
excitons (BE) are formed. Free exciton can bound to neutral or charged donors and
acceptors in ZnO, where a strong coupling of the quasi-particles in the bound exciton
states is assumed. For donor bound excitons, the two electrons in the BE states pair of
and form a two-electron complex with zero spin, while a hole is weakly bounded. In as-
grown ZnO nanotips, the neutral donor bound exciton (DX) emissions are always the

most intense because of shallow-donor-like point defects and unintentional dopants. DX
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often give the sharpest lines in the spectrum (< 1-2 meV in half width), suggesting these
bound excitons may not have any degree of freedom for translational motion.
Significantly, strong acceptor bound exciton (AX) emissions can also be observed in ZnO
when Group V elements are incorporated for p-type doping (such as a nitrogen acceptor
related AX peak at 3.232eV [70]), as compared to the broad DAP recombination in the
PL of p-type GaN [71, 72].

The sharp bound excitonic emissions of ZnO occur in the spectral range of 3.348 -
3.374 eV, giving the exciton-to-donor binding energies of 10-20 meV [73-75]. Among
these emissions, the acceptor-bound excitons often occupy on the low-energy side (3.356
— 3.348eV) [76-78], due to higher ionization energies of the acceptors compared with that
of the shallow donors. The additional fine features of bound exciton states in ZnO include
excited states and excited rotator states, locating at the high-energy side of the ground
states. Other fine structures may show two-electron satellite (TES) transitions, which is
the radiative recombination of a donor bound exciton emission with the donor left in the
excited state. TES has been observed in the spectral range of 3.32 -3.34 eV [79, 80].

The exciton binding energy is found proportional to the donor bind energy, where
the Haynes constant in bulk ZnO is experimentally found to be ~ 2 [81]. Table 2.3 lists
bound exciton transitions observed in bulk ZnO, though the chemical origins of most

donors and acceptors are still unknown and currently under extensive investigations.
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Table 2.3: Summary of bound exciton transitions in bulk ZnO [64]

B excitons bound

Neutral acceptor bound excitons A excitons bound to neutral or ionized donors Rotator states  to neutral donor
Present work 33481 33530 33364 33308 336035 33618 33634 33630 33664 33686 3.3702 33724
33643
Reynolds et al. 33562 33394 33602 33610 33624 33632 33670 33702
3363 13664 33714
Alves et al. 3338 336l 3362 31364
Thonke et al. 33566 33397 33606 33620 33628 3364

3592 336

tad

Boemare et al.

22 33633 33603

3.3632

.
3

33603 337

1707 2 17T
SI07 3570

Donor acceptor pair (DAP) emission and its LO phonon replicas are other types

of extrinsic emission commonly observed in ZnO. DAP luminescence results from the

radiative transition of a donor state to an acceptor state in the bandgap if their

wavefunctions overlap. A characteristic feature of DAP emission is that, when increasing

the pump intensity, the emission maximum of the pair-band shifts to higher energy due to

the decrease in average distance between the donor and acceptor centers. Another

radiative process in ZnO is free-to-bound transition. In ZnO, only the recombination of a

free electron with a neutral acceptor has been observed (denoted by eA), because of the

easier thermal ionization of a shallow donor. Free-to-bound emission of ZnO occurs at

the high energy side of the corresponding DAP peak, whose energy separation has been

reported in an order of tens of meV [82, §3].

2.2.3 Photoluminescence of ZnO Nanostructures

As reviewed in sections 2.2.1 and 2.2.2, most optical studies of ZnO have been

conducted on bulk ZnO. Optical properties of ZnO have been characterized using optical
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absorption, transmission, reflection, spectroscopic ellipsometry, photoreflectance,
photoluminescence (PL), cathodoluminescence, and magnetoluminescence, etc. Among
these techniques, PL is a convenient and powerful tool, and has been most widely utilized
to characterize the crystalline quality and the point defects in ZnO. However, the
assignments of specific excitonic emissions and their chemical origins in ZnO are still the
subject of controversy, because the concentration of defects and impurities highly relies
on the specific samples and growth runs, particularly, for ZnO nanotips which have been
mostly heteroepitaxially grown on a lattice mismatched substrate.

Free excitonic emission was observed at 10K in ZnO nanowires grown on c-
ALO;3 using MOVPE [84]. The near band edge emission of these nanowires consists of
four peaks at 3.359, 3.360, 3.364, and 3.376 eV with full width at half maximum (FWHM)
of 1-3 meV, respectively. The PL peak at 3.376 eV is assigned to a free exciton peak.
The peaks at 3.359-3.364 are attributed to neutral-donor bound exciton peaks (l,). The
observation of the free exciton peak for ZnO nanorods at 10 K was suggested resulting
from the catalyst-free growth.

Temperature dependent PL spectra of ZnO nanowires grown on sapphire and Si
substrates by an Au catalytic VPT process were reported [85]. The intense emission at 3.6
eV was attributed to a free-to-bound transition with a binding energy of 124 meV for the
bound state. B. P. Zhang et al. studied the excitation power dependence of PL spectra of
Zn0O rods [86, 87]. The biexciton emission was observed in these rods, shown by the
appearance of the superlinear power dependence M band (3.3599¢V). The biexciton is
found to have a binding energy of 17.3meV and an effective temperature of 35K. The PL

line at 3.315eV was assigned to DAP emission with an acceptor binding energy of ~
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107meV. Y. Gu et al. reported the thin quantum confinement effects in thin colloidal-
synthesized ZnO nanorods with radius of ~ 1nm [88]. The exciton binding energy was
found significantly enhanced, giving a specific enhancement factor (y = Eg (1D)/ Eg (3D))
of > 6.

Stimulated emission was demonstrated in ZnO nanowire arrays at room
temperature [89-92]. The nanowire array was grown on an Au-patterned a-sapphire
substrate via a VLS growth mechanism. The nanowires have diameters of 20-150 nm and
lengths up to 40 pm with high area density of 10" cm™. The samples are pumped by the
fourth harmonic of an Nd: YAG laser at room temperature. Light emission was collected
along the c-axis of the nanowire. Surface-emitting lasing was observed at 385 nm, with
FWHM less than 0.3 nm, much narrower than that of spontaneous emission pumped by a
He-Cd laser. The stimulated emission has a low lasing threshold of ~ 40 KWcem™, one
order lower than that of bulk and epitaxial ZnO thin films (~ 240 kWem™) [93]. The low
lasing threshold has been attributed to an enhanced photon and carrier confinement in the
ZnO nanowires. The nanowires are single-crystalline and well-facetted, therefore serves
as individual self-contained Fabry-Perot resonance cavities. This cavity-like lasing
mechanism is further proved by measuring near-field scanning optical microscope
(NSOM) for a single nanowire [93].

The emission dynamics was also evaluated in ZnO nanowires. Yang et al.
measured time-resolved PL spectrum of ZnO nanowires grown on a-sapphire by an Au
catalytic CVTC process [94]. The relaxation process of the radiative recombination in
ZnO nanowires consists of a fast component (70 ps) and a slow component (350 ps), as

compared to 200 ps in ZnO thin films. The long lifetime has been attributed to reduced
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defects and impurities in ZnO nanowires, such as zinc vacancy complexes, leading to

reduced electron or hole traps that generate nonradiative recombination channels.

2.3 ZnO Nanostructure-based Devices

Most work on ZnO nanostructure devices has been carried out using the “pick-
and-place” manipulation of randomly dispersed ZnO nanowires. ZnO nanowires are
usually scratched from the growth substrate, then sonicated in an organic liquid drop and
dispersed onto a template. After picking up an appropriate single nanowire, metal
contacts are deposited on both ends of the nanowire using nanolithography. Therefore,
most devices are randomly located and horizontally lying on the template surface. By
utilizing such geometry, many physical properties of ZnO nanowires have been
characterized and studied [95-97]. For instance, large photoconductivity of a single ZnO
nanowire was reported [98]. The ZnO nanowires with diameters ranging from 50 to 300
nm were dispersed on pre-fabricated gold electrodes. Electrical resistivities without and
with UV light irradiation were measured in a four-terminal configuration. The
conductivity of ZnO nanowire under UV irradiation increases by 4 to 6 orders of
magnitude compared with the dark current, with a response time in the order of seconds.
The photoresponse has a cutoff wavelength of ~ 370nm. Recently, Z. Fan et al. studied
photocurrent temporal response, showing that the photoconductivity of ZnO nanowires
was strongly polarization dependent [99].

There have been only several reports on the vertical ZnO nanowire devices,
including nanowire LEDs and single nanowire FETs [100, 101]. Konenkamp et al.

fabricated vertical ZnO nanowire LED, showing white-color electroluminescence [100].
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ZnO nanowires were grown on fluorine-doped SnO,-coated glass substrates by
electrodeposition from aqueous solutions. The ZnO columns have diameters of 100-
200nm, and 2 pum in length. The space between the nanowires was filled using
polystyrene. A 0.5-1.5 um coating of poly (3, 4-ethylenedioxythiophene) provided a p-
type contact to the nanowire tips, and a 100nm Au deposition formed a Schottky contact
for hole injection. The EL was observed at a threshold of 10V with a current density of
100mA/cm?” at the nanowire tips. A defect band centered at 620nm is observed in the EL
spectrum.

Ng. et al. demonstrated a single ZnO nanowire vertical surround-gate field-effect
transistor [101]. Both n- and p- channel FETs were fabricated. The vertical aligned ZnO
nanowires were grown on close-lattice matched SiC substrates by Au catalyst-assisted
carbothermal reduction deposition at a growth temperature of 925°. The nanopatterned
Au islands determine the growth sites of the nanowires. The ZnO nanowires have
diameters of ~ 40nm and lengths of ~lum, spacing lum apart. The underlying P"-SiC
serves as the bottom source contact for the single nanowire. Conformal CVD deposition
of 20nm thick SiO, was used to encapsulate the nanowires, then chemical mechanical
polishing (CMP) was used to remove SiO; at the nanowire tip and expose Cr surround-
gate electrode. A selective wet etching of Cr was performed to form ~ 30nm recess. The
recess was filled by SiO, CVD, followed by another CMP to expose the tips, and finally a
100nm top Cr was deposited for the drain contact. The n-FET is normally on and turn off
at a threshold voltage Vs = -3.5V, while p-FET has a threshold voltage of 0.25V. The
transconductance per nanowire is 50ns and 25ns at [Vg| = 1V for n-channel and p-

channel, respectively.
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Despite a few groups reported the heterojunction devices of n-ZnO/p-Si and n-
ZnO/p-GaN, all the work has been done on ZnO epitaxial or polycrystalline films. There
have been few reports on n-ZnO nanotips/p-Si and n-ZnO nanotips/p-GaN devices.

Alivov et al. observed 430nm electroluminescence from an n-ZnO/p-GaN
heterojunction LED under a forward bias of 3V [102]. The LED layer structure consists
of 1pm Mg-doped GaN film grown on c-sapphire and 1pm Ga-doped ZnO film on the
top. By comparing CL and EL emission spectra, they suggested that the EL emission of
the n-ZnO/p-GaN hereojunction primarily origin from the electron injection from n-ZnO
to the p-GaN side. EL emission from an n-ZnO/p-AlGaN heterojuntion LED was also
demonstrated with a peak wavelength near 389nm [103]. This LED has a 0.8um Mg-
doped Alj 12GaggsN film grown on a 6H-SiC substrate with another 1pm Ga-doped ZnO
film on top of p-AlGaN. The diode showed a threshold voltage ~ 3.2V and low leakage
current ~ 107 A, which was ascribed to the improved lattice match in the n-ZnO/p-
AlGaN/SiC structure. PL and EL studies show that the predominant hole injection from
p-Alp.12Gag ssN region into n-ZnO region lead to the UV luminescence. The emission is
found thermally stable at temperatures up to S00K, suggesting its excitonic nature.

Spectral response and quantum efficiency of an n-ZnO/p-Si photodiode were
characterized [104]. The photodiode exhibited a cutoff at 380nm at near UV, with a
maximum quantum efficiency of 70% at 650nm and a minimum of 10% at 420nm.
However, the p-n diode didn’t show a good rectifying junction under dark, possibly due

to defect mediated ZnQ/S1 heterointerface and bulk material.
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2.4 Summary

The scope of the thesis work is among the highly active research frontier. Most
optical studies of ZnO have been conducted on bulk ZnO. However, the assignments of
specific excitonic emissions and their chemical origins in ZnO are still in wide
controversy, where the peak identifications highly rely on the specific samples and
growth runs. Particularly, ZnO nanotips have been mostly heteroepitaxially grown on
lattice-mismatched substrates. Therefore, the excitonic emissions of ZnO nanotips need
to be studied. We will investigate in-Situ n-type doping of ZnO nanotips and study the
doping effects on optical and electrical properties of ZnO nanotips. In terms of ZnO
related devices, most of the work has been done either on making heterojunctions on ZnO
films or using randomly dispersed ZnO nanowires to study their physical properties. In
this dissertation work we will investigate the feasibility to fabricate vertical n-ZnO
nanotips/p-GaN heterojunction light emitting devices. Finally, a novel integrated ZnO
nanotips/TCO/GaN LED will be explored, in which ZnO nanotips serve as a passive light

extraction layer for enhanced external quantum efficiency.
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Chapter 3. Properties of Ga-doped ZnO Nanotips

Controllable in-situ doping is critical for realizing nanoscale electrical and optical
devices. Under most growth conditions, undoped ZnO is intrinsically n-type due to the
presence of low energy native point defects such as oxygen vacancies (V,) and Zn
interstitials (Zn;), and shallow donors from impurities such as hydrogen. Theoretical
investigation suggests that Zn; as a native shallow donor have ionization energy of ~ 30-
50 meV [105]. First principles calculations based on density functional theory and
spectroscopic analysis confirm that interstitial hydrogen at a bond-centered site behaves
as a shallow donor in ZnO with ionization energy of ~ 30 meV [106, 107]. Hydrogen can
also be bound to native defects forming a hydrogen-complex donor. Other extended
structural defects, such as native defects, extended defects or defect complexes are
responsible for the n-type background in undoped ZnO. However, the unipolar
conductivity resulting from defects and unintentional impurities is not controllable for
practical device applications.

To achieve n-type doping, group-III elements Al, Ga, and In as substitutional
elements for Zn and group-VII elements F, Cl and I as substitutional elements for O can
be used as n-type dopants. Trivalent cations A", Ga**, and In’* have higher valence state
than Zn”", which contribute to an electron carrier. Among group III elements Al, Ga and
In, we choose Ga as an n-type dopant in ZnO films. Compared with Al, Ga is less
reactive and more resistive to oxidation, leading to a better growth control. Near-band-
edge (NBE) PL emission of Al doped ZnO films can only be observed at low temperature.
Ga has a high solid solubility (>2 at. %) and low activation energy of 50meV in ZnO

[108]. The covalent bond lengths of Ga-O and Zn-O are reported to be ~ 1.92 and 1.97 A,
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respectively [109]. This slightly smaller Ga-O bond length makes the deformation of

ZnO lattice small even for high Ga doping concentration.

3.1 MOCVD Growth and Characterizations of ZnO Nanotips

ZnO nanotips have been grown on various substrates, including GaN, Si, and
glass, using a MOCVD technique. The MOCVD chamber is an axisymmetric rotating-
disk vertical flow reactor. The positions of metalorganic and O, injectors are designed to
minimize gas phase reactions in the chamber. During the nanotips growth the substrate
temperature was maintained at ~480°C with typical growth rate of 1-2um/hr.
Metalorganic DiethylZinc (DEZn) and ultra high purity oxygen gas (99.999%) were used
as the zinc source and the oxidizer, respectively, while high purity Ar (99.999%) was
used as the carrier gas. A Leo-Zeiss field emission scanning electron microscope
(FESEM) was used to characterize the morphology of the films and a Topcon 002B
transmission electron microscope (TEM) was used to perform detailed structural
characterizations. High-resolution x-ray diffraction (HRXRD) analysis using a Bruker
D8-Discover four-circle x-ray diffractometer with four bounce Ge (220)-monochromated
Cu Ko, radiation. In-plane registry was evaluated by x-ray ¢-scans using a general-
purpose four-circle diffractometer. PL measurements were performed using a 20 mW He-
Cd laser with an excitation wavelength of 325nm. A liquid nitrogen pourfilled optical
cryostat through a quartz window was used for the 77K measurements. Absorption
spectra were measured by using a double-source DU530 UV/visible spectrometer. It has

an interface connected to a computer, and measures a wavelength range from 190nm to
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1700nm. Normal incidence transmittance and absorbance of ZnO nanotips samples were
recorded. ZnO film thickness was measured by an Alpha-stepper profiler.

Under certain growth conditions, ZnO grown on various substrates shows a
columnar structure with rods ending in tips. Columnar growth is a result of the highest

growth rate along the c-axis of ZnO. ZnO is a polar semiconductor, with (0001) planes
being Zn-terminated and (0001) planes being O-terminated. These two crystallographic
planes have opposite polarity, hence have different surface energies. The (0001) planes
in ZnO have the maximum surface energy amongst the low-index planes. The crystals are
elongated along the [0001] direction and the prismatic sides of these crystals are usually

the {1010} or {1120} planes, implying that the (0001) plane has the highest energy.

The growth rate relationship for different ZnO crystal faces is R<0001> > R<1011> >

R<1010>, where R is the growth rate. As a result, the growth rate along the c-axis is the

highest, and oriented nanowires are formed in the c-direction.

3.1.1 ZnO Nanotips Grown on Glass

Zn0O nuclei can be formed randomly on amorphous substrate such as SiO,. Due to
the fastest growth rate along [0001] direction compared to the lateral direction, ZnO
nanostructures can be grown on amorphous substrates with preferred [0001] orientation.
Figure 3.1 shows the FESEM image of the MOCVD grown ZnO nanotips on glass
substrate. The as-grown ZnO nanotips are about 500 nm in height, 40-60 nm in diameter,
giving an aspect ration of ~ 1:10. Figure 3.2 shows the 6-20 scan of x-ray diffraction

pattern of MOCVD grown ZnO nanotips on glass substrate. The XRD pattern of ZnO
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Figure 3.2. XRD data of ZnO nanotips grown on glass.
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nanotips grown on amorphous glass substrate only shows (002) and (004) ZnO double
peaks. This confirms that the ZnO nanotips have a preferred c-axis (001) orientation even
grown on an amorphous SiO, template. As the fused silica layer is amorphous, the initial
ZnO crystals that nucleate on the fused silica surface presumably also do not have a
specific epitaxial arrangement. A columnar structure may result from either competitive
blocking of all crystallites (by other crystallites) whose c-axis is pointing away from the
surface normal, or a preferential orientation of the ZnO nuclei on the relatively flat SiO,
surface once they reach some critical size.

Figure 3.3 (a) and figure 3.3 (b) are room temperature and 77K PL spectra of ZnO
nanotips grown on glass, respectively. At room temperature, strong NBE PL emission is
observed at 3.277e¢V. The dominant peak at 3.277eV can be primarily attributed to
recombination of donor-acceptor-pair (DAP). No deep level emission is present, showing
good optical quality of the nanotips grown on amorphous glass. To determine the peak
position and halfwidth, a nonlinear least-square curve fitting is performed to deconvolve
the 77K PL spectrum into individual Lorentzian peaks. Shown in figure 3.3 (b), black
curve is the measurement result, and red curve is the least-square curve fitting result
based on the Lorentzian lineshape. The PL peak at 3.367 eV can be attributed to bound-
exciton emission involving neutral-donor. Transition at 3.349 eV may result from the
bound exciton emission. We assign the PL line at 3.318 eV to zero phonon line of donor-
acceptor-pair (DAP) emission. The DAP emission is accompanied by the first order LO
phonon replica at 3.245 eV. The results indicate that the undoped ZnO nanostructures

grown on glass have good morphology and crystallinity.
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Figure 3.3. (a) Room temperature and (b) 77K PL spectra of undoped ZnO nanotips
grown on glass. Black curve is the measurement result; red curve is the least-square

curve fitting result based on the Lorentzian line shape. Green curves show

individual Lorentzian peaks.
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3.1.2 ZnO Nanotips Grown on Si

ZnO nanotips can be grown on Si via a catalyst-free self-nucleation process. A
thin SiO, layer is formed at the Si and ZnO interface during the initial growth. The ZnO
crystals nucleate on the amorphous SiO, layer. As the growth rate is more favored along
the c-axis, the self-assembled nanotips growth proceeds. Figure 3.4 shows a FESEM
picture of ZnO nanotips grown on (100) Si substrate. ZnO nanotips are very dense and
predominatingly oriented along the c-axis with uniform size. The diameter of the bottom
of nanotips is in the range of 40-60nm and the length is ~ 500nm, giving an aspect ratio
of ~10:1. XRD measurement is employed to characterize the crystalline orientation of the
ZnO nanotips grown on Si substrate. Shown in figure 3.5, only (0001) ZnO peak is
present in the 6-20 x-ray scan, indicating a preferred c-axis orientation.

Figure 3.6 (a) and figure 3.6 (b) are room temperature and 77K PL spectrum of
ZnO nanotips grown on Si substrate, respectively. At room temperature, ZnO nanotips
exhibit strong near band edge emission at 3.29eV with negligible deep level emission.
The PL peak at 3.29¢V can be primarily attributed to the free exciton emission, though
recombination from DAP also contributes to the peak formation. Shown in figure 3.6 (b),
the 77K PL spectrum of the undoped ZnO nanotips has a dominant NBE emission around
3.37 eV, which is due to the free excitonic transition. For ZnO nanowires, the dominance
of free exciton emission is rarely observed in a low temperature PL spectrum [80, 87].
The quench of free excitonic emission has been ascribed to localization of free exciton by
intrinsic defects and impurities. Bound-exciton transitions, mostly donor-related,

dominate the emission spectra, which
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Figure 3.4. FESEM image of ZnO nanotips grown on Si substrate.
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Figure 3.5. XRD pattern of ZnO nanotips grown on Si substrate.
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primarily result from a high background carrier concentration. The presence of the
dominant free excitonic emission confirms high purity and a low defect density of ZnO
nanotips grown on Si substrate using MOCVD.

In figure 3.6 (b), a second strong peak occurs around 3.36 eV, which has a
slightly lower energy than free exciton emission. It is related to bound-exciton emission
involving neutral-donor-like complex. Additionally, a PL transition at 3.32 eV is
observed. It could be assigned to the bound-exciton emission from donor-acceptor pair
(DAP). It is also noted that up to three LO-phonon replicas exhibit at the low energy tail
of the 3.32 eV peak. The results indicate that the undoped ZnO nanostructures grown on

Si have good morphology and crystallinity.

3.1.3 ZnO Nanotips Grown on GaN

ZnO nanotips can be grown on crystalline GaN/c-plane sapphire substrate
following an epitaxial relationship. The GaN/c-sapphire template was prepared by
depositing a GaN epitaxial film (1-2um thick) using MOCVD on a c-Al,O; substrate
with a conventional low temperature GaN buffer layer followed by high temperature
(1080°C) bulk GaN growth. Prior to the ZnO nanotip growth, the GaN template was
ultrasonically cleaned in acetone, methanol and a diluted 1:1 HCI solution, and then
rinsed with deionized water. We reduced the oxygen gas exposure time before the growth
in order to reduce the surface oxidation at the ZnO/GaN interface. Figure 3.7 shows a

FESEM image of ZnO nanotips grown on GaN/c-Al,Os template. The ZnO nanotips are
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Figure 3.6. (a) Room temperature and (b) 77K PL spectra of ZnO nanotips grown

on Si.
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uniformly distributed over the entire substrate surface. These nanotips were found to be
well oriented with the c-axis normal to the substrate surface. The nanotips have a
diameter of 40-60nm at the bottom and a height of ~ 620nm. Inset of figure 3.7 shows a
high resolution TEM image of a single crystalline ZnO nanotip.

To determine the epitaxial relationship between ZnO nanotips and GaN, XRD 0-

20 and ¢ scans were investigated. Figure 3.8 (a) shows a 0-26 scan of ZnO nanotips
grown on GaN/c-Al,Os3. Only ZnO (0002) and GaN (0002) peaks are observed, indicating
that these nanotips are preferentially oriented along the c-axis, normal to the basal plane
of the GaN/c-sapphire template. Figure 3.8 (b) shows the in-plane ¢ scan carried out
along {10-13} family of planes for ZnO. The hexagonal symmetry of ZnO can be seen
from three equally spaced (60° apart) peaks in the ¢ scan from 0° to 180°. The XRD
patterns confirm that (10-13) ZnO || (10-13) GaN, resulting in an epitaxial relationship
between ZnO and GaN of (0002) ZnO || (0002) GaN and (10-10) ZnO || (10-10) GaN.
The formation of well-aligned ZnO nanotips on (0001) GaN substrates results from a 1-D
growth governed by the growth habit of ZnO. ZnO and GaN are closely lattice-matched
and both have the wurtzite-type structure. During the initial MOCVD growth, ZnO nuclei
are epitaxially grown on the GaN film. Subsequent columnar growth of ZnO nanotips is a
self-assembling process. The growth rate along the c-axis is the highest due to the
difference in surface relaxation energies between (0001) and (000-1) planes.

Figure 3.9 (a) and figure 3.9 (b) are room temperature and 77K PL spectrum of
ZnO nanotips grow on GaN, respectively. It is noted that PL spectra of ZnO nanotips
grown on GaN has essentially identical shape and peak position as those grown on Si

(figure 3.8). At room temperature, ZnO nanotips exhibit strong NBE free excitonic
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emission at 3.29¢V with negligible deep level emission. A free excitonic peak around
3.37 eV is observed in the 77K PL spectrum. The presence of free excitonic emission at
room temperature and 77K confirms a low defect density of ZnO nanotips grown on GaN
substrate. A second strongest peak at 3.36 eV can be attributed to neutral-donor bound-
exciton emission. Additionally, the peak at 3.32 eV could be assigned to the
recombination from DAP. It is also noted that three LO-phonon replicas exhibit at the
low energy tail of the 3.32 eV peak. The results indicate that ZnO nanotips grown on

GaN have good morphology and crystallinity.
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Figure 3.7. FESEM image of ZnO nanotips grown on an epitaxial GaN/c-sapphire
substrate. Inset is a high resolution TEM image of a single crystalline ZnO nanotip

showing lattice fringes. The c-axis of ZnO is aligned normal to the substrate surface,

along the vertical direction.
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Figure 3.8. XRD patterns of (a) 6-26 scan of ZnO nanotips on an epitaxial GaN/c-
sapphire substrate; (b) in-plane ¢ scan carried out along {10-13} family of planes for
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Figure 3.9. (a) Room temperature and (b) 77K PL spectra of ZnO nanotips grown

on GaN.
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3.2 In-situ Ga Doping

3.2.1 Growth and Structural Characterizations

We have grown ZnO nanotips with different Ga doping levels on fused silica
substrates using MOCVD. Triethylgallium (TEGa) was used as the Ga metalorganic
sources for n-type doping of ZnO. The Ga/Zn mole ratio was altered from 10 to 107
during the Ga-doped ZnO film growth. Epitaxial ZnO films were simultaneously grown
on (0112) r-sapphire substrates to serve as reference samples for doping information of
the ZnO nanotips. The thickness of epi-ZnO film is ~ 360nm. No thickness variation was
observed for different Ga doping concentration. The resistivities of the epi-ZnO films
were characterized using the four-point-probe method. Figure 3.10 (a) shows the
measured resistivities of Ga-doped epitaxial ZnO films versus Ga/Zn mole ratios. Shown
in figure 3.10 (b) is a FESEM image of Ga-doped ZnO nanotips grown on fused silica
substrate. Inset (¢) shows the top view of the ZnO nanotips. The diameter of the bottom
of nanotips is in the range of 40-60nm and the height is ~ 850nm, giving an aspect ratio
of ~17:1. Shown in figure 3.11 (c) is a dark-field transmission electron microscope image
of the Ga-doped ZnO nanotip along the [21 10] zone axis. The selected area electron
diffraction and the high-resolution images are shown in insets (a) and (b), respectively.
The electron microscopy confirms the single crystal quality of the Ga-doped ZnO
nanotips. High-resolution lattice images show a single crystalline nanoscale tip. No

significant structural change between undoped and Ga-doped ZnO nanotips is observed.
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Figure 3.10. (a) Measured resistivity of Ga-doped epitaxial ZnO films versus Ga/Zn
mole ratios. FESEM images of Ga-doped ZnO nanotips grown on fused silica

substrate (b) cross-sectional view, and (c) top view.
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(b}

50 nm

4 nm

Figure 3.11 (a) Selected area diffraction pattern of a single Ga-doped ZnO nanotip
along the [2110] zone axis; (b) an image of a single crystalline tip from high-
resolution transmission electron microscope (HRTEM); and (c) dark field TEM

image of a single Ga-doped ZnO nanotip.
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3.2.2 Optical Characterizations

Figure 3.12 (a) shows the room temperature PL spectra of undoped and Ga-doped
ZnO nanotips. Curve 1 is for the undoped ZnO nanotips with a reference resistivity, Pref,
of 40 Qcm, curves 2, 3 and 4 correspond to Ga-doped ZnO nanotips with prr of 0.58
Qcm, 4.0x10° Qcm and 3.0x107 Qcm, respectively. It has been reported that due to
excess exciton-impurity and crystalline defect scattering, there exists a deep-level
emission around 2.4 eV in the undoped ZnO nanowires or whiskers. The negligible deep-
level emission in figure 3.12 (a) suggests good optical quality of the Ga-doped ZnO
nanotips grown on the amorphous silica substrates. For ZnO nanotips, the near band-edge
recombination monotonically increases with p.r is decreased to 4x10° Qcm when
progressively increasing Ga doping (curves 1, 2 and 3 in figure 3.12 (a)). With a further
increase in the Ga doping level, the peak intensity starts to decrease (curve 4 in figure
3.11 (a)). It is also noticed that half-width broadening can be seen in the spectra when pyer
is at 4x10™ Qcm or less (curves 3 and 4 in figure 3.12 (a)).

Figure 3.12 (b) shows the 77K PL spectra of the same set of samples. At 77K,
undoped ZnO nanotips display a dominant near band-edge emission around 3.36 eV,
which is slightly lower than the free exciton emission energy near 3.37 eV, and lies in the
spectral range of multiple emission lines associated with neutral donor bound exciton
recombination. This near band-edge emission may arise from bound exciton emission
involving donor-like complexes. Meanwhile, two weak shoulders appear on the low
energy tail of the dominant 3.36 eV peak. These shoulders disappear gradually with Ga

incorporation giving rise to a new dominant emission line around 3.35 eV. This 3.35 eV
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Figure 3.12. (a) Room temperature PL spectra of undoped and Ga-doped ZnO
nanotips. (b) 77K PL spectra of undoped and Ga-doped ZnO nanotips. Curve 1 is
for the undoped ZnO nanotips with a reference resistivity, prer, 0f 40 Qcm, curves 2,
3 and 4 correspond to Ga-doped ZnO nanotips with prer of 0.58 Qcm, 4.0x10™ Qcm

and 3.0x10° Qcm, respectively.
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PL line shows the same trend as the main peak at room temperature in terms of the
intensity and half-width versus doping. Such doping-related behavior has been reported
in low temperature PL spectra of Ga-doped ZnO epitaxial films [109], where a Ga donor
bound exciton complex has been proposed to be responsible for the increase of PL
intensity from Ga doping. Figure 3.12 (b) suggests the 3.35 eV peak could be related to
the Ga donor in view of its contribution to the near band-edge emission.

The integrated PL intensity increases by a factor of 4.5 when the reference doping
concentration increases from 5.0 x 10" to 8.9 x 10" cm™ and then decreases at the
highest reference doping concentration of 3.7 x 10?° cm™. The luminescence efficiency in

Ga doped ZnO is approximately the ratio of radiative to nonradiative recombination rate

R i o . .
R—r. The nonradiative recombination rate R, is proportional to:
nr

Rnr OCNTp (31)

where R; and Ry, is radiative recombination rate and nonradiative recombination rate,
respectively, p is the nonequilibrium minority carrier concentration and Np is the
concentration of nonradiative trap centers.

The radiative recombination rate R, is proportional to:

R, o Npp (3.2)
where Np is the Ga donor concentration. As a result, the ratio of radiative to nonradiative
recombination rate is approximately proportional to Np/Nr.

At low or moderate Ga doping levels, the increase of PL intensity is primarily
caused by the increase of the impurity emission due to an increased Ga dopant

concentration, while the trap center concentration does not increase proportionally during
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the Ga-doped growth. In heavily Ga-doped ZnO nanotips, the competition between the
radiative and nonradiative transitions becomes prominent. Excess Ga atoms can create
nonradiative recombination centers, such as impurity complexes likely involving native
defects, or impurity-assisted nonradiative transition channels, resulting in a reduction of
the near band-edge luminescence. At a further higher Ga concentration (> 10*' cm™), the
NBE PL emission is completely quenched, showing nonradiative channels dominate at
very high Ga incorporation.

As the 3.35 eV peak introduced by Ga doping follows the same half-width versus
doping trend as observed at room temperature, the linewidth broadening in Ga-doped
ZnO nanotips might result from potential fluctuations in the nano-structures that arise
from random microscopic distribution of the dopants.

To further analyze the optical transition process in Ga-doped ZnO nanotips, we
have compared room temperature PL spectra with optical absorption spectra. Figure 3.13
show normalized photoluminescence spectra of Ga-doped ZnO nanotips grown on fused
silica substrates with different doping concentration (left-hand side). For comparison,
normalized absorption spectra are shown on the right-hand side. Absorption occurs
between energy states in valence band and the Fermi level in conduction band, while
emission occurs between transitions from a donor band to valence band or an acceptor
band. The room temperature PL peak (3.27 eV) in Ga-doped ZnO nanotips grown on

glass can be assigned to the recombination of donor-acceptor pair (DAP).
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Figure 3.13. Room temperature normalized photoluminescence spectra (left side)
and absorption spectra (right side) of Ga-doped ZnO nanotips. Curves 1, 2 and 3
are Ga-doped ZnO nanotips with prer 0f 0.58 Qcm, 4.0x10° Qcm and 3.0x10° Qcm,

respectively.
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Table 3.1 lists the FWHM of room temperature PL spectra for Ga-doped ZnO
nanotips at different doping levels. The reference carrier concentration was measured by

Hall-effect measurements in the van de Pauw configuration.

Table 3.1: FWHM of room temperature PL spectra for Ga-doped ZnO nanotips at

different doping levels.

Reference Reference Doping Concentration FWHM of RT PL
Resistivity (cm?®) (meV)
«cm)
0.58 50x10" 119
4.0x10” 8.9 x 10" 139
3.0x107 3.7 x 10% 153

Shown in table 3.1, the reference doping concentration increases from 5.0 x 10'®
to 3.7 x 10*” em™, and FWHM of NBE PL peak increases from 119 to 153 meV. Slope
changes in the absorption edge reflect the Fermi distribution of the carriers after n-type
doping. Potential fluctuation is caused by random distribution of the dopant atoms in the
material. The photogenerated carriers could be localized under the potential fluctuation.
Increased FWHM with doping concentration is due to enhanced localization of with an
increase of randomness.

Band-gap shift in n-doped ZnO nanotips is a competition between band-gap
widening known as the Burstein-Moss effect and band-gap renormalization due to many-

body interactions. In a heavily doped semiconductor, the donor electrons occupy states at
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the bottom of the conduction band. Since Pauli exclusion principle prohibits states to be
doubly occupied, the lowest states in the conduction band are blocked. The optical
transitions between the Fermi level in the conduction band and the valence band shows a
shift towards higher energy.

The other process that counteracts the bandgap widening is band-gap
renormalization caused by many-body Coulomb effects. The Ga donor electrons are
under Coulomb repulsion, and effectively each electron is surrounded by a hole, leading
to a lowering of the energy of the electron. In addition, band tailing is introduced by
interaction between electrons and impurities. Similarly, the holes in the valence band is
attracted by the donor electrons and repelled by the positively charged donor ions, thus an
up-shift of the valence band occurs. Since ZnO is a polar semiconductor, anions and
cations are spatially displaced in the host atoms. An electron attracts the positively
charged cation, and forms a particle pair known as polaron. The band-gap narrowing
caused by polaron depends on a variety of parameters such as effective mass, dielectric
constants, and phonon interaction.

In our case, band-gap widening Burstein-Moss effect dominates over other effects
of band-gap renormalization in the Ga-doped ZnO nanotips. The Mott critical density was
reported to be Ny ~ 7 x 10" em™ in ZnO film [110, 111], beyond which the Fermi level
enters the conduction band. We suggest that band filling takes place in the Ga-doped ZnO

nanotips for Np > ny.
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3.2.3 Electrical Characterization

Nanostructure characterization techniques, such as scanning probe microscopy
(SPM), have lead to visualization of nanostructures down to an atomic scale. Among
these techniques, conductive-tip atomic force microscopy (C-AFM) is a useful method to
explore nanoscale electrical characteristics (such as carrier transport) in nanoscale
materials. C-AFM operates in the near-field mode, and is sensitive to the variation of the
tip-sample separation. The electron tunneling mechanism is utilized to control the
distance between sample and tip, where the tunneling current depends exponentially on
the tip-sample separation, making it capable of an atomic scale resolution (~ 0.1 nm).

Current-voltage (I-V) spectra were taken at room temperature using a JEOL
vacuum scanning tunneling microscope/AFM system that was operated in a conductive
tip-AFM mode. Multiple I-V spectra on different ZnO nanotips as well as calibration
experiments were performed to ensure reproducibility. Figure 3.17 shows the tunneling I-
V spectra for both undoped and Ga-doped ZnO nanotips. Curves 1, 2, and 3 correspond
to the spectra of undoped and Ga-doped ZnO nanotips with pr of 40 Qcm (undoped),
0.58 Qcm (Ga-doped), 4.0x10™ Qcm (Ga-doped), respectively.

The asymmetry in the rising slopes of the conduction and valence bands show that
the “undoped” ZnO nanotips are intrinsically n-type, in agreement with the observations
in the as-grown epitaxial ZnO films. Significantly steeper rising slopes in I-V spectra are
clear in Ga-doped ZnO nanotips (curves 2 and 3) in comparison with those in the
undoped nanotips (curve 1). These confirm the conductivity enhancement in ZnO

nanotips due to Ga doping.
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Figure 3.14. Current-voltage spectra for the undoped and Ga-doped ZnO nanotips,
where curves 1, 2, and 3 correspond to the spectra of undoped and Ga-doped ZnO
nanotips with a reference resistivity of 40 Qcm (undoped), 0.58 Qcm (Ga-doped),

4.0x10° Qcm (Ga-doped), respectively.
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3.3 Summary

Structural and optical properties of ZnO nanotips grown on glass, Si, and GaN
substrates were investigated. They are found to be single crystalline and oriented along
the c-axis. ZnO nanotips grown on a crystalline GaN substrate follows an epitaxial
relationship (0002)ZnO || (0002)GaN and (10-10)ZnO || (10-10)GaN. While on an
amorphous glass substrate, ZnO nuclei are formed randomly. PL spectra of ZnO nanotips
are dominated by near-band-edge emission with negligible deep-level emission. We do
not observe explicit dependence of PL characteristics on the specific substrate. As an
example, the excitonic emissions of ZnO nanotips grown on GaN substrates have been
studied in more details, which will be described in Chapter 4.

In-situ Ga-doped ZnO nanotips were demonstrated and characterized. Ga-doped
ZnO nanotips remain single crystalline. We do not observe any significant structural
change between undoped and Ga-doped nanotips. At low or moderate Ga doping levels,
the increase of PL intensity is caused by the increase of the impurity emission due to an
increased Ga dopant concentration. In heavily Ga-doped ZnO nanotips, excess Ga atoms
create nonradiative recombination centers, resulting in a reduction of the near band-edge
luminescence. Increased half-width of PL spectrum is observed with an increased doping
level, primarily due to doping induced potential fluctuation in the material. At a high Ga
doping level, Burstein-Moss effect dominates, leading to blueshift of the absorption edge.
Current-voltage characteristics of the ZnO nanotips are measured by conductive-tip

atomic force microscopy, which show the conductivity enhancement due to Ga doping.
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Chapter 4. Temperature Dependent Photoluminescence

Studies of ZnO Nanotips

Photoluminescence (PL) is a nondestructive and powerful tool to characterize
optical properties of semiconductor. PL is widely used to study fundamental
recombination process in the material, such as impurity levels and radiative and
nonradiative defect dynamics, and to characterize crystalline quality. The nanostructured
materials possess interesting unique optical and electrical properties, which differ from
those of corresponding bulk materials. ZnO nanotips are considered as a subwavelength
assembly consisting of ZnO and air gaps. The substantial ionic character and polar nature
of Zn-O bond produce long-range polarization fields in the lattice vibrations, and strong
optical phonon-photon interaction is observed. Due to a large surface to volume ratio,
surface states of ZnO nanowires grown by the VLS technique generate surface excitonic
features at low temperature (~ 3.366eV at 7K), and act as nonradiative recombination
centers via ionization of the surface states [112]. Knowledge of intrinsic and extrinsic
optical transitions, carrier recombination lifetime in ZnO nanotips is critical for

development of ZnO nanostructure based novel electrical and optical devices.

4.1 Temperature Dependent Steady-state Photoluminescence

Optical properties of ZnO nanotips have been characterized by a temperature
dependent steady-state PL spectroscopy. The temperature dependent steady-state PL
setup consists of a 325nm continuous-wave (CW) Cd-He laser, a SPEX 0.5m grating
spectrometer with a 1200 grooves/mm grating blazed at 330nm, and a photon counting

unit with a photomultiplier (PMT). The operation voltage of the PMT is 1360V. A
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continuous-flow liquid He optical cryostat is used to vary the sample temperature from
4K to room temperature. Figure 4.1 illustrates a schematic diagram of a UV temperature-
dependent steady-state PL system. The laser beam is focused on the sample at a spot size
of <Imm. The incident light is at an angle of ~ 45° from the surface normal to reduce the
reflection. The luminescence emitted from the sample is collected and collimated by a 2”
diameter biconvex lens. Another 2” diameter biconvex lens is used to focus the
collimated light onto the slits of the spectrometer, where the F number is designed to
match that of the spectrometer. The matched F number is required to reduce spurious
luminescence and improve the collection efficiency. The wavelength reading of the
spectrometer is calibrated by the multi-lines (5460.7A, 5769.6A, 5790.7A, etc.) of a
mercury calibration lamp. For low temperature measurements, a continuous-flow liquid
He optical cryostat was used to cool the samples. The optical cryostat is connected to a
two-stage pump system, which consists of a turbo-molecule pump and a backed rough
mechanical pump, to achieve a vacuum level of 10” - 10 Torr. The spectral resolution
of the CW PL setup was better than 0.5meV.

Shown in figure 4.2 is the 4.4 K PL spectrum of ZnO nanotips grown on GaN.
We observe two strong and sharp bound exciton peaks at 3.369 eV (denoted by D*X1)
and 3.364 eV (denoted by D”X2). These emissions can be assigned to excitons bound to
neutral donors or neutral donor-like defect complexes [113]. The strongest peak at 3.364
eV has a full width at half maximum of ~ 2 meV, comparable to the value obtained from
ZnO epitaxial films grown on GaN by plasma assisted MBE [114]. Another prominent

excitonic peak is seen at 3.380 eV, which is identified as the free A exciton emission
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Figure 4.1. Schematic diagram of a UV temperature dependent PL setup.
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Figure 4.2. PL spectrum of ZnO nanotips measured at 4.4K in logarithmic scale.
The free exciton emission is clearly seen at 3.380 eV (Xa). Two sharp bound exciton

emissions are observed at 3.369 eV (D°X1) and 3.364 eV (D°X2), respectively.
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(denoted by Xa). Below 10K, the free exciton peaks may not be observed due to
localization of the free excitons by defects and impurities. The free exciton emission in
figure 4.2 indicates a low defect and impurity density in these nanotips. A weak shoulder
is also resolved at ~ 3.370 eV, which could be attributed to the emission from donor
associated bound exciton, though no specific donor has been identified. In addition to
free and bound excitons, the PL lines observed at 3.317 and 3.221 eV can be presumably
assigned to zero phonon lines of donor-acceptor-pair (DAP) emissions [87], denoted by
DAP1 and DAP2, respectively. The DAP1 emission is followed by LO phonon replicas
(denoted by DAP1-1LO) with an energy separation of 72 meV. A deep level emission
band (~ 2.4 eV) is not observed in these ZnO nanotips.

Temperature dependent PL spectra from 4.4 to 300K are shown in figure 4.3. It is
noted that when temperature increases from 18 to 300K, the emissions show a red shift.
Above 50K, the free exciton emission becomes the strongest compared to the relative
intensities of D’X1 and D°X2. D"X1 emission accompanied by an LO phonon replica
(denoted by D°X1-LO) is thermally annihilated above 100K, while D’X2 emission is
quenched above 150K. This infers that thermal ionization of D’X1 and D’X2 could lead
to creation of free excitons and neutral donors. Despite thermal broadening and strong
exciton-LO-phonon coupling, free exciton transition is dominant up to 300K when the PL
spectra between 200-300K are compared. This indicates high purity and a low
background carrier concentration of the ZnO nanotips. The high optical quality of ZnO
nanotips grown on (0001)GaN substrates can be attributed to a low defect density in the
1-D grown nanotips, where close lattice-match and stacking order match between ZnO

and GaN would lead to a lower dislocation density at the ZnO/GaN interface.
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Figure 4.3. Temperature dependent PL spectra of ZnO nanotips. The PL intensity

of each curve is plotted in logarithmic scale.
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To analyze the excitonic emissions from ZnO nanotips grown on GaN, the
Arrhenius plots for D’X1, D"X2, and X, are shown in figure 4.4. The intensities of D’X1
and D’X2 drop independently when temperature increases, suggesting that they originate
from different neutral donors.

The temperature dependent excitonic emission quenching observed can be
described using a simplified model based on the rate equation, in which up to N

nonradiative channels are considered:

G-n_y @.1)

where n is the density of photoexcited excitons, G is the generation rate of photoexcited
excitons, g is the radiative lifetime of the excitons, and tng; 1S the nonradiative lifetime
corresponding to the ith nonradiative recombination channel. Assuming the nonradiative
recombination process is thermally activated, the nonradiative lifetime of the ith

nonradiative recombination channel can be expressed by:

Eai
Tyr = 708 kT 4.2)

where E4; denotes the activation energy of the ith nonradiative recombination channel, to
1s a characteristic time constant. The thermal activated nonradiative recombination
processes could include Fermi-Dirac distribution of carriers, and thermal activation of

nonradiative centers, etc.

In a steady state, % =0, PL intensity is proportional to 1. The Arrhenius plots
TR

of PL emission intensity can be fitted with multiple nonradiative decay channels as:
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where 1(0) and I(T) are the PL intensity at 0 K and T (> 0K), respectively, B is a fitting
constant corresponding to the ith nonradiative channel, which is inversely proportional to
the radiative transition rate, and Ej; is the thermal activation energy in the ith channel of
nonradiative decay.

As shown in figure 4.4, the temperature dependence of PL intensities for D’X1,
D’X2, and X4 emissions are well described with the two-channel dissociation model of
Eq. (4.3). From energy separations between D’X1 and X, and D”X2 and X, lines, the
exciton localization energies, i. e. the energy required to remove the exciton from the
specific neutral donor, for D’X1 and D’X2, can be deduced to be 11 and 16 meV,
respectively. These agree well with the thermal activation energies of D’X1 (11 meV)
and D’°X2 (15 meV) obtained in the second region of the bound exciton thermal
dissociation process.

A bound exciton complex (BEC) is formed via excitons bound to various types of
point defects, such as an ionized donor, a neutral donor, and a neutral acceptor. The
binding energy of an exciton to a neutral donor is proportional to the binding energy of an

electron to the specific donor, known as Haynes rule:

E°, =aE" + (4.4)
D°X D

where EbDo is the exciton binding energy, EJ, is the donor binding energy, and ¢, fare

X
proportionality constants. According to an empirical Haynes’ relationship in ZnO [81], &

is 0.3, and £ is 0.46. The donor binding energies, i. €. the energy binding the electron to

the impurity donor, for D’X1 and DX2 are calculated to be ~41 and 54 meV,
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respectively. The chemical origins of these shallow donors have not been identified in
ZnO nanotips.

Small activation energies of 3, 4, and 5meV have been obtained for Xj, DX1,
and D"X2 in the first region of the bound exciton thermal dissociation process. A rapid
decay of luminescence intensity with increasing temperature (T < 100K) shows that
temperature activated nonradiative processes could be dominated in these ZnO nanotips.
We suspect that small activation energy (3, 4, and SmeV for X, D’X1, and D"X2,
respectively) may indicate surface mediated nonradiative recombination process in the
ZnO nanotips, such as surface traps due to a large surface-to-volume ratio. A surface
exciton has small characteristic activation energy of SmeV [112].

We have compared temperature dependent peak intensities of X, D"X1, and
DX2 lines. When temperature increases from 4.4K to 50K, the peak intensity ratio of X,
to D’X1 increases from 0.39 to 1.39, whereas the ratio of X to D’X2 increases from 0.14
to 2.32. This suggests that D’X1 and D°X2 dissociate into free excitons and neutral
donors due to thermal release of free excitons in the ZnO nanotips:

D’X1- D1 + X (4.5)

D’X2-D2 +X (4.6)

The 3.364 eV (D’X2) peak in bulk ZnO has been attributed to the bound exciton
emission from a neutral donor defect doublet [114]. Thermal dissociation of the 3.364 eV
bound exciton leads to the creation of a free exciton and a neutral-donor-like defect-pair

complex at elevated temperatures.
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Figure 4.4. Arrhenius plots of PL intensities as a function of inverse temperature for
D%X1, D°X2, and Xa emissions. The solid lines show the curve fitting results from Eq.

(4.3).
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The temperature dependence peak position of free A exciton emission is fitted to
the Varshni’s equation from 4.4K to 300K, giving the variation of energy bandgap versus

temperature as:

B aT?
E(M=E(@©)- BT

(4.7)

where E (T), E(0) are the free exciton transition energy at temperature T and 0K,
respectively, o is the Varshni’s thermal coefficient in eV/K, and f is approximately the
Debye temperature in ZnO. The solid line in figure 5 shows the least-square fitting to Eq.
(4.7). We obtain the best-fit values of E (0) = 3.380eV, e =11 x 10* eV/K, and f= 910
+ 15 K. Our fitting value of S agrees well with the reported Debye temperature for ZnO
(920K) [115]. The fitting result also suggests the excitonic nature of the PL transitions in
these nanotips. Also shown in figure 4.6, is free and bound exciton peak position versus
temperature, where peaks P1, P2, P3, P4, P5, P6, P7, P8, P9 denote emissions of Xj,
D°X1, D’X2, DAPI, D’X1-1LO, DAPI-1LO, DAP2, DAP1-2LO, and DAP2-1LO,
respectively.

Internal quantum efficiency of ZnO nanotips is deduced based on temperature

variable PL measurements. The internal quantum efficiency 7, is given by:

1
I:(T) _ 7x(T)
= (4.8)

IO

i (T) =

o(T)

1 1 1

= + (4.9)
(M) (M) 7w(T)

therefore
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7(T)= (4.10)

1+ 7x(T)
T\ (T)

where 1, (T) is the integrated PL intensity at temperature T, |, is the excitation power,
7 is the carrier recombination lifetime, 7, and r,; are the radiative and nonradiative

recombination lifetime, respectively.

Figure 4.7 shows the relative internal quantum efficiency (IQE) of ZnO nanotips
grown on GaN measured by temperature-dependent steady-state PL. Carrier
recombination processes in ZnO nanotips are quite different at low temperature and near
room temperature. At low temperature (< 50K), a much sharper drop in IQE is observed;
at high temperature (> 100K), IQE is almost kept as a constant. If IQE is assumed to be

100% at 6K, IQE at room temperature (300K) is ~ 3.7% for ZnO nanotips grown on GaN.

4.2 Time-resolved Photoluminescence

Time-resolved photoluminescence (TRPL) is used to characterize carrier
recombination dynamics in semiconductor. The carrier recombination lifetime of ZnO
has been measured by TRPL. A TRPL measurement system consists of a femtosecond (fs)
Ti:sapphire laser and a frequency triple. To achieve a piecosecond temporal resolution, a
time correlated single photon counting unit and a microchannel plate photomultiplier
were used. The fundamental wavelength of the Ti:sapphire laser at 800nm was frequency
tripled to 266nm, and used as a pulsed excitation source. The instrumental response

function (IRF) of the overall TRPL system was ~9 ps. Figure 4.8 shows the room
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temperature TRPL spectrum of ZnO nanotips grown on GaN measured at the near band
edge emission peak of 3.29¢V.

A biexponential decay function fits well with the measured PL decay profile

(figure 4.8 (b)). It has a significantly reduced chi square value y* of 1877 than that of a

single exponential fit with y* of 22160. Two time constants can be deducted to be 192 ps

and 47 ps. The biexponential decay behavior suggests that two different carrier capture
processes dominate, though the exact mechanisms are still unknown. A radiative lifetime

of free exciton in ZnO has been calculated [116]:

_ 2mg,m,C’

— 4.11
ne’w’ f @.11)

where n is the refractive index, f is the oscillator strength, &,, m,, C, and e are

fundamental physical constants. By using @ = 4.95x10"” s and n ~ 2.4 for ZnO, 7, is ~

0.91/f ns [116]. Free exciton is estimated to have a radiative lifetime >1 ns. A
luminescence decay time is determined by radiative and nonraditive recombination
processes following Eq. (4.9). Due to the competition between the nonradiative and
radiative recombination processes, the measured PL lifetime is much shorter than the
radiative lifetime. From Egs. (4.9) and (4.10), the radiative lifetime and nonradiative

lifetime are given by:

Tne = (4.12)

T (1=771) (4.13)
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By using the PL lifetime 7= 192 ps and internal quantum efficiency 7, = 3.7%, 75 is

calculated to be ~ 5.2ns, and 7,5 is ~ 199 ps.
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Figure 4.5. Plot of PL peak position of free A excitonic emission (Xa) as a function of

temperature. The solid line is the curve fitting result according to Eq. (4.7).
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Figure 4.8. (a) Room temperature time resolved photoluminescence spectrum of
ZnO nanotips grown on GaN. The red curve in (a) is the instrumental response
function (IRF) of the TRPL system. The red curve in (b) shows the curve fitting

result based on a biexponential decay function.
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43 Summary

Temperature dependent PL spectra have been measured on ZnO nanotips grown
on a GaN/c-sapphire template. Sharp free exciton and donor-bound exciton peaks are
observed at 4.4K with photon energies of 3.380, 3.369, and 3.364 eV, confirming high
optical quality of ZnO nanotips. Free exciton emission dominates at temperatures above
50K upto room temperature. The thermal dissociation of these bound excitons forms free
excitons and neutral donors. The thermal activation energies of the bound excitons at
3.369 and 3.364 eV are 11 and 16 meV, respectively. Temperature-dependent free A
exciton peak emission is fitted to the Varshni’s equation to study the variation of energy
bandgap versus temperature. Based on the temperature dependent integrated PL intensity,
the internal quantum efficiency for the ZnO nanotips is estimated. Time resolved PL
spectrum shows a biexponential decay profile with time constants of 192 ps and 47 ps,
respectively, suggesting that two different carrier capture mechanisms dominate the

carrier recombination process.
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Chapter 5. Vertical n-ZnO Nanotips/p-GaN Heterojunction
Light Emitting Diodes

5.1 Introduction

ZnO and GaN are similar in many physical properties. They have the same
wurtzite-type structure and a small in-plane mismatch (lattice mismatch ~2%). Table 5.1

lists the crystal structure and lattice parameters of ZnO, GaN, and sapphire.

Table 5.1: Crystal structure and lattice parameters of ZnO, GaN, and sapphire.

Lattice Parameters
Crystal Structure Space Group
(A)
Wurtzite a=3.249
Zn0O P6smc
(hexagonal) c=5.206
Wurtzite a=3.186
GaN P65;mc
(hexagonal) c=5.178
Corundum
a=4.758
Al,O4 (thombohedral, hexagonal Rice
' . c=12.992
packing of oxygen ions)

Initial research focused on using ZnO buffer layers for GaN growth on sapphire
[117-121]. Ga-O and Zn-O bonds are stronger as compared to Ga-N bonds [122]. Thus a
Ga-terminated GaN surface forms Ga-O-Zn bonds on the introduction of oxygen into the
growth chamber, in which monoclinic Ga,O; is presumably formed on the surface,

followed by ZnO growth. A schematic of idea atomic arrangement at the ZnO/GaN
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Figure 5.1. Schematic diagram of ideal atomic arrangement at the ZnO/GaN interface.
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interface is shown in figure 5.1. ZnO growth on GaN films has been investigated for
hybrid optoelectronic devices. ZnO has been used as a transparent conductive oxide
electrode for p-GaN [123], and n-ZnO/p-GaN heterojunction LEDs are fabricated [102,
103]. In the ZnO/GaN heterostructure, a Type-II band alignment was reported. In a Type
IT heterostructure, electrons and holes are spatially separated, which benefit certain
devices.

In a hybrid n-ZnO nanotips/p-GaN heterojunction light emitting diode, ZnO
nanotips are used as an active layer, which is directly grown on p-GaN substrate. Such
LED structure could have several advantages. In a nanotips LED, the active region
utilizes nanostructure promising for higher light extraction efficiency. The 1-D growth,
unlike the 2-D epitaxial growth, is a natural growth process governed by the growth habit
of the semiconductor. This completely different growth mechanism results in essentially
dislocation-free in the nanorods that is critical to achieve high internal quantum
efficiency. With such a 2-D physically confined nanostructure, 1-D carrier transportation
and thus a more efficient current injection can be realized. Controlled localized states due
to a reduced dimension are also possibly in these nanorods, leading to carrier localization

and improved gain efficiency.

5.2 Processing Development Based on n-ZnO Nanotips/p-Si

Heterostructure

The issues in the processing development of vertical ZnO nanotips-based devices
include nanoscale fill-in and isolation, planarization, and metallization for electrodes. A

prototype n-ZnO nanotips/p-Si heterojunction device that has similar structure of an n-
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ZnO nanotips/p-GaN heterojunction device is made and serves for processing
development.

To achieve good electrical properties of n-ZnO nanotips/p-Si heterojunction diode,
the SiO, at ZnO/Si interface is undesirable. To remove the native SiO,, Si substrate is
dipped into 10% HF solution before loading it into the MOCVD chamber. The diluted
HF treatment protects the Si surface from further oxidation by terminating the Si with
hydrogen atoms at room temperature [124]. Since the growth of ZnO nanotips is carried
out in an oxygen ambience, the pre-exposure to oxygen would lead to surface oxidization
of Si substrates. To further reduce the interfacial SiO, thickness, it is important to
minimize the exposure time of Si substrates to oxygen before the growth process. To
investigate the effects of HF surface treatment and oxygen exposure on interfacial SiO,,
four ZnO nanotip samples are grown on Si substrate under similar growth conditions.
Sample Al and A2 are grown without reduction of oxygen pre-exposure time. Samples
B1 and B2 are grown with minimized oxygen pre-exposure time before the growth. The
Si substrates for sample Al and B1 have native SiO,, while the Si substrates for A2 and
B2 are pre-treated with diluted HF solution. The growth time for all four samples is ~2
minutes. After the growth, the samples are loaded into a XPS vacuum chamber. The ZnO
layers then are continuously sputtered away by Ar plasma with a beam tilt angle of 45°.
The intensities of Zn, O, and Si peaks along the ZnO/Si interface are monitored by XPS
scan. Figure 6.2 shows the XPS spectra of the sample B2, which undergoes HF pre-
treatment of substrate and minimized oxygen pre-exposure. The peak at binding energy
of 91 eV and the shoulder at ~93 eV correspond to Zn 3ps» and Zn 3p,,, respectively.

The peak at binding energy of 101 eV is attributed to Siy, (for single crystal Si). The
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intensity of Si, peak (associated with Si0O,) at binding energy of ~104.5 eV is very weak.
The peak SiO, atomic percentages of the four samples near the ZnO/Si interface are

summarized in table 5.2.

Table 5.2: Peak atomic percentage of SiO, at the ZnO/Si interface by XPS depth

profile.
Peak SiO, atomic
Sample Si substrate Pre-growth oxygen
# treatment exposure percentage
Al Without HF Without oxygen exposure 7.5%
treatment control
A2 With HF treatment =~ Without oxygen exposure 6.3%
control
Bl Without HF Minimized oxygen 5.5%
treatment exposure
B2 With HF treatment =~ Minimized oxygen 3.2%
exposure

Sample A1, which does not have Si substrate treatment and minimized oxygen
pre-exposure, has a high peak SiO, atomic percentage of 7.5%. By HF substrate pre-
treatment only (sample A2) and minimized oxygen pre-exposure only (sample B1), the
peak Si0O, atomic percentage is reduced to 6.3% and 5.5%, respectively. Sample B2, with
both HF substrate treatment and minimized oxygen pre-exposure, has the lowest SiO,
atomic percentage of 3.2%. No fluorine residues from HF substrate treatment, which may

act as donors in ZnO [125], are detected at the ZnO/Si interface. Hence, Si substrate
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treatment by diluted HF and minimized oxygen pre-exposure can significantly reduce the
thickness of interfacial SiO; for ZnO nanotips grown on Si.

Figure 5.3 shows a schematic of a cross-sectional diagram of a hybrid n-ZnO
nanotips/p-Si heterojunction p-n diode. The ZnO nanotips (~ 400nm in height) are grown
on p-Si (100) substrates (p = 0.001-0.005 Q-cm) with light Ga doping under optimized
growth conditions. ZnO nanotips are grown on HF-treated Si (100) substrate at ~480°C
with minimized oxygen exposure prior to initial growth. The hole concentration in p-Si
was estimated in an order of 1.0 x 10" cm'3, and the electron concentration in ZnO film
was approximately 10'® cm™.

After the growth of ZnO nanotips on p-Si, the sample was cleaned in acetone,
methanol and DI water. An n-ZnO nanotips/p-Si heterojunction diode is then fabricated
with a circular pattern. To prevent the top-contact metal particles from reaching the
bottom of the ZnO nanotip, which leads to short of the junction, the interstices between
ZnO nanotips are filled in using an insulator. The fill-in process can be carried out either
by a solid-liquid phase or by a gas phase. Compared with the gas phase process, the solid-
liquid fill-in offers low cost and simplicity for demonstrating prototype devices. The two
critical factors to be considered in a solid-liquid fill-in process are surface wettability and
viscosity of the fill-in solution. Under most growth conditions, the surface of ZnO
nanotips behaves as hydrophilic, making it suitable for using the solid-liquid fill-in
solution.

A diluted photoresist (PR) AZ5214E is chosen as the solid-liquid fill-in insulator.
Fill-in multilayer PR was first spin-on coating on the ZnO nanotips/Si samples, followed

by hard baking at 120°C for 10 minutes. Oxygen plasma was used to etch away the PR
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and expose the nanotips top for metallization. The PR etching rate is 2 A/s. The p-n
diodes were fabricated using photolithography and lift-off techniques.

The first photolithography step defined the etching mesas, then the sample was
dipped into a diluted HCI solution, and a series of circular mesas made of ZnO nanotips
were formed by wet etching ZnO nanotip layer down to the conductive p-Si substrate.
These mesas have variable diameters of 85, 110, 160, 210, and 260um, respectively.
After the ZnO mesa formation, the second photolithography step defined the ohmic
contact patterns on p-Si. The Al bottom electrode was deposited by electron beam (e-
beam) evaporation and lift-off, followed by thermal annealing at a N, flow. By heating
the Al-Si system to a temperature close or slightly higher than the eutectic temperature (~
580°C), a thin p'-Si layer is formed at Al/Si interface for Ohmic contact, as shown in
figure 5.4 (a).

A top Al electrode was fabricated on ZnO nanotips using the third
photolithography step followed by e-beam deposition and lift-off. Aluminum is chosen as
the ohmic contact metal for n-type ZnO, as Al has a low barrier height on ZnO, and it is
also a shallow donor to ZnO. Al reacts strongly with chalcogenides (O in ZnO). By
forming a thin n"-ZnO layer at Al/ZnO interface, a low specific contact resistance can be
achieved [126]. Shown in figure 5.4 (b) is the Ohmic contact at ZnO nanotips. In this step,
the top electrodes consist of dots with diameters of 75, 100, 150, 200, and 250um,
respectively. 100 nm Al is deposited by E-beam evaporation to form ohmic contact at
ZnO nanotips and p-Si substrate, respectively. The top view of the n-ZnO nanotips/p-Si

diode is shown in figure 5.5.
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Figure 5.6 shows the I-V characteristic of an n-ZnO nanotips/p-Si heterojunction
diode. For a diode with diameter of 200 um, the forward threshold voltage is below 2.0
volts. The forward current at 3.0 volts is 5.64 mA, and the reverse leakage current at 10
volts is 15 pA. The breakdown voltage of the diode is ~17 volts.

An energy band diagram of the n-ZnO/p-Si heterojunction based on Anderson
model in an ideal case without considering spontaneous and piezoelectric polarizations at
the interface is shown in figure 5.7. The conduction band (CB) offset AE; = ¥ zno - Asi =
0.3 eV, where ysi (4.05eV) [127] and yz0 (4.35 eV) [128] is the electron affinity of Si
and of ZnO, respectively. The valence band (VB) offset AE, = AE, + AE. = 2.55 €V,
where AE, is the bandgap difference between ZnO (= 3.37 eV) and Si (= 1.12 eV).
Therefore, the diode current is mainly contributed by electron transport over the barrier
height at low and moderate forward biases. Since the ideality factor of the I-V
characteristics is much large than 2, defect-mediated nonthermionic current transport

dominates, such as minority carrier traps and interface states.
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Figure 5.2. X-ray photoelectron spectroscopy (XPS) spectra of ZnO nanotips/Si
interface (sample B2). With HF surface treatment and minimized oxygen pre-

exposure, sample B2 has minimized interfacial SiO, thickness.
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Figure 5.3. Schematic diagram of a hybrid n-ZnO nanotips/p-Si heterojunction p-n

diode.
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Figure 5.4. I-V characteristics of Al contact to (a) p-Si and (b) undoped ZnO

nanotips.
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Figure 5.5. Top view of an n-ZnO nanotips/p-Si heterojunction diode under an

optical microscope.
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Figure 5.6. 1-V characteristic of an n-ZnO nanotips/p-Si heterojunction diode with

minimized SiO; layer thickness at the ZnO/Si interface.
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Figure 5.7. Energy band diagram of n-ZnO nanotips/p-Si heterostructure in an ideal

case without considering spontaneous and piezoelectric polarizations at the interface.
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5.3 Hybrid n-ZnO Nanotips/p-GaN Heterojunction Light Emitting

Diode

The basic processing technology developed in the n-ZnO nanotips/p-Si
heterojunction is used for fabrication of an n-ZnO nanotips/p-GaN heterojunction LED.
Figure 5.8 shows a schematic diagram of the n-ZnO nanotips/p-GaN heterojunction LED.
p-type doped GaN templates were grown on c-plane sapphire by MOCVD. The p-GaN
substrates consist of 1.9 um-thick undoped GaN base layers, followed by about 1 pm-
thick Mg-doped p-type layers. The electrical properties of p-GaN films were measured at
room temperature by Hall effect using the van der Pauw configuration. The free hole
concentration and mobility were found to be p = 3.0x10"" ¢cm™ and up = 9.7 em’V's™
respectively. A layer of lightly Ga doped ZnO nanotips (~ 400nm thick) were grown on
the p-GaN film/c-sapphire by MOCVD. The reference Ga concentration for ZnO was in
an order of 5 x 10'® cm™.

Prior to the ZnO nanotip growth, the GaN template was ultrasonically cleaned in
acetone, methanol and a diluted 1:1 HCI solution, and then rinsed with deionized water.
The oxygen gas exposure time is reduced before ZnO growth in order to minimize the
surface oxidation at the ZnO/GaN interface. After the growth of ZnO nanotips on p-GaN,
the sample was cleaned in acetone, methanol and DI water. An n-ZnO nanotips/p-GaN
heterojunction light emitting diode is fabricated with a circular pattern. Similar as the fill-
in and planarization process for fabricating n-ZnO nanotips/p-Si p-n diode, the interstices
between ZnO nanotips were filled in using a diluted photoresist. Fill-in multilayer PR
was first spin-on coating on the samples, followed by hard baking. Oxygen plasma was

used to etch away the PR and expose the nanotips top for metallization.
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The p-n diodes were fabricated using photolithography and lift-off techniques.
After masking the ZnO nanotips surface with a diameter of 200um, the sample was
dipped into a 1:100 diluted HCI solution to etch way the top ZnO layer down to the p-
GaN layer. The etching rate for ZnO nanotips is ~ 10nm/s. A thin layer of Al/Au (5 nm/5
nm) was deposited on ZnO nanotips, serving as a transparent conductive layer for current
spreading and an optically transparent window for the light emission from the
heterojunction LED. Al (300nm) was then used for top ohmic contact to n-type ZnO
nanotips, while Ni/Au (20 nm/180 nm) was used for bottom ohmic contact to p-GaN.
Prior to the e-beam deposition of Ni/Au, the p-GaN layer was etched in a 1:7 diluted
buffered oxide etching (BOE) solution, and was compared with the p-GaN sample
without BOE treatment. Figure 5.9 shows top view of an n-ZnO nanotips/p-GaN
heterostructure LED wunder an optical microscope. 1-V characteristics of the
heterostructures and point-to-point metal contacts were measured by a HP 4165C
semiconductor parameter analyzer. Electroluminescence (EL) spectra were recorded at
different injection current by a computer-controlled PMT and a photon counting unit.

Optical properties of ZnO and GaN films were characterized by room temperature
PL spectroscopy. Shown in figure 5.10 are the PL spectra of ZnO nanotips and p-GaN
layers, respectively. The PL spectrum of ZnO nanotips is dominated by a strong NBE UV
emission with a maximum of 3.32 eV and FWHM of ~140 meV. No significant defect-
related deep level emission band is observed from these nanotips. Broadband emission
from p-GaN film consists of two main peaks at 2.88 eV and 2.79 eV in the blue
wavelength. This is usually attributed to radiative transitions from conduction band or

shallow donors to Mg acceptor level in the mid bandgap of GaN.
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The I-V characteristics of Ni/Au contacts to p-GaN are shown in figure 5.11. For
comparison, rapid thermal annealing (RTA) was performed on the samples at 550°C for 1
minute in nitrogen ambient. Near linear -V behaviors were observed for as-deposited
Ni/Au contact (black curve) and for the sample after RTA treatment (red curve),
indicating formation of Ohmic-like contacts. By annealing the Ni-Au-GaN system to a
higher temperature around 550°C, a thin NiO layer is formed at the metal/p-GaN
interface, while Ga vacancies are generated below the contact [129]. The red curve in
figure 5.11 has a sharper slope, showing an improved specific contact resistance to p-
GaN achieved after RTA treatment. The I-V characteristics of Ni/Au contact to p-GaN
without surface treatment using BOE were also measured. In contrast, a nonlinear
Schottky-like behavior was obtained. BOE could remove the native oxide and increase
the carrier concentration near the surface of p-GaN layer [130].

The specific contact resistance Ry, for Ni/Au contact to p-GaN with BOE
treatment is estimated by the definition:

v

© 5Va0

(5.1)
where Rgc is the specific contact resistance (Qcm?), V is the voltage (V), and J is the
current density (A/cm?). A specific contact resistance of 1.2 x 10” Qcm” is deduced for
as-deposited Ni/Au contact to p-GaN in figure 5.11. After RTA treatment, the specific
contact resistance is reduced to 6.4 x 10™* Qcm®.

Shown in figure 5.12, are the I-V characteristics of the n-ZnO nanotips/p-GaN
heterostructure. We observe junction rectifying properties, indicating a p-n diode is
formed between n-ZnO nanotips and p-GaN layers. The built-in voltage under forward

bias is ~3V. A reverse breakdown occurs at a voltage of ~ - 8V. The diode has a leakage
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current of ~ 54 pA at -5V. The I-V characteristics follows an approximately | — V2
relationship. However, the physical origin of | — V2 is unclear and still in controversy. It
might be attributed to space charge limited current due to unipolar carrier injection in
wide band gap materials, such as ZnO, GaN, and SiC [102, 131, 132]. We suspect that
the current transport in the ZnO/GaN heterojunction could be dominated by defect-
mediated nonthermionic processes, such as minority carrier traps and interface states.

Blue light emission was observed in the n-ZnO nanotips/p-GaN heterostructure
LED under forward biases, shown in figure 5.13. EL spectra of the heterojunction LED
under different forward current injection were measured, and the results are shown in
figure 5.14. When the forward current increases from 0.6 mA to 4.2 mA, broad EL
emission is observed with a significant tail on the long wavelength side. The shape of the
EL spectrum does not show significant change at various injection current levels
measured. It has a peak wavelength of 406 nm. At 4.2mA, the EL FWHM is 62 nm. The
EL spectrum of the n-ZnO nanotips/p-GaN heterojunction LED is compared with PL
spectra of ZnO nanotips and GaN, suggesting luminescence primarily from radiative
recombination due to electron injection from ZnO nanotips into the p-GaN side. The light
output power shows a near linear dependence on the injection current from the
spontaneous emission.

The band alignment of n-ZnO nanotips/p-GaN heterojunction can be
determined using the Anderson model in an ideal case without considering piezoelectric
and spontaneous polarizations at the interface (figure 5.15). The electron affinity values
for GaN and ZnO have been taken as 4.2 and 4.35 eV [128]. The conduction band offset

AE, is calculated by the difference between electron affinities of ZnO and GaN:
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AE, = Y700 = Xean =0.15eV (5.2)
The valence band offset AE, is calculated by:
AE, =AE +AE, =0.13 eV (5.3)
where AE | is the energy band gap difference between ZnO (3.37 €V) and GaN (3.39 eV):

-0.02 eV. Therefore, the energy barrier for holes is slightly lower than that for electrons.
However, since the electron concentration in ZnO nanotips is one order higher than the
hole concentration in p-GaN, electron injection from n-ZnO nanotips to p-GaN is more
likely than hole injection from p-GaN to n-ZnO nanotips. This also suggests that EL
primarily from radiative recombination due to electron injection from ZnO nanotips into

the p-GaN side.
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5.4  Summary

A prototype an n-ZnO nanotips/p-GaN heterojunction p-n diode and blue LED is
demonstrated. Lightly Ga doped ZnO nanotips are directly grown on top of a p-GaN
layer using MOCVD, and a p-n junction is formed between ZnO nanotips and p-GaN.
The p-n diode has a turn-on voltage of 3V, and a breakdown voltage of ~ 8V. The
forward current at 5V is 2.5 mA, and the reverse leakage current at -5V is 54 pA. A blue
light emission with a peak wavelength at 406 nm is observed under the forward current
injection. EL spectra have been compared with PL. The electroluminescence is primarily

due to radiative recombination from electron injection into p-type GaN.
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Figure 5.8. Schematic diagram of an n-ZnO nanotips/p-GaN heterojunction LED.
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Figure 5.9. Room temperature PL spectra of p-GaN (black curve) and ZnO nanotips

(red curve).
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Figure 5.10. Top view of an n-ZnO nanotips/p-GaN heterojunction diode under an

optical microscope.
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Figure 5.13. Blue light emission from an n-ZnO nanotips/p-GaN heterojunction

LED under a forward current injection.
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Figure 5.14. Electroluminescence spectra of an n-ZnO nanotips/p-GaN

heterostructure light emitting diode under different forward injection current.
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Figure 5.15. Energy band diagram of n-ZnO nanotips/p-GaN heterostructure in an
idea case without considering piezoelectric and spontaneous polarizations at the

interface.
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Chapter 6. Integration of ZnO Nanotips and GaN Light

Emitting Diodes for Enhanced Emission Efficiency

6.1 Introduction

One of the major technical issues for nitride light emitting diodes (LEDs) is low
external quantum efficiency, even with much higher internal quantum efficiency. GaN
has a high refractive index n ~ 2.5. Emission incident at the GaN-air interface at an angle
greater than 23.6° is trapped by the total internal reflection. The light out coupling

efficiency from a flat semiconductor surface is approximately given by

P 2 _ 2
escape — l l 1 _ n 1 (61)
Peowee 4N n+1

where Pescape 15 the optical power emitted into free space, Psource 1s the optical power
generated in the LED cavity, and n is the refractive index of the semiconductor. From Eq.
(6.1), only ~3.3% of internal generated light can be extracted from a GaN LED. Due to
the narrow escape cone, the parasitic nonradiative losses during photon recycling degrade
the external quantum efficiency. Extensive research efforts have been made to improve
the light extraction from GaN LEDs, such as surface roughening and forming photonic
crystals on the top layer [133, 134]. The light extraction dynamics has been discussed in
regard to modifying the spontaneous emission by the microcavity effect [135]. Other
techniques include light output coupling through surface plasmons, corrugated Bragg
gratings, or using random surface texturing [136-140], to convert wave-guided modes
into free-space modes. Typical GaN LEDs have p-side-up structures, in which a thick p-
GaN is undesirable due to the high resistivity. Manipulation such as dry etching is often

difficult in a thin layer without degrading the electrical properties. Flip-chip bonding and



103

laser lift-off technologies have been used in the LED fabrication [133]. These approaches

significantly complicate the GaN LED fabrication.

6.2 Integrated ZnO nanotips/GZO/GaN LED

An integrated ZnO nanotips/GaN LED is fabricated by directly growing ZnO
nanotips on top of a GaN LED using MOCVD, to achieve enhanced light emission
efficiency. In this structure, a Ga doped ZnO (GZO) layer is first deposited on top of a
conventional GaN LED, which is used as a transparent conductive layer to p-GaN. ZnO
nanotips are then grown on GZO coated GaN as a light extraction layer for the LED.
Unlike other technologies used to enhance light extraction, such as using rough surfaces
and photonic crystals, this approach does not require e-beam lithography or etching,
making it suitable for low cost and large scale fabrication. The results promise the
integration of ZnO nanotips with GaN based optoelectronic devices using epitaxial
growth technology.

Figure 6.1 shows a schematic of a cross-sectional diagram of an integrated ZnO
nanotips/GZO/GaN LED. InGaN/GaN multiple quantum well (MQW) LED templates
were grown on c-plane sapphire by MOCVD. The GaN LEDs consist of undoped and Si-
doped n-type GaN base layers, InGaN/GaN MQW active region, followed by Mg-doped
p-type layers. A vertical flow rotating disk MOCVD reactor is used for growth of the
GZO film and ZnO nanotips. The chamber pressure is kept at 50 torr. The growth
temperature for ZnO ranges from 400 to 500°C with a growth rate of 1-2 pm/hr.
Diethylzinc (DEZn) and oxygen were used as the Zn metalorganic source and oxidizer,

respectively. Triethylgallium (TEGa) was used as the n-type doping source for growth of
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GZO films. Exposure of samples to the oxygen gas before the growth was minimized in
order to reduce the oxidation at the ZnO/GaN interface.

By suppressing the fast growth rate along ZnO c-axis direction, GZO film with
thickness 150nm is first grown on GaN. Four-point probe measurements show that the
GZO film has a resistivity of ~5 x 10~ Qcm. The subsequent growth of ZnO nanotips is
governed by a self-assembling process. ZnO columnar structures are formed due to the
highest growth rate along the c-axis from the difference in surface relaxation energies
between (0001) and (000-1) planes. The columnar growth has an epitaxial relationship
between ZnO and GaN: (0002) ZnO || (0002) GaN and (10-10) ZnO || (10-10) GaN.
FESEM pictures of ZnO nanotips grown on a GZO coated GaN LED are shown in figure
6.2 and figure 6.3. Figure 6.2 is a perspective view, showing that ZnO nanotips are grown
and distributed over the entire GZO/GaN template surface. They were found to be
vertically aligned with the c-axis, normal to the basal plane of the GZO/GaN/c-sapphire
template. The nanotips have an average diameter of 60 nm at the bottom and ~10 nm at
the top, and a height of ~400 nm. Figure 6.3 is a top view of ZnO nanotips grown on
GZO/GaN.

XRD 0-20 measurements were used to determine the structural relationship
between the ZnO nanotips, the GZO and the GaN. Figure 6.4 shows a 0-20 scan of ZnO
nanotips grown on GZO/GaN/c-Al,0;. Only ZnO (0002) and GaN (0002) peaks are
observed, indicating that these nanotips are preferentially oriented along the c-axis
(denoted by the z direction), normal to the basal plane of the GZO/GaN/c-sapphire
template (denoted by the x-y plane). It was difficult to separate the possible peaks of

(0002) oriented GZO film from (0002) ZnO nanotips. This was expected, as the crystal
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structure of GZO film is similar to ZnO nanotips due to the similar atomic radii of Ga and
Zn. Since no other ZnO peaks are observed, the GZO film must be oriented in the (0002)
orientation, maintaining an epitaxial relationship with the GaN template.

Optical properties of ZnO nanotips/GZO/GaN were investigated by PL. Figure
6.5 is the room temperature PL spectrum of ZnO nanotips grown on GZO/GaN. A strong
near band edge PL peak is seen at 3.29 eV with a full width half maximum of 135 meV,
while deep level emission is negligible. We have noted that PL is quenched in the heavily
doped Ga doped GZO film due to impurity-assisted nonradiative recombination centers
created by excess Ga atoms. The dominant free excitonic emission indicates high optical
quality of ZnO nanotips.

To fabricate an integrated ZnO nanotips/GZO/GaN LED, the ZnO nanotips/GZO
layer was selectively etched using a diluted nitric acid and a subsequent dry etching on
the wet-etched area was performed to expose the n-type GaN layer for its n-electrode
contact. Ti/Ni/Al and Ti/Au contacts were deposited on the exposed n-type GaN and ZnO
for n- and p- electrodes, respectively. A conventional p-metal layer of Ni/Au was also
deposited on a GaN LED wafer, serving as a reference. For comparison, a GZO
(~150nm)/GaN LED without top nanotips layer was fabricated. Light output power of
LED chips was measured by CAS 140B LED tester at various current injection. Figure
6.6 shows light output power of an integrated ZnO nanotips/GZO/GaN LED as a function
of forward injection current. Emission from a Ni/Au p-contacting GaN LED is also
plotted in figure 6.6. The EL intensity from a ZnO nanotips/GZO/GaN LED has
increased by a factor of 1.7 at a forward current of 20 mA, in comparison to the Ni/Au

contact GaN LED with the same size. The light output power of a ZnO
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nanotips/GZO/GaN LED is also compared with the reference GZO/GaN LED without
ZnO nanotips, showing significantly increased light extraction efficiency due to ZnO
nanotips. Shown in the inset of figure 6.6 are the EL spectra of a ZnO
nanotips/GZO/GaN LED and of a conventional Ni/Au GaN LED at a current of 20 mA.
The two EL spectra have essentially identical normalized spectra shape and line width.
The external quantum efficiency of a p-n junction LED is defined as the ratio of

the rate of photons emitted into free space to the rate of electrons injection:
next = nimnextraction = P(h V)71e| N (62)

where 7, is the internal quantum efficiency, is the light extraction efficiency, P

Mextraction
is the optical power emitted into free space, and | is the injection current. An optical
power of 6mW is measured at a current of 20mA for a conventional Ni/Au p-contact
GaN LED, corresponding to an external quantum efficiency of 7%. The external quantum

efficiency is increased to 11.4% in a ZnO nanotips/GZ0O/GaN LED.

6.3 Light Extraction Analysis

The enhancement in light extraction efficiency can be explained by the interaction
between the spontaneous emission from the GaN LED and ZnO nanostructures. To
analyze the light extraction properties of ZnO nanotips, we performed a two-dimensional
Fourier transform on the top view shown in figure 6.7. No distinguishing non-zero spatial
frequency has been observed, indicating that the nanotips are randomly oriented in the
basal plane of the GZO/GaN template, i.e., the x-y plane. The absence of spatial
periodicity suggests that no photonic crystal is formed that contributes to the light

extraction enhancement.
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At the dominant EL wavelength of 452 nm the refractive index of ZnO is ~2.0,
while that of GaN is ~2.5. The area density of as-grown nanotips is estimated to be on the
order of 10" ecm™. As the first approximation, we consider the nanotips layer as a
disordered subwavelength assembly of ZnO and air. Effective medium theory [141] then
gives the effective refractive index of the nanotip layer as

1 (6.3)
N off =[n12 f +n§(1— f )}A

where f is the filling factor, and n; and n, are the refractive indices of ZnO and air,
respectively. Note that f here is a function of z. The effective refractive index of the
nanotip layer along the z direction is gradually reduced from 1.57 at the bottom,
(corresponding to a filling factor of ~0.49) to 1.0 at the top (figure 6.8(a)). The numerical
results show that an increase of ~20% in light extraction can be attributed to enhanced
optical transmission, in comparison with a GaN layer without ZnO nanotips.

The ZnO nanotips also introduce surface roughness in the LED. As can be seen in
figure 6.2, height variation exists among the nanotips. The nanotips surface has a
correlation length around 100 nm. It has been shown that light scattering occurs from a
random rough surface in the case of correlation length smaller than the wavelength,
leading to an increase of transmitted evanescent waves beyond the critical angle [142]. In
addition, our FESEM photographs indicate that there is a ~5 nm deviation in an average
diameter of 60 nm for the ZnO nanotip bases. This diameter fluctuation gives rise to 7%
variation in the effective refractive index in the X-y plane of the nanotip region (figure
6.8(b)). The combination of surface roughening and non-uniform distribution of dielectric
presumably disperses the angular distribution of spontaneous emission in the optical

phase space, leading to a larger escape cone in the nanotips layer over the planar structure
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(figure 6.8(c)). Numerical simulation indicates that most of the spontaneous emission
from the GaN layer within a cone of 6,= 23.6 ° will escape to the air. The emission
outside a cone of 0,= 38.9 ° will not escape the ZnO layer at all. For emission within 23.6
°to 38.9°, it gradually bends within the ZnO nanotip region until it propagates parallel to
the surface.

A Monte Carlo simulation has been developed to calculate the variation in the
effective refractive index of the nanotip layer [143, 144]. We have assumed Gaussian
distribution for the diameters of ZnO nanotips with an average diameter of 60nm at the
bottom. Average effective refractive index is thus numerically calculated. It is found that
the diameter fluctuation gives rise to £7% variation in the effective refractive index in the
X-y plane of the nanotip region (figure 6.8(b)).

We have deduced the fraction of light scattering out in the ZnO nanotip layer
based on a simplified light scattering model. The first assumption is for each scattering
event in the nanotip layer, 50% of the photons go down to the lower hemisphere, which is
almost lost. The other 50% go up to the upper hemisphere. Among this up part, the
emission within the critical angle will escape to the air. The second assumption is that the
rest part of light remains in the nanotip layer and is repeated scattered by the variation in
the effective refractive index in the Xx-y plane.

The fraction of light within the critical angle without the scattering is given as

P
—;“’pe”) ~L(1-cost,) = ? (6.4)

source
where Pescape 1s the optical power emitted into free space, Psource 1s the optical power in

the GaN LED cavity, €& is the critical angle.
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After the first scattering event, the fraction of remained light within the critical

angle becomes

I:)escape(l) _ é (1 - A) (6 5)
P 2 2 '

source

By adding up all the scattering events, the total fraction of light scattering out the

nanotip layer is calculated by

Mo =7 p 272 2 T2l 20 2

source

Zpescape(n) 2 n
- A A(-A A[l—Aj A(I—A)
=t — | — | +.. +

A
= 6.6
1+ A (6.6)

Finally, we estimate that ~30% will escape upward averagely. Shown in figure
6.9, is the simulated angular dependent of transmitted light with ZnO nanotips grown on
top of a GaN layer. An effective refractive of 1.57 is used in the calculation. For
comparison, the optical transmission for standard GaN sample without top ZnO nanotips
is also plot.

Combining all effects, an enhancement factor of 1.8 in light output power is
deduced, compared to the standard uncoated GaN structure. In our case, a significantly
increased light output from a ZnO nanotips/GZO/GaN LED, in comparison with a
GZO/GaN LED reference, suggests that out coupling enhancement results from the
nanostructure morphology. Comparing the numerical analysis with the LED
measurement results, we conclude that enhanced light extraction efficiency in a ZnO
nanotips/TCO/GaN LED results from increased light transmission and light scattering in

the ZnO/GaN multilayer.
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6.4 Summary

Enhancement of light extraction from an integrated ZnO nanotips/GaN light
emitting diode (LED) is demonstrated. The device is composed of a GaN LED with a Ga
doped ZnO (GZO) transparent conductive layer, and ZnO nanotips grown on GZO for
light extraction. The light output power of a ZnO nanotips/GZO/GaN LED exhibits 1.7
times enhancement, in comparison with a conventional Ni/Au p-metal LED. The higher
emission efficiency is attributed to the enhanced light transmission and scattering in the
ZnO/GaN multilayer. With an optimized GZO layer on p-GaN, significantly higher light
emission efficiency is expected to be achieved from the integrated ZnO
nanotips/GZO/GaN LED structure. The integration of ZnO nanotips with GaN shows a

promising potential for UV/blue optoelectronics.
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Figure 6.1. Schematic cross-sectional diagram of an integrated 2ZnO

nanotips/GZ0O/GaN LED.
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Figure 6.2. FESEM image of ZnO nanotips/GZO/GaN (perspective view).
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Figure 6.3. FESEM image of ZnO nanotips/GZ0O/GaN (top view).
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Figure 6.4. XRD 6-26 scan of ZnO nanotips grown on GZO/GaN/c-Al,Os.
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ZnO nanotips/GZO/GaN LED at a forward current of 20mA.
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Figure 6.7. Two-dimensional Fourier transformation of top view of ZnO nanotips

grown on s GZO/GaN template (shown in figure 6.3).
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Figure 6.8. (a) Effective refractive index for ZnO nanotips/GZO/GaN LED structure,
assuming a uniformly distributed nanotip layer; (b) illustration of the variation of
effective refractive index in a randomly distributed ZnO nanotips layer 50nm away
from the interface; (c) photon trajectories in a ZnO nanotips structure. Light
extraction is enhanced by surface roughening (not shown) and scattering events

caused by non-uniform dielectric.
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120

Chapter 7. Conclusions and Future Work

7.1 Conclusions

Single crystalline ZnO nanotips can be grown by MOCVD on various substrates
(S1, GaN, etc) at relatively low deposition temperature, giving it a unique advantage over
many other semiconductor nanostructures, such as carbon nanotubes, GaN and SiC
nanowires. These ZnO nanotips possess superior optical properties with free excitonic
emission at room temperature. It is compatible with the existing semiconductor
processing technology. This forms a solid basis for ZnO nanotips based device
integration, such as with Si based mainstream microelectronics, and with GaN based
mainstream UV/blue optoelectronics.

In this dissertation work, in-situ n-type doping of ZnO nanotips during MOCVD
is studied, including the doping effects on optical properties and electrical conductivity.
Current-voltage characteristics of the ZnO nanotips show the conductivity enhancement
due to Ga doping at the proper doping concentration. At low or moderate doping levels,
the increase in PL intensity from Ga doping has been attributed to the increase of Ga
donor related impurity emission. Nonradiative recombination channels dominate at very
heavily Ga doping, leading to PL quenching.

The details of excitonic emissions of ZnO nanotips are investigated using
temperature-dependent PL spectroscopy. Sharp free exciton and donor-bound exciton
peaks are observed at 4.4K with photon energies of 3.380, 3.369, and 3.364 eV,
confirming high optical quality of ZnO nanotips. Free exciton emission dominates at
temperatures above 50K. The thermal dissociation of these bound excitons forms free

excitons and neutral donors. Temperature-dependent free A exciton peak emission is
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fitted to the Varshni’s equation to study the variation of energy bandgap versus
temperature. Time resolved PL spectrum shows a biexponential decay profile, suggesting
that two different carrier capture mechanisms dominate the carrier recombination process.

A prototype of hybrid ZnO nanotips/GaN light emitting devices has been
demonstrated using an n-ZnO nanotips/p-GaN heterostructure. p-n junction is formed
between ZnO nanotips and p-GaN. The p-n diode has a turn-on voltage of 3V, and a
breakdown voltage of ~ 8V. The forward current at 5V is 2.5 mA, and the reverse leakage
current at =5V is 54 pA. The electroluminescence with a peak wavelength of 406nm is
primarily due to radiative recombination from electron injection into p-type GaN.

An integrated ZnO nanotips/GaN LED has been demonstrated for enhanced light
emission efficiency. A Ga-doped ZnO transparent conductive oxide (GZO) film and ZnO
nanotips are directly grown on top of a GaN LED, serving as transparent electrode and
light extraction layer, respectively. Compared with the conventional Ni/Au p-metal LED,
light output power from the ZnO nanotips/GZ0O/GaN LED is improved by 1.7 times. The
enhanced light extraction is attributed to increased light scattering and transmission in the

ZnO/GaN multilayer.

7.2 Suggestions for Future Work

Even with extensive research effort on ZnO based devices in recent years, this
field is still in the early stage of development. In order to understand various physical
mechanisms behind therefore to provide guideline for improving device performance and
extending their applications, the following work is recommended for the future research

and development of novel ZnO nanotips devices based on the present progress:
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For the Ga-doped ZnO nanotips, the proper characterizations of the carrier
concentration and mobility in the nanoscale geometry are necessary. This
information will be helpful to improve the understanding of observed
conductivity enhancement and PL signal changes in the Ga-doped ZnO nanotips,
which is particularly useful to design the devices. In addition, the current
transportation mechanism in the doped-ZnO nanotips will also be studied.

For the hybrid n-ZnO nanotips/p-GaN heterojunction devices, only 1initial
feasibility work has been tried. A reliable processing technology, including
dielectric fill-in and isolation followed by planarization, needs to be developed
for these vertical nano-devices. Advanced gas-phase fill-in technology is
preferred to fabricate the ZnO nanotips based junction devices. The growth
technology also needs to be improved to achieve higher internal quantum
efficiency of ZnO nanotips for optical device applications.

The advanced solid state lighting technology needs even higher light extraction
efficiency (~ 90%). In such a case, the nano-scale surface roughness treatment
may be insufficient. The promising way is to design of the low cost photonic
crystal (PC) in conjunction with the nano-scale surface treatment using ZnO
nanotips to further enhance the external quantum efficiency of a GaN LED.
Important parameters for ZnO nanotips may include the fill-in factor and graded
effective refractive index. The critical issue to be studied includes artificially
index matching with GaN, to minimize the reflection at the interface.

The energy band alignment needs to be calculated with the piezoelectric and

spontaneous polarization induced interface charges for the c-axis oriented GaN
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and ZnO nanotips. Understanding of strain/stress relaxation in columnar structure
ZnO nanotips will be helpful to calculate the piezoelectric polarization effect at
the interface. In such a band alignment, localized well will be formed for
electrons and holes at the polar ZnO/GaN interface, leading to a higher carrier
density at the interface for the Type-II band alignment with polarization charge. It

effects on the ZnO nanotips-based optical device performance need to be studied.
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