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Abstract

Zinc oxide (ZnO) semiconductor is a highly attractive material for optoelectronic
and photonic applications due to its high exciton binding energy (60 meV) and large
bandgap (3.37 eV) at room temperature. In addition, ZnO doped with group III
elements is a promising system for wavelength-tunable plasmonics because of its
low absorption loss in the infrared region compared with metals. However, poor
understanding of native defects and of their interaction with impurities has limited
the development of practical ZnO-based photonic and plasmonic devices. The
primary aim of this project was to investigate the effects of the incorporation of
donor and acceptor impurities on the optoelectronic properties of ZnO

nanostructures and to exploit new properties in optoelectronic devices.

First, Li dopants were used to produce multi-colour emitting ZnO films fabricated
by the spray pyrolysis technique. The pyrolytic films exhibit multi-colour emissions
of yellow, green and blue, which can be tuned by varying the Li concentration.
Simulation of the cathodoluminescence spectra from the Li-doped films using the
Huang-Rhys model enables the determination of the energy levels of luminescence
centres and their electron-phonon coupling strength. These centres are attributable

to either Vz, or Lizy acceptor states.

Second, Ga was used to enhance the electrical and optical properties of ZnO
nanorods. A large number of ZnO nanowires and nanorods were fabricated with
various Ga concentration up to 1.4 at% by the vapour phase transport method. It
was found that Ga incorporation activates the Cu luminescence centres, which lead
to the emergence of a characteristic fine structure in the green luminescence (GL)

band of ZnO. The emergence of the structured GL is due to the Cu" state being



stabilized by the rise in the Fermi level above the 0/- (Cu*/Cu") charge transfer
level as a result of Ga donor incorporation. From a combination of optical
characterisation and simulation using the Brownian oscillator model, the doublet
fine structures are shown to originate from two hole transitions with the Cu" state

located at 390 meV above the valence band.

Third, bandgap engineering in a single ZnO microrod was demonstrated through
crystal defect mediation. ZnO microrods with graded distribution of Ga dopants
were fabricated by the vapour phase transport method. The near-band-edge (NBE)
emission of the graded microrods was found to be red shifted by ~ 0.6 eV due to
the merging of Ga-related impurity bands with the ZnO energy bands, consistent
with the bandgap shift as calculated by the Density Function Theory. The results
demonstrate self-regulation of charged defect compensation and the possibility of

multi-wavelength light sources within a microrod.

Finally, Ga-doped ZnO nanorods were optimised and electrically integrated into
Si-based photonic devices in order to fabricate light emitting diodes (LEDs). LEDs
fabricated from the Ga-doped ZnO nanorod/p-Si heterojunction display bright and
colour-tunable electroluminescence (EL). These nanorod LEDs possess a
dramatically enhanced performance and an order of magnitude higher EL compared
with equivalent LED devices made with pristine nanorods. These results point to
an effective route for large-scale fabrication of conductive, single-crystalline

Ga-doped ZnO nanorods for photonic and optoelectronic applications.
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Chapter 1

General background and motivation

1.1. Background

ZnO is widely recognised as an ideal semiconductor for optoelectronic applications
including light-emitting diodes [1], lasers [2] and transparent conducting oxides
[3] because of its high exciton binding energy (60 meV) and wide bandgap
(3.37 eV) at room temperature. In addition, this material is promising for phosphor
applications due to its strong luminescence in the visible region of the spectrum [4].
Moreover, the high thermal conductivity of this material translates high efficiency

of heat removal during device operation [5].

Fabrication of reproducible and stable p-type ZnO has remained a major challenge
to date. The main reason is that the native point defects of ZnO have a tendency to
produce n-type conductivity and play an important role as a compensating centre in
p-type doping [5, 6]. Group I elements (Li, Na and K) and group V elements
(N, P, As and Pb) have been regarded as most promising p-type dopants for ZnO
[7, 8]. It has been reported that the group I elements are more effective dopants than
the group-V in terms of the shallowness of the acceptor level [9]. However, the
group I elements have a tendency to diffuse into the interstitial sites that compensate
the p-type conductivity [10]. The large bond length of group V elements induces
donor-like antisites, which degrade the acceptor concentration [6].

Experimentally, several groups have reported p-type conductivity in ZnO [11-13].
1
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But these reports have not been followed up with reports on reproducible p-n
junctions, raising questions about stability and reproducibility of p-type ZnO. In
order to overcome this challenge, a clear understanding of the role of point defects

(vacancies, interstitials and antisites) on the p-type doping in ZnO is necessary.

Recent reports on room temperature ferromagnetism and p-type conduction in
Cu-doped ZnO illustrates the wide range of promising applications of this martial
in spintronic and photonic devices [14-16]. Room temperature ferromagnetism of
Cu-doped ZnO has been reported by several groups [17, 18], conversely, the
absence of ferromagnetism in this material was also confirmed by other works [19].
The origin of ferromagnetism in Cu-doped ZnO is ambiguous since Cu and Zn are
not ferromagnetic elements. It has been reported that group IB elements (Cu, Au
and Ag) act as deep acceptors in ZnO and do not contribute to the p-type conduction
[5]. Photoluminescence experiments have shown that Cu impurity is responsible
for the fine structure in the green emission band of ZnO [20, 21]. On the other hand,
Reynold et al. reported that the structured green emission band in ZnO is due to the
transitions of two shallow donors to Vz, acceptor [22]. These inconsistent results
highlight the fact that the nature of Cu acceptors in ZnO and its role in the optical,

electrical and magnetic properties is highly controversial.

Group III elements (Ga, Al and In) have been reported as n-type dopants in ZnO
and have a strong effect on the formation of intrinsic defects and optoelectronic
properties of this material [23-25]. In addition, ZnO doped with these elements has
been suggested as an alternative to traditional plasmonic materials (Au and Ag) due
to their low optical loss in the visible and near infrared regions [26, 27]. The optical

properties of these materials can be further improved if their electronic band
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structure is engineered to obtain lower optical loss. Among the n-type dopants, Ga
has been recognised as one of the most efficient dopants for enhancing the electrical
conductivity and has widely been used for engineering the band structure of ZnO
[28, 29]. Kim et al. reported that Ga can increase the bandgap of ZnO and makes it
more suitable for plasmonic applications [26]. Alternatively, the decrease of the
bandgap in ZnO with Ga doping has also been reported [29]. Theoretical and
experimental studies have shown that group III elements interact with acceptor-like
native defects, producing the abundance of acceptor complexes (Alz-Vzn and
Gazn-Vzn). These acceptors are electrically active [24, 30], but their optical
properties have not been studied extensively. The role of Ga-related defects on the

optoelectronic properties of ZnO nanostructures has not been clear yet.

ZnO nanowires/nanorods have attracted much attention in the recent years for solid
state lighting devices due to their high crystalline quality, short carrier transport
distance and high surface-to-volume ratio [31]. In many respects, ZnO is considered
as an alternative of GaN for light emitting devices due to its high binding energy
and relatively low production cost. Moreover, GaN nanowires and particularly
vertically aligned nanowires are difficult to grow. Vertical nanowires/nanorods
provide waveguided optical emission, which allows the fabrication of light emitting
devices with improved light extraction efficiency [32]. However, the lack of stable
p-type ZnO nanowires is a major issue in fabricating homojunction light emitting
diodes. In most cases, the light emissions from ZnO nanowires-based light emitting
diodes are unstable and incandescent. Vertically aligned ZnO nanowires-based light
emitting diodes with low power consumption, high efficiency, low heat output and
high colour gamut are still required to replace traditional incandescent and

fluorescent lamps.
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1.2. Aims of the project

The specific aims of the work described in this thesis were:

e Adapt and refine the vapour phase transport and spray pyrolysis methods to
fabricate high-quality Li- and Ga- doped ZnO nanostructures with
controlled doping concentrations and optoelectronic properties.

e Determine the main factors that govern those optical and electronic
properties of thin films and nano/microrods that are doped with donor and
acceptor impurities.

e Determine the chemical origin and characteristics of emissions introduced

by the dopants and their effects on the band and defect structure.

e Explore the utility of the optimised electrical properties in ZnO by
fabricating and evaluating prototype wavelength-tunable light emitting

diodes based on doped ZnO nanorods.

1.3. Structure of the thesis

In this work, doped ZnO nanostructures such as films and nano/microrods were
grown successfully by spray pyrolysis and vapour phase transport methods.
Additionally, the donor and acceptor impurities in ZnO nanostructures and their
effects on the optoelectronic properties of this material have also been
demonstrated. Moreover, vertically aligned ZnO nanorods have been electrically
integrated into Si-based photonic devices to fabricate light emitting diodes. This

thesis is composed of the following chapters.
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Chapter 1: Introduction
Chapter 1 gives an overview of current status and future prospects of ZnO-based
optoelectronics. This chapter also presents the scope of research in the field of ZnO,

and the motivations of this project.

Chapter 2: ZnO: defects, impurities and optoelectronic devices
This chapter focuses the native defects, dopants and unintentional impurities in
Zn0O. ZnO nanostructures growth mechanism and ZnO-based light emitting

applications are also reviewed in this chapter.

Chapter 3: Experimental details

This chapter explains the main experimental techniques employed in this project.

Chapter 4: Li acceptors in ZnO
This chapter focuses on the optical emissions in Li-doped ZnO films. The
Li-related defects and their effects on the optical properties of ZnO are also

discussed in this chapter.

Chapter 5: Cu acceptors in ZnO nanorods

This chapter explains the switching behaviour of Cu charge state in ZnO nanorods
by Ga doping. The optical measurements and simulations of Cu-related green
emission band are also presented in this chapter to explain the carrier-mediated

conversion of the Cu charge state in ZnO.

Chapter 6: Bandgap engineering and doping of ZnO
This chapter focuses on the bandgap engineering in a single ZnO microrod. The
theoretical calculations of Ga-related defects are also presented in this chapter to

explain the electronic band structure of Ga-doped ZnO.



Chapter 1. General background and motivation

Chapter 7: Optimisation of ZnO nanorods for LED devices
This chapter focuses on the optimisation of ZnO nanorod-based light emitting
devices. The current-voltage characteristics and light emission behaviour of these

devices are also presented in this chapter.

Chapter 8: Conclusions and outlook

This chapter presents the summary of this project and suggestions for future

research directions.



Chapter 2

Zn0O: defects, impurities and

optoelectronic devices

The doping of ZnO nanostructures has attracted much attention over past decades
for tuning the optical, electrical and magnetic properties of this material to use in
high-performance optoelectronic, photonic and spintronic devices. Group I
(Li, Na and K) and group IB (Cu, Au and Ag) elements are potential useful dopants
for p-type ZnO. The group I elements are theoretically predicted to be shallow
acceptors and are considered for substituting Zn atoms. However, p-type ZnO is
unstable and difficult to reproduce due to the self-compensation mechanism of
native defects. On the other hand, the group III elements (Ga, Al and In) are well
known n-type dopants in ZnO. ZnO can be made highly transparent and conductive
by suitably doped with group III elements. The physical properties of doped ZnO
nanostructures largely depend on growth methods as well as growth parameters. To
fabricate ZnO-based practical devices with optimum physical properties, doping
limit in ZnO nanostructures is a debatable issue. This chapter mainly concentrates
on the native point defects and defects induced by the group I and group III
elements, which are crucial for controlling optoelectronic properties of ZnO. The
various defects, which act as donors and acceptors to realise either n-type or p-type
are reviewed. This chapter also focuses on the doping of ZnO nanostructures,
including an overview of spray pyrolysis method and vapour phase transport

method and doped ZnO-based light emitting diodes.
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2.1. Native defects in ZnO

Intrinsic or native defects are lattice imperfections in the crystal that involve only
constituent elements including interstitials, vacancies and antisites. The most
common native defects in ZnO are oxygen vacancies (V,), zinc interstitials (Zn;),
zinc vacancies (Vy,), oxygen interstitials (0;), oxygen antisites (0z,), and zinc
antisites (Zny). In equilibrium conditions, some defects are optically and
electrically active and can influence the optoelectrical properties of ZnO. These
defects have a strong interaction with the extrinsic defects and are related to the
compensation of donor and acceptor dopants, i.e. acceptor defects are easier to form
in n-type ZnO, while donor defects are easier to form in p-type ZnO. The control,
formation and evaluation of native defects have been studied by both theoretically
and experimentally [5, 33, 34]. However, the origin of residual n-type conductivity,
defect energy levels, formation energies and chemical origin of deep level
emissions are still controversial issues. A clear understanding of the nature of native
defects and their roles on dopants in ZnO is essential for successful application in

practical devices.

Oxygen vacancies

Oxygen vacancies have the lowest formation energy among the native donor-like
defects (Figure 2.1) and have frequently been appealed as a source of residual n-
type conductivity in ZnO. But, recent studies show that oxygen vacancies are deep
donors and cannot be the source of background n-type conductivity [5, 35]. The V;
charge state is thermodynamically unstable for any position of the Fermi-level [36].

But, electron paramagnetic resonance (EPR) experiments identified the existence
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of V5 in ZnO, indicating the formation of V; metastable state under electron
irradiation [37]. Oxygen vacancies become neutral when the Fermi level is close
to the conduction band and act as a source of compensation in p-type ZnO, while
they are in 2+ charge state when the Fermi level is close to the valence band
maximum (Figure 2.1). The position of the 0/2+ charge transfer level of V, is
highly controversial (Table 2.1). The position of 0/2+ level was calculated to be
0.5-0.8 eV above the valence band by several groups [38, 39], alternatively, the
0/2+ level was estimated to be 1-2 eV below the conduction band maximum by

other groups [40, 41].

o 7 .

Formation energy (eV)

20F Zn-rich O-rich

" 1 M 1 M M 1 M 1 M 1
0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0
Fermi level (eV) Fermi level (eV)

Figure 2.1. Calculated formation energies of native defects in ZnO as a function
of Fermi-level for (a) Zn-rich and (b) O-rich conditions. The formation energies
were obtained by local density approximation (LDA). The zero of Fermi-level
indicating the valence band maximum and the slope corresponding to the charge

states [35].
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Oxygen vacancies show a broad green emission band as an optical signature
[42-44]. The peak position of V,-related green luminescence is highly controversial
and is varied in the 2.42 — 2.54 eV energy range (Table 2.2). Ye et al. reported that
the radiative recombination of an electron from the V;; state to the valence band is
responsible for the 2.5 eV green emission band [45], alternatively, Hofmann et al.
reported that the optical excitation can convert only a fraction of V, to V5 , which
is thermodynamically unstable [46]. Deep level transient spectroscopy experiments
show that oxygen vacancies capture and emit always two electrons, thus 0 to 2+

transition is responsible for the green emission band in n-type ZnO [46].

Zinc vacancies

Zinc vacancies are acceptors and have high formation energy in p-type ZnO
(Figure 2.1). So, the concentration of Vy, is negligible in p-type ZnO. In n-type
ZnO, on the other hand, zinc vacancies have lower formation energies and are
present in a moderate concentration in n-type ZnO [35]. These acceptors are more
favourable in the O-rich environment (Figure 2.1). Positron annihilation
experiments have shown that zinc vacancies are dominant compensating acceptors
in n-type ZnO [47]. The energy levels of V,, for different charge states are
controversial (Table 2.1). First principle calculations find 0/1- and 1-/2- acceptor
states at 180-200 meV and 870-1200 meV, respectively above the valence band
maximum [35, 48]. On the other hand, the 0/1- and 1-/2- levels of V,, were
calculated to be 90 meV and 1500 meV, respectively by generalised gradient
approximation (GGA) [49]. EPR experiments have shown that the 1-/2- level of

Vz, lies 1.0 eV above the valence band maximum [50, 51].
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Table 2.1: Summary of energy positions of different native defects in ZnO

Native defect | Charge state | Energy level (eV) References
/A 0 E. —0.05 [52]
1+ E.—2.0,E. —192 [52] [53] [54]
E.—2.24
2+ E.—10,E.—1.1 [36] [45]
Zn; 0 E. —0.05 [52][53]
1+ E.—05,E.—0.2 [52][53]
2+ E.—0.15,E. —0.08 | [40][55]
Vin 0 E,+0.3,E,+ 0.31 [56, 57]
1- E,+0.7, E, + 82, [52] [53]
2- E,+28,E,+ 291, |[52][54]
E, +2.67
0; 0 E,+1.08,E,+ 09 [56, 58]
1- E,+0.38,E,+ 0.4 [59] [58]
2- E,+0.99, E,+ 1.43 | [57][59]
E, +0.79

Zinc vacancies are considered as another source of green emission band in ZnO
[43, 44]. The peak positions of the reported V;,-related green luminescence are
found in the 2.30 — 2.53 eV energy range (Table 2.2). The electronic transition
responsible for the green emission band in ZnO is a debatable subject. Different
research groups suggested different types of electronic transitions to describe the
green luminescence band such as from a shallow donor to deep V5, acceptor [60],
from conduction band to V;,, acceptor [54], from Zn; to V, acceptor level [61] and
a hole transfer from divalent zinc vacancy (V,2,7) and monovalence (V,;,) defects

[62]. Sekiguchi et al. also provided a strong argument in favour of zinc vacancies
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being the origin of green emission [63, 64]. They reported that the hydrogen plasma
treatment strongly passivates the green emission band in ZnO. This observation
indicates that zinc vacancies are responsible for the green emission and can be

passivated by hydrogen.

Table 2.2: Summary of energy positions and assigned chemical origins of deep

level emissions in ZnO.

Peak position Emission colour | Chemical origin References
(eV)
2.5, 2.2, 2.45,| Green v, [43] [44] [42]
2.35,2.48, 2.36, [46] [65] [66]
2.53 [44]
2.53,2.35,2.30 | Green Vin [43] [44] [65]
24 Structured green [22]
2.42,2.45,2.43 | Structured green Cuyy, [20] [67] [21]
[68]
2.26, Green 0; [65]
2.06,2.03,2.1 | Yellow/Orange [66] [69] [70]
1.79,1.98,1.95 | Red [60] [71] [72]
2.17,1.93,2.07 | Yellow Liz,, Deep [43] [73] [74]
feilza:‘l[;: d state [75]
3.0,3.05 DAP* complexes | Shallow | [74][76][77]
Blue state [75]
1.8,1.9 Red Gaz, — Vz, and [78] [79]
Gazn — 0;
~2.0-1.28 Yellow-Red, Gaz, =V, [80] [81]
Near infrared Gaz,-related
complexes

*Donor-acceptor pair
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Zinc interstitials

In wurtzite ZnO structure, zinc interstitials could occupy either octahedral sites or
tetrahedral sites and are more stable at the octahedral site than tetrahedral site
because of their high formation energy at the tetrahedral site [48]. Among the three
charge states of zinc interstitials (Zn?, Zn;" and Zn?"), the most stable state is Zn?*,
which is formed by donating two electrons to the conduction band. Under
equilibrium conditions, zinc interstitials have high formation energy in n-type ZnO
and their concentration should be negligible [48]. So, zinc interstitials cannot be a
source of the background n-type conductivity in ZnO even under Zn-rich conditions
[48]. However, it has been suggested that they can be a source of n-type
conductivity under non-equilibrium conditions. For examples, Hutson et al.
reported the presence of Zn; shallow donors with an activation energy of 51 meV
in Hall experiments [82] and Look et al. also observed the presence of Zn; shallow
donors when ZnO samples were irradiated by high-energy electron beam [83]. The
formation energy of Zn; decreases with decreasing the Fermi energy, indicating

that they act as a compensating defect in p-type ZnO [48].

Oxygen interstitials

The formation of oxygen interstitials is due to the excess of oxygen atoms in ZnO.
Oxygen atoms can occupy either the octahedral interstitial site or tetrahedral
interstitial site. First principle calculations suggest that the tetrahedral interstitials
are unstable and can diffuse into the split-interstitial configurations, also known as
dumbbell configuration [40]. Oxygen interstitials are more stable and electrically
active in the octahedral interstitial site [49]. The octahedral O; introduce e(—/2 —)
and €(0/—) acceptor levels at 1.59 and 0.72 eV, respectively above the valence
band maximum, indicating that they are deep acceptors [5]. The octahedral O;
configurations have high formation energy and their concentration is negligible in
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ZnO under equilibrium conditions. Janotti et al. reported that oxygen interstitials
are electrically inactive in p-type ZnO and act as a deep acceptor when the Fermi

level is greater than 2.8 eV [5].

A broad yellow emission peaking in the ~ 2.0 — 2.1 eV energy range has been
reported in ZnO nanostructures (Table 2.2) [66, 70]. This yellow emission band in
ZnO has been attributed to O; defects [66, 70]. Moreover, several groups reported
that the red emission centred at ~1.80 eV in ZnO nanostructures is due to O; defects
[60, 71]. The energy levels of different defects and their electronic transitions

suggested by different groups are presented in the Figure 2.2.

Conduction band

0.2elV
H 2+ V+ H H :
§ Cu S : :
(D) @ | ® @ e (6):
Oi H
3.35 eV 25V ;
Vz_né cut L | Gazn —Vzn
: blzn 1.1eV X
0.8 eV
0.7 eV 04 eV l 0.7 eV
* v v *

Valence band

Figure 2.2. Electronic transitions of different defects in ZnO based on the
Table 2.2 and the following references; (1) [84], (2) [20], (3) [45], (4) [85], (5) [72],
(6) [86].

14



Chapter 2. ZnO: defects, impurities and optoelectronic devices

2.2. Ga-related defects

Ga atoms preferably occupy into the Zn sites and induce substitutional defects
(Gazy,) in ZnO. Moreover, Ga could accommodate either octahedral interstitial site
(Ga?) or tetrahedral interstitial site (GaT ). The formation energies of Ga? and GaT
are much higher than Ga,, and their concentrations are negligible in equilibrium
conditions [87]. The substitutional defects act as shallow donors in ZnO and have

a (+/0) thermodynamic transition level at 3.0 eV above the valence band maximum

[24].

Zinc vacancies and oxygen interstitials can easily be formed in ZnO grown at
O-rich conditions. Theoretical studies have shown that Ga,, donors can interact
with acceptor-like defects (V, and O0;), forming the high concentration of
Gaz, — Vzm and Gaz, — O; defect complexes due to the Coulomb interactions
between donor and acceptor [24, 88]. The local atomic geometry of Gay, — Vy,
and Gay, — 0; defect complexes are shown in Figure 2.3. These defects act as

acceptors and are electrically active in ZnO.

() ®

Figure 2.3. Local atomic geometry for (a) Gay, —Vz,and (b) Gaz, — O;
complexes in Ga-doped ZnO [24]. Both complexes acting as deep acceptors and

electrically active in ZnO.
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Under O-rich conditions, Gaz, — V7, acceptors complexes have significantly lower
formation energy than Ga, donors below 2.8 eV Fermi energy (Figure 2.4 (a)) and
are responsible for appreciable compensation. The formation energy of Ga,, — O;
is higher than Gaz, — V;,, indicating the less contribution of Gaz, — 0; in
Ga-doped ZnO. In O-poor conditions, the formation energies of these defect
complexes are increased by ~6.7 eV (Figure 2.4 (b)), indicating that the
compensation mechanism is less pronounced. Several experimental and theoretical
predictions have shown that Gaz, — V5, and Gaz, — O; acceptors have binding
energies of ~0.75 and ~0.66 eV, respectively above the valence band maximum
[24, 78]. Yamada et el. and Tsay et al. have reported that the electrical conductivity,
as well as the carrier concentration significantly decreases at high Ga doping

concentration when samples were grown at O-rich conditions [89, 90].
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Figure 2.4. Formation energies of Ga-related defects as a function of the Fermi

energy in (a) O-rich and (b) O-poor conditions. The zero value indicating the

valence band maximum and slopes showing the defect charge states [24].
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The optical signatures of group III elements in ZnO are highly controversial. Park
et al. observed a yellow emission band around 2.0 eV in Ga-doped ZnO nanowires
[91], but they cannot successfully explain the chemical origin of this emission band.
A broad red emission band has been reported in Ga-doped ZnO by several research
groups [79, 86] and is responsible for Ga-related acceptor complexes (Gaz,—Vz,
and Gaz,—0;). Alternatively, Jiang et al. reported that the yellow and red emissions
are originated from Ga-related complexes, especially V,—Ga,, donor complexes
[80]. Zhang et at. observed the blue, green, yellow and red emissions at different
Ga doping concentrations in ZnO. They reported that these emissions attributed to
defects at different energy levels [29]. He et al. reported that heavily Ga-doped
ZnO shows the near-infrared emission attributed to Gaz-related complexes in ZnO
[81]. As an optical signature, group III elements also show bound excitons at low
temperature [23, 92, 93]. A summary for peak positions and ionisation energies of
these excitons are presented in Table 2.3. Most commonly observed donor-bound
excitons in ZnO are /4 and /s lines at 3.3628 eV and 3.3608 eV, respectively. The /4
line is attributed to H donors, which can easily be incorporated into ZnO
nanostructures during growth. The /s line is due to Al donors. The Is and /9 lines
are attributed to Ga and In impurities, respectively. Yang et al. reported that Ga
donors also show an ionised donor bound exciton (/;) and a donor-acceptor pairs
line (Ipsp) at ~3.321 eV in Ga-doped ZnO [94]. The chemical origin of I, I,

I,0 and I;; lines are still unknown in ZnO. Look et al. proposed that the chemical
origin of Ig line is N-related complex [95], whereas Mayer et al. suggested that the

origin Iy is In [23].

Bandgap engineering of ZnO can be achieved by alloying with Group III elements.
First principle calculations and experiments have shown that Ga donors interact

with acceptor-like defects, producing the abundance of defect complexes,
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especially Gazn,-Oi and Gaza-Vza pairs, which lead to the significant reduction of
bandgap and carrier concentration in ZnO [24, 88]. Kim et al. reported that Ga
dopants can increase the bandgap of ZnO, making it more suitable for plasmonic
applications [26]. Ginting et al. reported that the bandgap of ZnO nanorwires is not
significantly changed with Ga doping up to 3 at% [96]. Zhang et al. observed a
remarkable decrease of ZnO bandgap with Ga doping in both the PL and EL
experiments [29]. A significant decrease in the bandgap has been reported for ZnO
doped with In [97], conversely, the bandgap widening for In-doped ZnO has also
been reported [98]. These above results indicate that the bandgap engineering in

ZnO doped with group III elements is a controversial issue.

Table 2.3. Summary of bound exciton lines, their emission energies and ionisation

energies (taken from the references [23, 92, 93]).

Line Energy  position | Ionisation Exciton type | Chemical
(eV) energy (meV) origin
I, 3.3727 53.0 D*X Al
L 3.3718 54.6 D*X Ga
I, 3.3674 63.2 D*X In
I3 3.3665 63.2 D*X In
I, 3.3628 46.1 D°X H
I5 3.3615 50.0 D°X -
Ig 3.3608 51.6 D°X Al
I; 3.3600 54.1 D°X -
Ig 3.3598 54.6 D°X Ga
Iy 3.3567 63.2 D°X In
- 3.3574 20.4 A°X Na
Lo 3.3551 72.6 D°X -
- 3.3539 243 A°X Li
I, 3.3484 D°X -
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ZnO doped with group-III elements (Al, Ga and In) has also been recognised as low
optical loss plasmonic materials [27, 99]. Several theoretical and experimental
studies have shown that these materials have a low optical loss in the visible and
near infrared regions compared to conventional plasmonic metals (Ag and Au)
[26, 27, 99]. As shown in Figure 2.5, ZnO doped with group III elements shows a
low optical loss in the visible and near infrared regions. It has also been reported
that the plasma frequency can be tuned by incorporating Ga into the ZnO [26]. The
high optical loss of traditional metals in the visible and infrared regions is the main
limitation for the improvement of plasmonic devices. These alternative plasmonic
materials have the promise to overcome this major issue and provide greater
flexibility in designing of plasmonic devices with moderate magnitude of

permittivity and loss factor [99].

0.5 1 1.5 2 25
Photon energy (eV)

Figure 2.5. Comparison of optical loss (imaginary part of permittivity) among
Al-doped ZnO (AZO), Ga-doped ZnO (GZO0O), In-Sn-O (ITO), Au and Ag. Oxide

materials showing the low optical loss compared to the conventional metals [26].
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2.3. Li-related defects

Li can easily release its valence electron and preferably occupies into Zn site (Liz,),
which acts as an acceptor in ZnO. Alternatively, Li may diffuse into the interstitial
site (Li;), which behaves as a donor. Li-related pair complexes (Liz, + Li;) can
also be formed under O-rich conditions [9]. Figure 2.6 (a) - (b) shows the local
atomic geometry of Li,, + Li; complexes [75]. In both the O-rich and Zn-rich
conditions, the formation energies decrease for Liy, and increase for Li; with
increasing the Fermi level. In 100% O-rich conditions, the Liy, + Li; pair
complexes have the lowest formation energies than Li,, and Li; defects (Figure 2.6
(c)) [100]. Density function theory calculations find a (0/-) acceptor level located at
~E, + 0.8 eV [9, 100]. EPR experiments have shown that Li has two acceptor states

at 850 meV and 150 meV above the valence band maximum [101].
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Figure 2.6. The local atomic geometry of Li,, + Li; pair complexes for (a) nearest
and (b) well separated from each other [75]. (c) Formation energies of Liz, + Li;
pair complexes as a function of oxygen partial pressure in 100% O-rich conditions

[100].
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The optical properties Li-related defects have been studied by several research
groups [73, 101, 102] but is still a debatable subject. In the near-band-edge region,
the low-temperature emission spectrum of Li-doped ZnO shows a bound excition
line at 3.3539 eV [76, 93]. A broad yellow emission band in the ~1.9 -2.2 eV energy
range is commonly observed in Li-doped ZnO (Table 2.2 of section 2.1). Several
research groups have suggested that a deep Li, acceptor level at 0.8 eV above the
valence band maximum is responsible for this yellow emission band in Li-doped
Zn0 [73, 102]. Alternatively, Sahu et al. reported that the 2.10 eV yellow emission
band has been attributed to Li, + Li; pair complexes when the component species
(Lizn, Li;) are close to each other (Figure 2.6 (a)). Zhang et al. reported that an
emission band peaking at 3.0 eV attributed to Liz, acceptor [74], while Sahu et al.
reported that the Liy, + Li; pair complexes are responsible for the ~3.0 eV
emission peak when the component species (Liz,, Li;) are away from each other.
Mayer et al. have also been reported an emission peak at 3.0 eV in Li-doped ZnO.
They assigned this peak as a donor-acceptor pair (DAP), which is due to the Li-

related shallow acceptor state [76].

2.4. Cu impurities

Cu is a common impurity in ZnO and favourably occupies substitutionally the Zn
site (Cuy,), which acts as an acceptor leading to the p-type conductivity and
ferromagnetism [15, 17]. Hunag et al. reported that Cu has three charge states, i.e.
Cu, or Cu3*(3d®4s°), Cul, or Cu?* (3d°4s°) and Cuyz, or Cu'* (3d'%4s?)
[103]. These defects have higher formation energies than native defects of ZnO in
Zn-rich conditions and have lower formation energies in O-rich conditions [103].

When Cu doping concentration increases in ZnO, the Cul* leads the p-type
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conductivity and the Fermi level would shift toward the conduction band until the
Cu?* /Cu'* charge transfer level (CTL) as a result of charge neutrality [104]. First
principle calculations have shown that the Cu-doped ZnO is ferromagnetic when
Cu defects stay in ZnO as Cu3* and Cu?* charge states, while this material is found
to be nonmagnetic when Cu impurities stay in ZnO as Cu'* configuration [103].
The position of Cu?*/Cu'* (0/-) CTL is still a matter of great controversy.
Wardle et al. estimate the 0/- CTL at 1.0 eV above the valence band maximum
[105], while Yan et al. calculated the 0/- CTL at 0.7 eV above the valence band
maximum [106]. Electrical measurements on Cu-doped ZnO reveal that the 0/- CTL
lies 0.2 eV below the conduction band minimum [107]. Admittance spectroscopy
and photoluminescence experiments have shown that Cu has two acceptor levels at

E.—0.17 and E, + 0.4 eV [20, 108].
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Figure 2.7. (a) Structured green luminescence band from ZnO (containing
4 + 2 ppm Cu) at 1.6 K. The enlarge portion displaying the zero phonon line at
2.8590 eV [67]. (b) A schematic diagram of different transitions in Cu-doped ZnO
in the hole representation, also displaying transition providing the a-, - and -

exciton lines [109].
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As an optical signature, Cu impurity shows a green emission band consisting of a
periodic fine structure separated by 72 meV (Figure 2.7 (a)) [20, 67] and also
exhibits three excitonic emissions (also known as a-, §- and y- zero phonon lines)
originating from its three valence states (Figure 2.7 (b)) [109]. This structured
green luminescence band is attributed to an internal transition of a hole within the
Cu acceptors at low temperature [67]. The electronic transition that responsible for
the structured green emission band is given in the Figure 2.2 of section 2.1. The
energy level of Cu?™ state is located at 0.2 eV below the conduction and the position
of Cu* is 0.4 eV above the valence band maximum [20]. The Cu luminescence
centres are not always optically active in the ZnO nanostructures [110]. Grace et
al. and McCluskey et al. observed the structured green emission band in bulk ZnO
crystals when ZnO samples were annealed at 900-1000 °C under ambient
environment [68, 110]. They reported that the structured green emission band is due
to the conversion of Cul* to Cu?* as a result of the lowering of the Fermi level
upon annealing. Reynold et al. reported that the fine structure in the green emission
of ZnO is attributed to a transition of two shallow donors (30 meV and 60 meV
below the conduction band) to Vz, acceptors [22]. So, the fine structure in the green
luminescence band depends not only on Cu impurity but also on the crystal quality
of ZnO nanostructures and the position of the Fermi level. These inconsistent results
highlight the fact that the nature of Cu acceptors in ZnO and its role on the optical

properties is still highly controversial.

Although, the theoretical and experimental studies have shown diverse insights into
the electronic structures, formation energies and energy levels of native defects and
impurities in ZnO, the nature of these defects and their roles on the physical

properties ZnO are still controversial issues. The rich defect chemistry of ZnO has

23



Chapter 2. ZnO: defects, impurities and optoelectronic devices

a crucial impact on optoelectronic properties and has not yet been thoroughly

investigated in the framework of novel applications.

2.5 Growth of doped ZnO nanowires and films

Doped ZnO nanostructures have been studied extensively over the past few decades
not only for their exciting optical, electrical and magnetic properties but also for
their future diverse technological applications. Many oxide and nitride
nanostructure materials doped with various elements have been grown and
characterised such as ZnO, CdO, TiO, ITO, and GaN. Among the variety of oxide
nano-materials, hexagonal wurtzite ZnO has a rich family of nanostructures such as
nanowires, nanorods, nanobelts, nanodiscs, nanosprings, nanosheets, nanoribons,
nanofibers, nanoflowers. Among them, one-dimensional ZnO nanowires/nanorods
doped with group III and group I elements have attracted a great deal of attention
due to their unique physical properties, which make them potential for nanoscale
optoelectronic devices. Various methods have been developed for the synthesis of
doped ZnO nanostructures such as rf magnetron sputtering [111], vacuum arc
plasma evaporation [112], thermal evaporation [113], metal-organic chemical
vapour deposition [114], electron beam evaporation [115], sol-gel method [116],
pulse laser deposition [117] and hydrothermal [118]. This section focuses on vapour
phase transport and spray pyrolysis methods for the deposition doped ZnO

nanostructures.
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2.5.1. Vapour phase transport method

Vapour phase transport (VPT) is a widely used method for the growth of doped
ZnO nanostructures. This technique is comparatively simple and cost-effective than
other chemical synthesis methods. Moreover, the dimensions and alignments of
nanowires can be controlled by varying growth parameters such as temperature,
pressure, gas flow rate and catalysts. The mechanism of one-dimensional crystal
growth was first reported by Wagner and Ellis in 1964 [119]. Figure 2.8 illustrates

a schematic diagram of nanorods growth mechanism.

(a) (b) Au droplets
/
(d) ¢ .., 7., Vapour
MO I elements

T .3 ..; :'. . N

Figure 2.8. Schematic diagram of nanowires growth process. (a) Sputtering of Au
catalyst. (b) The formation of Au droplets at high temperature. (¢) Precursor vapour

elements siting on Au droplets. (d) Grown nanorods perpendicular to the substrate.
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In the VPT growth technique, the growth of nanorods occurs on stable metal
catalysts such as Au, Ni, Ga, Cu, and Sn. At a high temperature above the melting
point, the metal catalyst is converted into liquid alloy droplets (Figure 2.8 (b)). The
formation of growth species is accomplished by the carbothermal reduction of oxide
powder. The vapour phase of growth elements is transported from the source and
diffused into catalyst alloy droplets (Figure 2.8 (c)). In order to obtain the minimum
free energy, the growth elements will precipitate at the interface of the liquid alloy
and solid substrate. One-dimensional nanorods are formed by the nucleation and
crystal growth of vapour species (Figure 2.8 (d)). The diameter of nanorods depends

on the size of the catalyst liquid droplets. The growth of nanorods will continue as

long as the supply of the vapour phase of growth species is maintained.

Figure 2.9. (a) SEM image of a gold-coated substrate annealed at 950 'C. (b) A

typical SEM image of Ga-doped ZnO nanorods grown at 950 “C in this work.

Figure 2.9 (a) shows a typical gold coated a-plane silicon substrate annealed at

950 'C and Figure 2.9 (b) ZnO nanorods were obtained from 20 minutes of
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deposition time. The evaporated Zn vapour from source materials condensed and
supersaturated with catalyst alloy droplets. ZnO nanorods are produced by the
diffusion of supersaturated Zn species form the vapour-liquid interface to liquid-

solid interface.

In the catalyst-free VPT method, the source material in vapour phase is condensed
to produce various nanostructures including nanowires, [120] nanorods [121] and
other complex structures [122, 123]. However, it is difficult to control the
alignment, geometry, and location of nanowires without catalysts. Figure 2.10

shows some nanostructures grown by catalyst-free VPT method under certain

growth conditions in this work.

Figure 2.10. Catalyst-free various ZnO nanostructures; (a) nanosheets, (b)
nanoflower, (c) nanodiscs, (d) nanoribons, (€) nanostars and (f) nanofibers grown

by vapour phase transport method under various growth conditions in this work.
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The self-catalytic VPT [124] is also a widely used method to grow ZnO nanowires.
This method has the potential for the fabrication of ZnO nanowires without the
contamination of catalytic components [125]. Before starting the self-catalyst
growth of ZnO nanowires, a sputtering machine is used to deposit a thin seed layer
of ZnO onto the substrate. This seed layer acts as a catalyst for growing ZnO
nanowires. Figure 2.11 displays ZnO nanowires grown by a self-catalyst VPT
method in this work. In this method, tapered diameter nano/microrods were
produced. The tapered nanowires are not uniformly distributed on the substrate and
the diameter of deposited nanowires is varied from several hundred nanometres to

several micrometres along their length.

Figure 2.11. ZnO nano/microwires grown by a self-catalyst vapour method in this
work. A thin seed layer of ZnO is spin coated on the Si substrate for growing ZnO

nanowires.
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Table 2.4. Survey on growth temperature, substrate, catalyst, carrier gases and PL

emission for Ga-doped ZnO nanostructures grown by the vapour phase transport

method.
Substrate Temperature | catalysts | Ar : Oz | PL/CL peak (eV) Ref.
°O gases
(sccm)
GaN 1100 °C Au 50:1 3.26-3.96 (UV-BL) [29]
GaN 930 °C Au 50:1 2.44 (GL),3.23 (YL) | [91]
Si 1000 °C Au 500:0 |3.24 (UV) [25]
sapphire 930 °C Au 40: 1 3.31-3.18 (UV) [28]
ITO 1100 °C - 10:1 3.35 (UV) [126]
Sapphire 920 °C GaZnO |50:0.2 |3.35(UV),2.42(GL) | [127]
Glass 600 °C GaZnO | 54:0.8 |3.29 (UV), (GL-YL) |[128]
Si 700 °C ZnO 200 :30 | 3.26 (UV), 2.48 (GL) | [129]
Sapphire 1050 °C ZnO NH;:Ar - [130]
10:80
Si 1100 °C Catalyst- - 3.17(UV),2.38(GL), | [131]
free 2.21 -
Glass 600 °C ZnO 54:0.8 | 3.27(UV), White [132]
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The main factors that affect the growth of nanorods are temperature, catalysts, and

types of substrate and carrier gases.

Growth temperature

ZnO nanorods are grown from the vapour phase of Zn atoms at a high temperature
of'about 950°C. The growth temperature significantly affects the dimension of ZnO
nanorods. The diameter and length of ZnO nanorods decrease with increasing
temperature. In the VPT method, the substrate temperature of about 700 ‘C is
suitable for well-aligned ZnO nanorods [133]. At high temperature, the catalysts
can diffuse into nanorods, leading to an increase of impurity concentration in ZnO.

This impurity can degrade the optical properties of nanostructures [134, 135].

Catalysts

The most commonly used catalysts are metal nanodroplets of Au, Cu, Co and Sn
for growing ZnO nanostructures. The proper selection of a catalyst is very important
in this method. This is because the size of catalyst droplets determines the
dimension and alignment of nanorods [125]. Among various catalysts, Au is
chemically inert and easy to deposit onto the substrate and has widely been used to
grow well-aligned ZnO nanorods. Recently Hung et al. and Hsu et al. fabricated

vertically aligned ZnO nanowires on Ga:ZnO catalyst [127, 128].

Types of substrates

For the growth of well-aligned nanowires, the preference of substrate is also
important to maintain the crystal lattice mismatch between nanorod and substrate.
To grow ZnO nanorods, various kind of substrates have been used including
sapphire [28], silicon [136], ZnO film [137], GaN [138], ITO [126] and ZnO coated
glass [139]. Among them, Si is the most commonly used substrate in high-

temperature VPT growth due to its availability and high thermal stability. From the
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aspect of lattice mismatch, ZnO film and GaN are better substrates to grow ZnO
nanorods due to their similar crystal structure and lattice parameters. Moreover, the
production of p-type GaN and p-type Si are much easier than p-type ZnO. The
p-type GaN and Si substrates are preferred for the fabrication of ZnO nanorod-

based optoelectronic devices.

Carrier gases

The standard gases used for growing ZnO nanorods in the VPT method are argon,
oxygen and nitrogen (Table 2.4). The rate of nitrogen flow remarkably influences
the morphology and optical properties of ZnO nanorods [133]. The diameter of ZnO
nanorods was found to decrease with increasing N> gas flow rate [133]. The
nitrogen gas flow can also change defect structure in ZnO nanorods [140]. The
oxygen gas flow rate has a strong effect on the structural properties of ZnO
nanorods [141]. Yang et al. reported that the oxygen-related defects in ZnO

nanorods arise due to the presence of oxygen gas during growth [142].

2.5.2. Spray pyrolysis method

Spray pyrolysis is a simple cost-effective technique among the solution-based
synthesis methods for the synthesis of ZnO nanostructures. This technique has some
advantages including ease of handling, safety, cost-effective, high growth rates and
large area deposition. Moreover, it is easy to produce doped ZnO nanostructures
with precise physical properties. The spray pyrolysis is a widely used method for

the deposition of thin films.

31



Chapter 2. ZnO: defects, impurities and optoelectronic devices

Incoming atoms

» I I I Re-evaporation

A

<

T ' o 0 .. )

N ls's — oeeted, — Wh@ .,

S g?® g e 0000 ° 0 p

E » LY XX XL

© Substrate Substrate Substrate
(a) Clusters (b) Nucleation (c) Coalescence l

Substrate

Substrate Substrate

(f) Continuous film (e) Hole (d) Channel

Figure 2.12. Schematic diagram for different stages of thin film growth.

In the spray pyrolysis method, thin films are grown by spraying the solution of
deposited materials onto a hot substrate. In this method, three-dimensional island
films are formed by different stages such as condensation, nucleation and crystal
growth [143, 144]. In the condensation process, the incoming atoms interact with
the substrate surface either elastically or inelastically. Some atoms collide with the
substrate surface and attach elastically. The rest of the atoms lose their kinetic
energy by striking the substrate inelastically and become thermally stable with the
substrate. An atom adsorbed by the substrate surface is typically known as adatom.
The adatoms interact with other adatoms on the substrate surface to form a cluster
of atoms by collision and some atoms evaporate from the substrate surface (Figure
2.12 (a)). In the nucleation process, two or more clusters are combined to form
nuclei (Figure 2.12 (b)). Volmer and Becker successfully explained the nucleation

mechanism of thin film growth [145, 146]. Due to the rapid increase of nuclei, they
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convert to irregular hexagons or spheres also known as coalescences and cover the
substrate (Figure 2.12 (c)). In channel and hole stages, the secondary nuclei began
to grow to fill up the void space in the film (Figure 2.12 (d)-(e)). The continuous
film is produced by the filling of channels and holes with secondary coalescences
(Figure 2.12 (f)). Pashley et al. successfully explained the different stages
(coalescence, channel and crystal growth) of thin film growth
[144, 147]. The ideal films are free from gaps or voids. It is difficult to grow the
ideal films in practical deposition methods. Normally, the films do not get enough
time for crystallisation during the growth. The post-growth annealing is used to
recrystallize the films. The suitable annealing environment causes the diffusion and

migration of host atoms to produce the crystallise film.

The main growth parameters that affect the deposition of a film in the spray
pyrolysis method are substrate temperature, deposition time and annealing
temperature. The substrate temperature used in the spray pyrolysis method is in the
range of 200 — 500 °C. The substrate temperature controls the movement of
incoming atoms on the substrate surface. Higher movement of atoms leads to the
formation of crystalline films while lower movement of atoms results in amorphous
films. The electrical resistivity of the pyrolytic film was found to increase above
400 °C substrate temperature [148]. The optical and electrical properties of ZnO
films largely depends on the thickness of the film. The thickness can be varied by
changing the deposition time. Rao et al. reported that the electrical conductivity
increases while the transparency decreases with increasing film thickness [149].
ZnO films grown at low substrate temperature show poor crystal quality. To
improve the morphology and physical properties of ZnO films, post-growth
treatment has been adopted in different annealing environments such as air [150],

argon [150], and oxygen [151] environments. Hydrogen [152], oxygen [153] and
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nitrogen [ 154] plasma treatments have also been performed on ZnO films. Different
post-growth treatments have been performed for different purposes. For example,
the hydrogen plasma treatment significantly increases the carrier density and also

enhances the efficiency of ultraviolet emission [152].

2.6. Light emitting devices based on doped ZnO

ZnO-based homojunction LEDs are less common compared to heterojunction
LEDs due to the difficulty in realising stable p-type ZnO. Various dopants have
been used to obtain doped ZnO-based p-n homojunction LEDs. For example, Chu
et al. reported ZnO-based homojunction LEDs on ZnO films doped with p-type Sb
and n-type Ga fabricated by standard photolithography techniques [155]. They
reported that the p-type is evident from the rectifying behaviour of I-V curve
(Figure 2.13 (a)) and the EL spectra show weak near-band-edge emission with a
broad red emission at room temperature (Figure 2.13 (b)). However, they were not
able to confirm the p-type conductivity using Hall measurements. Another ZnO
films-based homojunction (p-type Sb-doped ZnO/n-type Ga-doped ZnO) using
molecular beam epitaxy was reported by Yang et al. (Figure 2.14 (a)) [156]. The
current-voltage characteristics (Figure 2.14 (b)) showed rectifying behaviour with
high shunt resistance of about 161 kQ and turn on voltages of 6V. The EL spectra
of the device, Figure 2.14 (c), exhibited ultraviolet emission with heat-induced
redshift. While several p-type ZnO based homojunction LEDs have been reported,
comprehensive studies to improve the understanding of ZnO-based homojunction

LEDs are limited.
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Figure 2.13. (a) Current-voltage characteristics and (b) room temperature EL
spectra at different currents of p-type Sb-doped ZnO/n-type Ga-doped ZnO

homojunction [155].
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Figure 2.14. (a) Schematic of LDE structure, (b) current-voltage characteristics
and (c) room temperature EL spectra at different currents of p-type Sb-doped

ZnO/n-type Ga-doped ZnO homojunction [156].

In the upcoming digital and multimedia age, efficient visible colour light emitting
devices have drawn much attention due to meet the requirement of high brightness
mobile appliance and displays. ZnO can be a potential candidate for efficient

multicolour light emitting diodes in the visible region since its various point defects
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act as sources of different visible emissions. Table 2.5 shows that the visible
emission colours from different Ga-doped ZnO-based LEDs are different. In most
of the devices, the near-band-edge is absent in EL spectra and the native point
defects play a dominant role on the luminescence properties of LED devices. These
LEDs also show the inconsistency between EL and PL emission peaks. Recently,
experimental observation of tunable electroluminescence in the visible emission
(green to red) was reported in an individual micrometre-sized Ga-doped ZnO rod
(Figure 2.15) [80]. The light is emitted under high Joule heating conditions, which
is not stable. This Ga-doped ZnO microrod-based EL device was reported to have
a questionable high injected current of 96 mA from a single micrometre-sized rod.
The exact Ga doping concentration in these devices is ambiguous. ZnO-based LEDs
with improved light extraction efficiency in the visible and ultraviolet regions are

still required.
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Figure 2.15. (a) I-V characteristics, (b) EL device structure, (c) tunable EL

emission and (d) — (g) photographs of EL emissions of a single Ga-doped ZnO
microrod-based EL devices [80]. The weight ratio of ZnO:Ga,03:C in the source
materials are 10:1:11 (sample-1), 9:1:10 (sample-2), 8:1:9 (sample-3) and 5:1:6

(sample-4).
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Table 2.5. Survey on emission colours and fabrication methods for Ga-doped

ZnO-based heterojunction light emitting devices.

LED structure Fabrication Emission colour Ref.
method PL peak EL peak
(eV) (eV)
n-GaZnO NRs/p-Si Hydrothermal | 3.26 (UV) _ [157]
(2 at% Ga) 2.17 (YL)
n-GaZnO NRs/p-GaN Hydrothermal | 3.22 (UV) |2.38 (GL) |[158]
(2 at% Ga) 2.0 (GL)
n-GaxZn;xO NWs/p-GaN VPT 3229 3.29-2.6 | [29]
(0<x<0.66) (UV-BL) (UV-BL)
n-GaZnO MWs/p-GaN CVD 3.17-3.35 3.35-3.2 | [159]
_ (UV) (UV)
n-GaZnO NWs/p-GaN MOCVD 3.23 (UV) 2.48-2.06 | [138]
(1.12 at% Ga) 2.48 (GL) (white)
n-GaZnO NWs/p-SbZnO MBE 325 (UV) | 3.24 (UV) | [155]
_ 238 (GL) 2.05 (YL)
n-GaZnO film/i-ZnO/p-Si CVD 3.34 (UV) 2.48-1.7 | [160]
(1 at% Ga) 3.06 (YL) (GL-YL)
n-GaZnO NWs/p-Si Hydrothermal | 3.26 (UV) _ [161]
(1 at% Ga) 2.15(YL)
n-GaZnO film/SiO,/p-Si Magnetron | 3.31 (UV) 2.6-2.06 | [162]
(1 at% Ga) sputtering 3.06 (YL) | (OL-white)
n-GaZnO NWs/p-Si Hydrothermal | 3.26 (UV) | 2.55(GL), | [129]
(80 wt% Ga) 248 (GL) |2.13 (YL),
1.85 (RL)
n-GaZnO NWs/p-GaN Hydrothermal | 3.26 (UV) _ [163]
(8.1 at% Ga) 2.0 (YL)

37



Chapter 2. ZnO: defects, impurities and optoelectronic devices

The large exciton binding energy (60 meV) of ZnO can allow the efficient excitonic
emission in the ultraviolet region. Group III elements can be the effective n-type
dopants for the carrier-mediated tuning of excitonic emission in ZnO to fabricate
efficient UV and blue light emitting devices. For example, colour-tunable LED in
the UV-blue region based on Ga-doped ZnO nanowire arrays was reported by
Zhang et al. [29]. The Ga-doped ZnO nanowire arrays were grown by a vapour
phase transport method on p-type GaN, and the gaps between the nanowires were
filled with the insulating poly (methyl methacrylate) (PMMA) to fabricate the
devices (Figure 2.16 (a)) [29]. The devices exhibited an increasing trend of the
forward current with Ga doping (Figure 2.16 (b)) and displayed multicolour (UV
to red) emissions, which was tuned by varying Ga concentration in ZnO nanowires
(Figure 2.16 (c)) [29]. Another colour-tunable LED in the UV region based on an
individual Ga-doped ZnO microrod was reported (Figure 2.17) [159]. The device
was fabricated by spin coating of PMMA on the p-GaN followed by transferring a
microrod across the boundary between PMMA and p-GaN [159]. The device
exhibited almost similar current-voltage characteristics as reported by Zhang et al.

but different light emission behaviour with Ga doping [159].
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Figure 2.16. (a) LED structure, (b) I-V characteristics and (c) tunable EL emission
of Ga,Zn,_, 0 nanowires/p-GaN LEDs [29]. Sample A (x = 0), B (x = 0.04), C
(x =0.13),D (x = 0.28), E (x = 0.44), F (x = 0.66).
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Figure 2.17. (a) LED structure, (b) I-V characteristics and (c) tunable EL emission
of an individual Ga:ZnO microrod/p-GaN LEDs [159]. The weight ratio of
Zn0:Ga;0;:C in the source materials are 10:1:11 (sample-1), 9:1:10 (sample-2),
8:1:9 (sample-3) and 7:1:8 (sample-4).

ZnO-based heterojunction LEDs are most common. Variety of materials have been
used as p-type layers to fabricate ZnO-based heterojunction LEDs. For example,
electroluminescence was reported for p-Si/Ga-doped ZnO nanowires [129].
Ga-doped ZnO nanowires were grown by hydrothermal technique on ZnO thin film
seed layer of 400 nm. The devices exhibited traditional rectifying behaviour with
high turn-on voltage of 15 V and displayed green emission (Figure 2.18 (a)-(b)),
but the emission was nonuniform, as shown in Figure 2.18 (¢). A p-type PEDOT
was used to fabricate p-PEDOT/n-Ga-doped ZnO nanorods LED device, which
exhibited an improvement of the forward current with a low turn-on voltage of
10 V and displayed the white light emission (Figure 2.18 (d) - (e) ) [129]. Similar
white light emission but a different turn-on voltage of 1 volt were reported in
p-GaN/n-Ga-doped ZnO nanowires junction fabricated by MOCVD [138]. An
orange-white light emission LEDs based on Ga-doped ZnO films/p-Si was reported,
but the emission was nonuniform and weak (Figure 2.19 (a)-(b)). A SiO; current
blocking layer between the p-Si and n-Ga:ZnO significantly improves the light
extraction efficiency, despite the decreased series resistance (Figure 2.19 (b-c)).
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Figure 2.18. (a) Current-voltage characteristics, (b) PL spectra showing green
emission and (c) photograph of Ga-doped ZnO nanowires/p-Si LEDs.
(d) current-voltage characteristics showing the decrease of turn-on voltage for n-
Ga-doped ZnO nanowires/p-PEDOT and (e) EL emission from the n-Ga-doped
ZnO nanowires/p-PEDOT LED.
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Figure 2.19. (a) Photograph of EL emission, (b) EL spectra and (c) current-voltage

characteristics of n-Ga-doped ZnO/SiO2/p-Si heterojunction.
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A variety of heterojunction LED devices have been fabricated based on doped ZnO
nanostructures (films, nanowires, nanorods, microrods), but their current-voltage
characteristics and light emission colours were different. Different turn-on voltages
and different emission colours are often obtained from the LED made with the same
material, this is evidently a key issue in understanding the properties of LED
devices based on doped ZnO nanostructures and their optimisation to achieve
desired performance. One of the major problems with nanowire/nanorod-based
LEDs is that some nanowires were partially covered by PMMA, resulting in the
junction  current non-uniformity and thus  partially = non-uniform
electroluminescence. Another problem is that the light emission is due to the
thermal heating effect in the junction. However, nanowires-based LED devices
show higher light emission efficiency compared to thin films as they can act as
waveguides in LED devices [32]. Comprehensive studies on the properties of doped
ZnO nanostructures and their connection with the LED performance (including the

role of dopants on the native defects and interfaces) are still needed.
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Experimental details

This chapter describes the major experimental techniques employed in this project.
These techniques have been employed to grow and characterise oxide

nanostructures as well as nanorod-based devices.

3.1. Spray pyrolysis method

Spray pyrolysis is one of the flexible and cost-effective deposition methods for the
synthesis of high-quality ZnO thin films. This technique involves the spraying
aqueous solution of desired materials onto a hot substrate in air environment. The
single crystalline films are normally produced on the hot substrate by the
decomposition process. The growth parameters (such as temperature, spray rate,
source to substrate distance and deposition time) are crucial for the deposition of
films. The main parts of this method are shadow mask, heater, spray nozzle,

compressor and fume chamber.
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Figure 3.1. Schematic diagram for the experimental setup of spray pyrolysis

technique.

A thin film of specific size and shape was obtained by preparing the specific pattern
of shadow mask made of stainless steel. A mica sheet was cut as the same design
of the mask and was placed between the substrate and mask to stop the spreading
of the solution beyond the mask. The temperature of the hot plate was determined
by a standard copper-constantan thermocouple attached to the plate. A capillary
tube of the small bore was used to produce fine spray particles. A calibration chart
was used to control the thickness of the film. This chart was obtained by plotting

the deposition time as a function of film thickness before the synthesis of a sample.
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3.1.1. Synthesis of Li-doped ZnO thin films

Microscopic glass slides were used to grow Li-doped ZnO films in this project. The
substrate cleaning process depends on the nature of substrate. The glass substrate
was cleaned ultrasonically using aqueous solution of sodium carbonate, nitric acid,
acetone, isopropanol and deionized water, followed by nitrogen blow-dry. Pure
ZnO and Li-doped ZnO thin films were grown by the spray pyrolysis technique at
1.5 mL/minute spray rate onto the glass substrate, which was kept 400°C. High
purity (99.99%) Zn(CH3COO)2.H2O and LiNOs; were diluted in methanol and
distilled water at (1:1) ratio to form the 1.5M spray pyrolysis solution, which had
stepwise Li doping concentrations of 0 to 4 at%. Zn(CH3COO),.H,O and LiNO3
are Zn and Li volatile precursors, which upon heating at 400°C decomposes to form
Li-doped ZnO solid films. The chemical reactions for the deposition of pure and

Li-doped ZnO films can be expressed as follows [164]:

400 °C

o

400 °C
Zn(COOCHs),. H,0 + LiNO; === ZnO:Li + NO (g) T +2C0,

T+2CH,(g) +20,(g) 1T

The thermal decomposition of fine droplet (aerosols) takes place in the close

proximity to the heated substrate.
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The schematic of spray pyrolysis method is shown in Figure 3.1. A suitable amount
of spray solution (100 ml) was taken in a beaker. The cleaned substrate was put on
the stainless-steel plate. The separation between substrate and nozzle head was
maintained at 20 cm. Before starting deposition, the temperature of the hot plate
was maintained at 400 °C for 10 minutes to obtain the similar temperature of the
hot plate and substrate. The spray rate was maintained at 1.5 ml/minute. ZnO films

of ~ 250 nm thickness were obtained for the growth time of 30 minutes.

3.1.2 Thin film thickness measurement

The thickness of the film was measured using the Newton’s ring interference
method. In this method, a plano-convex lens of radius R is used to produce
interference patterns in the interface between the film and lens. Figure 3.2 illustrates

the experimental arrangement for the determination of film thickness.

(b)
Figure 3.2. Schematic diagram for the determination of film thickness. The film

thickness was measured by producing the interference patterns between: (a) glass

and lens and (b) film and lens.
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If r, (= BE) be the radius of an interference pattern at point D and t (= DE) be

the thickness of the air film, it can be written from Figure 3.2 (a) as:
AE? = AB?> + BE? = (AC —BC)?+(CD?* = R?*=(R—t)? + 12 (3.1)

By neglecting the t? term as the t is very small

2
rn
f = 3.2
R (3.2)
Now a film of thickness, t;, was placed in between the lens and glass. So, the

thickness of the air film was increased by t;. It can be written form Figure 3.2 (b)

as:

t, = (3.3)

The value of t; was measured by measuring the radius of the nth Newton’s ring and
the radius curvature of the lens. An optical microscope was used for these

measurements.

3.2. Vapour phase transport method

Vapour phase transport (VPT) is one of the most versatile methods for growing
nano/microrods. This is a high-temperature method. The growth of nanostructures
occurs from the vapour phase of the deposited material. So, the growth temperature
depends on the vapour temperature of the deposited material. The main parts of the
VPT method are furnace, quartz tube, rotatory pump, pressure gauge, gas controller
system, stand and clamp, LabVIEW software, alumina boats and Type-T (copper-

constantan) thermocouple.
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A Lindberg/Blue M™ 1100°C tube furnace was used in VPT method. The
schematic of the vapour phase transport method is illustrated in Figure 3.3. The
temperature range of this furnace is 30 - 1100 °C. This is a programmable single
heating zone furnace made of nichrome wire coil of length 20 cm. The temperature
ramp (up and down) and growth time were computer controlled. Two separate
alumina boats were used to maintain the source material and substrate. A movable
clamp holding the quartz tube was used to push the substrate and source materials
inside the furnace. A rotatory pump was used to control the pressure inside the tube.
To measure the pressure inside the tube, a pressure gauge was connected to the tube.

Carrier gasses were controlled by a computer-controlled LabVIEW software.

vacuumM dauae
Recdyby

Substrate_gqa.lrce
[T s Quartz tube

Figure 3.3. Schematic diagram of the vapour phase transport method.
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3.2.1. Advantages of the VPT method

The VPT technique is one of the best methods for growing nanorods and has several

advantages compared to other growth techniques.

1. A simple cost-effective nanowires growth technique capable to grow large
area nanorod arrays sample up to 2 x 2 cm?. The nanorods are uniformly
distributed on the substrate.

2. The growth nanorods in this method are single crystalline, well aligned and
perpendicular to the substrate.

3. The diameter and the length of nanorods can be easily controlled in this
method. By varying the growth parameters, the diameter of the rod can be
varied from 20 nm to 20 um and length from 1 pm to 100 um.

4. The doping concentration in the nano/microrods can be controlled by
varying the ratio of source materials.

5. As VPT technique producing the large-area sample, this method can allow

the fabrication of large-area optoelectronic devices.

3.2.2. Growth of Ga-doped ZnO nano/microrods

The a-plane silicon wafers and the sapphire substrates were used to grow undoped
and Ga-doped ZnO nanorods. The Si substrate was cleaned ultrasonically using
acetone, isopropanol and deionized water, followed by nitrogen blow-dry. A thin
(3-5 nm) gold layer was coated onto the substrate using a Leica EM ACE600
sputtering machine (Figure 3.4). High purity (99.99%, Sigma Aldrich) powder of
Zn0, Ga;03 and graphite (0.25:0.75:1) was mixed in a glass bowl. The pressure
inside the tube was set at 0.1 Torr by a rotatory pump. The source material was
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heated at 950°C under a constant flow of Ar/O; (20:6) gas during growth. Zn and
Ga vapours were produced through the carbothermal reduction of ZnO and Ga>03
powders and then reoxidised by oxygen gas to promote the fabrication of Ga-doped
ZnO nanorods. Figure 3.5 shows the photograph of each step for the growth of
nanorods. Different Ga concentrations in nanorods were achieved by adding
different amounts of Ga,O3 powder to the source material with concentrations up to
1.4 at%. The Ga;0s3 powder undergoes the following reactions inside the furnace

at high temperature [165, 166]:

Ga,05 + 2C - Ga,0 + 2C0

Ga,05 = Ga,0 + 20,

where Ga;O is a volatile metal oxide. The Ga>O vapour can be easily transported

to the deposition zone by the carrier gas (Ar) and react with CO as [167]:

Ga,0 + CO - 2Ga + CO,

The Zn metal particles are produced by the following reactions [168]:

Zn0+ C » Zn + CO and

Zn0 +CO - Zn+ CO,
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(b)

Figure 3.4. (a) Photograph of a Leica EM ACE600 sputtering machine. This is a
simple programmable sputtering machine in which the sputtering parameters can
be adjusted by a simple program. The sputtering parameters used in this experiment
were chamber pressure (= 1.5 x 10 mbar), current (= 15 mA), the substrate-target
distance (= 3 mm), Ar pressure (= 9 x1073 mbar). (b) Photograph of a gold coated
sapphire substrate. (c¢) SEM image of Au coated substrate annealed at 950 °C

showing Au droplets of size ranging from 20 to 60 nm.
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Figure 3.5. Photographs of different stages for the growth of Ga-doped ZnO
nanorods. (a) Substrate cleaning ultrasonically using acetone, isopropanol and
deionised water. (b) Nitrogen blow-dries. (¢) Au coated sapphire substrate. (d)
Mixed powder of ZnO and Ga,Oj3 with graphite (Grey colour) and without graphite
(white colour). (e) Two separate alumina boats containing the substrate and source
materials in the furnace. (¢) Grey (on the sapphire substrate) and black (on the

silicon substrate) colours Ga-doped ZnO nanorods samples.

To grow undoped and Ga-doped ZnO microrods, a self-catalyst VPT was used.
High purity (99.99%) Zn(CH3COO)2.H,O was diluted in methanol and deionised
water at (1:1) ratio to form the catalyst solution. A spin coater was used to deposit
a thin layer of ZnO on the Si substrate. A short time (10 minutes) annealing produce
the fine particles of ZnO catalyst on the Si substrate. These particles of ZnO act as
a catalyst for the growth of nano/microrods. The ZnO coated Si substrate was placed
on the top of an alumina boat containing premixed powder. At 1000 °C, the quartz
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tube with source material was pushed at the centre of the furnace and was
maintained at a constant temperature of 1050 °'C for 5 minutes at
the oxygen-rich environment and then quickly removed from the furnace. Zn and
Ga vapours were produced through the carbothermal reduction of ZnO and Ga,03
and then reoxidised by the oxygen gas to assist the fabrication of Ga-doped ZnO
microrods. In this method, the tapered nano/microwires were produced. The

dimension of microrods was controlled by growth time.

3.3. Fabrication of nanorod-based LEDs

Undoped ZnO and Ga-doped ZnO nanorods were used for the fabrication of light
emitting diodes. Figure 3.6 shows the schematic of each step of LED fabrication.
For the fabrication of nanorod-based LEDs, the nanorods were grown on p-type Si
substrate using vapour phase transport method (Figure 3.6 (a)). After growing
nanorods, the PMMA was coated using a spin coater at 2000 rpm rotation speed.
As shown in Figure 3.6 (b), the nanorods were dipped under PMMA solution after
coating. The gaps between nanorods were filled by this PMMA solution. A reactive
ion etcher was used to produce exposed nanorods tips (Figure 3.6 (c)) by removing
the PMMA from the top surface. To optimise the etching thickness of PMMA, a
plot of etching thickness vs time was adopted by keeping the oxygen flow rate
constant. The etching thickness of PMMA was measured using a J.A. Woollam V-
VASE ellipsometer and scanning electron microscope. An Edwards E306
sputtering system was used to deposit indium-tin-oxide (ITO) layer on exposed
nanowire tips (Figure 3.6 (d)). The thickness of ITO layer was ~200 nm. A shadow

mask was used to control the device’s dimension.
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(d) (©)

Figure 3.6. Schematic illustration of ZnO nanorod-based LED fabrication process.
(a) As-grown nanorods on the p-Si substrate. (b) The PMMA coating on as-grown
nanorods. (¢) Exposed nanorods tip after oxygen plasma etching. (d) Deposition of

ITO layer (yellow colour) on the exposed nanorods tips.
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3.4. Structural and morphological characterisation

X-ray diffraction

The structural parameters were calculated from x-ray diffraction data. A Siemens
D5000 X-ray diffractometer was used to characterise doped ZnO nanostructures.
The diffraction data were collected within the range of 20 = 15 — 60 degrees. The

Cu-K, radiation of wavelength 1.54059A was used for this measurement.

Raman Spectroscopy

The Raman spectroscopy was used to characterise the crystal structure of doped
ZnO nanostructures. The samples were excited by the 633 and 458 nm laser lines.
The room temperature Raman spectra were collected using Renishaw and LabRAM

HR800 spectrometers.

Scanning electron microscopy

A Zeiss Supra 5S5VP SEM was used for the morphological analysis of doped ZnO
nanostructures. A high-accelerating voltage between 5-30 keV was used to collect
the images of nanostructures. The elemental analysis was performed using Zeiss
Evo LS15 scanning electron microscope (SEM) attached with an Energy Dispersive

X-ray (EDX) of model Bruker SDD EDS Quantax 400.

Transmission electron microscopy

A transmission electron microscope (TEM) was used to determine the morphology

and crystal structure of doped ZnO nanostructures. For these analyses,
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nanostructures were transferred from the substrate onto a 400 mesh Cu grid. TEM
imaging and selected-area electron diffraction (SAED) were performed using an

FEI Tecnai T20 TEM at 200 keV.

Atomic force microscopy

An atomic force microscope was used to characterise the surface properties
(roughness and crystal size) of doped ZnO nanostructures. The surface morphology
and root-mean-square roughness of doped ZnO nanostructures were characterised
by a Nanoscope Illa Dimension 3100 Scanning Probe Microscope (Digital

Instruments) in non-contact mode.

X-ray photoelectron spectroscopy

An X-ray photoelectron spectroscopy (XPS) was used to characterise the electronic
and chemical state doped ZnO nanostructures by analysing the kinetic energy
distribution of the ejected electron from nanostructures. XPS spectra were collected

in the 90-1500 eV energy range from the Australian Synchrotron laboratory.

3.5. Luminescence spectroscopy

The light emission from a material by the excitation of an electron is known as
cathodoluminescence (CL). In the cathodoluminescence spectroscopy, the high-
energy electrons supply to a material for the transition of the valence band electrons
to the conduction band. In this process, the light can be emitted by the different

recombination mechanisms. These emissions can be divided into two categories
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such as intrinsic and extrinsic [ 169]. The intrinsic emission is due to recombination
via electron in the conduction and the hole in the valence band while the extrinsic
emission is attributed to recombination of localised states in the bandgap. These
localised states are donors, acceptors, deep level defects and bound excitons. The

physical processes in CL system have been illustrated in Figure 3.7.
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state
E, | 11 111 1V \Y% VI
Y VEA Y VEA
v \ A \ 4

g, 00 O

Valence band

Figure 3.7. Schematic of recombination channels among electrons, holes and defect

states in a semiconductor [169].

Channel-I occurs between the conduction band electron and the valence band hole,
leading to an emission of a photon of energy equivalent to the bandgap. Channel II
is excitonic recombination involving free and/or bound excitions. Channels II1, IV,
and V are originated from the transitions involving donor and acceptor states.
Channel VI is originated from the excitation and radiative deexcitation of an

impurity with incomplete inner shells, such as transition metal or rare earth ion.
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3.5.1. Experimental setup of cathodoluminescence

The CL system mainly consists of ESEM, spectrometer, parabolic mirror and
monochromators (Figure 3.8). An FEI quanta 200 ESEM is equipped with an
electron gun, the sample stage and parabolic mirror. The electron beam incidents
on the sample through a tiny hole of 30 pm diameter in the centre of the parabolic
mirror. This mirror collects the emitted light from a sample and sends to the
spectrometer through an optical system. The position of a sample can be easily
controlled by a computer-controlled sample stage. A Hamamatsu spectrometer
consists of various grating configuration to obtain high-resolution spectra from a
sample. This spectrometer is particularly used to examine the fine structure in the
spectrum. A photomultiplier was connected to a monochromator for collecting
partially resolved CL. The sample can be characterised from 300 K to 10K by this

CL system with liquid nitrogen, liquid helium and SEM cold stage.

Monochromator

Electron Microscope

Optical Fibre

weoqg u01109[g[<]

Collection Mirror
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ot/Cold S

Figure 3.8. Schematic diagram of the experimental setup for CL [170].
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3.5.2. Experimental setup of electroluminescence

The light emission properties of undoped and Ga-doped ZnO nanorods/p-Si LEDs
were measured by an electroluminescence (EL) system as shown in Figure 3.9. A
programmable power supply was used for the electrical excitation of nanorod-based
LEDs. A collimator lens collects the emitted light from the LED and sends to the
spectrometer. A QEPro ocean optics spectrometer was used for the collection of EL
spectra. A computer-controlled OCEANVIEW software was used to analyse the EL

spectra.

A2 s e
Enesrzy (2V)
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Figure 3.9. Schematic diagram for the experimental setup of EL.
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3.5.3. CL calibration

The corrected CL data are important to estimate the following parameters of an

emission peak:

1. To determine the real integrated intensities.

2. To calculate the FWHM and peak position of CL spectra.

3. To analysis the superimposed CL emission peaks.

4. To study the recombination kinetics of luminescence centres and types of

recombination.

A known light source (tungsten and deuterium lamps) was used to obtain a system
response curve (calibration curve) (Figure 3.10). The light was collected by placing
the lamp at a suitable distance from the detector. The intensity of the system

response curve can be expressed by the following formula:

Iy —1Ip
Isp = I (34)

where I, is the measured intensity, I}, is the intensity of dark counts and I is the

calculated intensity. The calculated intensity can be expressed as [171]:

1 B D E F G H
IC=ﬁ*exp(A+ﬁ)*(6+1+ﬁ+ﬁ+ﬁ+ﬁ) (35)

where A =4135, B =488734, ( =0.80, D=446.24, E=308810.22, F =

7618452347, G = 6965711712.06 and H = 0.
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Figure 3.10. (a) The measured and calculated spectra for the tungsten filament

quartz halogen lamp. (b) The total response curve obtained using equation (3.4).

The corrected CL data can be calculated using the following equation

IM X ISR

I, (corrected) = 52 (3.6)

where E [= 1239.84/A(nm)] is the photon energy in eV.
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The high-resolution Hamamatsu CCD spectrometer gives CL intensity as a function
of the pixel. A standard Hg lamp was used to convert pixel to wavelength. The
NIST atomic spectral database of Hg lines was used to find the wavelengths of the
corresponding pixels. Figure 3.11 (a) shows the Hg lines as a function of the pixel.
The wavelength versus pixel plots give a straight line (Figure 3.11 (b)) with
slope = 0.0532 nm and intercept = 356.797 nm. The formula for the conversion of

the pixel to wavelength can be expressed as

A = Intercept + (slope X pixel) (3.7)

In this project, the grating 1 of wavelength range 50 nm was used to investigate the
fine structure in the near-band-edge spectra of undoped and Ga-doped ZnO
nano/microrods. The calibration of intensity for grating 1 is not necessary because

of its flat nature of spectral response curve for the small spectral range of about

50 nm.
 (a) 410} (b)

— Grating 1 _ . I

= Center wavelength 385 é 400 *® E?(penmegta data
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Figure 3.11. (a) CL intensity of Hg lines as a function of pixel. The spectrum was
collected using Hamamatsu CCD spectrometer for grating 1 at 385 nm central
wavelength. (b) The wavelength from the NIST chart as a function of pixel showing

a straight line with slope = 0.0532 nm and intercept = 356.797 nm.

61



Chapter 3. Experimental details

3.5.4. Simulation of CL generation depth

The CL is a powerful method for the analysis of defects along the depth of a sample
from few nanometres to several micrometres, depending on the accelerating voltage
for a given material. The CL generation depth is determined from the size of
electron interaction volume inside the sample. Several models have been proposed
to determine CL generation depth. The CL generation depth (R.;) as a function of

electron beam energy (Ej) is given by the Gruen range equation [169, 172].

k
Rc, = —EZ (3.8)
p
where k and Z are the function of atomic number and energy, respectively and p
the density of a material.

Everhart and Hoff proposed a model to estimate CL generation depth as [169]:

0.0398
Re, = P E§'75 (um) 3.9

where the energy of electron beam and the density of material are expressed in keV
and g/cm?, respectively. This equation is derived for an accelerating voltage range

of 5 - 25 keV and atomic number of 10 - 25.

Kanaya and Okayama proposed an expression, which is more general for the CL
generation depth in a wide range of accelerating voltage and atomic number [169].

~0.0276 X A

cL = Wﬁ%m (pm) (3.10)

where Z is the atomic number, and A is the atomic weight. Ez and p are expressed
in eV and g/cm’. The shape of CL generation volume largely depends on the value
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of the atomic number. A spherical shape is found for an atomic number range of
15-40 and a hemispherical shape for the larger value of Z [169]. The number of
generated electron-hole pairs is given by a generation factor (G) as [169].

_ E,(1-7v)

G
E;

(3.11)

where y is the portion of energy loss due to the backscattered electrons and E; is
the required average energy for the formation of electron-hole pairs. The value of
E; can be estimated from the bandgap (E, ) of a material: E; = 2.8 E; + M, where
the value of M varies in the range 0 — 1 eV depending on the type of material, but

independent on Ej,.

The distribution of luminescence centres along the depth of doped ZnO
nanostructures was analysed by depth-resolved CL method. In this method, the
accelerating voltage (V) and beam current (I,) were varied by keeping the
excitation power (V,Iz) constant. The aim of depth-resolved CL is that the
luminescence spectra can be achieved from the various depth of a sample by
keeping the number of generated electron-hole pairs constant. The CL generation
depth of undoped and Ga-doped ZnO was obtained using the Monte Carlo CASINO
simulation program (Figure 3.12). The key parameters used in this simulation are
the electron beam energy (Ez = 5 — 30 keV), beam radius (13 = 6 nm) and the
number of electrons (N = 1.5 x 107). The atomic fraction of Ga, Zn and O were 5,

50 and 45%, respectively.
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Figure 3.12. The electron beam interaction volume in (a) undoped and (b) Ga-

doped ZnO at 10 keV.
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Figures 3.12 (a)-(b) show the electron beam interaction volume of undoped and Ga-
doped ZnO. The electron interaction volume increases with increasing energy of
the incident electron beam. By varying the electron beam energy from 5 keV to 30
keV and considering 5% energy loss, the CL generation depth can be obtained from
50 to 2500 nm along the depth of a sample. The accelerating voltage was used

between 5-20 keV, depending on the thickness of a sample.

3.5.5. Excitation density-dependent CL

The power-resolved measurements were carried out to study recombination kinetics
of luminescence centres. In these measurements, the samples were excited by the
different beam currents, while the accelerating voltage was kept constant. The
integrated intensity of emission is determined by the Gaussian fitting of a spectral
peak. The CL integrated intensity is related to the excitation power by the following

relation [173]:

Iy a Py (3.12)

where I and P, are the integrated CL intensity and the excitation power,
respectively. The index, n, is determined by plotting the log integrated intensity as
a function the log excitation power and applying a linear fit. The value of n depends
on recombination kinetics of luminescence centres. The power law exponent ‘n’
provides the nature of recombination mechanism in the film. The super-linear
recombination kinetics is expected (n > 1) for excitonic and band-to-band
recombinations, while the sub-linear relationship (n < 1) is expected for deep levels
[173]. The exact value of n for deep levels significantly influences the saturation

rate of recombination centres, depending on recombination lifetimes and carrier
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capture rate [173]. The radiative lifetime for excitons in ZnO is about 1 ns, while
the characteristic recombination time of green emission varies in the range from 0.2

to 10 ns [44].

3.6. Electrical measurements

3.6.1. Current-voltage characteristics

Current-voltage (/-V) characteristics of a heterojunction LEDs provides several
junction parameters such as the series resistance (Rg), shunt resistance (Rgp),
threshold voltage (V;,,), reverse saturation current (/;), diode ideality factor (n),
rectification ratio (Ip/Iz) and barrier potential (@,). The I-V characteristics of
heterojunction LEDs can be expressed according to the diffusion-recombination
model as [174]:

I =1 <exp (n?cZT) - 1) (3.13)

where q is the charge of the electron, V' is the bias voltage, kp is the Boltzmann
constant and T the temperature in Kelvin. The dark saturation current is given by

the following equation:

I, = AA*T?exp (—%) (3.14)
B

where A is the device area and A*(= 32 Acm™2K~2) the Richardson’s constant
[175]. The value of n (= (q/kgT) * (dV/dIn(I))) can be calculated from In(l)

vs V plot. The @, can be calculated from the following relation;
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Figure 3.13. (a) Schematic diagram of one diode equivalent circuit consisting of a
series resistance and shunt resistance was used to model the electrical

characteristics of ZnO nanorod-based LEDs. (b) A typical I-V curve for a LED.
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The I-V characteristics were analysed by using a one-diode equivalent circuit
shown in Figure 3.13 (a). The series resistance (Rs), which arises from the resistance
of the substrate and nanostructures, is determined from the linear region of the /-
curve in the high voltage region (Figure 3.13 (b)). The shunt resistance (Rsh), which
represents parasitic leakage current through the heterojunction LED, is calculated
using the slope at near-zero voltage region (Figure 3.13 (b)). The turn-on voltage
of heterojunction LEDs is determined by extrapolation of the linear region of the /-
V curve. A Yokogawa GS610 power supply was used to measure the I-V

characteristics of ZnO nanorods/p-Si heterojunction LEDs.
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L1 acceptors in ZnO

Resistive random-access memories have attracted a great deal of attention as
emerging non-volatile data storage technologies. Li-doped ZnO is a promising
system for potential applications in optoelectronic memory devices due to its high
transparency to visible light and tunable optoelectronic properties by varying the
doping level. This material exhibits various physical phenomena including
ferroelectricity, magnetism, and p-type conductivity, depending on Li doping level.
While several research groups have reported p-type ZnO using Li, there are still
problems regarding the stability and reproducibility of the p-type conductivity. In
this chapter, the defect states produced by Li dopants and their role on the

optoelectronic properties of ZnO are investigated.

4.1 Introduction

Recent interest in Li as a dopant in ZnO has been stimulated by its potential use as
a p-type dopant as well as its ability to facilitate tuning of the colour of the ZnO
luminescence [176, 177]. Previous studies on hydrothermally grown single crystals
showed that Li dopants predominantly occupy the Zn lattice site and induce ~ 150
meV shallow and ~ 800 meV deep acceptor levels above the valence band
maximum [9, 101]. The deep Liz, acceptor produces yellow luminescence band in
the 1.9-2.2 eV energy range [170]. It has also been theoretically predicted that the
transient shallow acceptor state is associated with a Liz, complex [100]. Li-doped

ZnO has relatively long phonon lifetime (> 1 ps) in comparison with pure and doped
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ZnO and that this material can be used as an efficient photocatalyst for the
degradation of pollutants and bacteria in water [178]. Recent reports on the
ferroelectricity [179] and p-type conduction of Li-doped ZnO [11] also illustrate

the enormous potential applications of this material.

Several techniques suitable for fabrication of small as well as large area, functional
Zn0O films, such as pulsed laser deposition and sputtering, have previously been
investigated [111, 117]. These ZnO films typically exhibit a green luminescence
band, attributed to oxygen or zinc vacancies, depending on fabrication conditions
[44]. However, these techniques pose difficulties in fabricating alloy films with
controllable compositions due to differential sputtering rates of deposited materials.
The spray pyrolysis method used in this study is an economically attractive, flexible
technique, which is capable of precisely controlling the film composition. Using the
improved atomizing system described in detail in the chapter 3, a series of pure and
Li-doped ZnO films with bright visible luminescence were grown successfully.
This study demonstrated for the first-time that ZnO films exhibit multi-coloured
emissions of blue, green and yellow, which can be tuned by varying the Li
concentration. The films fabricated by this method displays multi-coloured

emissions, which could open the door of multi-coloured display applications.

The work in this chapter is aimed to investigate the effects of Li incorporation on
the optical properties of spray pyrolytic Li-doped ZnO films and the luminescence
tunability of ZnO mediated by Li doping. The nature of luminescence centres in
Li-doped ZnO films and their strengths of electron-phonon coupling are also
investigated by simulating the luminescence spectra within the framework of the

Huang-Rhys model.
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4.2 Structural properties of Li-doped ZnO films

Figure 4.1 shows the XRD patterns of the sprayed Li-doped ZnO films with
nominal Li concentrations up to 4 at%. The diffraction scan was carried out within
the Bragg diffraction angle (83) of 25 < 26 < 65 degrees using CuK, radiation.
The XRD patterns reveal that the films possess a wurtzite structure. The XRD (002)
peak is enhanced relative to other diffraction peaks after the Li doping, this is
consistent with an improvement of crystal quality of the deposited film. This result
can be due to heterogeneous nucleation being facilitated in the presence of Li" ions
in the ZnO structure [180]. This could also be due to a slight orientation
redistribution of grains [ 181]. The diffraction angle and full width at half-maximum
of diffraction peak have not been significantly changed with increasing Li-doping

concentration in the ZnO film.

The crystalline size, D, as determined by Scherrer’s formula:

kA

- ﬁhleOSQ (41)

here k is the shape factor (k = 0.89) [182] and A the wavelength (1 = 1.54059 A)
and Sy the instrumental corrected broadening. The [y, for each diffraction peak

can be calculated using the following equation:

2 _ p2 2
Bhkl - IBmeasured - IBInstrumental (42)

The integral width B was calculated, after correction for instrumental XRD
broadening, yielding a crystallite size of 37 + 2 nm for the undoped and Li-doped

ZnO films.
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Figure 4.1. XRD patterns of the Li-doped ZnO films with nominal Li
concentrations of 0, 1, 2, 3 and 4 at%, showing the c-axis growth orientation

increased with Li doping concentration into the ZnO film.

The lattice constants a and ¢ of undoped and Li-doped ZnO films for (002)

orientation can be calculated using the following expressions:

A
a=—- (4.3)
+/3 sinfg
A
€= sinfg (4.4)

The interplanar spacing (d) is calculated using the Bragg’s diffraction relation:

2dsinfg = ni (4.5)

where, n is the diffraction order. The values of d have been calculated for the first-

order diffraction.
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The unit cell volume (V) of the films can be calculated by the following equation:

V =0.866%Xa%Xxc

(4.6)

The values of interplanar spacing, lattice constants and unit cell volume are

presented in Table 4.1. It is observed from Table 4.1 that the values of interplanar

spacing, lattice constants, unit cell volume have not been significantly changed with

Li doping concentration in the range of 0 - 4 at%. In the lower doping range, the

unchanged value structural parameters are expected since Zn and Li atoms have

similar sizes (74 A Vs 76 A).

Table 4.1. The lattice parameters, unit cell volume, grain size and interplanar

spacing of Li-doped ZnO films.

Li Lattice Unit  cell | Grain Interplanar spacing
(at%) | constants (nm) | volume size (nm) | (A)
a c (nm)?
(100) (002)
0 ]0.3245|0.5211 0.0475 35 2.809 2.606
2 103254 | 0.5196 0.0476 39 2.818 2.598
3 103246 | 0.5205 0.0475 36 2.811 2.602
4 103243 | 0.5208 0.0475 39 2.809 2.604
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For the (002) preferred growth direction, the texture coefficient, TCpyy), can be

calculated using Harris method [183]:

I (hkD)/I, (hkD)
(1/N) X1 (hkD)/1, (hkD)

TC(hkl) = (4‘7)

where I (hkl) is the measured intensity of reflection, I, (hkl) is the corresponding
standard intensity from the JCPDS data card No-05-0664 and N is the number of
reflections observed in the XRD pattern. Figure. 4.2 shows the calculated values of
texture coefficient for (002) orientations of Li-doped ZnO films as a function of Li
doping concentration. The texture coefficient for (002) orientation of undoped ZnO
is found to be 0.85. As shown in Figure 4.2, the value of texture coefficient is found
to increase from 1.4 to 1.8, when Li doping concentration increase from 1 to 4 at%,

indicating the enhanced (002) direction with increasing Li doping.

2.0} 4
[ [ |
=

&)

Q

=

O

S 1.2} n

o

3

5

“ 08l =

0 1 2 3 4

Li concentration (at%)

Figure 4.2. The texture coefficient as a function of Li doping concentration,

showing the increasing trend with increasing Li.
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The film surface morphology was also studied by the non-contact mode atomic
force microscopy. Figures 4.3 (a) - (b) show the AFM images of undoped and 4 at%
Li-doped ZnO films. The AFM images reveal that the surface of the films is
reasonably smooth. Both the undoped and Li-doped ZnO films have root mean
square (RMS) roughness of order ~ 10 nm for a surface area of 5 x 5 um?. The Li

doping (0 < Li <4 at%) has no significant influence on the surface morphology of

the film.

Figure 4.3. (a) - (b) AFM images of undoped and 4 at% Li-doped ZnO films

showing a root-mean-square roughness of 10 nm for a surface area of 5 x 5 um?.
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4.3. Optical properties of Li acceptors in ZnO

4.3.1. Li-related emissions in ZnO

Figure 4.4 (a) shows the CL spectra at 80 K of 0, 1, 2, 3 and 4 at% Li-doped ZnO
films. The spectrum of the pure ZnO film exhibits a weak near-band-edge emission
at 3.32 eV and an intense green luminescence (GL), which decreases dramatically
with the incorporation of Li. This symmetrical GL peak at 2.43 eV has been
attributed to zinc vacancy (Vzn) [44], which is a deep acceptor in ZnO. The spectra
of the Li-doped ZnO films are dominated by two visible emissions centred at
1.90 eV (yellow luminescence, YL) and 3.00 eV (blue luminescence, BL), which
both have been attributed to Li acceptors and/or acceptor complexes in ZnO [74,

170].

Figure 4.4 (b) shows the CL integrated intensity of UV, BL, GL and YL emissions
as a function of Li doping concentration. With increasing the Li concentration, the
YL and BL intensities monotonically increase whereas the Vzy-related GL at
2.43 eV decreases and becomes negligible at 4 at% Li. This observation is
consistent with Li dopants occupying the Zn lattice site, leading to a decrease in the
concentration of Vz, defects. On the other hand, Li interstitial in ZnO can act as a
donor, increasing the conductivity of ZnO films [184]. The Li-doped ZnO films
fabricated in this project are, however, electrically insulating. This also suggests
most Li dopants are incorporated at Zn vacancy sites, consistent with the
interpretation of the optical characterization results. Incorporation of 4 at% Li leads
to complete quenching of the GL in the Li-doped ZnO film, which exhibits strong
Li-induced YL and BL emissions as the Li luminescence centres become abundant

and dominate the radiative recombination.
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Figure 4.4. (a) CL spectra at 80 K of the Li-doped ZnO films with different Li
concentrations showing YL, GL and BL emissions. The YL and BL, which are
absent in the undoped ZnO film, arise from the incorporation of Li dopants. (b) The
integrated intensities of UV, BL, GL and YL luminescence with Li doping
concentration. The intensity of the BL and YL emission increases, while the

intensity of the UV and GL decreases with increases Li doping concentration in

Zn0.
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4.3.2. Recombination Kkinetics in Li-doped ZnO

To examine the kinetics of the observed visible emissions in Li-doped ZnO, the
films were characterised using the power density-resolved CL analysis. In this
analysis the beam current was varied in the range from 0.24 to 34 nA while the
acceleration voltage was kept constant at 7 kV, corresponding to a CL generation
depth of 370 nm [170]. Figures 4.5 (a)-(d) show the CL spectra of 0, 2, 3, and 4
at% of Li-doped ZnO films at different electron beam currents from 0.42 to 34 nA.
The CL intensity for all films increases with increasing electron beam current

without significant change of peak position and width.

Figure 4.5 (e) shows the Gaussian fitting of UV, BL, GL and YL emissions for
2 at% Li-doped ZnO film. These peak parameters were obtained from the spectral
profiles of the undoped ZnO (which exhibits only the GL emission with a peak of
243 £ 0.04 eV, FWHM = 0.45 £+ 0.03 ¢V), whereas the 4 at% Li-doped ZnO
displays distinct YL (EyL = 1.90 £ 0.04 and FWHM of 0.60 + 0.03 ¢V) and BL
peaks (EsL = 3.00 = 0.04 eV, FWHM = 0.38 + 0.03 eV). To overcome the
uncertainty in the spectral fitting, these parameters were constrained in the curve

fitting of all other CL spectra.
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Figure 4.5. The CL spectra of (a) 0 at%, (b) 2 at% (c) 3 at% and (d) 4 at% Li-doped

ZnO films at different electron beam currents. (¢) The Gaussian fitting of UV, BL,

GL and YL emission in 2 at% Li-doped ZnO film. (f) Log-log plots of the integrated

intensities of the ZnO GL and Li-induced (2 at% Li) YL and BL at 80 K as a

function of excitation power. The solid lines are the power law (I, a P}) fit to the

experimental data.
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Figure 4.5 (f) displays the integrated intensities of the YL, GL and BL emissions as
a function of the electron beam excitation power. As shown in Figure 4.5 (f), the
CL intensities follow the power law (I, a P;}), where I, and P, are the integrated
intensity of the emission band and the CL excitation power, respectively [173]. The
power law exponent ‘n’ provides the nature of recombination mechanism in the
film. The super-linear recombination kinetics is expected (n > 1) for excitonic and
band-to-band recombinations, while the sub-linear relationship (n < 1) is expected
for deep levels [173]. The exact value of n for deep levels depends on the saturation
rate of recombination centres, especially recombination lifetimes and carrier
capture rate [173]. The radiative lifetime for excitons in ZnO is about 1 ns, while
the characteristic recombination time of green emission varies in the range from 0.2
to 10 ns [44]. The exponent n of the 2 at% Li-doped ZnO film is found to be 0.88
+0.02, 0.72 £0.02 and 0.95 £ 0.02 for YL, GL and BL, respectively. The BL and
YL emissions possess slower saturation rates (higher » values) than the GL band in
the Li-doped ZnO films, even though the Liz, is known to possess a longer
relaxation time [170]. This confirms the existence of abundant Li-related
luminescent centres in the films and the success of producing Li radiative centres

in ZnO films even at a low deposition temperature of 400°C.
4.3.3. Depth-resolved characteristics of Li acceptors

The depth-resolved CL spectra were collected to examine the distribution of Li
acceptors along the depth of the Li-doped ZnO films. For these measurements, the
constant power method was employed [185]. For this work the accelerating voltage
(V) was varied in the range of 2-10 kV while the electron beam current (I,) was
adjusted to keep the electron beam power (Pg = V,Ig) constant. Figure 4.6 (a)
shows the CL spectra of 2 at% Li-doped ZnO film at different accelerating voltages.
These spectra were acquired with a constant power (20 pW), while the accelerating
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voltage was varied from 2 to 10 kV, corresponding to the CL generation depth from

40 to 700 nm as deduced by Monte Carlo stimulation CASINO [186].
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Figure 4.6 (a) CL spectra of 2 at% Li-doped ZnO film at different accelerating
voltages, V, =2 to 10 kV. The electron beam current was adjusted in order to keep
the excitation power constant, Pz = 20 uW. (b) The variation of CL integrated
intensity as a function of accelerating voltage. The CL integrated intensity of YL,
GL, BL and NBE are determined from the Gaussian fitting described in the previous

section.
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Figure 4.6 (b) shows the variation of the CL integrated intensity of UV, BL, GL
and YL emissions as a function of accelerating voltage. It is seen that the integrated
intensity of these emissions increases with increasing accelerating voltage and show
a maximum value at around 7 kV corresponding to the CL generation depth of 370
nm. The intensity of emissions is started to decrease after 7 kV. The increase of
intensity is due to the increase of nonradiative defects density with increasing depth.
On the other hand, the decrease of the NBE intensities indicates that a part of the
emissions is being reabsorbed by the film. The absorption is due to the pronounced
band tail that is resulted from the structural disorder caused by the inhomogeneous

strain as well as point and extended defects [187].

4.3.4. Properties of Li luminescence centres in ZnQ films

To investigate the nature of the luminescence centres responsible for the YL, GL
and BL emissions in the Li-doped ZnO films, these emission peaks were modelled
based on the Huang-Rhys model [188], in which the phonon coupling strength of
the band-to-defect state transitions is examined. The zero-phonon line (ZPL) and
phonon coupling characteristics of the YL, GL and BL recombination centres were
modelled using longitudinal optical phonon scattering (ELo = 72 meV). The key
parameters used in the simulation are: the Huang-Rhys factor (S) that reflects the
electron-phonon coupling strength and the line shape broadening parameter (y) that

reflects the FWHM of the phonon side band.
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Figure 4.7 Normalised CL spectra of the ZnO and 4 at% Li-doped ZnO films at 80
K with the simulated profiles using the Huang-Rhys model. The characteristic
parameters of the three visible luminescent bands, namely YL, GL and BL, are

presented in Table 4.2.

The CL intensity according to the Huang-Rhys model can be expressed as

[188, 189]:

I (hw) = (hw)? exp(—S) Z i—?[‘(hw — Ezp; + nhw;) (4.8)
n=0 )

where Aw is the energy of emission band, Aw; is the vibronic level spacing, Ep; is
the ZPL energy, n is the number of phonons and I is the line shape function. Using
the equation above the YL, GL and BL peak profiles are simulated using the
parameters presented in Table 4.2. The modelled spectra are displayed as solid
curves in Figure 4.7, which show excellent fits to the experimental CL data at 80 K

(solid circles).
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Table 4.2. Parameters for the YL, GL and BL centres in the Li-doped ZnO films

deduced from the modelling of the vibronic spectra based on the Huang-Rhys

model.

Emission Zero Huang- | Broadening Defect Defect
phonon Rhys factor,y | assignment | energy
energy,

factor (S \% meV
Eyny (V) S| (V) (meV)
Blue 320+0.02 | 3.1+£0.04 | 0.20+0.03 Lizn 150 +£20
Green 2.80+0.02 | 6.2+0.05 | 0.14+0.03 Vza 550 +20
Yellow |2.52+0.02 | 72+0.08 | 0.28 £0.03 Liza 830+ 20

From the simulated spectra of the ZnO and Li-doped ZnO films, the energies of
the YL, GL and BL centres are found to be 150 = 20, 550 £+ 20 and 830 + 20 meV
above the valence band maximum, respectively. The Huang-Rhys factors for the
GL and YL in the pyrolytic Li-doped ZnO films are slightly smaller than those
fabricated by high-temperature chemical vapour deposition [102, 190], presumably
due to lower crystallinity. Previous theoretical and experimental studies showed the
existence of both Lizs-related shallow (150 —350 meV) and deep (850 — 950 meV)
acceptor levels [101, 191]. The energy of the BL centre in the Li-doped ZnO films
obtained from the Huang-Rhys simulation is consistent with the shallow acceptor,
thus it is tentatively attributed to Liz.. The presence of multiple luminescence
centres in the Li-doped ZnO film associated with Liz, is thought to be due to the
non-axial Li-O bonding, which leads to a hole being trapped at an oxygen ion

axially or non-axially bounded to the Li ion [192].
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4.4. Conclusions

Undoped and Li-doped ZnO films with bright visible luminescence were fabricated
by the spray pyrolysis technique. The pyrolytic films exhibit multi-coloured
emissions of yellow, green and blue, which can be tuned by varying the Li
concentration. The Vzp-associated green luminescence in the ZnO film can be
medicated by Li dopants. Simulation of the cathodoluminescence spectra from the
Li-doped films using the Huang-Rhys model reveals the energies of the
luminescence centres and their electron-phonon coupling strength. The
characteristic parameters of the visible luminescence centres obtained from the
Huang-Rhys simulation of the CL spectra of the pyrolytic films are similar to the
reported values for Vz, and Liz, defects in ZnO films fabricated by high-

temperature growth.
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Cu acceptors in ZnO nanorods

Transition metals in ZnO can offer the possibility of spintronics that can integrate
both the magnetic and optical effects such as spin-polarised solar cells and spin light
emitting diodes. Apart from spintronic devices, many transition metal impurities
including Cu act as acceptors in ZnO and hence these dopants have the possibility
to produce p-type conductivity. Both the p-type conduction and ferromagnetism in
Cu-doped ZnO are controversial. In this chapter, the switching behaviour of Cu
charge states and the role of Cu centres on the optoelectronic properties of ZnO are

investigated.

5.1. Introduction

Cu is a commonly incorporated impurity up to the ppm level in II-VI
semiconductors such as ZnS, ZnO and CdS and is known to form acceptor states
within the bandgap. A large amount of work on Cu-doped ZnO exists concerning
various aspects of its acceptor states and their possible role in green luminescence
mechanism [20, 68, 193]. Cu dopants have also been theoretically predicted to
favour spin polarisation and hole mediated ferromagnetism in ZnO-based diluted
magnetic semiconductors [194]. Room temperature ferromagnetism of Cu-doped
ZnO has been reported by different groups [17, 18], conversely the lack of

ferromagnetism in some samples was also confirmed by other workers [19]. These
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inconsistent results highlight the fact that the nature of Cu acceptors in ZnO and its

role in the optical and magnetic properties is highly controversial.

This work is aimed to investigate the switching behaviour of Cu charge state in
ZnO nanorods by Ga doping. This switching behaviour of the Cu charge state could
account for the often-contradictory interpretations of the luminescence and
ferromagnetism properties of Cu-doped ZnO. To elucidate and predict the carrier
mediated conversion of the Cu charge state in ZnO, several optical measurements
and simulation of the characteristic Cu-related green luminescence band in ZnO
nanorods fabricated the vapour phase transport method were performed. This
growth method enables the manipulation of the electronic structure of ZnO
nanorods by uniformly introducing Ga dopants substitutionally on Zn sites during
the growth. The spectral simulation of the Cu-related GL enables the determination

of the ZPL and phonon coupling strength of the Cu luminescence centre in ZnO.

5.2. Cu impurities in ZnO nanorods

Figure 5.1 (a) shows a secondary electron SEM image of Gallium doped ZnO
nanorods containing 0.15 + 0.06 at% Ga. Nearly all the nanorods are aligned along
the (002) plane perpendicular to the substrate and possess hexagonal tip facets,
indicating the nanorods are single crystal wurtzite. The nanorods typically have
diameters of ~130 nm and lengths of ~ 450 nm. EDX elemental mapping was used
to qualitatively evaluate the spatial uniformity of distributions of Ga and Zn in the
nanorods. The EDX maps in Figure 5.1 (b) show uniform distribution of Ga and Zn

along the Ga-doped ZnO nanorods.
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correction

Figure 5.1 (a) A typical secondary electron SEM image of 0.15 at% Ga-doped ZnO
nanorods showing vertically aligned nanorods with hexagonal well-faceted
cross-section. (b) SEM image of an isolated nanorod which has been extracted from
the substrate and its corresponding EDX elemental maps showing a generally
uniform spatial distribution of Ga along the nanorod length. (¢) TEM image 200 kV
of a single Ga-doped ZnO nanorod and its corresponding indexed SAED patterns
(inset). The diffraction streaks that extend in the direction perpendicular to the
grooo1] reciprocal lattice vector confirms that the Ga-doped ZnO nanorod is grown

along the c-axis orientation.
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The crystal structure and orientation of the nanorods were also confirmed by SAED
in a TEM. A typical TEM bright field image and SAED pattern of an isolated
Ga-doped ZnO (001) nanorod are shown in Figure 5.1 (c). The dark bands in the
TEM image are due to bend contour contrast arising from strain along the length of
the Ga-doped ZnO nanowire while the high quality SAED patterns confirm the
single-crystal nature of nanorods. The diffuse streaks seen superimposed on the
Bragg diffraction spots that extend in the direction perpendicular to the g<0001>
reciprocal lattice vector, shown in the zoomed-in image in the inset, confirms that

the nanorod is oriented along the c axis.

Figures 5.2 (a) and (b) show the LA-ICP-MS spectra of undoped and Ga-doped
ZnO nanorods. The raw signals for Ga, Cu and Zn were collected from a 100 pm
diameter ablation crater in both undoped and Ga-doped ZnO samples where each
point is the mean of 2 sweeps. Each sweep was run at 100pm/s with a laser fluence
of 4.35J/cm? with a 35s laser warm up time followed by 10 s of wash out time to
allow the signal drop to background values. The instrument was tuned to maximise
signals for the Ga, Zn and Cu. The several undoped and Ga doped samples have
been examined by LA-ICP-MS. NIST SRM 610 and 612 (National Institute of
Standards and Technology, Gaithersburg, MD) were used to quantify the elements
analysed by LA-ICP-MS [195]. The LA-ICP-MS analysis reveals a Cu
concentration of ~ 30 ppm in both undoped and Ga-doped nanorods using the NIST

610 and 612 standard reference materials.
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Figure 5.2 Time-dependent LA-ICP-MS spectra for (a) undoped and (b) Ga-doped
ZnO nanowires showing the presence of Cu impurity in both undoped and

Ga-doped ZnO nanorods.
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The XRD patterns of undoped and Ga-doped ZnO nanorods are shown in Figure
5.3. The XRD peaks were found at 26 = 31.88°, 34.5°, 36.32° and 47.64°, which
corresponding to the (100), (002), (101) and (102) crystallographic reflections,
respectively for a hexagonal wurtzite ZnO. The lattice parameters are found to be
a = 0.3244 nm and ¢ = 0.5212 nm for undoped ZnO nanorods. No significant
change of lattice parameters has been observed in the doping range of 0.15 - 0.4
at% Ga. The intensity of (002) peak is much stronger than other diffraction peaks.
This result indicates that ZnO nanorods are preferably grown along the c-axis. No
typical diffraction peaks corresponding to tetragonal Ga>O3; and cubic ZnGa;O4
phases are observed, indicating the formation pure hexagonal wurtzite structure of

Ga-doped ZnO nanorods.

0
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Figure 5.3. XRD patterns of the undoped and Ga-doped ZnO nanorods showing
the preferential growth along (0002) orientation perpendicular to the substrate. The

(101), (102) and (110) reflections are significantly weaker.
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Figure 5.4 shows the Raman spectra of undoped and 0.4 at% Ga-doped ZnO

nanorods. Both undoped and Ga-doped ZnO nanorods show 217, 301, and
437 cm peaks. The dominant peak at 437 cm ! is assigned to Ezh Lgh mode, which
is the active Raman mode in ZnO. The other peaks at 217 and 303 are assigned to

high . . high .
ElY and E;"9" — E[°” modes, respectively. The intense Raman E, 9" mode is

the signature of hexagonal wurtzite ZnO. The intensity of the E; Lgh peak
significantly enhances after Ga doping, indicating an improvement of crystal
quality in ZnO nanorods. The higher crystallinity of the Ga-doped ZnO nanorods is
attributed to the occupation of Vz, defects by the substitutional Ga donors, which

have a similar ionic size to the Zn?>* host cations [196].
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Si
- high 1-low ,
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Figure 5.4. Raman spectra for undoped and Ga-doped ZnO nanorods, showing a

substantial increase in the Ezh ‘9" mode after the Ga doping.
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5.3 Luminescence of Cu acceptors mediated by Ga doping

5.3.1. Optical characteristics of Ga donors in ZnO

The near-band-edge PL spectra of the ZnO nanorods show free exciton (FX) and
bound exciton (D°X) emissions at 3.381 and 3.365 eV, respectively, together with
their corresponding longitudinal optical (LO) phonon replicas (Figure 5.5 (a)).
Figure 5.5 (b) shows high-resolution PL spectra with well-resolved bound exciton
lines 14 (due to H impurities) and /s (due to Al) [23]. For the Ga-doped nanorods,
the NBE emission is dominated by the /3 line at 3.364 eV attributed to excitons
bound to neutral Gaz, donors [197]. /1 has been assigned to ionized-Ga donor bound
exciton [94]. These well-resolved free and bound excitonic emission lines suggest
that the Ga-doped nanorods remain non-degenerate. Additionally, the strong /s line
indicates that the Ga dopant atoms are incorporated in the nanorods by substituting

Zn in the ZnO lattice.

(a)

——Undoped ZnO
——0.15 at% Ga-doped ZnO

PL Intensity (a. u.)

325 330 335 340
Photon energy (eV)

Figure 5.5. (a) Near-band-edge PL spectra of undoped and Ga-doped ZnO

nanorods at 6K showing free exciton and bound exciton emissions.
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Figure 5.5. (b) Enlarged view of donor bound excitons (yellow circles in Figure
5.5 (a)) showing /; and I3 lines which corresponding to the Gaz, donors as presented

in the chapter 2.

5.3.2. Activating Cu acceptors in ZnO by Ga doping

The deep-level PL spectra of the undoped and Ga-doped ZnO nanorods at 6 K are
depicted in Figure 5.6 (a). Comparison of the nanorods PL spectra before and after
the Ga doping reveals: (i) the fine structured doublets emerges, with an energy
spacing equal to the longitudinal optical phonon energy ELo =72 + 3 meV, and (ii)
the GL peak is red shifted by ~ 50 meV after 0.15 at% Ga doping. The symmetrical,
unstructured GL band centred at 2.45 eV in undoped ZnO is attributable to zinc
vacancies (Vz) [44]. The Ga-doped ZnO nanorods exhibit a sharp ZPL peak at
2.874 eV and a series of doublets whose energy positions match, within the
experimental error of + 20 meV, those reported in the literature for bulk Cu-doped

7Zn0O [21] (see Table 5.1), indicating that the Ga doping activates Cu luminescence
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centres in the Ga-doped ZnO nanorods. The slight variations in the exact peak

positions could also be due to tensile strain in the ZnO nanorods [198].
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Figure 5.6. (a) Deep level emission of PL spectra for Ga-doped ZnO shows doublet

fine structures with 72 = 3 meV periodicity after Ga doping. The spacing of the

doublet features is 30 £ 3 meV. (b) The sharp zero phonon lines at 2.874 and

2.840 eV.
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Table 5.1. Peak energies of the zero-phonon lines and their replicas in ZnO bulk
and nanorods. The doublet spacing is a — b =30+ 3 meV and the LO-phonon replica

separationisa —a orb—b =72 +3 meV.

Line name ZPL- ZPL- 1a 1b 2a 2b
0a 0b

Cu-doped ZnO
film (eV) (Ref |2.8559 | 2.8245 |2.7798 |2.7565 |2.7118 |2.6840
[21])

Ga-doped ZnO

nanorods (eV) | 28739 |28404 |2.8003 |2.7690 |2.7271 |2.6974
(this work)

Line name 3a 3b 4a 4b 5a 5b

Cu-doped ZnO

{lzhﬁ)(e\/)(Ref 2.6436 |2.6218 |2.5710 |2.5446 |2.5042 |2.4808

Ga-doped ZnO
nanorods (eV) |2.6541 | 2.6239 |2.5839 |2.5558 |2.5100 |2.4875
(this work)

The most plausible explanation for the activation of Cu luminescence centres is the
conversion of the Cu acceptor charge state from Cu®* to Cu" as the Fermi level is
raised above the 0/- (Cu?*/Cu") charge transfer level (located at 180 meV below the
conduction band minimum) [20]. In the Ga-doped ZnO nanorods, the activated Cu"
centres provide the dominant recombination pathway, while the Vz,-related GL
emission is quenched as a result of Ga occupation at Vz, sites. It is worth noting
that the carrier concentration in these ZnO nanorods is expected to be several orders

of magnitude lower than that in degenerate Ga-doped ZnO films (n >10?° cm™)
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[199]. Thus, the self-compensation effect by lowering the formation energy of ¥z,

would be less pronounced in this case.

For non-degenerate ZnO nanorods, which are large enough to avoid quantum size

effects, the carrier concentration can be estimated by [200]:
n = 2(mkT /2mh?)3/?exp[(E; — E.)/kT] (5.1)

where me is the electron effective mass, Er and E. are the Fermi energy and
conduction band minimum, respectively. The other symbols have their usual
meaning. In order to activate the Cu" luminescence centre, the Fermi level must lie
above the Cu?"(A°)/Cu’(A") (0/-) charge transfer level (CTL), which requires the
carrier concentration in ZnO to be at least 6.2 x 10'” cm™. This value is calculated
from equation (5.1) with m, = 0.29m,, (m, is the rest mass) [201]. The Fermi level
shift due to the Ga doping is confirmed by valence-band X-ray photoemission
spectroscopy, showing an upward shift of 0.19 eV due to the Ga doping (see the
section 5.4). The carrier concentration required for the Cu’ activation is
significantly lower than the value expected for ZnO doped with 0.15 at% Ga;
however, at 6 K, most Ga donors are in the neutral state, as evidenced by the fact
that the PL spectrum of the Ga-doped nanorods (see section-5.3.1) is dominated by
the neutral-Ga donor bound /g rather than ionized-Ga donor bound /;. Formation of
acceptor-like defects due to self-compensation could also contribute to a reduction
in electron concentration [88]. This result provides a physical picture of the
structured GL in the Ga-doped nanorods: the Cu" state is stabilized by the rise in
the Fermi level and can readily trap free holes from neighbouring oxygen atoms by
the potential created by the additional electron in the ionized acceptor Cu*(3d'°)
state [109], which gives rise to the structured GL. The doublets in the Cu-related

structured GL (with an energy spacing of 30 =2 meV, see Table 5.1) are due to the
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two kinds of energetically different holes that are transferred from the orbitals
surrounding the oxygen atom to the 3d shell of copper [21]. The change in the
chemical origin of the GL from V’z, to Cu centres also accounts for the observed red
shift in the GL before and after Ga doping. Further support for these assignments
comes from the temperature dependence of the energetic positions for the structured
and structureless GL bands (See section 5.3.3). The ZPLs and their phonon replicas
of the structured GL remain unchanged in position with increasing temperature,

characteristic of an internal transition within Cu centres.

5.3.3. Temperature dependence of Cu-related emission

The temperature dependent CL spectra of undoped and 0.15 at% Ga-doped ZnO
nanorods are shown in Figure 5.7 (a)-(b). The undoped ZnO shows a symmetrical
GL band in the temperature range of 10-135 K. As shown in Figure 5.7 (b), the fine
structure in the GL band is gradually faded and disappeared after 85 K. This result
indicates that the Cu luminescence centre active below 85 K temperature. The
vertical line indicates the energetic position of the 6 phonon replica. The ZnO GL
peak broadens and shifts to lower energy with increasing temperature attributed
from the band shrinkage effect, whereas the position of the 6a line in Ga-doped ZnO
remains unchanged at 2.420 eV (Figure 5.7 (c)). This result confirms the GL band

in the Ga-doped nanorods originates from an internal transition in Cu centres.
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Figure 5.7. Temperature-resolved CL spectra of (a) undoped ZnO showing the

symmetrical GL emission and (b) Ga-doped ZnO nanorods showing the structured

GL band up to 70 K. (c) Peak positions of the ZnO GL band and the 6" phonon

replica of the Ga-doped ZnO nanorods.

5.3.4. Kinetics of radiative recombination at Cu acceptors

To study the kinetic nature of the Cu-related GL band in the Ga-doped ZnO

nanorods, this emission spectra were examined by the excitation power dependent

CL measurements. In these measurements, the electron beam current was varied

from 0.14 to 75.3 nA, while the accelerating voltage was kept constant at 7.5 kV
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(Figure 5.8 (a)). The excitation power-dependent CL integrated intensities of
Cu-related GL (Figure 5.8 (b)) are determined from Gaussian fitting. The
parameters used in this fitting process are peak position, EgL = 2.40 + 0.03 and
FWHM =0.51 £0.03 eV. The integrated intensities (I, ) agree with the power law
(Ic, a Pp), where Py, is the CL excitation power [173]. The value n is found to be
0.9 £ 0.02 for the Cu-related GL band in the Ga-doped ZnO nanorods. The index
n (= 0.72) for undoped ZnO has already been determined in the chapter 4 section

4.3.2. The structured GL possess slower saturation rates (higher » values) in ZnO.

Ga-doped ZnO b
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Figure 5.8. (a) CL spectra of structured green emission band of Ga-doped ZnO
nanorods at different electron beam currents. (b) Log-log plots of the CL integrated
intensities Cu-related GL emission at 10 K as a function of CL excitation power.
The solid lines are the least square fitting of the power law (I, a P') to the

experimental CL data.
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5.3.5. Depth-resolved characteristics of Cu acceptors

To study the distribution of Cu luminescence centres along the length of Ga doped
ZnO nanorods. The depth-resolved CL spectra of Cu-related GL have been
measured. In these measurements, the accelerating voltage was varied, while the
electron beam current was adjusted to maintain the excitation power constant.
Figure 5.9 (a) shows the CL spectra of structured green emission band of Ga-doped
ZnO nanorods at different accelerating voltages. In this work the spectra were
collected with a fixed power of 6 uW, while the accelerating voltage was changed
from 2 to 15 kV, corresponding to the CL generation depth from 40 - 1600 nm as

deduced by Monte Carlo stimulation CASINO [186].

Figure 5.9 (b) shows the CL integrated intensity as a function of accelerating
voltages. No significant changes in the peak position and CL intensity with
increasing accelerating voltage up to 8 kV corresponding to the 500 nm length of
the nanorods, indicating that Cu impurities are uniformly distributed along the
entire length of the Ga-dopped ZnO nanorods. It is observed that the CL integrated
intensity of the structured GL emission decreases after 8 kV accelerating voltage.
The decrease in intensity of the structured GL emission above 8 kV also indicates
that the Cu luminescence centres are located within a 500 nm depth, which

corresponding to the length of the nanorods.
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the nanorods.
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Figure 5.9. (a) CL spectra of structured green band of Ga-doped ZnO nanorods at
different accelerating voltages. (b) Variation of CL integrated intensities of
Cu-related green emissions as a function of accelerating voltages showing no

significant changes CL intensity up to 8 kV, corresponding to the 500 nm length of
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5.4. Valence band structure of Ga-doped ZnO nanorods

The valence band spectra of undoped and Ga-doped ZnO nanorods are presented in
Figure 5.10 (a). The valence band spectra show three peaks at 10.85, 8.11 and 5.22
eV in both undoped and Ga-doped ZnO nanorods attributed to Zn 3d, mixed Zn 45—
O 2p, and O 2p states, respectively [202]. The use of the X-ray source minimizes
surface band bending effects. The zero of the binding energy scale (EF) is referenced

to the Fermi edge of a clean Au gold in electrical contact with the spectrometer.

The occupancy of the Zn 3d state is not expected to change upon the Ga doping,
thus the spectra are normalized to the Zn 3d peak at 10.85 eV binding energy. In
the Figure 5.10 (b), the onset of valence band photoemission obtained from linear
extrapolation of the leading edge of O 2p states are 3.13, 3.21 and 3.32 eV for the
0 at%, 0.15 at% and 0.4 at% Ga-doped ZnO nanorods, respectively. The bandgap
is unchanged for low Ga doping concentration (see at the end of current section for
bandgap analysis), the increase in (Er — Ev) indicates that the Fermi level is raised

towards the conduction band after the Ga doping.
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Figure 5.10. (a) Valence band spectra of the undoped and Ga-doped ZnO nanorods
acquired using synchrotron radiation X-ray Photoelectron Spectroscopy. The onset
of valence band photoemission extracted from linear extrapolation of the leading

edge of O 2p states are 3.13, 3.21 and 3.32 eV for the undoped, 0.15 at% and
0.4 at% Ga-doped ZnO nanorods
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The position of the Fermi level (Ef) for a nondegenerate ZnO is located below the
conduction band minimum (E_). The work function (¢) is the energy separation
between the Er and vacuum level (E,,.), while the ionisation energy is the
difference between the valence band (E,) and E,,;.. The work function can be
measured from the photoelectron yield spectroscopy. With the influence of the

surface state, the work function can be expressed as;
Y = Evac - (Ec + EF) (52)

For non-degenerate semiconductor, the Ep —E. is related to the carrier

concentration (n) by the following relation [200]:

n
E, —E,=kTIn (N—) (5.3)

Cc

2mmgkT
hZ

3/2
where N, [: 2 ( ) = 3.91 x 108 ¢m™3| is the effective density of state

in the conduction band and m; (= 0.29 m,, for ZnO [203]) is the effective mass of

the electron and other symbols have their usual meaning.

The work function has a linear relationship with carrier density. Figure 5.11 shows
photoelectron emission spectra at different Ga doping concentrations. The onset
energy of the photoelectron emission intensity clearly exhibited a shift to the lower
energy side with Ga doping in ZnO nanorods. The shift of the work function is
mainly related to the increase of carrier concentration caused Ga doping in ZnO
nanorods. This result clearly indicates that the Ga doping shifts the Fermi level

toward the conduction band maximum.
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Figure 5.11. Photoemission yield spectra of Ga-doped ZnO nanorods at different
Ga doping concentrations. The threshold energy for the photoelectron emission

decreases with Ga-doping concentration.

Figures 5.12 (a) - (b) show the optical transmittance and reflectance spectra for
Ga-doped ZnO nanorods at different Ga doping concentrations. The undoped ZnO
is highly transparent in the infrared region, while the transparency decreases, and
reflectance increases with Ga doping concentration. The Ga-doped ZnO show
increased transmittance, simultaneously decreasing the reflectance in the visible
and near infrared regions. The optimum transmittance for Ga-doped ZnO is 92% in
the near infrared region (around 975 nm). In a transparent oxide material, the crystal
orientation and zinc to oxygen ratio determine the transparency. The high
transparency indicates that the nanorods possess excellent structural homogeneity
and crystallinity. Both the undoped and Ga-doped ZnO nanorods show a sharp fall

of transmittance in the ultraviolet region due to the onset of the fundamental
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absorption edge. Both undoped and Ga-doped ZnO nanorods show a dip at 600 nm

is attributed to plasmonic absorption of Au nanoparticle catalyst.
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Figure 5.12. (a) Transmittance and (b) reflectance spectra of Ga-doped ZnO
nanorods at different Ga doping concentrations. The undoped ZnO showing the

maximum transmittance in the infrared region, while the Ga-doped ZnO exhibiting

the optimum transmittance in the visible and near infrared spectral region.
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This absorption edge corresponding to the excitation of electron from the valence
band to conduction band. The optical bandgaps of undoped and Ga-doped ZnO
nanorods are determined from the transmittance and reflectance data. The

absorption coefficient (o) can be expressed in terms of the transmittance and

reflectance as [182];
a = (1/0) In[(1 — R)?/T] (5.49)

ahv = A(hv — E;)™ (5.5)

where A is a constant, E; is the bandgap and [ the length of the nanorods. The

exponent, m, determines the type of transition. The values of m = 1/2 and 2

correspond to the allowed direct and indirect bandgaps, respectively.

Figures 5.13 Tauc’s plots for the determination of direct bandgap. The bandgap is
determined from the extrapolation of the linear portion of the curves to Av axis.
The intercept on the Av axis gives the bandgap. As shown in Figure 5.13, the
bandgap is unchanged with 0.4 at% Ga doping into ZnO nanorods. This is because
the ZnO nanorod remains nondegenerate up to this doping concentration. Ginting
et al. reported that the bandgap of ZnO is not significantly changed up to 3 at% Ga

doping concentration in the nanowires [96].
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Figure 5.13. Tauc’s plots for the determination of direct bandgap of undoped and

Ga-doped ZnO nanorods showing unchanged bandgap after 0.4 at% Ga doping.
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5.5. Cu-related emission in ZnO nanorods

To investigate the nature of the Cu luminescence centres responsible for the
structured GL, the emission band was simulated using a multimode Brownian
oscillator (MBO) model [204], in which the electronic transitions between the Cu
ground and excited states was examined. The variables used in the MBO model are:
the Huang-Rhys factor (S) that reflects the phonon coupling strength and the

coefficient (y;) reflects the full width at half maximum of the LO-phonon side band.

AtT — 0, the PL intensity according to the MBO model can be expressed as [204]:

_ voo Stexp(=5) (vzpLtnyj)/2m
IPL(w) - Zn:o n! (hw—hweg+nha)LO)+(yZPL+nyj)/2 (5.6)

To simulate the GL spectra, a simplified MBO model was adopted. In this model
only the LO phonon oscillator (hw;, = 72 meV'), was considered. The simulated
spectra, displayed as solid curves in Figure 5.14, demonstrate the best fits with the
following  parameters: (i) fweg = 2874 meV, hweg = 2844 meV,
yj =74+ 03meV, §=6.551 0.04 for the Ga-doped ZnO nanorods; and (ii)
hweg =2910meV, y; = 8.7 £ 0.3 meV, § = 6.75 £ 0.04 for the structureless
ZnO GL. The simulated hiweg; and hw,g, values are consistent with the energetic
positions of the ZPLs for the Ga-doped nanorods shown in Table 5.1. The
Huang-Rhys factor of 6.55 for the Ga-doped ZnO GL is consistent with the
literature value of Cu-doped ZnO [205]. This value is slightly smaller than the GL
coupling strength in ZnO. Taking the ground energy of Cu" at 180 meV below the
conduction band maximum [20], the activation energy of the excited state (Cu', /)
state in the Ga-doped ZnO nanorods can be determined to be 390 meV from the

simulated hw,g4values.
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Figure 5.14. Theoretically generated GL bands (solid curves) for the undoped and
Ga-doped ZnO nanorods using the MBO model. The open circles represent the
measured spectra at 6 K. The best fit to the doublet fine structures in the Ga-doped

nanorods is obtained using equation (5.6) with hw.y = 2874 meV,

hweg, = 2844 meV and § = 6.55.

Figure 5.15 depicts the electronic transitions involved in the Cu ground and excited
states of the Ga-doped ZnO nanorods. With the Fermi level raised by the Ga doping,
Cu is in its Cu” state and acts as negatively charged ionized acceptor. This Cu” state
captures holes from the neighbouring oxygen, placing it in an excited state,
(Cu*, h) and the hole is then transferred to the 3d shell to form Cu®" (3d°). This

charge transfer results the structured GL emission in the Ga-doped ZnO nanorods.
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Figure 5.15. Schematic energy level diagram to illustrate the transitions involved
between the Cu ground and excited states in Ga-doped ZnO nanorods. (a) Cu is in
the Cu® (3d") state as the Fermi level is raised above the (0/-) CTL of Cu centres
via the Ga donor doping, (b) Holes are captured by Cu*(34°+e) placing it in an
excited state, which emits GL and relaxes to the Cu?"(34°) ground state, and (c)

Cu?" captures a free electron from the CB returning it to Cu* state.
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5.6. Conclusions

The Ga-mediated switching behaviour of Cu acceptors in ZnO nanorods was
studied. Using the vapour phase transport growth, Ga is in-situ incorporated
substitutionally at Zn lattice sites in nanorods without compromising the crystal
quality, producing Ga donor-bound exciton signatures in ZnO. The green
luminescence band in Ga-doped nanorods displays a periodic fine structure
separated by 72 meV, which consists of doublets with an energy spacing of 30 + 3
meV. The emergence of the structured GL is due to the Cu" state being stabilized
by the rise in the Fermi level above the 0/- (Cu®"/Cu*) charge transfer level as a
result of Ga donor incorporation. From a combination of optical characterisation
and simulation using the Brownian oscillator model, the doublet fine structures are
shown to originate from two hole transitions with the Cu" state located at 390 meV

above the valence band maximum.
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Chapter 6

Bandgap engineering and doping of ZnO

microrods

Bandgap engineering is an important strategy for tuning the optical and electrical
properties of ZnO semiconductor and provides greater flexibility in designing advanced
optoelectronic devices. Bandgap engineering can be obtained by the doping of different
impurities into the host lattice. Among the n-type impurities, Ga dopants can improve
the optical properties of ZnO, while maintaining its transparency in the visible spectral
range for use in light emitting diodes. However, the presence of impurity phases such
as Ga20;3 and ZnGa;O4 at high Ga doping levels is a challenging issue. This chapter
investigates how the optical properties of ZnO microrods can be tuned by bandgap

engineering.
6.1. Introduction

Bandgap engineering is a common practice for tuning the optical and electronic
properties of technologically important oxide and nitride semiconductors currently
used in a wide range of optoelectronic applications [29, 206]. Among the oxide
semiconductors, ZnO can be optimised electrically and optically by the engineering
of its bandgap for different technological applications. Various dopants have been

used for tuning the bandgap of ZnO such as Mg [207], Cd [208], Be [209], Se [210],
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transition metals [211] and group III elements [29, 97, 212]. However, compared
with ZnO thin films and nanowire ensemble arrays, research on tailoring the
bandgap in a single ZnO nano/microrods for the use in practical devices is still at
its infancy. Moreover, the physical mechanism responsible for the composition-
dependent variation of bandgap is still unclear. Here, tapered ZnO microrods with
an increasing Ga doping level gradient from their tip to base with an associated
systematic redshift in their near-band-edge emission were grown by a self-catalyst
vapour phase transport method. Systematic cathodoluminescence studies of these
microrods supported by computational defect simulation are used to explain the Ga

doping induced modification of the bandgap.

Among the current n-type dopants, Ga is recognised as one of the most effective
dopants for controlling the optical and electrical properties of ZnO [25]. The
experimental results indicate that Ga favourably occupies substitutionally the Zn
site (Gaza), which acts as a shallow donor of 55 meV binding energy [23]. The
presence of Gaz, donors in ZnO produces Ga-bound excitons that show sharp
luminescence lines at low temperature known as /1 and /s lines [23, 94]. First
principle calculations and experimental measurements have shown the Ga donors
interact with acceptor-like defects at high Ga doping levels, producing the
abundance of Ga-related defect complexes, especially Gaz,-O; and Gaza-Vza pairs
in ZnO [24, 79, 88]. The formation of Gaz,-O; and Gazn-Vza complexes following
compensation by Vz, and O; defects significantly reduces the band gap and carrier

concentration in ZnO [88, 213].
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The incorporation of Ga-dopants into the ZnO has shown either blueshift [ 159, 214]
or redshift [28, 29] of the near-band-edge emission with spectral broadening.
Different mechanisms have been proposed to explain the broadening of NBE
emission at degenerate doping levels such as Burstein-Moss effect [159] and
potential fluctuation of an impurity band [215]. In the Burstein-Moss broadening
mechanism, the Fermi level is shifted above the conduction band minimum by
filling the lower energy levels with electrons. In this case, the band gap energy is
increased due to the indirect transition between the conduction band filled states
and valence band acceptor states. In the potential fluctuation mechanism, the
formation of localised states (band tail) in the bandgap occurs due to randomly
distributed impurity ions at the degenerate doping level. These localized states can
be regarded as the acceptor-like defects located above the valence band maximum
and the wave functions of this impurity band overlap and eventually merge with the

valence, results in a decrease of the bandgap [216].

The work in this chapter is aimed to investigate the effect of Ga impurity on the
optical band structure of ZnO microrods. ZnO microrods with a graded distribution
of Ga were fabricated by a self-catalyst vapour phase transport method at the
O-rich condition. The diameter of this microrod varies from 1 to 7 um from tip to
base along the microrod length. As the diameter of the microrod increases from tip
to base, the Ga-impurity concentration increases from 1.5 to 6 at% and the CL
spectra exhibit a corresponding systematic redshift in the NBE along the microrod
length, leading to Ga mediated output emissions. To establish the physical
mechanisms associated with the large variation in the CL spectra along the length
of the Ga-doped ZnO microrod, a series of correlative experimental analyses

probing the chemical composition, crystalline structure, CL spectroscopy at
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different parts of the microrod were investigated. Density Function Theory (DFT)
calculations for the formation of Ga-induced localized defect complexes were also

performed to support the experimental results.

6.2. Tapered diameter Ga-doped ZnO microrods

Figure 6.1 (a) shows a typical SEM image of Ga-doped ZnO hexagonal microrods.
The diameter of individually tapered microrod varies from 1 - 6 pm from the tip to
base along with their length, which ranges from 50 - 150 um. The decreasing of
diameter forms with a series of regular facet along the microrod growth direction
accompanied by a number of larger steps with a large reduction in the width of the
microrod. The EDS line scans (Figure 6.1 (b), dotted line) across the width of the
microrod along its length reveal that the Ga concentration gradually decreases as
the diameter of the microrod tapers from base to tip. The Ga concentration ranged

from 6 at% at its base to 1.5 at% at its tip.
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Figure 6.1. (a) A typical SEM micrograph of Ga-doped ZnO microrods displaying
hexagonal cross section and the diameter increases from tip to base. (b) EDX
spectra from a 5 kV line scan (dotted line) along the diameter from several parts of
the microrod. The Ga concentration increases with increasing the diameter of the

microrod.
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TEM image of a single Ga-doped ZnO microrod acquired at 200 kV and its
corresponding indexed SAED patterns from different points of the microrod (Figure
6.2). The diffraction streaks that extend in the direction perpendicular to the grooo1]
reciprocal lattice vector confirms that the Ga-doped ZnO microrod is grown along

the c-axis orientation.

: <1_1'20>'
(0002)

Figure 6.2. TEM image of a single Ga-doped ZnO nanorod acquired at 200 kV and
its corresponding indexed SAED patterns from different points of the microrod.
The diffraction streaks that extend in the direction perpendicular to the gpooo1
reciprocal lattice vector confirms that the Ga-doped ZnO microrods are grown

along the c-axis orientation.
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The crystal structure and orientation of the different parts of the microrod were also
confirmed by SAED in a TEM. The SAED patterns from different parts of an
isolated Ga-doped ZnO microrod are shown in Figure 6.2 (i) — (iii). The high-
quality SAED patterns confirm the single-crystal nature of microrods. The diffuse
streaks seen superimposed on the Bragg diffraction spots that extend in the direction
perpendicular to the g<0001> reciprocal lattice vector, shown in the zoomed-in
image in the inset, confirms that the microrod is oriented along the c-axis. The TEM
analysis reveals the similar growth direction in the different parts ((i) to (iii) in the
TEM image) of the microrod, indicating unchanged crystallinity of ZnO microrod

with increasing diameter and Ga concentration.

6.3. Luminescence properties of lightly Ga-doped

Zn0O microrod tips

The NBE CL spectra from the tip of a typical individual undoped ZnO microrod
reveals the Al-related Is bound exciton (D'X) emissions at 3.362 eV together with
its corresponding longitudinal optical (LO) phonon replicas separated by ~70 meV
(Figure 6.3 (a)). The undoped ZnO also shows poorly resolved bound exciton lines
14 due to H impurities [23]. For the lightly Ga-doped microrods, the NBE emission
is dominated by the /5 line at 3.358 eV attributed to excitons bound to neutral Gaz,
donors as well as an emission centred at 3.32 eV (Figure 6.3 (a)) [23, 94]. An
emission line in the 3.30 - 3.32 eV energy range at 9 K in Ga-doped ZnO has
previously been assigned to a donor-acceptor pair (DAP) due to a transition
between neutral Gaz, donors to neutral Vz, acceptor or other acceptor complexes
[94]. The presence of the strong /s and /p4p lines confirms that the Ga dopants are

incorporated in the microrods by substituting Zn in the ZnO lattice.
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Figure 6.3. (a) NBE CL spectra collected at 10 K from the tip of an individual
undoped and lightly Ga-doped ZnO microrod showing I4 and I3 line corresponding
to the H and Ga impurities, respectively. (b) Temperature-dependent NBE CL
spectra of individual Ga-doped ZnO microrod. DAP band showing a ~90 meV

redshift when the temperature increases from 10 to 280 K.
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The temperature-dependent NBE CL spectra collected from the tip of an individual
Ga-doped ZnO microrod is illustrated in Figure 6.3 (b). The temperature-dependent
DAP transitions energies are expected to shift in two different ways: (i) a blue-shift
attributed to thermalization of Ga donors and (ii) a red-shift due to band gap
shrinkage. As shown in Figure 6.3 (b), the Ipap emission peak exhibit overall shift
of 90 meV in the 10 - 280 K temperature range in Ga-doped ZnO microrod.
Although the quantitative analysis is difficult for this small shifting, the qualitative

behaviour of Ipap is consistent with reported DAP recombination model [94].

6.4. Bandgap engineering in heavily Ga-doped ZnO

microrods

Figure 6.4 (a) shows the CL spectra collected from the tip of the undoped ZnO and
heavily Ga-doped ZnO microrods at 80 K. The undoped ZnO microrod consists of
a near-band-edge emission at 3.35 eV and a defect-related green emission band at
2.43 eV, which is characteristic of O-rich grown ZnO microrod with a high
concentration of Vz, defects [44]. This defect band is quenched in the Ga-doped
nanorods since Vz, defects are passivated by Ga dopants [125]. The slight redshift
in the near-band-edge emission is due to the fact that the peak is now dominated by
the Ga-bound exciton emission, rather than the band tail state. Figure 6.4 (b) shows
the CL spectra collected along the length of an individual Ga-doped ZnO microrod
whose diameter varies from 1 to 6 um from tip to base at 80 K. With increasing Ga
doping concentration from tip to base, the microrod reveals that; (i) the UV
emission peak shifts to lower energy and becomes stronger, and (ii) the full width
at half maximum (FWHM) of the emission peak is also monotonically increased.
As described in the previous section, the lightly Ga-doped ZnO microrod tips show

a dominated emission line at 3.358 eV, which is well known as the exciton bound
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to Ga donors, the /s line. The /s line has not been shown in the heavily Ga-doped

ZnO microrod due to the broadening of the emission peak at degenerate doping

level [97].
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Figure 6.4. (a) CL spectra of undoped and heavily Ga-doped ZnO microrods at
80 K. The deep level emission is completely quenched in the Ga-doped ZnO
microrod. (b) The NBE of individual Ga-doped ZnO microrod, displaying in the
inset, showing a redshift ~ 0.6 eV as the Ga incorporation is increased from 1.5 at%

at the tip to 6 at% at the base of the microrod.
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As mentioned, the broadening of NBE emission can be caused by either the
Burstein-Moss effect or the potential fluctuation of an impurity band. The redshift
of UV emission in Figure 6.4 (b) strongly suggests that the broadening of the
emission band in heavily Ga-doped ZnO microrod is due to the potential fluctuation
of an impurity band rather than the Burstein-Moss effect [97]. Figure 6.5 shows
the variation of the band potential fluctuation (o) as a function of Ga

concentrations.
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0.08

c (eV)
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Figure 6.5. The band potential fluctuation, o, as a function of Ga doping
concentration showing the linear behaviour of potential fluctuation with Ga doping

concentration.
The value of ¢ calculated from the experimental FWHM (AE) using the following

expression [215]:

AE? = (20VIn4)? + (1.8kT)>? (6.1)
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By neglecting the thermal broadening term,((1.8kT)? =5 x 1075 eV), at 80 K,
the AE is a linear function of . The thermal broadening is only effective at lower
carrier concentrations less than 10'7 c¢cm™ [217]. In heavily Ga-doped ZnO
microrods grown at O-rich conditions, the Gaz, — 0; and Gayz, — V;, acceptor
complexes are formed on the top of the valence band maximum. These localised
states are developed by local strain resulted from the inhomogeneous distribution
of charged impurity. At lower Ga doping level, the acceptor density of states is a
discrete acceptor level. With increasing Ga doping concentration, the wave
functions of the acceptors will overlap and results in a formation of an impurity
band above the valence band maximum. This impurity band broadens with a further
increase of Ga doping concentration and eventually merges with the valence band
maximum, forming a band tail state [216]. The direct transition between the valence
band tail state to conduction band leads to the redshift of CL emission peak. The
near-band-edge emission increases in intensity from top to bottom of the microrod

is due to the increase in the Ga doping concentration [214, 218].

6.5. Recombination kinetics of Ga-related emissions

To study the kinetics of observed emissions in Ga-doped ZnO microrods, the
microrods are examined by the excitation power density-dependent CL analysis. In
this analysis the electron beam current was varied from 0.1 to 7.8 nA, while the
acceleration voltage was kept constant at 10 kV, corresponding to a CL generation

depth of 800 nm.
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Figure 6.6. (a) Room temperature CL spectra collected from the tip, middle and
base of a single Ga-doped ZnO microrod at different beam currents. (b) Log-log
plots of the integrated intensities from the tip, middle and base of the Ga-doped
ZnO microrod as a function of excitation power. The solid lines are the power law

(I¢p « P} fit to the experimental data.
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Figure 6.6 (a) shows the CL spectra at different beam currents. The CL intensities
from the tip, middle and base of a single Ga-doped ZnO microrod increase with
increasing beam current. As shown in Figure 6.6 (b), the integrated CL intensities
from different parts of the microrod as a function of excitation power. The CL
intensities follow the power law (I, a Py'), where I¢; and P, are the CL integrated
intensity and the excitation power, respectively [173]. The exponent n of the
Ga-doped ZnO microrod are found to be 1.05 £ 0.01, 1.13 £ 0.01 and 1.14 + 0.01
for the emissions from tip, middle and base of the graded bandgap microrod,
respectively. As shown in Figure 6.6 (b), the emission intensities do not become
saturated with increasing CL excitation density, indicating fast recombination
kinetics with a typical lifetime in the range of nanoseconds. The value of n lies
between 1 and 2 for excitonic emission [44]. Thus, the optical emissions from the

Ga-doped ZnO microrods are the NBE luminescence [44].
6.6. Defect-mediated bandgap engineering

To explain further the origin of the red-shift of NBE emission in Ga-doped ZnO
microrods, the Density Function Theory (DFT) calculations were performed to
estimate the variation of bandgap with Ga concentration. All the calculations were
undertaken using the Siesta [219] implementation of spin-unrestricted DFT with
the Perdew Burke Ernzerhof approximation [220] to the exchange-correlation
functional. The nucleus-electron interaction is represented by norm-conserving
pseudopotentials calculated according to the method described by Troullier and
Martins [221]. The electronic charge is represented by numerical pseudo-atomic
orbitals equivalent to a double-zeta plus polarisation basis set. In Siesta, these
orbitals are strictly confined to a cut-off radius determined by a single energy value

representing the shift in orbital energy due to confinement. Here, a confinement
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energy value of 5mRy is used, which ensures sufficient convergence without
excessive computational time. Pristine ZnO is first geometrically optimised using a
21 x 21 x 21 Monkhurst-Pack reciprocal space grids to a tolerance of 0.01 eVA™!.
A large 3 x 3 x 2 supercell containing 36 ZnO units with a varying Ga concentration
is used to realize defect structures Ga,Zn,_,V;, (Zinc vacancy and ‘Ga’
substituting for Zn) and Ga,Zn,_,0; (Oxygen interstitial in octahedra site and Ga
substituting for Zn). Figure 6.7 shows the defect structure at
x = 0 —0.9. For a supercell of this size, a reciprocal space grid of 7 x 7 x 10 is
sufficient to ensure convergence of the total energy. The atoms in the defects
structures are allowed to fully relax below a force tolerance of 0.03 eVA™!. These
optimised structures are used to calculate the optical properties in random phase
approximation using an optical mesh of 14 x 14 x 14 and an optical broadening of

0.02 eV.
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Pristine ZnO

Gago3Z1n0970; Gao.06ZM0.940; G0.092M0.910;

Figure 6.7. A representative 2 X 2 X 1 supercell of pristine ZnO (1% row),
supercells depicting Ga,Zn,_,V,, (Ga,Zn,_,0;) defect structure with varying
concentration of Ga, 2" row (3™ row). For clarity these structures are cut from

bigger 3 X 3 X 2 supercells used in the calculations.

The absorption edge affected by the formation of Gaz, — 0; and Gay, — V;,
complexes with increasing Ga concentration has been estimated using DFT (Figure
6.8 (a-b)). The absorption edge of pure ZnO is underestimated due to customary
underestimation of fundamental bandgap by PBE [222]. However, the motivation
of present work is to show the trend of optical absorption with increasing Ga
concentration rather than producing the absolute values, therefore, we limit

ourselves to PBE functional and avoid using computational expensive HSE06.
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Figure 6.8. Total density of states of ZnO with varying concentration of Ga in (a)

Ga,Zn,_, Vs, and (b) Ga,Zn,_, 0; defect structures.

Figure 6.9 shows the comparison of the experimental and theoretical band gap shift
as a function of Ga-doping concentration in ZnO. The increase of bandgap is
observed with Ga in the Zn site in agreement with previous studies [223, 224]. This
increase in the bandgap is due to the shift of Fermi level above the conduction band.

The upward shift of Fermi level is caused by the increase of carrier concentration
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with high Ga doping level, which is due to the well-known Burstein—Moss (BM)
[225, 226].
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Figure 6.9. The optical bandgap shift with increasing Ga concentration. The black
dotted line showing the increase of bandgap by the increase of Ga donor
concentration. The red and green dotted line showing the decrease of bandgap with
the formation Gay, —V;, and Gaz, — O;complexes. The blue solid circles
showing the experimental NBE shift with increasing Ga doping concentration from

top to bottom of the microrod.

The decrease of bandgap is observed with the formation of Gaz, —V;, and
Gaz, — 0; complexes in Ga-doped ZnO. Ga occupies substitutionally the Zn site
(Gazn), which acts as a shallow donor leading to the formation of Ga,, — V;, and
Gaz, — 0; complexes in Ga-doped ZnO [24]. As mentioned earlier, Ga-doped
ZnO microrods were grown at the oxygen-rich condition. In the oxygen-rich

environment, the Gaz, —Vz, and Gaz, — 0; complexes have lower formation
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energy than the Ga donors at higher Ga doing level. The valence band maximum
and conduction band minimum of pure ZnO is contributed mostly by ‘O-p’ states
and hybridisation of Zn-s&p and O-p states, respectively. For these Ga,, — V;,
and Gaz, — O; complexes, the charge compensating Ga donor and acceptor states
(Vzn, 0;) coexist in energy resulting in the decrease of bandgap as the conduction
band minimum formed by hybridisation of Ga-p and O-p states is pulled down in
energy [88, 222]. The upward shift of valence band occurs for Ga,Zn,_,0;
complexes for all Ga concentration while the downward shift is observed for
Ga,Zny_,Vz, until x = 0.09. Thus a complete compensation of Ga donors by V5,
acceptors results in an upward shift of the valence band maximum. The formation
of Ga,Zn,_,Vz, and Ga,Zn,_,0; defects do not change the basic electronics of
the ZnO lattice, but only generate an additional fully occupied impurity band above
the valence band maximum. With increasing Ga doping, the wave functions of the
impurity band overlap and ultimately merge with the valence band maximum,
results in a band tail state. The absorption will occur between the occupied impurity
band rather than the original valence band and the Gay, donor states in the
conduction band, leading to the narrowing of the bandgap of ZnO. The spectral
broadening is attributed from the random distribution of the density of charged
impurities and also from the Coulombic interaction between individual donors and

acceptor complexes involved in the recombination mechanism [227].
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6.7. Conclusions

Bandgap engineering of ZnO was studied in a single tapered microrod whose
diameter varies from 1 to 6 um from tip to base. ZnO microrods with a graded
distribution of Ga were fabricated by a self-catalyst vapour phase transport method.
The emission peak was found to be red shifted by 0.6 eV and broadened with
increasing local Ga concentration from 1.5 to 6 at%. These emissions from the
tapered Ga-doped ZnO microrod have characteristics of a near-band-edge emission.
From the Density Functional Theory, it is argued that the bandgap narrowing arises
from the merging of Ga defect complexes with ZnO energy bands. The broadening
of the NBE emission monotonically increases with Ga concentration, which can be
explained in terms of alloy potential fluctuations. These results demonstrate
self-regulation of the charged defect compensation and the possibility of

multi-wavelength light sources within a microrod.

133



Chapter 7

Optimisation of ZnO nanorods for

LED devices

ZnO semiconductor is recognised as an alternative of GaN for solid state lighting
due to its high crystal quality, superior optical properties and low production cost.
Moreover, the growth of vertically aligned ZnO nanorods is easier than GaN
nanorods. In addition, vertically aligned nanowires/nanorods can provide
waveguided optical emission, which enables the fabrication of LEDs with improved
light extraction efficiency. ZnO is an attractive material for tunable visible LEDs,
since its various point defects act as a source of different visible emissions.
However, due to the lack of stable p-type doping in ZnO, most LED devices are
developed based on p-n heterojunctions. In general, ZnO heterojunction diodes
exhibit inefficient electrical injection and have weaker light emission than
homojunction devices because band offsets at the interface can reduce carrier
injection. This chapter focuses on the fabrication of chromaticity stable and colour
tunable heterojunction light emitting diodes using vertically aligned Ga-doped ZnO
nanorods grown on p-type silicon. The effect of Ga doping concentration on the
light extraction efficiency and junction current of ZnO nanorod-based

heterojunction LEDs are investigated.
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7.1. Uses of ZnO nanowires in optoelectronic applications

Although significant accomplishments have been attained in nitride-based light
emitting devices, the pursuit of higher emission intensity and long-life photonic
devices never ceases. Compared with thin films, nanowires offer immense potential
in photonics as they can support lasing and enhance light extraction efficiency by
virtue of nanowire waveguide properties [228-230]. Although Gallium Nitride
(GaN) has become a key material for the light emitting diode (LED) technology
operating in the green to UV range, GaN nanowires are technically difficult to grow,
requiring advanced semiconductor growth reactors. Conversely, ZnO nanowires
can be fabricated using the simple vapour transport method. Accordingly, ZnO
nanowires have emerged as one of the most important building block in photonics
and have been exploited in LEDs [231, 232], laser diodes [233, 234], and multi-

coloured displays [235].

Nanowires offer immense prospects in photonics as they can support lasing and act
as direct waveguides in LED devices to increase light extraction efficiency without
the need of reflectors and lenses [228-230]. However, photonic and optoelectronic
devices based on ZnO nanowires generally exhibit inefficient electrical injection
into the semiconductor and weak light output because of poor carrier transport in
nanowires and at the junction interface [231, 236, 237]. These issues arise largely
from inherent limitations associated with the low conductivity of ZnO nanowires
and high energy barrier heights of ZnO heterostructures [238, 239]. To overcome
this issue, considerable efforts have been dedicated to controlled incorporation of
n-type and p-type dopants. Among various n-type dopants, Ga has been recognized
as one of the most efficient dopants for enhancing the electrical conductivity of ZnO
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nanorods [28, 157]. The bond length Ga—O (0.192 nm) is almost identical to that of
Zn—0 (0.197 nm), resulting minimal distortion in the lattice. Taking advantage of
the Ga donor’s excellent lattice match, bandgap engineering has been successfully
demonstrated for Ga-doped ZnO nanowires with a maximum redshift of ~ 0.3 eV
in the UV range [29]. Recently, experimental observation of electroluminescence
(EL) was reported in micrometre-sized Ga-doped ZnO rods under Joule heating at
high temperatures [80, 156]. The luminescence performance of p-n heterojunction
diodes employing Ga-doped ZnO nanorods has not been investigated thus far. For
practical applications, it is important to develop an efficient method to widely tune

the emission of ZnO nanowire heterojunctions in the visible range.

The work in this chapter is aimed to grow vertically aligned ZnO nanorods
fabricated by a direct route vapour transport method and to use these nanorods as
an active nanostructured layer as well as nanoscale optical waveguides for LEDs.
Ga dopants produce very high-quality n-type ZnO nanorods. The enhancement of
the nanorod quality and the higher carrier transport at the nanorod heterojunction
were found to significantly increase the EL emission performance of ZnO
nanorods/p-Si heterojunction LED devices. LED devices fabricated with Ga-doped
nanorods produce chromaticity-stable emission in the visible range without
damaging heating effects. Furthermore, these electrically driven Ga-doped nanorod
LED devices exhibit a significantly lower turn-on voltage and higher electrical
injection, and colour-tunable EL that is an order of magnitude brighter than

equivalent devices made with pristine nanorods.
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7.2. Fabrication of ZnO nanorod-based LEDs

Highly oriented Ga-doped ZnO nanorods were grown on heavily B-doped p-type
Si substrates (resistivity 8.7 Q.cm and hole concentration 1.44 x 10'7 cm™) using
the vapour phase transport methods as described in the chapter 3. In this high
temperature (950 °C) growth technique, the p-Si substrate is more suitable than
p-GaN due to its high thermal stability. Different Ga concentrations in nanorods
were achieved by adding different amounts of Ga;Os powder to the source material
with concentrations up to 1.4 at%. The source material was heated at 950°C under
a constant flow of Ar/O» (20:6 sccm) gas during growth to promote the growth of

nanorods.

A series of undoped and Ga-doped ZnO nanorods/p-Si heterojunction LED devices
were fabricated. Figure 7.1 (a) shows vertically aligned ZnO nanorods grown on
p-Si substrate. The polymethyl methacrylate (PMMA) was deposited by spin
coating on the nanorods with a rotation speed of 2000 rpm for 2 minutes to fill up
the gaps between the nanorods (Figure 7.1 (b)). Then, oxygen plasma etching
(at 20 sccm oxygen flow for 20 mins) was subsequently applied to expose the tips
of ZnO nanorods (Figure 7.1 (c)). The Ohmic contact of indium tin oxide (ITO)
electrode (200 nm thick) was deposited onto the exposed nanorod tips through a

shadow mask using an Edwards EO6 deposition system.

Figure 7.1 (d) shows a typical small area (~1 x 1 mm?) and large size (~5 x 2 mm?)
devices and their corresponding photographs of EL emission in the inset. In this
VPT method, a large area sample up to 20 x 20 mm? with a uniform distribution of

nanorod arrays can be grown. So, the size of the LED device can be easily adjusted
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in the range of up to 15 x 15 mm? by changing the area of the shadow mask used

during the growth of ITO electrode.

Figure 7.1. Optimisation of ZnO nanorods and LED device structure. (a) As grown
Ga-doped ZnO nanorods, (b) PMMA coated nanorods and (c) the exposed nanorods
tips produced by oxygen plasma etching. (d) Typical small area (~1 x 1 mm?) and
large size (~5 x 2 mm?) devices and their corresponding photographs of EL

emission in the inset.
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7.3. Current-voltage characteristics of ZnO nanorod-based LEDs

The tips of the Ga-doped ZnO nanorods were directly contacted with an ITO layer;
the p-Si substrate was spaced by a thin PMMA layer (deposited by spin coating) in
order to prevent direct contact between the ITO electrode and p-Si substrate. Figure
7.2 (a) presents the /-V characteristics of nanorods/p-Si heterojunctions measured
under direct current biased conditions at room temperature, displaying a
characteristic diode behaviour for both undoped and Ga-doped ZnO nanorods.
Under the same bias, the LED devices of the same area fabricated from Ga-doped
nanorods exhibit a much higher current density. This suggests that the incorporated
Ga atoms form additional midgap states especially Gazn-Vzn pairs, which lower

carrier injection barriers for the heterojunction.

The -V characteristics of the heterojunction diode were further analysed by
plotting the data on a log-log scale (Figure 7.2 (b)). In region I, V"< 3.8V, the
junction current increases almost linearly with applied voltage, 7 oc V! | which
demonstrates the transport mechanism followed Ohm’s law due to the inter-band
electron tunnelling at the Si-ZnO interface [240]. In the region II, V> 3.8 V, the
current increases exponentially, 7 oc ¥ 7 | which is attributed to a recombination-
tunnelling mechanism commonly observed in wide band gap semiconductor p-n

junctions [241].
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Figure 7.2. (a) I-V characteristic of the ITO/nanorods/p-Si heterojunction LED,
showing substantial enhancement of the electrical conduction of the heterojunction
with increasing Ga doping concentration. (b) /- characteristics in the log-log plot
curve displaying two regions with different characteristics: 7 oc V' "' at ¥ < 3.5V

and Joc VU7 at V>3.5V.
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The total series resistance, R, accounts for Ohmic losses due to the resistance of Si
substrate and ZnO nanorods, the shunt resistance, Rsh, represents the current leakage
across the heterojunction. The /-V characteristics were analysed by using a
one-diode equivalent circuit model [242], as described in chapter 3. R, and Rs can
be determined from the slope of the dark /-V curve at near-zero voltage
(-0.3 V<F'<0.3 V) and the linear, high current region, respectively (Figure 7.3 (a)
[242].

The Rs and Rgh values of the ZnO nanorod/Si LED are shown in Figure 7.3 (b). For
the LED fabricated with undoped ZnO nanorods, Rs = 34 + 2 kQ, which is large
due to the high resistance of the nanorods. The R value decreases dramatically by
two orders of magnitude upon the use of Ga-doped ZnO nanorods in identical LED
devices; this can be attributed to the improved nanorod crystal quality and the
activation of Gaz, shallow donors, which in turn lead to higher conductivity of the
nanorods. The reason for the decrease in Rg, in the LEDs fabricated with Ga-doped
ZnO nanorods is unclear but likely due to increasing current passing along the

Ga-doped ZnO nanorod sidewalls and bypassing the heterojunction.
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Figure 7.3. (a) A typical /-} curve showing the determination of shunt resistance
(Rsn) and series resistance (Rs) from the slope of the curve at near-zero voltage
(-0.3 V<F'<0.3 V) and the linear, high current region, respectively. (b) Variations
of Rsh and Rs and turn-on voltage of the heterojunction as a function of Ga doping

concentration.
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Figures 7.4 (a)-(c) show the determination of turn-on voltages of Ga-doped ZnO

nanorods at different Ga doping concentrations. The measured turn-on voltages are

plotted in Figure 7.4 (d). The turn-on voltage is found to decrease from 4.5 to

2.8 V, when Ga doping concentration increases from 0 to 1.4 at%. The decrease in

the turn-on voltage with increasing Ga doping concentration can be directly

attributed to lower total series resistance across the LED device.
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Figure 7.4. (a) — (¢) I-V plots for the determination of turn-on voltages of

p-Si/Ga-doped ZnO nanorods LEDs. (d) Turn-on voltage as a function of Ga

doping. The turn-on voltage is gradually decreased with increasing Ga doping

concentration in the nanorods.
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7.4 Optical properties of Ga-doped nanorod-based LEDs

7.4.1. Temperature-dependent excitonic emissions

The near-band-edge CL spectra of undoped ZnO nanorods show bound exciton
(D°X) and free exciton (FX) emissions at 3.362 and 3.376 eV, respectively, together
with several phonon replicas (Figure 7.5 (a)). The bound exciton at 3.362 eV in
undoed ZnO is due to H impurities [23]. The shoulder at 3.331 eV is assigned as
Y-line attributed to the localisation of excitons at the structural defects, usually

referring to the exciton bound to surface defects [243].

In Ga-doped ZnO nanorods, the Y-line is largely suppressed, indicating the
dissociation of excitons from the surface structural defects and improvement of
crystal quality (Figure 7.5 (b)). The NBE emission is dominated by the /5 line at
3.359 eV attributed to excitons bound to neutral Gaz, donors [94]. The emission
line at 3.32 eV in Ga-doped ZnO has previously been assigned as donor-acceptor
pair due to the electronic transition between neutral Gaz, donors to neutral Vz,

acceptor or acceptor complexes [94].
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Figure 7.5. Temperature-dependent near-band-edge CL spectra of (a) undoped

(b) 1.4 at% Ga-doped ZnO nanorods showing the /4 (due to H) and /s (due to Ga)

lines.
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In order to determine the thermal activation energies of bound excitons, the
temperature-dependent NBE CL intensities of undoped and Ga-doped ZnO
nanorods were studied (Figure 7.6 (a)). The temperature-dependent CL intensity

can be expressed by the following expression [244];

I

1+ Cexp (_ki_AT)

I(T) =

(7.1)

where C is constant and other symbols have their usual meaning. The activation
energies for undoped and Ga-doped ZnO nanorods are almost similar of about
6 meV below 60 K. In the 60-160 K temperature range, the values of activation
energies are found to be 32 meV and 52 meV for undoped and Ga-doped ZnO,
respectively. Above 160 K, the bound excitons emissions were quenched. The
52 meV energy is consistent with the ionisation energy of Gaz, donors. The strong
Is line indicates that Ga dopants are incorporated in the nanorods by substituting Zn

in the ZnO lattice.

The temperature dependence of bandgap, E,(T), for ZnO nanorods can be

evaluated by Varshni's empirical formula [245];

aT?

T+p

E,(T) = E,(0) — (7.2)

where E;(0) is the bandgap energy at 0 K, @ and B are constants and f is
proportional to the Debye temperature (6 ). ForT > 6p, § is approximately 3/86,
while f is equal to 8, at low temperature [246]. The equation (7.2) was used to
calculate the peak energies of bound excitons, where the Ej; is replaced by DX. The

experimental data were best fitted with the following parameters;

a=75%x10"*eV/K, E;(0) = 3.363 eV and B =800 + 20 for undoped ZnO
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and « = 7.5x107*eV /K, E;(0) = 3.359 eV and B = 500 £+ 20 for Ga-doped

Zn0O nanorods.
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Figure 7.6. (a) Arrhenius plots of CL integrated intensities of bound excitons
showing activation energies of 32 and 52 meV for undoped and Ga-doped ZnO
nanorods. (b) The variation of bandgap as a function of temperature for undoped
and Ga-doped ZnO nanorods. The solid lines are the least square fit of Varshni's

equation to the experimental data.
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In the Figure 7.6 (b), the least square fit of equation (7.2) is shown as the solid lines
with the experimental CL data (solid circles). The calculated peak energies are
consistent with the experimental data. The results indicate that the Varshni’s
equation provides an adequate insight of the temperature dependence of bound
excitons and the bandgap of ZnO. The redshift of bound excitons with increasing
temperature in undoped and Ga-doped ZnO nanorods is attributed to bandgap

shrinkage.

7.4.2. Colour-tunable emission in ZnO by Ga doping

Figure 7.7 (a) illustrates room temperature deep level CL spectra of Ga-doped ZnO
nanorods at different Ga concentrations. The CL spectra of undoped ZnO show an
NBE emission centred at 3.28 ¢V with a broad green luminescence band at 2.43 eV.
Comparison with the CL spectra before and after Ga doping, the spectra reveal; (i)
the enhancement of NBE emission with no significant peak shift, (ii) the deep level
emission peak shifts to lower energy, results in a tunable emission from green to

yellow at room temperature.

As mentioned, the 2.43 eV green emission in undoped ZnO has been attributed to
Vza [35]. With increasing Ga doping concentration, the deep level emission peak
shifts to the lower energy while the Vz,-related green luminescence at 2.43 eV
gradually quenched and become negligible at 1.4 at% Ga doping (Figure 7.7 (a)).
This observation is consistent with Ga dopants occupying the Zn sites, leading to a
decrease in the concentration of Vz, defects. The Ga-mediated redshift of visible
emission band has previously been reported in Ga-doped ZnO microrods [80]. The
incorporation of 1.4 at% Ga leads to the quenching green luminescence in the Ga-
doped ZnO nanorods, which exhibits strong Ga-mediated yellow emission band as
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the Ga luminescence centres become abundant and dominate the radiative
recombination (Figure 7.7 (a)). At O-rich conditions, Ga donors interact with
acceptor-like defects (Vza), producing the abundance of Gaz,-Vz. acceptor
complexes [24]. These defects provide a new recombination pathway for the yellow
emission while the Vz,-related GL emission is almost quenched as a result of the

formation of Gaza,-Vz, complexes.

The undoped ZnO shows a weak NBE emission, which gradually increases with
increasing Ga doping concentration. It has been reported that the NBE emission
depends on the crystalline quality of ZnO and the shallow donor concentration
[161]. The integrated intensity ratio of near-band-edge to deep level (Inse/IpL) as a
function of Ga doping concentration under same excitation conditions is shown in
Figure 7.7 (b). It can be seen that the Inge/IpL increases with increasing Ga doping
concentration. This result indicates that the Ga doping improves the nanorod crystal
quality as well as the optical properties of ZnO nanorods. This result is also
consistent with the Raman spectra, which shows the enhancement of E; (high) peak
after Ga doping as presented in chapter 5. The near-band-edge emission peak shows
no significant shift with Ga doping concentration. This is because the lightly Ga
doping only shifts the Fermi level of several meV without changing the bandgap of
ZnO at lower Ga-doping concentration. This result is also consistent with the
upward shift of the Fermi level without changing the bandgap at lower Ga doping
level as demonstrated in the chapter 5.

It is worth noting that Ga-doped ZnO microrods show strong near-band-edge
emission with negligible deep level emission as presented in chapter 6, while
Ga-doped ZnO nanorods show relatively stronger deep level emission. The defect

emission is more dominant in a smaller size nanorod. This is because the reduction
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of nanorod size causes more atoms to be closer to the surface, results in the increase

of surface recombination [247].
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Figure 7.7. (a) Room temperature CL spectra at different Ga doping concentrations.
The deep level emission showing a gradual redshift with increasing Ga doping
concentration resulting a colour-tunable emission from green to yellow
luminescence. (b) The integrated intensities of Inge/IpL as a function of Ga doping

concentration showing an increase of Inse/IpL with increasing Ga doping.
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7.4.3. Recombination Kinetics of Ga-related defects in ZnO

To study the kinetics of observed emissions in Ga-doped ZnO nanorods, the
nanorods were examined by the excitation power density-dependent CL analysis.
In this analysis the electron beam current was varied from 0.04 to 35 nA, while the
acceleration voltage was kept constant at 7 kV, corresponding to a CL generation

depth of 380 nm.

Figures 7.8 (a)-(b) show the room temperature CL spectra of undoped and 0.7 at%
Ga-doped ZnO nanorods at different beam currents. The excitation power
dependent CL integrated intensities of YL and GL are determined from the
Gaussian fitting of 0.7 at% Ga-doped ZnO nanorods (Figure 7.8 (c)). These peak
parameters were obtained from the spectral profiles of the undoped ZnO (which
exhibits only the GL emission with a peak 0£2.43 +0.02 and FWHM =0.50 + 0.05
eV), whereas the 1.4 at% Ga-doped ZnO displays distinct YL (Evr = 2.10 £+ 0.02

and FWHM = 0.60 = 0.05 eV).

Figure 7.8 (d) show the CL integrated intensity as a function of excitation power.
The CL intensities follow the power law (I, a P}'), where I; and P, are the CL
integrated intensity and excitation power, respectively [173]. The exponent n of the
undoped and 0.7 at% Ga-doped ZnO nanorods are found to be 0.75 £ 0.01,
0.94 + 0.01 for GL and YL, respectively. The YL emission possesses slower
saturation rate (higher » value) than the GL band in Ga-doped ZnO nanorods. This
result confirms the existence of Ga-related luminescence centres in Ga-doped ZnO
nanorods and the success of producing abundant Ga-related radiative centres in the

nanorods.
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Figure 7.8. (a) - (b) Room temperature CL spectra of undoped and Ga-doped ZnO

nanorods at different electron beam currents. (c) The Gaussian fitting of green and

yellow emissions in 0.7 at% Ga-doped ZnO nanorods. (d) Log-log plots of the

integrated intensities of the ZnO GL and Ga-mediated YL emissions as a function

of excitation power. The solid lines are the power law (I, aP}) fit to the

experimental data.
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7.4.4. Thermal behaviour of Ga-related defects in ZnO

In order to achieve further information about the Ga-related defect states in the ZnO
nanorods, the temperature dependent deep level CL spectra of undoped and Ga

doped ZnO nanorods were investigated.
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Figure 7.9. (a) Temperature-dependent CL spectra of (a) undoped and (b) 1.4 at%
Ga-doped ZnO. With decreasing temperature from 10 to 300 K, the CL peak of
undoped ZnO showing a 25 meV redshift, while the Ga-doped ZnO showing 250
meV blueshift.
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Figures 7.9 (a)-(b) show the temperature-dependent CL spectra of undoped and
1.4 at% Ga-doped ZnO in the temperature range of 10-300K. With increasing
temperature from 10 to 300 K, the CL peak position of undoped ZnO exhibits a 25
meV redshift, while 1.4 at% Ga-doped ZnO shows a 250 meV blueshift. At 10 K,
the 1.4 at% Ga-doped ZnO shows red luminescence (RL) at 1.85 eV. With
increasing temperature, this spectrum shows a gradual blueshift and appears as YL
(2.10 eV) emission at 300 K. The variation of peak positions as a function of
temperature of undoped and Ga-doped ZnO nanorods are shown in Figure 7.10.
With increasing temperature, the 25 meV redshift of ZnO GL can be explained by
the Varshni’s equation (7.2). This redshift of the GL with the increasing

temperature is attributed to bandgap shrinkage.
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Figure 7.10. The peak position of deep level emissions showing 25 meV redshift
and 250 meV blueshift for undoped and Ga-doped ZnO, respectively with

increasing temperature from 10 to 300 K.
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The Varshni’s equation can not explain the 250 meV blueshift in Ga-doped ZnO.
Several theoretical and experimental predictions have shown that the Gazn, donors
are located at 55 meV below the conduction band and the Ga-related Gaz,-Vz
acceptor complexes are located at 0.75 eV above the valence band maximum
[23, 24, 78]. The variation of CL intensity as a function of temperature is shown in
Figure 7.11. The measured activation energies from the Figure 7.11 are presented
in Table 7.1. These activation energies are reasonably agreed with the previously
reported energy activation energies of Ga-related defects as measured by Hall

measurements [23, 24, 78].

—m-Undoped ZnO
—e—1.4 at% Ga-doped ZnO
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Figure 7.11. Arrhenius plots of CL integrated intensity for undoped and Ga-doped
ZnO. The undoped and Ga-doped ZnO showing a rapid decrease in intensity in the
high temperature region (200-300K). The activation energies for this temperature

range are 180 meV and 510 meV for undoped and Ga-doped ZnO, respectively.
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Table 7.1: Activation energies for undoped and Ga-doped ZnO at different

temperature ranges.

Doping Temperature in K

in at% 10-70 80-190 200-300
0 4 meV 17 meV 180 meV
1.4 5 meV 36 meV 510 meV

From these experimental results, it can be concluded that two types of possible
recombination channels are responsible for this intense YL and RL emissions in
Ga-doped ZnO nanorods. First, the conduction band electrons can relax to a lower
energy donor level at low temperature, and the RL emission is produced by the
electronic transitions from the lower energy donor level to Gaz.-Vzn deep acceptor
state. Second, the electron could be localised at a higher energy level at the higher
temperature. The transition from this higher energy electron level to deep state
causes a blueshift. So, the YL emission in Ga-doped ZnO nanorods is due to the
direct transition from the conduction band electron to Gaza,-Vza acceptor state. A
similar temperature-dependent blueshift of 240 meV has previously been reported

in Ga-doped ZnO nanorods [248].
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7.4.5. Colour-tunable LEDs in ZnO by Ga doping

EL from the ZnO nanorod/p-Si heterojunction LEDs is observed when the Si side
of the heterostructure is positively biased and was sufficiently intense to be clearly
observed by the naked eye at applied bias above 6 V. EL spectra acquired under
identical conditions at room temperature, shown in Figure 7.12 (a), reveal increased
EL intensity by an order of magnitude when Ga-doped nanorods are used in the
ZnO/p-Si heterojunction LED device. The LED fabricated from undoped ZnO
nanorods exhibits a predominantly YL EL centred at 2.05 eV, which is quenched
upon doping with Ga. For Ga-doped nanorods, the LEDs exhibit a strong RL EL
band peaking at 1.78 eV. A typical CL spectrum of updoped ZnO nanorods consist
of a weak near-band-edge ultraviolet emission and an intense defect-related green
emission band at 2.43 eV, which is characteristic of O-rich grown ZnO nanowires
with a high concentration of V'z, defects [44]. Conversely the EL from LED devices
only emits light in the visible range, indicating the EL emission originates from
radiative recombination of injected carriers at deep level defects in ZnO nanorods.
The EL integrated intensity and current injection into the LEDs are plotted as a
function of applied voltage in Figure 7.12 (b). The current through the nanorod LED
increases remarkably with increasing Ga concentration due to higher conductivity
in the Ga-doped nanorods. The EL intensity from a LED device fabricated with 1.4
at% Ga-doped ZnO nanorods is higher than the identical device made with pristine

ZnO nanorods by one order of magnitude at the same bias voltage.
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Figure 7.12. (a) Room temperature EL spectra of ZnO nanorod/p-Si LED devices
that are fabricated with different Ga doping levels and their corresponding photos
of the EL emission. The CL spectrum of the undoped ZnO nanorods is also shown
for comparison. The LED devices display two chromaticity-stable emission bands
independent of applied voltage: yellow at 2.05 eV and red at 1.78 eV. With
increasing Ga concentration in the nanorods, the EL is shifted from yellow to red
band, and increases dramatically in intensity. (b) EL integrated intensity and

junction current as a function of Ga concentration at different bias voltages.
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The observation of the major differences between EL and CL of the Ga-doped
nanorods is interesting but complicated. Figures 7.13 (a)-(d)) show the EL spectra
of' nanorod LEDs at different Ga doping concentration acquired under different bias
voltages. With increasing forward bias voltage, the EL intensity increases without
changes in the spectral shape and emission energy, indicating that the EL arises
from the heterojunction without Joule heating effects, allowing for stable and
durable nanorod-based LEDs. This is a significant advantage of the direct growth
of Ga-doped ZnO nanorods on Si (and other thermally conductive substrates) as the
Si substrate acts as an excellent heat-sink for the nanorod heterojunction [249],
which makes the chromaticity of the LED thermally stable. In nanosized junctions
such as in the p-Si/nanorod LED the depletion region is influenced by interface and
edge effects. The absence of the GL emission in the EL spectra of the LED can be
explained by the fact that Vz, centres are passivated by forming Gazn-Vza

complexes in highly Ga-doped ZnO [79, 86].
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Figure 7.13. (a) — (d) EL spectra of Ga-doped ZnO nanorod/p-Si LED devices

acquired at different forward-bias voltages showing two emission bands: YL at 2.05

eV and RL at 1.78 eV. With increasing forward bias voltage, the EL intensity

increasing without changing the spectral shape and emission energy, indicating the

EL arising from the heterojunction without Joule heating effects, allowing for stable

and durable nanorod-based LEDs.
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A possible mechanism responsible for the EL enhancement due to the Ga doping
of the ZnO nanorods is illustrated in the band alignment diagram of the p-Si/ZnO
heterojunction (Figure 7.14), derived from the Anderson model [250]. Based on the
electron affinities of Si, ¥g;, and ZnO, Y ,,,, the band offsets are expected to be
AE: ~0.3 and AE, ~2.5 eV. The large AE, value means that hole injection into the
valence band of undoped ZnO is strongly suppressed, leading to low light emission
in the LED based on undoped nanorod. This problem could be overcome by Ga
doping, which results in deep acceptor states, especially Gazn,-Vzn and Gaza-O;
[24, 86], thus reducing bias voltage required to inject holes into ZnO nanorods.
Under forward bias, the Si bands are shifted downwards, moving the Si valence
band closer to the acceptor states in Ga-doped ZnO. At low bias voltages (in which
the LED obeys Ohm’s law), holes tunnel from p-Si to n-ZnO through the thin SiOx
layer; this mechanism is consistent with the linear I-V relation in region I. At
sufficiently high voltages, it is likely that an inversion layer of holes is formed in Si
underneath the SiOy layer [251, 252]. The rapid enhancement of EL intensity with
Ga concentration can be explained by the formation of abundant Gazn-Vza pairs in
the Ga-doped ZnO nanorods, which enable a highly efficient injection of holes into
the Ga-doped nanorods where radiative recombination occurs. This mechanism is

consistent with the exponential current rise in region II of the [-V curve.
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p-Si Ga-doped ZnO

Figure 7.14. Energy band diagram for p-Si/Ga-doped ZnO heterojunction at
thermal equilibrium. The bandgap discontinuity at conduction band and valence
band is  therefore  equal to AE, =Yz, —YPs =03eV and

AEv = Eg,ZTLO - E

g.si T Ec = 2.5 eV. Approximate positions of the defect levels

are drawn based on the calculated values of Vz,, Gazp-Vzn and Gazy-Oi. Arrows
indicate radiative recombination channels in Ga-doped ZnO after hole injection

from p-Si.
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7.5. Conclusions

Zn0O nanorods doped with Ga donors by in-situ dopant incorporation during vapour-
solid growth exhibit superior optoelectronic properties and accordingly can be
electrically integrated into Si-based photonic devices. Significantly, in addition to
increasing the conductivity, Ga donor doping was found to improve the nanorod
quality by decreasing the concentration of point defects. Light emitting diodes
fabricated from the Ga-doped ZnO nanorod/p-Si heterojunction displayed bright
and colour-tunable electroluminescence. These nanorod LEDs possess a
dramatically enhanced performance and an order of magnitude higher EL compared
with equivalent devices made with pristine nanorods. These results point to an
effective route for large-scale fabrication of conductive, single-crystalline ZnO

nanorods for photonic and optoelectronic applications.
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Conclusions and outlook

8.1. Conclusions

In summary, doped ZnO nanostructures were successfully grown by the spray
pyrolysis and vapour phase transport methods. The donor and acceptor impurities
and their effects on the optoelectronic properties of ZnO nanostructures were
investigated. Moreover, vertically aligned ZnO nanorods were -electrically
integrated in Si-based optoelectronic devices in order to fabricate colour-tunable

light emitting diodes.

First, Li-doped ZnO thin films with efficient, multi-coloured emissions were
successfully fabricated by the spray pyrolysis technique. The films exhibit yellow,
green and blue emissions, which can be tuned by varying the Li doping
concentration. The Vza-associated green luminescence in the ZnO film can be
medicated by Li dopants. The characteristic parameters of the visible luminescence
centres obtained from the Huang-Rhys simulation of the CL spectra of the pyrolytic
films are similar to the reported values for Vz, and Liz, defects in ZnO films

fabricated by high-temperature growth.

Second, the carrier-mediated switching behaviour of Cu acceptors in ZnO nanorods
by Ga doping was investigated. Using the vapour-liquid-solid growth, Ga is in-situ
incorporated substitutionally at Zn lattice sites in nanorods without compromising
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the crystal quality, producing Ga donor-bound exciton signatures in ZnO. The Ga
donor doping increases the carrier density, which pushes the Fermi-level above the
Cu'?* charge transfer level, producing doublet fine structures in the green band.
This luminescence band is attributed to hole transition to the negatively charged

Cu” state located at 390 eV above the valence band.

Third, the bandgap engineering in a single ZnO microstructure with a graded
distribution of Ga was studied. The ultraviolet emission peak was found to be red
shifted by 0.6 eV and broadens with increasing local Ga concentration from 1.5 to
6 at%. This emission band from the Ga-doped ZnO microrods has characteristics
of a near-band-edge emission. Theoretical calculations indicate that the decrease of
bandgap arises from the merging of Ga defect complexes with ZnO energy bands.
The broadening of the NBE emission monotonically increases with Ga
concentration, which can be explained in terms of alloy potential fluctuations.
These results demonstrate self-regulation of charged defect compensation and the

possibility of multi-wavelength light sources within a microstructure.

Finally, the optimised Ga-doped ZnO nanorods were used to fabricate Si-based
photonic devices. LED devices fabricated from the p-Si/Ga-doped ZnO nanorods
heterojunctions exhibited a lower turn-on voltage, lower series resistance and
enhanced EL, with the emission intensity increased by an order of magnitude than
the device fabricated with undoped ZnO nanorods. The nanorod-based LEDs
display light emission in the visible range, which are attributed to defect-related
emissions in Ga-doped ZnO. Furthermore, the chromaticity of the LED devices can

be tuned from yellow to red by varying the Ga content in the ZnO nanorods.
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8.2. Outlook

Although ZnO has attracted a considerable attention in optoelectronic applications,
a few controversial issues still need be further investigation for the improvement of
ZnO-based applications. New ideas for the fabrication of stable p-type ZnO with a
high hole concentration are required to fabricate the ZnO-based homojunction light
emitting devices with improved light extraction efficiency. In this project, the
growth of Ga-doped ZnO nanorods and their integration in light emitting devices
have been accomplished. Continued research work of controlling Ga doping in a
single ZnO nano/microrods and their properties, as examined in the chapter 6, is of
special interest, particularly in the possibility of single ZnO nano/microrod- based

photonic devices.

It has been observed that the Ga-doping into ZnO nano/microrods can be used for
tuning the emission colour in the ultraviolet (chapter 6) and visible (chapter 7)
spectral regions. Hexagonal ZnO nano/microrods with controlled Ga doping
concentration could be used for tuning the optical resonant modes in the ultraviolet
and visible spectral range. A hexagonal Ga-doped ZnO microrod with variable
diameter along its length (see Figure 8.1 below) could have the potential for optical
resonant mode engineering in a single nano/microrod. Fundamental physics under
the surface plasmonic effect of gold and the application beyond the visible and

ultraviolet lasing of ZnO could be an interesting research area of future work.
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Figure 8.1. A hexagonal microrod with diameter varying between 2.5 and 0.73 um
from bottom to top. Optical resonance mode recorded locally by CL at different
section of the microrod showing a decrease in the resonance mode number with

decreasing diameter of the microrod.
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