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“There is a theory which states that if ever anyone discovers exactly what the Universe
18 for and why it 1s here, 1t will instantly disappear and be replaced by something even
more bizarre and inexplicable.

There 1s another theory which states that this has already happened.”

- Douglas Adams

“There are two possible outcomes: if the result confirms the hypothesis, then you ve
made a measurement. If the result is contrary to the hypothesis, then you’ve made

a discovery.”

- Enrico Fermi



Abstract

ZnO is a direct semiconductor with a band gap of 3.4 eV at room temperature mak-
ing it a hot topic for optoelectronic research across a broad range of applications.
The current solid state lighting technology typically uses nitride semiconductors in
the generation of light, more commonly gallium nitride. ZnO is a more efficient light
generator than GaN owing to its high excitonic binding energy, and for this reason,
ZnQO is a potential material that may soon compete with GaN as a cornerstone of
the solid state lighting revolution. Significant obstacles preventing the wide scale
usage of ZnO include the lack of reliable p-type doping and high degree of uncer-
tainty surrounding the nature of its defects, intrinsic n-type conductivity and optical

properties.

The aim of this thesis is therefore to explore the luminescence and defect properties

of doped and undoped ZnO nanowires and crystals.

During the project, ZnO nanowires were grown through a vapour deposition method
under varying growth conditions. Changes in the choice of substrate, gas flows,
pressures, and growth times were linked to changes in the structural and optical
properties of the nanowires as characterised by scanning electron imaging and com-
plementary spectroscopic techniques. Gold coated epitaxially matched sapphire sub-
strates positioned close to the source material were found to produce highly aligned
nanowires arrays. Cathodoluminescence (CL) imaging showed a localisation of de-
fect luminescence near the surface of ZnO nanowire sidewalls. Oxygen deficiencies
were also found to be localised on the sidewalls of the nanowires, supporting a cor-

relation between green luminescence and oxygen vacancies in ZnQO.

Post processing plasma modification of ZnO crystals and powders were used to iden-

tify defects contributing to the observable green luminescence. The defect emissions



were fitted with constrained Gaussian peaks which were linked to multiple com-
petitive radiative centres. Variations in the near band edge (NBE) to green defect

intensity ratios were also investigated to assist in the assignment of the defect peaks.

Incorporation of transition metals into ZnO was achieved through thermal in-diffusion
and sol-gel preparation methods. Significant quenching of the defect related optical
emissions relative to the UV emission was observed for both Mn doped samples,
while an enhancement of the defect emission was observed near the surface of Fe
doped crystals. Monochromatic CL imaging was shown to be an effective method
of determining the depth of iron incorporation in iron doped ZnO crystals owing to

the enhancement of the green emission.
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Chapter 1

An introduction to ZnO

Zn0 is an optolectronic material with highly efficient light emission at room and
higher temperatures that is a strong candidate for future lighting and other energy
saving devices. Furthermore, it is possible to tailor the electronic, magnetic, and
optical properties of ZnO through doping, alloying, quantum wells, heterostructures,
and nanoengineering. This gives rise to a variety of possibilities in technologically
important devices such as laser diodes, transparent electronics, and spintronic de-
vices. Understanding the role of defects and their influence on the optical and

electronic properties of ZnO is extremely important in many of these applications.

1.1 Brief overview of ZnO as an optoelectronic

material

ZnO was one of the first semiconductors - along with germanium and silicon - to

be grown with a purity level necessary to allow extensive characterisational studies.

The characterisation of the material can be traced back as far as the early 20

century, with lattice parameters being identified by Fuller in 1929 [1], and refined

from Bunn in 1935 [2] through to Grav [3] in 1954 and Reeber [4]. While the
1
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piezoelectric properties were the initial focus of interest, it is the use of wide band-
gap semiconductors in optoelectronic devices that has garnered the attention in
recent decades. Wide band-gap semiconductors, such as ZnS, ZnSe, SiC, GaN,

SnO, and ZnO, tend to show similar characteristics, as evidenced in Table 1.1.

Currently, GaN is considered the leading material for solid state lighting devices,
owing to the strong emission characteristics and the ability to produce both n— and
p— type materials. ZnO has a considerable advantage over GaN for use in light
emitting diodes (LEDs) and UV lasers. The large excitonic binding energy of ZnO
gives rise to a lower level of thermal ionisation of excitons at room temperature,
allowing intense near band-edge excitonic emission at room temperature and above.
This, in turn, hints at the possibility of room temperature optoelectronic devices
with higher luminescence efficiencies than those currently available based on III-

nitride materials.

Initially ZnSe and GaN based technologies and devices were able to produce short
wavelength LEDs and injection lasers, however ZnSe has been known to produce
unwanted defect levels when subjected to high drive currents. SiC, being an indirect

band gap semiconductor, does not produce a bright light emission.

Room temperature lasing has also been observed in ZnO structures [5, 6]. In addi-

tion, ZnO possesses a high level of radiation stability [7-9] and is amenable to wet

TABLE 1.1: Comparison of different wide band gap semiconductors

Material Typical Lattice parameter E;, (eV  Melting Exciton
e structure (A) at RT)  point (K)  binding
a c energy (meV)

Zn0O Wurtzite 3.250 5.206 3.3 2248 60

GaN Wurtzite 3.189 5.185 3.4 1973 21

ZnSe Zinc- 5.667 - 2.7 1790 20
blende

7nS Wurtzite 3.824 6.261 3.7 2103 36

6 H—SiC Wurtzite 3.08 15.12 3.0 3100 -

Sn0, Tetragonal =, o, 3.185 3.6 1603 33
rutile
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chemical etching [10]. The high radiation resistance lends ZnO to development of
possible space applications, while the chemical etching - both in acids and alkalis -
provides an opportunity for the large-scale fabrication of small devices. The simi-
larities between the lattice parameters and identical crystalline structure of ZnO to
GaN also means that ZnO can be utilised as a substrate for the epitaxial growth of

high quality GaN films [11, 12].

Doping or alloying ZnO with transition or alkaline earth metals allows the manip-
ulation of the band gap through a range of values. The introduction of magnesium
to ZnO can result in a blue shift - or increase - of the band gap, while the addition
of cadmium induces a red shift. Band gaps of 3.04 eV (9.1 atomic% Cd) to 3.99
eV (16.8 % Mg) have been reported [13]. These values allow for the production of
tunable ultraviolet (UV) light between 310 nm and 400 nm. While other materials
already have the capacity to emit light in this spectral range, the intense UV emis-
sion intensity offered by ZnO could potentially open the door for ultra high efficiency

white light sources when coupled with a suitable phosphor.

1.2 Motivation and aims of this work

The focus of this work is to produce ZnO nanostructures and investigate their in-
herent optical properties. ZnO can exhibits a low luminescence efficiency owing
to intrinsic defects, and it is these defects or impurities that can significantly af-
fect the optical emissions by offering alternative radiative recombination channels to
electron-hole pairs, or by quenching the overall emission by providing non-radiative
recombination centres. The origin of the broad yellow-green peak often observed in
ZnQ is typically attributed to point defects, however the identification of the na-
ture of the defects involved has been subject to considerable debate for the past 60
years. Theoretical and experimental results are often conflicting, and issues associ-

ated with incorrect assignments plague the literature with innaccurate conclusions.
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It has been observed that defects in ZnO can be removed or passivated through dop-

ing with transition metal elements or post processing under plasma environments.

Utilising complementary luminescence characterisational techniques, the identifica-
tion and spatial distribution of defects in nanostructured ZnO will be studied and
compared to the defects observed in bulk samples. Furthermore, the introduction of
extrinsic donor materials to ZnO will be investigated with respect to changes in the

physical, chemical and electronic properties when compared to reference samples.

The main aims of this work can be summarised as:

A comprehensive investigation into the effects of growth conditions on the
formation of defects in ZnO and their influence on the optical properties

e Identification of the spatial distribution of luminescence centres and defect
related emisions in ZnO

e Investigation into the effects of plasma treatments postprocessed ZnO on the
surface effects and optical emission properties

e Investigation into transition metal incorporation through thermal in-diffusion
and sol-gel methods, focusing on changes to the optical properties and chemical
states of the dopants in ZnO

The overarching aim of this work is to investigate the origin of defects in ZnO with

the intention of producing a level of control of the optical emission properties.

This work will systematically address these objectives, along with establishing the

impact of this research within the current understanding of ZnO.

1.3 Structure of thesis

This thesis focuses on the study and analysis of the optical, electronic and morpho-
logical properties of nanoscale, powder and single crystal ZnO samples. This thesis
can be divided into three sections;
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e Outline and background of ZnO - Chapters 1 & 2
e Experimental details - Chapter 3

e Experimental results and conclusions - Chapters 4-7

Chapter 1 provides an overview of the research along with a brief background to
place the work in context Chapter 2 introduces a comprehensive review of the current
knowledge and research focus of ZnO, including the issues surrounding the present
understanding of the nature of intrinsic defects and optical properties. Chapter
3 describes the various experimental characterisation and sample preparation tech-
niques that apply across the investigatory chapters. Chapter 4 focuses on the growth
and analysis of nanowires produced through a carbothermal method, specifically the
influence of growth conditions on the morphology and optical properties of the re-
sulting ZnO nanowires. Chapter 5 examines the effects of post-processing of ZnO
materials through plasma treatment under different environments on the optical
emissions. Chapter 6 investigates the impact of transition metal incorporation into
ZnO crystals and powders. Chapter 7 offers a summary of the conclusions and an

suggestion of possible future research directions.



Chapter 2

Review of ZnO optical properties,

fabrication and nanostructures

Zn0O is a wide band-gap (3.37 eV) [14] compound semiconductor with potential
applications in a wide variety of optoelectronic devices, from ultraviolet (UV) lasers
through to white light sources. The high exciton binding energy (60 meV [15])
makes excitons stable in ZnO at room temperature and above. UV luminescence has
been reported from a variety of ZnO structures including disordered nanoparticles
and thin films. Furthermore, as ZnO has a lack of central symmetry owing to its
wurtzitic structure it can exhibit piezo- and pyroelectric properties. In addition,
Zn0O is a versatile material with a diverse range of growth morphologies including
combs, rings, springs, wires and cages [5, 6, 16-19]. The ease with which these
structures form - at comparatively lost costs - offer promising potential for future
devices. ZnO is also attractive for use with biomedical applications as it is considered
biologically safe. In order to better understand the nature of ZnQO, it is first necessary
to investigate its structural and optical properties, and examine how they relate to

potential ZnO applications.

6
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2.1 Crystal structure

Under standard pressure and temperature, ZnO crystallises to a wurtzite structure
[20] as shown in Figure 2.1. Wurtzite is a hexagonal lattice, belonging to the P63mc
space group with lattice parameters of a=0.3296 nm and ¢=0.52065 nm. The struc-
ture of ZnO can be thought of as alternating planes of tetrahedrally coordinated
0?2~ and Zn?* ions stacked along the c-axis. It is this tetrahedral coordination that
gives rise to the noncentral symmetric structure, resulting in the piezo- and pyro-
electric properties observed in ZnO. There are four surfaces of interest in ZnO -
nonpolar (1010) and (1120) surfaces, and polar (0001)-Zn and (0001)-O surfaces
(see Figure 2.2). The non-polar surfaces are formed by breaking the same number of
zinc and oxygen bonds and thus contain an equal number of the two ions, while the
polar surfaces are either Zn or O terminated. These polar surfaces result in spon-
taneous polarisation along the c-axis. In order to maintain a stable structure, polar
surfaces tend to undergo significant surface reconstruction or have faceting, however
ZnO =+ (0001) surfaces show atomically flat, stable faces, without any reconstruction
[21, 22].

In addition to the wurtzite phase, ZnO can also crystallise into either cubic
zincblende or rocksalt structures, also shown in Figure 2.1. Zincblende ZnO is stable
only when grown on cubic structures, such as gallium arsenide [23], while the rock-
salt structure is a high-pressure metastable phase obtainable only at high pressures
(=10GPa) [20, 24, 25]. There is also a fourth possible phase - cubic caesium chloride
- that has been theoretically predicted, however this would only occur at extremely

high temperatures and has not yet been observed [26].

2.2 Basic physical parameters for ZnO

A compilation of the basic physical properties of ZnO can be found in Table 2.1.

It is worth noting that there is still considerable uncertainty in some of the values

7
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~§ L
————— W

1

(b) Zincblende (c) Rocksalt

F1GURE 2.1: Unit cells for the common crystal structures of ZnO. The wurtzite
structure is Zn-0001 terminated. while the zincblende also shows zinc terminated
faces. Large and small atoms represent oxygen and zinc atoms respectively.

above, particularly in p-type ZnO where debate continues over whether or not p-
doping really has been achieved at all. As there have been limited presented reports
of p-type ZnO, the hole mobility and effective mass values are still under review.

The thermal conductivity results show some spread of values, possibly due to the

8
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[(0110] = ==1070 - m plane

nin 1120 - a plane

Oxygen

Zinc

(1210]
F1GURE 2.2: Common crystallographic orientations for ZnO in the wurtzite phase.

The (1120) and (1010) planes and associated directions are shown as projections
along the Zn-(0001) plane.

influence of defects in ZnO samples, as was found to be the case for GaN [27]. Carrier
mobility values will likely rise as increased control over defects and compensation

effects in ZnO is achieved.

2.3 Energy band gap

The band structure of a semiconductor is a vital piece of knowledge in solid state
physics and materials engineering. Theoretical techniques have had varying degrees
of success in determining the band structure of ZnO for its various structures that
have then been compared to experimentally obtained data.

One of the earliest works on ZnO band structure calculations was proposed by
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TABLE 2.1: Properties of ZnO

Value
Physical parameter
Lattice parameters at 300 K
a 3.2496 A
c 5.2065 A
Density 5.606 g/cm™3
Melting point 1975°C
Energy gap 3.37 eV (direct)
Exciton binding energy 60 meV

Intrinsic carrier concentration

< 10%m =3 (max n-type doping

> 10%%cm ™3 electrons, max p-
type doping < 107em =3 holes)
m; = 0.24 m,
m; = 0.59 m,

Electron effective mass
Hole effective mass
Hall mobility at 300K
Electron

Hole

200 em?/V's
5-50 cm?/V's

Rossler [28] in 1969, and since then several experimental works have been performed
on wurtzite ZnO showing a discrepancy with his findings on the bulk material [29-
32]. Langer and Vesely [29] reported experimental data relating to the core energy
levels via x-ray induced photoemission spectroscopy. Their work suggested two
conclusions - the unambiguous determination of the location of the Zn 3d level and
the discrepancy between the theoretically determined energy levels and that the
experimental data was angular momentum dependant.

UV photoemission experimental work has been conducted on the non-polar (1010)
face of hexagonal ZnO cleaved under vacuum [30, 31] that has placed the Zn 3d core
level approximately 7.5 eV below the valence band, 3 eV lower than Rossler’s band
calculation prediction. This value agrees with further experimental work from Vesely
et al.[33] and Ley et al.[32], who reported 8.5 eV and 8.81 eV respectively. Girard et
al.[34] have studied the electronic structure of the ZnO (0001) surface via ARPES
for both normal and off-normal emission spectra. This yielded valuable information
about the bulk and surface electronic states as well as further elucidating the Zn

3d states. From the spectra obtained. the dispersion of the four valence bands in

10
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the (0001) direction have been compared to the calculations based on LDA work
[35] with significant agreement between the experimental data and the theoretical
expectations.

The polar (0001)-Zn and (0001)-O surfaces have also been subject to experimental
and theoretical investigation. Girrard et al. [34] have identified two surface states
on the (0001) surface); one state at 7.5 eV, the other at 4.5 eV. The first surface
state was predicted by theory and has been attributed to the backbonding of the
Zn 4s-O 2p hybridized bulk states, while the second state was not predicted, it has
been related to the Zn 4s-O 2p derived states.

The impact of temperature on the band gap of ZnO has also been investigated, and
the band gap has been found to shrink with increasing temperature as given by the

empirical relationship (and shown in Figure 2.3)

(2.1)

where a = -5.5 x107% eV K~! and 3 = -900 K for temperatures up to 300 K.
Excitonic transition energies have also shown a similar temperature dependence with
a=-72x10""eV K ! and § = -1077 K [36]. Furthermore, the spectral line shape
of the band gap also varies as a function of temperature. As temperature decreases,
the individual peaks that contribute to near band edge emission can be resolved.
This can be observed in Figure 2.4, where the band edge emission shifts from a
single broad peak centred at 3.17 eV at 270 K through to three clearly identifiable
peaks separated by E; ;=70 meV (excitonic, 1-LO and 2-LO) at 80 K. The change

in spectral shape can be attributed to phonon coupling.

11
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FIGURE 2.3: Relationship between the band gap of ZnO and temperature based
on the empirical relationship in Equation 2.1 in the temperature range 0-350 K.
The equivalent wavelength for recombinations occurring over this band gap are
also indicated on the right hand axis.
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FIGURE 2.4: CL spectra obtained from ZnO with increasing temperature from
80 and 270 K. At low temperature the emission is separated into three resolvable
peaks that merge together as the temperature increases
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2.4 Band gap engineering

The band gap of ZnO can be manipulated to give a variety of values through alloying
techniques. This allows for the potential development of such devices as UV detec-
tors or field effect transistors. It has been found that Mg,Zn, O and Be,Zn, ,O
alloys lead to an increase in the band gap, while Cd,Zn, O reduces the band gap.
The energy gap of a ternary semiconductor can be determined from Equation 2.2,
which is an application of Vegard’s Law [37], where b is a bowing parameter and
E,o and E,  are the band gap energies for the alloy compound (MgO, CdO or
BeO) and ZnO respectively.

E, = (1 - 7)Ez 0 +xEpo—bx(1 — z) (2.2)

The bowing parameter is dependant on the difference in electronegativity between

Zn0 and alloy compound.

It should also be noted that the lattice parameters of the material also undergo
variation with the introduction of alloy materials. Comparing the a-plane lattice
parameter to the band gap of the Mg- and Be- based ternary semiconductors as x
varies from 0 to 1 yields a plot shown in Figure 2.5. For Be-ZnO alloys, the band
gap increases to a maximum of 10.6 eV (when x = 1) while maintaining a wurtzitic
structure, as the equilibrium state of BeO is wurtzite. By contrast, Mg-ZnO exhibits
two different structures. As MgO is a cubic system, when z 2 0.6 the Mg-ZnO will
present as a rocksalt system, while when = < 0.4 it instead will be wurtzite. When
the composition ranges 0.4 < x < 0.6, the quality of the material is poor owing to

the mixed cubic-wurtzite structures that occur.
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FIGURE 2.5: Band gap vs. a-plane lattice constant for Mg Zn; O and Be,Zn, ,O
ternary alloys. While the band-gap vs. composition of Mg, 7Zn, O is compara-
tively well known, Be, Zn, O intermediaries are not. Adapted from Izyumskaya
et al. [38].

2.5 Defects in crystalline materials

Crystalline solids, such as ZnO, typically contain a wide variety of imperfections in
their crystal structure. These crystallographic defects the lattice fall into a variety

of classifications.

Line
There are two basic types of line defect - edge and screw. It is also possible to
have a “mixed” defect combining both types. An edge defect, or dislocation, is
caused by a plane of atoms terminating in the middle of the crystal. When this
occurs, the adjacent atomic planes are not flat, but bend around the edge of
the ending plane so that the crystal structure remains ordered on either side.
A screw dislocation is similar, but instead of an edge, a helical path acts as

the localisation of the defect. Dislocations are able to move if the surrounding

14
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planes break their bonds to rebond with the atoms at the terminating edge as

a result of thermal activation [39]. These defects result from lattice strain.

Planar
There are several forms of planar defects. Grain boundaries, where the crys-
tallographic direction within the lattice changes abruptly, can occur when two
crystals growing independantly meet. Stacking faults are also considered pla-
nar defects. If a stacking sequence (such as ABCABCABC) is interrupted by
one or two layers, this is known as a stacking fault (ABCABABCAB).

Bulk
Bulk defects can occur as voids - smalls regions where there are no atoms in
which case they can be treated as vacancy clusters, or clustered impurities

which can form regions of a different phase.

Point
When a defect does not extend through a crystal in any given direction it is
referred to as a point defect. While there are no strict size limitations on how
“small” a point defect should be, the term is typically used to describe defects

involving single atoms (or the vacancy left by a missing atom).

2.5.1 Native point defects in ZnO

The point defects in ZnO are of considerable interest as they have been tentatively
identified as the origin of several electronic properties of bulk and nanostructured
material. A defect can act as a shallow or deep level defect. Shallow defects only
require a small amount of energy to ionise, typically on the order of kgT. Deep
defects require energies larger than the thermal energy to ionize so that only a
fraction of the defects present in the semiconductor contribute to free carriers. Deep
level defects which are more than five times the thermal energy away from either
band edge are very unlikely to ionize. In this case, the deep level defects can be
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FIGURE 2.6: Examples of line and grain boundary defects in a crystalline material.
A line defect occurs when a crystalline plane stops abruptly inside the material,
causing planes located on either side to bend around the edge to keep crystalline
order. Grain boundaries occur at the interface between different crystallographic
directions. often when multiple crystals form next to each other

effective recombination centers in which electrons and holes recombine with each

other. Such deep defects are often referred to as deep level traps.

2.5.1.1 Vacancies

Vacancies, such as zinc (V) or oxygen (V) in ZnO, are sites in the lattice that are
usually occupied by an atom that remain empty ((a) in Figure 2.7). These defects
can propagate through nearby neighbouring atoms moving to fill the vacant site.
The stability of the surrounding crystal region ensures that the vacancy defect does

not collapse.

In ZnO, first-principle calculations have consistently shown that Vi, is a deep defect
donor, where the 1+ charge state is thermodynamically unstable. If the Fermi
energy is above the 0/2+ level, the defect is found in the neutral charge state. If
the Fermi energy is below the 0/2+ charge transition transfer level however, the
defect has a +2 charge. This 0/24 level for V, has been calculated to be 0.5-0.8 eV

above the valence-band maximum [40-42]. Calculations that allow for the band gap
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error of the local density approximation have estimated the 0/2+ level to be 1-2 eV
below the conduction band minimum [43-46], with the migration barrier for Vi, to
be ~2 eV [47, 48], or ~1.7 eV for V" [48]. Computational studies are unclear as to
whether oxygen vacancies should occur in n-type ZnO, with some predicting defect
concentrations of ~10'" em™3[45] while others claim that the formation energy is
too high for significant concentrations to be found at equilibrium [48]. Irradiating
ZnO with electrons shows that V, can be converted to V3 at low temperatures [49],
with the vacancies being stable up to 400°C [50]. Vz/ﬁ can be transformed under

- " 0/1-
similar conditions to VZI/l

A Zn vacancy defect, V, . is a double acceptor with first-principle calculations iden-
tifying the 0/1- and 1-/2- levels to be 0.1-0.2 and 0.9-1.2 eV above the valence-band
maximum respectively [48, 51, 52]. Evans et al. [53] have estimated that the ground
state for the 1- charge state can be found at 0.9 eV above the valence band. Janotti
and Van de Walle [48] propose that the transition from a shallow donor level to the
1-/2- acceptor level associated with V, could result in luminescence around 2.5 eV.
Their suggestion is supported by the observation that hydrogen plasma treated ZnO
samples show a reduced green luminescence intensity, consistent with V,  hydrogen

passivation [54].

V has commonly been attributed to the ubiquitous green luminescence band cen-
tred around 2.4-2.5 eV (approximately 510nm) [50, 55, 56] due to an excited-to-
ground state transition [57]. Annealing in O, or Zn vapour environments produces
emission lines at 2.35 and 2.53 eV respectively, while annealing in ZnO powder elim-
inates both lines. This result suggests that the 2.35 eV emission is due to V,, while
the 2.53 eV emission is due to V, [58]. Furthermore, defects found at 2.1 eV have
also been assigned to V, through positron annhiliation spectroscopy [59]. The green
luminescence in ZnO and the role of vacancies will be further explored in Section

2.8.
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FIGURE 2.7: Examples of point defects in a ZnO crystal where small and large
spheres represent oxygen and zinc respectively. a) an oxygen vacancy (V). b) a
zinc interstitial (Zn;. ¢) a substitutional impurity at a zinc site such as Li, . d)
an oxygen antisite (O, )

2.5.1.2 Interstitials

Interstitial defects occur when an atom occupies a site in the crystal structure at
which an atom would not usually be found - not at a regular lattice site ((b) in
Figure 2.7). In ZnO, zinc interstitials (Zn;) are shallow donors that have a high
formation energy in n-type ZnO [48]. They also have a migration barrier that can
be as low as 0.57 eV, resulting in instability at room temperatures [43]. While there
is a general consensus that zinc interstitials are not stable, complexes involving

nitrogen impurities and Zn; could exist as stable shallow donors [60].
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2.5.1.3 Impurities

An impurity in a crystal can occur as either an interstitial or a substitutional defect
(refer to (c) in Figure 2.7). In the case of a substitutional defect, there are two
sub-cases; isovalent and aliovalent substitution. Isovalent substitution is where the
impurity has the same charge as the ion that it is replacing, while aliovalent sub-
stitution is where the charge is either sub- or supervalent. Aliovalent substitutions
change the total charge balance within the ionic compound, meaning that a charge

compensation mechanism is required to keep the ionic compound neutral.

Unintentional doping as a result of impurities can create donor and acceptor lev-
els within the crystal. As reviewed by Meyer et al. [61], photoluminescence peaks
in ZnO at liquid helium temperatures have been attributed to excitons bound to
elements, such as hydrogen, gallium, indium and aluminium!. A broad green lumi-
nescence centred at 2.2 eV is often attributed to Cu in ZnO, following on from early

works which found a fine structure in the peak as a result of copper impurities[62].

2.5.1.4 Antisites

If a type A atom - typically located at the corners of a cubic lattice - is instead
found at the centre of the lattice - the usual location of type B - then this defect is
known as an antisite defect, as the atom is not an impurity, a vacancy, or found at
an otherwise unoccupied location ((d) in Figure 2.7). For ZnO, either O, or Zn
can occur, representing an oxygen atom located at the Zn position in the lattice and

vice versa.

The native defects of ZnO are of interest as they can influence to the optical and
electronic properties. Point defects are the most commonly investigated, as several

intrinsic defects have low formation enthalpies and thus are likely to form readily

1See Table 2.3 in Section 2.7.1.2 on page 25
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FIGURE 2.8: Formation energies of point defects in ZnO as a function of the Fermi
level for Zn- and O- rich growth conditions. The zero of the Fermi level is set at
the valence band maximum. The slopes of the segments indicate the charge state
of the defect, and sharp changes in the gradient indicate charge state transitions.
From Janotti and Van de Walle [48].

[63], while not normally appearing to be the cause of the unintentional n-type con-
ductivity? in ZnO [51]. The point defects tend to occur as either deep donors (in

the case of V) or compensating acceptors (such as V).

The location of defects in ZnO can be summarised utilising an energy diagram
such as the one shown in Figure 2.8, which has been generated from theoretical

computational studies.

A summary of the intrinsic defects and their formation energies can be found in

Table 2.2.

The temperatures presented in the table indicate the temperature at which one could
expect a defect to spontaneously occur as a result of gaining sufficient thermal energy.
These temperatures are important to note when post-processing ZnO samples -
temperatures need be considered when drawing conclusions regarding formation or

reduction of defects.

2Zni related defects have been considered, but there is still considerable debate as to their
influence
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TABLE 2.2: Defect formation energies for native point defects in ZnO.

Charge

f
Defect . E’ (eV)
v, 2+ 20.60
+ 1.91
0 372
V. 0 7.38
- 7.55
2- 8.43
Zn, 2+ 0.45
+ 3.20
0 6.95
O, (oct) 0 8.54
- 9.26
2- 10.86
O, (split) 24 5.25
5.24
0 5.24
Zn, 4+ -0.31
a4 1.57
2+ 2.59
+ 6.49
0 10.47
0y, 0 13.15
- 14.68
2- 16.45

Adapted from Janotti and Van de Walle [48]

2.6 Exciton formation in ZnO

When an electron is excited from the valence band to the conduction band, it leaves
behind a hole. It is possible for the electron and the hole to correlate to form a
quasiparticle known as an exciton. The number of excitons formed depends on
the temperature of the crystal and the exciton binding energy, E,, through the

relationship in Equation 2.3.

E

Ny o exp <;b—Tb> (2.3)
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FIGURE 2.9: Thermal ionisation of excitons in ZnO and GaN as a function of
temperature based on Equation 2.3. At 300 K, approximately 45% of excitons
formed in GaN will be thermally ionised, whereas only 10% of excitons in ZnO
are lost to thermal ionisation.

As T— +o0, N, —0

A comparison between ZnO and GaN shows the remaining excitons to be substan-
tially higher for ZnO up to 500K owing to the higher exciton binding energy. This
can be best shown in Figure 2.9 which shows the considerable difference between the
excitonic efficiencies of the two materials under conditions near room temperature.
The substitution of ZnO based devices for those currently utilising GaN technology
would clearly result in higher efficiency. Once formed, excitons are able to travel
in a particle-like fashion through the semiconductor lattice without a net charge

transfer.
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2.7 Luminescence

Luminescence is the general term used to describe radiative emission from a solid
or powder following the introduction of an external energy source. While there are
several types of luminescence, for ZnO it is worth focussing on just two forms -
photo- and cathodoluminescence. These two luminescence mechanisms can be dis-
tinguished by the source of the energy used for excitation; photoluminescence occurs
as a result of photon absorption from incident light, while cathodoluminescence is
due to electron bombardment typically using an electron microscope or cathode ray

tube.

2.7.1 Recombination

There are two types of transitions involving electron-hole pair recombination in
semiconductors - radiative recombination and non-radiative recombination. Radia-
tive recombination is the emission of a single photon with an energy equal to (or
near) the band-gap energy of the semiconductor. Non-radiative recombination does
not involve the emission of light. but instead the excess energy is converted to vibra-

tional energy in the form of quantised crystal lattice vibrations known as phonons.

2.7.1.1 Radiative recombination

When an electron is excited from the valence band to the conduction band, it leaves
behind a hole. The excited electron is then able to recombine with the hole, emitting
the excess energy in a variety of ways. The different recombination channels are
shown in Figure 2.10. The energy of the emitted photon can be converted from eV
to a wavelength using A = 1_52%9' From this, it can be seen that as the recombination

of the electron hole pair occurs over shorter gaps, the energy of the emitted photon
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FIGURE 2.10: Schematic diagram of the radiative recombination channels
possible as a result of an excitation of an electron-hole pair.
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decreases, producing a red-shit observed in the increased wavelength of the emitted

light.

Band to band recombination occurs when an electron drops from its excited state in
the conduction band to fill an empty hole state in the valence band. This results in
emission of a photon with an energy equal to that of the band gap (Figure 2.10a).
If an exciton forms, either as a free or bound exciton, the energy gap between the
electron and the hole is slightly diminished, owing to the Coulombic attraction. As
a result, when the electron-hole pair recombines, the energy of the emitted photon
is equal to E,-E (Figure 2.10b). For ZnO, the near band-edge (NBE) UV emission
peak tends to be dominated by excitonic emissions, rather than direct band to band,

due to the high electron-hole pair binding energy.

Once an exciton has formed, it can propagate through the lattice where it can poten-

tially be trapped by a defect or scattered by phonons, typically longitudinal optical
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FIGURE 2.11: Relevant bound excitons in ZnO. The Coulombic binding of the
electron in the conduction band to the hole in the valence band reduces the free
exciton energy from that of the band gap by E,. Excitons can be bound with
either a neutral donor (D°X) or neutral acceptor (A%X).

(LO) phonons. An exciton in ZnO will only reach the surface of the semiconductor if
it is formed near the surface due to reabsoption effects. The exciton “escape depth”
is defined as the inverse extinction coefficient at the exciton energy. For ZnO, this

depth is approximately a=!'(E,) ~ 70 nm.

2.7.1.2 Bound exciton luminescence

If the temperature of the sample is sufficiently low (T'<230K), excitons are frequently
found to be localised at defect sites in the lattice due to Coulomb binding of one
carrier in the correlated electron-hole pair to the defect. The exciton luminescence
that results from this bound exciton is thus redshifted from the energy of the free
exciton by an amount corresponding to the localisation energy of the exciton to the
defect. This is commonly cited as Hayne’s Rule [64]. Bound excitons in ZnO are
commonly attributed to neutral shallow donors, although ionised donors and neutral

acceptors have also been reported.
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TABLE 2.3: Summary of bound exciton lines in ZnO at low temperature

Photon

Exciton Identified

line energy impurity
(eV) ’

7 3.3767 -

Iy 3.3724 Al

I 3.3711 Ga

I, 3.3691 -

I 3.3677 -

I5 3.3664 -

I3, 3.3654 Zn;

1, 3.3629 H

I5 3.3614 -

Ig 3.3605 Al

I, 3.3604 -

I, 3.3600 -

Ig 3.3597 Ga

Ig, 3.3593 -

Iy 3.3564 In

Lo 3.3530 -

I 3.3483 -

Figure 2.11 shows the difference in transition for the bound exciton as compared
to the free exciton. The Coulomb binding of the electron in the conduction band
to the hole in the valence band reduces the free exciton energy from that of the
band gap. The exciton’s energy is then further reduced if it is bound to a donor or
acceptor. Low temperature spectra obtained for ZnO have been found to contain
a vast number of bound exciton complexes. The most prominent lines are labelled
as I lines, with I,, where n = 0, 1, 2... in order of decreasing energy, following the
notation used in early work on the subject [65]. A summary of the identified bound

exciton lines can be found in Table 2.3 as found in literature [61, 66].

There is a considerable amount of controversy regarding the assignment of the I
lines as found in Table 2.3 to various donor or acceptor bound excitons. There
is general consensus, however, that I3-Ig are due to donor bound excitons (DXs),

while Io-I;; have been suggested as either due to DYX [61] or acceptor bound excitons
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(AXs) [67]. The Ip-I5 lines have been attributed to D°X [67, 68] or excitons bound to
ionised donors [61]. The study of bound excitonic luminescence provides information
regarding the identity and impurities, as well as their relative concentrations, in a

given ZnO sample.

2.7.2 Non-radiative recombination mechanisms

There are three main physical methods with which non-radiative recombination can

occur; non-radiative via deep level, Auger recombination and surface recombination.

Non-radiative via deep level
Defects in the crystal structure are the most common cause resulting in non-
radiative recombination. Point defects such as impurities, vacancies, intersti-
tials and antisites can significantly alter the electronic properties of a semi-
conductor. It is common to have these defects form energy levels within the
forbidden gap which act as efficient recombination centres. These levels are of-
ten referred to as traps or NBE luminescence killers owing to their promotion of
the non-radiative processes or deep level emissions. Rather than releasing the
energy gained through the recombination of the electron hole pair in the form
of light, these defects instead can produce quantised vibrational quasiparticles
known as phonons. These phonons vibrate through the lattice, dispersing the

released energy as heat to the material and surrounding environment.

Auger recombination
Energy from the recombination can be given to a third carrier which is then
excited to a higher energy level without shifting to another energy band. This
third carrier then normally loses the excess energy to thermal vibrations in
the semiconductor. Owing to the need to have a third particle present, Auger

recombination is significant only in conditions when the carrier density is very
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high. The generation process itself is not easily produced as the third particle

would have to start in the unstable high-energy state.

Surface recombination

Substantial non-radiative recombination can occur at the surface of semicon-
ductors. A surface is a disruption to the periodicity of the crystal lattice, which
in turn leads to a variation in the band structure of the semiconductor. This
variation can include the addition of electronic states within the forbidden gap
of the semiconductor.

Atoms at the surface can not have the same bonding structure as the bulk
atoms due to the lack of neighbouring atoms. Some of the valence orbitals do
not form chemical bonds, leaving partially filled electron orbitals - dangling
bonds. It is these dangling bonds that can act as recombination centres, and
depending on their charge state they can be either acceptor or donor states.
Dangling bonds can also act as non-radiative recombination centres, producing
phonons rather than photons. However, the surface states on the non-polar
surfaces of ZnO are resonant with the conduction and valence bands and thus
do not significantly contribute to recombination processes [69-71]. It is possi-
ble to passivate the surface of a semiconductor to reduce the number of surface
states through methods such as shallow doping or the epitaxial growth of a

capping layer.

2.8 Optical properties of ZnO

Zinc oxide has a characteristic emission spectra comprising of two main peaks - the
NBE emission at 3.3 eV and the broad defect related band occurring at 2.3 eV
[14]. The NBE is dominated by FX and DX emission [61], along with LO phonon
replicas (the peaks labelled in Figure 2.12) while the green band is attributed to

defect related recombination mechanisms.
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FIGURE 2.12: Typical CL spectrum for ZnO at 80K identifying FX. 1-LO and
2-LLO. Coloured bar at top represents approximate wavelength corresponding to
energy of each peak.

2.8.1 Near band edge emission

While band to band transitions are the donimant recombination mechanism for an
electron hole pair in high quality crystals, they are not necessarily the only method
resulting in radiative emission. As seen in Figure 2.10, the recombination energy
gap can be reduced by the coulombic force arising between an electron-hole pair in
an exciton. This can be further reduced through donor or acceptor bound excitons,
reducing the emitted energy from the recombination noticeably. This reduction
in the emission energy gives rise to the near band-edge (NBE) peak observed in

excitonic materials such as ZnO.

At liquid helium temperatures. it is possible to separate the narrow NBE peak into

individual components, allowing for identification of different impurities and bound
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defects. As the temperature increases, these peaks broaden and merge as calculated
by Equation 2.4 [72];
2kTN2

AXg =
0 he

(2.4)

At room temperature, the full width at half maximum (FWHM) of a peak centred
at 380 nm could be expected to broaden by as much as 6 nm. Typically the NBE at
room temperatures is treated as a single broad® emission centred at an energy just
below the fundamental band gap. This is also influenced by the thermal ionisation

of the various bound excitons.

2.8.2 Green defect-related radiative recombination

A variety of models have been proposed to explain the green emission from ZnO.
It is widely accepted that the emission occurs as the result of either native defects
or unintentional impurities, with point defects such as V, or Zn;, along with Cu
interstitials, being investigated thoroughly. However, there is still no conclusive

result to identify the origin of the emission.

2.8.2.1 Theoretical findings

Kohan et al [51] and Van de Walle [73] have used first principle calculations to es-
tablish the formation energies and electronic structure of the native point defects
in ZnO. In their theory, the concentration of a defect within a crystalline structure
depends upon its formation energy (Es) as shown in Equation 2.5, where N rep-
resents the concentration of crystal sites where the defect can occur. The lower the

formation energy, the higher the equilibrium concentration of the defect; conversely

3Broad relative to the component excitonic emission peaks, but still narrow in comparison to
the defect emission bands
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a higher formation energy indicates a lower probability of defect formation [51].

Ef
C = Nsites exp <—ﬁ> (25)
'B

The formation energy of a point defect in a given charge state (q) is given by Equa-
tion 2.6 where E'(q) represents the total energy loss of a system consisting of nz,
and np, which represent the number of zinc and oxygen atoms respectively, iz, and

1o are the chemical potentials for zinc and oxygen, and Ep is the Fermi energy.

E'(q) = E**(q) — nznptznnopio — 4EF (2.6)

The chemical potentials for this relationship rely on the environment conditions
during growth. Under zinc rich and oxygen rich growth conditions, it is possible to
assign bulk chemical potentials to the system (po = powuk) and fizn = tzneuk))-
For intermediate ratios where the system is not particularly zinc or oxygen rich,
Ho < fopuk) and fiz, < fiznur), however the chemical potentials for both zinc and

oxygen are in equilibrium with ZnO - pz, + po < pzno-

Kohan et al. [51] have calculated the defect formation energy for a variety of native
point defects in ZnO as a function of the Fermi level. They concluded that the two
most common defects in ZnO are likely to be vacancies of oxygen or zinc. The oxygen
vacancies have lower formation energy than zinc interstitials, and so are more likely
to form in zinc rich growth conditions, while oxygen rich conditions should yield
zinc vacancies. Furthermore, they suggested that the green luminescence emissions
commonly observed in ZnO as transitions attributed to zinc vacancies, similar to
earlier predictions regarding gallium vacancies causing yellow luminescence in GaN

[74].

Defects in semiconductors can also arise as a result of the presence of other elements
within the material - either deliberately or accidentally introduced during produc-

tion or through post treatment methods. Hydrogen impurities in ZnO have been
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investigated by first-principle calculations similar to methods outlined above. In
contrast to other semiconducting materials, where hydrogen is amphoteric, hydro-
gen in ZnO always acts as a donor[73]. Hydrogen binds tightly with oxygen atoms
in ZnO to form an OH bond of approximately 1A, either opposite to the Zn-O bond,
or forming in the Zn-O bond (Zn-H-O) (see Chapter 5). In n-type ZnO, hydrogen
incorporation formation energy is only 1.56eV, while in (theoretical) p-type samples
the incorporation is more promising, suggesting that the introduction of hydrogen
into ZnO during the growth process may increase acceptor solubility and inhibit the
native formation of compensatory defects in a manner similar to the doping of GaN
with Mg. If this is the case, then the issue of p-type doping is instead reduced to
finding an efficient method of hydrogen extraction, potentially through post-growth

annealing [14].

In terms of deliberate introduction of defects to produce p-type ZnO, nitrogen has
been predicted as the shallowest acceptor [75]. Furthermore, it has been demon-
strated that while Ny may be a shallow acceptor, (N,), is a double-shallow donor
and there exists a competitive interaction between the N and N, during the doping
process, which in turn controls the doping type [76]. In light of this, it has been
suggested that N, or N,O is not an effective doping method for the production of
p-type ZnO due to the presence of the strong N-N bond, while N, or NO, molecules

can easily form N acceptors.

2.8.2.2 Experimental findings

Early studies explicitly attributed the broad green peak to copper impurities [62],
however more recent evidence has suggested the defect was more likely to be related
to Vg [55]. Both defect mechanisms offer plausible arguments, and it has been fur-
ther proposed that there are two co-existing defects with similar energies resulting

in the emission characteristics in this region of the spectrum. Experimental evidence
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shows that copper impurities tend to result in a fine structure within photolumines-
cence spectra at liquid helium temperatures, while native point defects (such as V,

or V, ) give a structureless band at the same position with a similar width.

Vanheusden et al. [55] have also shown correlations between the concentrations of
free electrons and V, defects with the intensity of the green band. Through anneal-
ing experiments under both oxidizing and reducing environments, strong evidence
was provided supporting V, as the mechanism supporting the origin of the green
defect band. This interpretation of the results has come under scrutiny however
as the electron paramagnetic resonance signal used by Vanheusden to identify the
oxygen vacancies (and thus their concentration in the ZnO) was in fact subsequently

found to be related to an isotropic shallow donor level [77].

These optically detected magnetic-resonance studies also showed that the g val-
ues obtained for the structureless green band are different from those obtained for
the fine structured green emission, thus supporting the observation of two different
defect origins for the green band. Leiter et. al. [77] support V as the defect re-
spousible for the structureless band, demonstrating similarities of this defect with
anionic vacancies in other ionic crystals such as BaO, SrO, CaO and MgO. They
also presented a model [78] whereby the two electron ground state of the neutral
Vg is a diamagnetic singlet state where absorption of a photon transfers the system
into a singlet excited state, relaxing nonradiatively into an emissive paramagnetic

state that can be detected via optically detected magnetic resonance studies.

More recently, this structureless band has been attributed to a V, [51, 79-81] or a
defect complex incorporating Zn, [82], O, [83] or V [55, 77, 78, 84]. Furthermore,
different electron transitions have been used to explain the green luminescence, such
as [DY,h)-type recombination [55] (an oxygen donor level near the conduction band
with the valence band), [D°, A°] [80, 81] (any donor level to a deep V,, acceptor
level), [e,A"] [51] (from the conduction band to the V, acceptor) or an intracentre

transition between two states of V [77]. for example. Early suggestions of Vi,
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acting as a donor with 2+/+ and +/0 levels near the conduction band have been
investigated in detail in recent times [73]. From this work, it has been predicted that
the only defect level found in ZnO relating to V, is the 24 /0 found at approximately
2.7 eV above the valence band. Further findings have shown that other proposed
transitions are either energetically unfavourable [55] or, in cases such as D-h-type

recombination in similar n-type semiconductor, highly improbable [85].

2.8.3 Yellow-orange emission

Evans et al. [53] have estimated that V, ground state lies ~2.1 eV below the con-
duction band minimum, resulting in a broad absorption band near 3.0 eV (409nm)
and an emission band around 590 nm. Other works have indicated that the yel-
low/orange defect emission observed in ZnO can be associated with excess oxygen
[84], specifically oxygen interstitials when produced using hydrothermal methods
(86, 87], or related to dopants such as Li [88]. Lithium occupies a zinc site (Liy,),
forming an energy state 150 meV above the valence band, with a second energy
state occurring at 250 meV above the valence band maximum following increased
Li concentrations [89]. This is likely due to a two-fold change in the ZnO - firstly a

substitution of Li for V,_ sites followed by the expected Li,, substitutions [90].

2.8.4 Red emission

Zn0O has been observed to emit in the red region of the spectrum when annealed in
Zn vapour at 1100°C. This emission is typically linked to an excess of Zn [91-95]. If
the ratio of Zn to O is considered, an excess of Zn could be considered equivalent to
an oxygen deficiency, however there is a significant difference between Zn; and V
at the atomic level. It has been observed that the red colour can also be induced by
annealing in the presence of phosphorous or titanium instead of zinc vapour [93, 95],

suggesting that V. is more likely. Zinc and oxygen vacancies are annealed out
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below 200° and 400°C respectively, or can form merged clusters which then anneal
below 700°C [50, 59, 96]. After annealing however, the red remains, suggesting that
another defect is the cause. Recent work shows that hydrogen in combination with
an oxygen deficiency, rather than Zn, is responsible. In samples containing hydrgoen
that exhibit red emission, the addition of oxygen has been shown to turn the ZnO
clear. This suggests that red ZnO is a consequence of oxygen deficiencies in the

presence of hydrogen [97].

2.9 Methods of ZnO growth

As remarked earlier, ZnO growth has been studied extensively in the optoelectronic
fields. The strong tendency to grow with (0001) preferential orientation on a variety
of substrates [98-100] has led to the development of several different growth tech-
niques. Early work with epitaxial thin film growth focused on magnetron sputtering
[100, 101] and chemical vapour deposition techniques [102-104], however the films

produced were generally polycrystalline in nature.

2.9.1 Chemical vapour deposition

Chemical vapour deposition (CVD) is a growth technique for ZnO whereby a source
material (typically a 1:1 weight mixture of ZnO powder and graphite) and a substrate
are placed inside a growth furnace in such way that the temperature of the source
material is higher than that of the substrate. A chemical agent can be used as
both a sublimation activator and a transport agent to carry vapour species and
deposit them onto the substrate to reform solid structures. CVD technique is useful
for growing at low temperatures where the vapour pressure due to sublimation of
the materials is too low to allow a growth using a sublimation-and-re-condensation
process. Because the vapour pressures of ZnO at temperatures between 900-1200°C
are low the CVD ZnO growth technique use a carrier gas as a vapour transport
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agent so that an appreciable growth rate can be achieved. The maximum growth

rate for ZnO pure crystal using this technique is about 0.1 mm/hr [105].

2.9.2 Growth mechanisms

Various models have been proposed to elucidate the growth mechanism behind CVD.
Catalyst free vapour-solid (VS) processes are one of the more popular vapour phase
synthesis methods, while vapour-liquid-solid (VLS) mechanisms have been used to
produce faster, more controlled growth. VLS utilises a catalytic liquid alloy phase
that adsorbs a vapor to supersaturation levels, from which crystal growth subse-
quently occurs. A clear understanding of the physical processes that occur during
VLS growth is still under considerable debate. The complexity of the Au-Zn phase
diagram (Figure 2.13) if compared to that of Au-Si or Au-Ge suggests that there
is only a small temperature range within which vapour deposition growth can oc-
cur. It is necessary to consider a variety of possible mechanisms that may explain
the growth of ZnO nanostructures. There are several proposed theories, and the

following section will discuss them in more detail.

2.9.2.1 Vapour-solid

A typical VS process has the vapour phase generated through evaporation followed
by chemical reduction or oxidation as required. These gaseous species are subse-
quently transported and condensed onto a substrate placed in a zone at a lower
temperature than that of the source material. The decomposition of ZnO is com-
paratively simple, but does require high temperatures (=~ 1400°C). Nanorods and
nanowires have been successfully produced in this manner through the evaporation of
commercial ZnO powder [16, 107, 108]. As lower temperatures and lower defect den-
sities are often desired for ease of fabrication, a more direct method can be employed

by heating Zn powder at &~ 500-700°C under an oxygen flow, however the Zn:O ratio
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FIGURE 2.13: An Au-Zn phase diagram showing the various phases for Au-Zn
alloys. From Okamoto [106].

must be monitored and controlled carefully to obtain desired nanostructures. While

the method is simple experimentally, the process and mechanisms may involve the

formation of intermediaries due to the higher temperatures employed. Furthermore,

this method provides little to no control over the location of the subsequent growth

of the nanostructures.

2.9.2.2 Vapour-liquid-solid

VLS is a mechanism that is employed as an explanation for the growth of low-

dimensional structures from CVD processes. The use of VLS allows for compara-

tively fast growth as the intermediary liquid alloy phase can adsorb vapour far more

readily to achieve supersaturation, resulting in crystal growth from nucleated seeds
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at the liquid-solid interface. By controlling the nature and size of the liquid alloy,
it is possible to have control over the physical characteristics of the nanostructures

grown using this method.

Wagner and Ellis [109] observed gold tips at the ends of the silicon whiskers that
they had prepared and found that a gold catalyst was necessary to initiate their
growth. Their work has been further examined and refined, and VLS is now typically

described as consisting of three stages:

e Formation of liquid alloy droplet at the desired point of growth

e Vapour phase of substance to be grown adsorbing to the liquid surface and
diffusion across the droplet

e Supersaturation and nucleation at the solid-liquid interface resulting in crystal
growth

The mechanism can be described in greater detail as follows.

A thin metal film is uniformly deposited over a substrate through a method such as
sputter coating or thermal evaporation (Figure 2.14a). The coated substrate is then
annealed at temperatures higher than the eutectic point of the alloy formed between
the metal and the substrate to form droplets (Figure 2.14b). For gold and silicon, this
temperature is approximately 363°C, substantially lower than the melting point for
either gold (=1064°C) or silicon (x1414°C) [110] . The gold droplets have a radius
determined as a function of the thickness of the metal film, annealing temperature,
and interfacial tensions between the two components, as shown in Equation 2.7,
where R,,;, is the minimum radius of the gold droplet, oy is the liquid-vapour
surface free energy, V; is the molar volume of the liquid and s is the vapour phase
supersaturation. Control over the density and dimensions of the nanostructures has
been shown to be dependant on the deposited film thickness from which the particles

form through a dewetting process [111].

2V,

Rmzn = BT oy /
RTin(s)

(2.7)
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F1GURE 2.14: Schematic of VLS growth from nucleation to vertical growth. The
Au film (a) melts to form Au droplets (b) which can then absorb Zn vapour to
form a Zn-Au alloy (¢). When this supersaturates, the Zn precipitates out at the
interface between the alloy and the substrate to form ZnO (d). The growth contin-
ues vertically if conditions remain constant (e), however lateral growth can occur
(f) where the vapour is absorbed directly by the sidewall of the nanostructure.

Alternately, it is possible to use lithographic techniques or colloidal dispersions to
to produce arrays of metal droplets over the substrate with well defined positions

and size distributions [112].

The metal droplets act as seed particles which are enriched by adsorbing the vapour
source material to a critical saturation level (Figure 2.14c). The adsorption and pre-
cipitation of the vapour phase (Figure 2.14d-f) is subject to considerable debate and
is one of the key areas of discussion regarding the validity of VLS as a viable and con-
trollable growth technique. There are three main models that are currently accepted

as possible adsorption processes of the vapour phase as shown in Figure 2.15.

The first model indicates that the liquid alloy droplet initiates and guides the growth
of the nanostructure by acting as a preferential site for adsorbing incoming atoms

from the vapour phase. The growth begins after the droplet becomes supersaturated
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FIGURE 2.15: Three models proposed to explain VLS growth - a) Diffusion of
vapour directly through gold droplet to the interface with the nanostructure. b)
Diffusion of adsorbed atoms from the vapour phase over the surface of the gold
droplet to the interface. ¢) Diffusion of vapour phase atoms from the surface of
both the nanostructure and the droplet to the interface between the two.

with the growth material and the solid nanostructure is formed by precipitation
from the droplet. The second model instead has atoms diffusing over the surface
of the droplet to the interface between the solid substrate or nanostructure and
the liquid alloy where they contribute to the nanostructure growth while the third
model instead has the incoming atoms landing over the entirety of the droplet and
already grown nanostructure, before then diffusing along the surface of the droplet

and structure to the liquid-solid interface.

Regardless of the nature of the adsorption process, it is generally accepted that the
crystalline growth in the region around the gold droplet is a result of the deposition
of the growth material due to its higher melting point than that of the eutectic alloy.
Vapour liquid solid has several advantages over other techniques. The introduction
of a liquid intermediary phase results in a lowered reaction energy when compared to
typical vapour-solid growth. The structures are grown only in areas of the substrate

coated in the metal catalyst. allowing for large scale patterning of nano-arrays.
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FIGURE 2.16: Schematic showing the effect of contact angle on the radius of the
droplet. As contact angle [ increases, the radius of the contact area between the
droplet and the substrate r decreases for a droplet of a set radius.

Furthermore, the size and shape of the structures can be easily controlled by the
nature of the catalysts enabling the fabrication of anisotropic arrays from a variety

of materials.
Catalyst material requirements

As mentioned previously, there are several conditions that need to be met in order to
consider using a particular material as a catalyst for VLS growth. Not surprisingly,
the principle requirement is the formation of a liquid solution with the crystalline
growth material of interest. Without this, there can be no saturation or diffusion
across the catalyst droplet, resulting in no VLS growth. The catalyst also needs
to have a low solubility with regards to the substrate in both its solid and liquid
phases, and its vapour pressure needs to be such that the droplet does not vapourise
or change in volume throughout the growth process. When reactive materials can
be found in the growth process - as in CVD - it is preferential that the catalyst
material remains chemically inert with the final nanostructure to produce high pu-
rity materials. The vapour-solid, vapour-liquid, and liquid-solid interfacial energies
between the substrate and the catalyst contribute to the shape of the droplets and
therefore must be examined carefully. Small contact angles between the droplet
and substrate result in large area growth, while a larger contact angle will result in

smaller formations, as shown in Figure 2.16. This relationship can be approximated

using r oc 24/Sin® (45 — 2).
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2.9.2.3 Vapour-solid-solid

A further mechanism that has been proposed to explain the growth of ZnO nanos-
tructures is that of vapour-solid-solid (VSS). In this process, a solid particle is utilised
to act as the adsorption of the vapour phase, and ultimately the growth site of the
nanostructure. There have been several reports suggesting that the catalytic parti-
cle remains in the solid phase for many different nanowire/catalyst systems such as
GaAs/Au [113] or Si/TiSi, [114]. VSS differs from VS in that VS can only account
for ZnO nanostructural growth under supersaturation conditions [115]. The presence
of the solid catalyst particle on the substrate is required to provide a nucleation site
for the Zn vapour. There are two ways in which a suitable solid particle can be pro-
duced - firstly through drop casting of ZnO powder suspensions over the substrate,
or through the initial stages of VLS. If the substrate is initially covered in metal
islands, such as Au, these droplets will act as preferential sites for Zn vapour incorpo-
ration, rapidly forming Au-Zn clusters [116]. The Zn concentration in these droplets
increases over time, however the particles themselves remain solid. When the Zn
concentration threshold is reached, nanostructural formation commences with the
catalyst acting as a sink for Zn vapour, generating a concentration gradient across
the catalyst particle. The diffusion of the Zn through the Au-Zn particle thus sets

the upper limit for ZnO growth rates.

2.9.3 Summary of growth mechanisms

While each of the three proposed CVD based methods have been shown to pro-
duce nanostructures in a controlled manner, the most commonly used experimental
method is that of VLS. The ability to control structural dimensions and locations
of the nanostructures is desirable in the quest to produce large uniform arrays of
aligned ZnO nanorods. The lower temperature requirement of VLS when compared
to VS allows for more generalised growth equipment to be utilised, rather than the
need to use high temperature furnaces and longer temperature ramping times. The
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simplicity of the explanation as to the mechanisms involved in VLS when compared
to VSS also suggest that it is a more likely growth process. As such, this work will

utilise VLS as the process by which ZnO nanostructures will be produced.
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Experimental techniques

The majority of the experimental techniques that were used during the course of
this work are well established. The methods can be found in standard textbooks and
as such only the underlying principles are briefly discussed in this chapter. Where
experimentally specific conditions are utilised, a more in depth outline is presented

to familiarise the reader with the technique as it applies to this work.

In this work, ZnO samples were studied using a variety of techniques, investigating
the morphological, electronic and optical properties. By utilising complementary
techniques on individual samples consecutively, it is possible to elucidate a greater

understanding of the findings.

The samples were produced or modified on site, except for when otherwise noted.

3.1 Preparation procedures

3.1.1 Cleaning and preparation of growth substrates

Two different substrates were used during the course of this work:
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e Silicon wafer (001 orientation)

e a- (1120) and c- (0001) plane sapphire

The sapphire was supplied by MTT Corporation and polished on both planar faces.
Substrates were cut to required sizes using a diamond pen. Substrates were cleaned

in the following manner:

15 minute ultrasonic bath in acetone

15 minute ultrasonic bath in ethanol

Deionised water rinse

Nitrogen gas blow dry

Two materials were utilised as catalysts for growth. The first was a thin layer
of gold as utilised in the majority of vapour-liquid-solid (VLS)-based ZnO growth
(6, 87, 117-121], sputter coated over the substrate. This Au film forms liquid droplets
when heated to temperatures above the melting point. The size distribution of the
droplets can be modelled as a function of the film thickness, while the melting
point of the gold is directly related to the droplet size [122]. This method was the

predominant growth catalyst technique used throughout this work.

Extensive experimental investigation was undertaken in this work to determine the
ideal thickness of the thin Au film to produce uniform droplet size distributions.
Films of varying thicknesses were produced through sputter coating for different
lengths of time. Film thickness uniformity was characterised by carrying out a
series of image scans across scratches cut through the film using an atomic force
microscope (AFM) tip scratch method described previously [123]. The films were
annealed under a low pressure argon atmosphere (20 Torr) at temperatures ranging
from 400 to 1000°C for 60 minutes before further AFM scans were performed. This
temperature range was utilised to give an indication as to the possible size distri-

butions of the droplets under potential growth conditions, while the low pressure
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FIGURE 3.1: AFM scan of post-annealed gold film on silicon. Scale bar is 1um

environment was employed to minimise the likelihood of the films burning off at the
higher temperatures. An example of an AFM scan of an annealed film can be seen

in Figure 3.1.

The variation in annealing temperature showed minimal variation in the droplet
distributions for the film thicknesses investigated at temperatures above the melt-
ing point of the gold film to 950°C. Above 950°C. the droplets exhibited reduced

dimensions, possibly suggesting a loss in gold mass due to vaporisation.

The annealed film AFM scans were analysed using the software package Imagel
[124, 125], where near spherical droplets’ were counted and their diameters were
tabulated. The diameter distributions of the droplets were fitted to a normal distri-
bution as shown in Figure 3.2. As a smaller diameter droplet along with a narrow
size distribution is desirable, the chosen thickness for the gold film used in this work

was 10 nm as this provided both of the required properties.

The second method utilised to produce a growth catalyst layer was drop casting of

ZnQO suspensions onto the substrate.

1See Appendix A for determination of circularity
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FiGure 3.2: Distribution of gold droplet diameters produced through thermal
annealing of sputter deposited gold films of different thicknesses on a silicon sub-
strate. 10 nm thick Au film annealed at 950°C yields circular droplets with a
mean diameter of approximately 150 nm.

A mass of ZnO powder (30 nm spheres provided by Inframat Advanced Materials)
was dispersed in ethanol and ultrasonicated for approximately 15 minutes to break
up the powder clumps, resulting in a suspension of nanospheres. This suspsension
was then drop cast using a micropipette onto a clean substrate. After the ethanol was
completely evaporated, the particles were found to be relatively evenly distributed
across the substrate, with minor aggregates occuring at the suspension-substrate-air
interface. Different volumes of this suspension was then drop cast onto silicon to
find the optimal parameters to produce the best dispersion over the substrate. The
ideal dispersion of the ZnO seeds occurred when 0.1 grams of powder were mixed

with 2 mL of ethanol, with 50 uL pipetted onto the substrate and left to dry.

3.1.2 Carbothermal reduction of ZnO

Zn vapour was produced through the carbothermal reduction of ZnO powder. ZnO

has a melting point of 1875°C, but the addition of graphite can lower this to 907°C
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[126]. This can be represented through Equation 3.1 where x is = 2 or less, giving

carbon dioxide, monoxide or suboxide as possible products of the reaction.

T>907°C
—_

Zn0, +C Zng) + CO, (3.1)

) “pegorec

The Zn vapour is then able to travel downstream from the source, assisted by the
carrier gas, to a lower temperature zone.

A gold thin film can be used as a catalyst to initiate ZnO nanowires growth on the
substrate. The gold forms a eutectic alloy with the substrate at temperatures well
below the melting point of gold - for gold on silicon this temperature is 363°C. When
the substrate reaches this eutectic temperature, the gold film melts and disperses
into isolated liquid islands of relatively uniform size (see Figure 3.1 on page 46).
The Zn vapour is adsorbed by the gold droplets, forming a Zn-Au alloy. When the
droplet becomes supersaturated, the Zn begins to precipitate out at the interface of
the droplet and the substrate. The Zn is then oxidised by the residual oxygen or

carbon oxides to form ZnO [127] as shown in Equation 3.2.
Zn+ O, or CO, — ZnO,,(+C ) (3.2)

The supersaturation of the droplets and formation of the ZnO solid will only occur
at temperatures below 907°C, otherwise the newly formed solid could be reduced
to Zn vapour again in the presence of C. The growth process continues to occur
until either the source material is exhausted or if the temperature of the substrates

is reduced to a level where the alloy solidifies.

3.1.3 Furnace setup

A computer controlled three-zone split furnace was used in the course of this work,

as shown in Figure 3.3. Gas flow rates (measured in standard cubic centimetres per
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FIGURE 3.3: External view of three zone split furnace indicating important com-
ponents

minute (sccm)) were controlled by mass flow controllers while the pressure was mon-
itored and managed through a pressure limiting valve. The gas, pressure and zone
temperatures were all controlled and recorded via a custom LabView application.
Within the ceramic tube, the source material is typically placed with the source at
a higher temperature upstream from the substrate, creating a temperature gradient
as seen in the internal schematic in Figure 3.4. The separation of the source and
substrate can vary between 50 cm, where the substrate is at the end of the tube,

and effectively 0 cm, where the substrate is almost touching the source.
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Heating Zone 1 Heating Zone 2 Heating Zone 3

Substrate Source material

FIGURE 3.4: Schematic of internal components of growth furnace

TABLE 3.1: Parameter ranges for furnace growth

Parameter Possible values

Pressure (end of ceramic tube) 0-750 Torr

Substrate temperature 400-900°C
Source temperature 900-950°C
Gas flow rate 0-1000 sccm (Argon)

0-200 scem (Oxygen)

3.1.4 Parameter ranges

In the furnace, there are a variety of parameters available for adjustment. Each pa-
rameter has a range of values, and it is the systematic evaluation of each combination
that yields a reproducible growth recipe. It should also be noted that varying the

relative position of the substrate to the source material will yield different samples.

Extensive experimental investigation was undertaken to identify the optimal param-
eter range within which successful growth would occur (see Section 4.2.2 on page 77).
Source temperatures were limited to above 900°C to ensure carbothermal reduction
would occur, while substrates were kept above the eutectic temperature to make

sure that liquid alloys would be present for Zn vapour adsorption.

The most successful conditions for the experimental growth set up used in this work

were found to be:
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e Pressure 10 Torr

Source temperature 950°C

Substrate temperature 500°C

Gas flow - oxygen 15 scem

Gas flow - argon 15 scem

Growth time 60 minutes

3.1.4.1 Preparation of transition metal doped ZnO through in-diffusion

Thermal in-diffusion is a process commonly used in the semiconductor industry and
a significant number of studies have occurred involving doped silicon and germanium
[128-130] as well as ZnO [131, 132]. Crystal quality of diffusion doped ZnO [131]
indicate that the process is suitable for dopant incorporation with the majority of
dopants occupying host lattice sites. Furthermore, there is minimal formation of
precipitates or secondary phase regions. Diffusion doping is achieved by coating a
Zn0 crystal with a transition metal before driving the metal into the material by
high-temperature in-diffusion under controlled conditions. The following method-
ology was developed in this work and was performed to produce manganese (Mn)

doped ZnO crystals.
e Zn0 crystals (1 em x 1 cm x 0.5 mm, polished on both faces as provided by
MTTI Corporation) were cut to 5 mm x 5 mm squares

e /10 crystal squares were cleaned ultrasonically for 10 minutes in an acetone
bath, then 5 minutes in an ethanol wash, rinsed with deionised water and dried
with high purity nitrogen gas

e Cleaned squares were coated on one side with a 50 nm thick layer of the
transition metal using an evaporative coater

e [ndividual coated squares were sealed in glass ampoules under vacuum follow-
ing multiple argon purges to remove trace gases
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e The ampoules were heated to 700-900°C (depending on the transition metal)
for up to 40 hours

e The in-diffused samples were kept under vacuum while not being studied to
reduce cross contamination

The concept behind in-diffusion is that the transition metal (TM) ions will diffuse
from the thin coating at the surface into the bulk, entering into the crystal lattice. The

diffusivity rate of a metal into ZnO, D, can be approximated by

B

D = Dyexp *sT (8.3)

where E is the activation energy in eV and Dy, is the diffusion coefficient for the metal.
For Mn, Dy=3.2 x 1073, E=2.87 eV [133]. At 700°C, this results in a diffusion rate
of ~4.4x10* nm?s !. After 40 hours of annealing, the maximum Mn incorporation
depth would be expected to be ~63 nm, assuming that the diffusion is not limited

by any external factors.

Furthermore, it is necessary to consider the likelihood of the metal film evaporating
from the surface of the ZnO rather than diffusing into the crystal. To counteract
this, the annealing temperature needs to be kept as low as possible. This reduces
the rate of diffusion, and thus a trade-off between speed and successful diffusion is

required.

3.2 Characterisation techniques

There are several complementary techniques that can be used to investigate the prop-
erties of ZnO. These can be divided into three subgroups depending on the method

of generating signal - electron generated, photon generated, physical interaction.
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3.2.1 Scanning electron microscopy

Scanning electron microscope (SEM) is a widely utilised surface analysis technique
that can produce high resolution images of sample surfaces. It is typically utilised
for morphological analysis of materials, but can also be used to determine the ma-
terial composition using x-ray microanalysis. In a typical SEM (see Figure 3.5 for
labelled parts), electrons are emitted from the cathode and accelerated towards the
anode with energy ranging from 200-30,000 eV. The electron beam is focused by
condenser and objective lenses, forming a small beam with a diameter on the order
of nanometres. This beam passes through scanning coils which deflects the beam in

a raster pattern over an area of the sample surface.

These primary electrons hit the surface and undergo a variety of scattering pro-
cesses, depending on the material and the energy of the electron. In general, the
interaction of high energy electrons (>keV) with matter leads to different processes
including secondary, backscattered or Auger electrons, X-rays or cathodolumines-
cence, as shown in Figure 3.6. Each process can contain important information
about the nature of the material, for example secondary electrons show the mor-
phology and topography of the material surfaces, while backscattered electrons can

detect contrast in areas with differing chemical compositions.

The different emission processes are detected through different methods. Secondary
electrons are collected by an Everhart-Thornley detector which actively attracts the
electrons and accelerates them towards a positively biased scintillator. When the
electrons hit the phosphor. they produce flashes of light (through cathodolumines-
cence) that is collected by a photomultiplier. The ‘brightness’ of the signal depends
on the number of electrons arriving at the detector. As the likelihood of a secondary
electron escaping a sample increases at edges or steep surfaces, this gives images a

three-dimensional appearance.
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F1GUurE 3.5: Quanta 200 SEM system used in this work with key components

identified

For backscattered electrons, the Everhart-Thornley detector is inefficient as a de-

tection method as a small number of backscattered electrons are emitted within the

solid angle of the detector, and the attraction of the positive bias has little influence

on the higher energy electrons. Typical backscattered electron detectors are posi-

tioned above the sample in a ring around the electron beam, thus maximising the

solid angle for collection.

Cathodoluminescence is collected either through a fibre optic cable situated near

the sample, or through a parabolic mirror situated directly over the sample in line
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F1GURE 3.6: Schematic diagram of processes induced by electron bombardment
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F1GURE 3.7: Collection of CL light through parabolic mirror

with the electron beam (Figure 3.7). The mirror has a small hole through which the
beam is able to pass, generating light in the sample which is then collected from a
significantly greater solid angle than that of a fibre. The light is transported to a
spectrometer for analysis. The following section will focus on cathodoluminescence

(CL) and its variants in terms of its use within the scope of this work.

3.2.1.1 Cathodoluminescence

Cathodoluminescence is the light emitted by materials as a result of electron bom-

bardment and the subsequent generation and recombination of electron-hole pairs.
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It is a powerful investigative tool that can examine the optical properties of materi-
als in a non-invasive manner. CL can obtain resolution below that of the diffraction
limit of light. The technique can be used to characterise the composition and de-
fects of a material [134], and when this is coupled with the high resolution imaging
the technique becomes an ideal tool to examine nanostructured materials such as

nanorods or nanowires [135].

The spatial resolution of CL is strongly determined by the interaction volume of the
electrons incident on the material. In this volume, the electron undergo a series of
elastic and inelastic scattering events, which can result in electron-hole pair genera-
tion leading to cathodoluminescence. The penetration depth for an electron can be

approximated by using the Kanaya and Okayama equation [136]:

5 1.67
0 3

where Ej, is the accelerating voltage of the electron beam in keV, A is the atomic
weight of the material in gmol !, p is the material density in gem ® and Z, is the
effective atomic number. Z_ can be calculated by using a weighted average of the

atomic numbers of the constituent atoms such as

Azn Ao
Ze = Z X ZZn + Ao X ZO

Azno

= 0538 304 1801y g (3.5)

= 25.67

For ZnO, the penetration depth can be estimated from Figure 3.8. The generation
of electron-hole pairs by electrons is different from that by photons. A photon is
only able to produce a single electron-hole pair, while an electron is able to generate
thousands within the generation volume (see Equation 3.6). The creation of a sin-
gle electron-hole pair requires energy approximately equal to three times the band

gap, independant of the incident electron energy. The local generation rate of the
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FIGURE 3.8: Maximum penetration depth of incident electron in ZnO versus
accelerating voltage as determined by Equation 3.4

electron-hole pairs can be calculated from

_ EyQ(1 — )

G
ek,

(3.6)

where I, is the beam current, e is the charge on an electron, 7 is the backscatter
coefficient of the material, E, is the band gap energy and Q is the quantum efficiency

for electron-hole pair generation.

3.2.1.2 Depth resolved cathodoluminescence

As the accelerating voltage of the electron beam determines the penetration depth
of the CL probing (as per Figure 3.8), it is possible to generate electron hole pairs at

varying depths below the surface of the sample. Increasing the accelerating voltage
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will produce a larger interaction volume; however it is necessary to reduce the beam
current so as to maintain a constant power and hence the number of electron-hole

pairs across sampling region. This is often referred to by the approximation

[n]eh X IB : Eb (37)

By probing deeper into the sample, it is possible to give insight into the nature of the
electronic structure of the bulk as a direct comparison to that of the surface. The
maximum depth from which data can be obtained is limited by the instrumental
parameters and the material under investigation as per Equation 3.4, as well as the
influence of self absorption of the emitted light at depths within the crystal. The
self absorption effect can be observed in Figure 3.9, where the intensity of the NBE
emission increases in a near-linear fashion up to 15 kV accelerating voltage (or a
depth of approximately 0.7pm), at which point the CL response begins to level off.
Conversely, the DL emission continues to increase relatively linearly regardless of

accelerating voltage, and thus penetration depth.

3.2.1.3 Power density cathodoluminescence

Power density measurements maintain a constant penetration depth and vary the
beam power. By increasing the beam current, a greater number of electron-hole
pairs are generated as per Equation 3.7, and it is possible to draw conclusions about
the nature and origin of the observed CL. Typical deep level transitions have a
relaxation time of the order of us to ms, while exciton or band to band transitions

are of the order of ps to ns.

By plotting the log of CL intensity versus the log of beam current, it is expected that
the different emission peaks will show linear relationships owing to the relationship
Iy o< If' or log(I) o< mlog(Iy) [137. 138]. The slope of the linear fit applicable

to each of the emissions is able to give indications as to the recombination rates.
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Ficure 3.9: Example of depth resolved CL of a ZnO crystal. There is a mini-
mum excitation depth required prior to generation of light as a result of a 'dead
layer’ present near the surface of the crystal. This dead layer is typically due to
physical defects introduced during the polishing process. Electron beam power
was maintained at 10 pgw, magnication at 8,000x.

For fast recombinations, such as direct band-to-band emission, the value for m is
expected to be >1 [139], while defect related recombinations tend to have m<1
[85, 140]. Figure 3.10 shows the difference between the UV and green emissions
observed in ZnO crystals. Both slopes show a linear response on a log-log scale,
with the NBE emission having a greater slope or m value. This indicates that the
UV luminescence is due to transitions with fast relaxation times, such as excitonic or
band to band, while the green is due to slower transitions such as deep level defects,
agreeing with the assignments of the near band-edge (NBE) to the UV and deep

level emission (DLE) to the green emissions.

Furthermore, if the incident electron beam power is producing e-h pairs faster than
the recombination rate, the emission channel may show saturation effects, exhibiting
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FiGURE 3.10: Power density CL of ZnO crystal at room temperature. Accelerat-
ing voltage = 30 kV. The difference in slope between the NBE and DLE emission
is indicative of the rate of relaxation

a non-linear response at greater currents.

3.2.2 Photoluminescence

In photoluminescence (PL), instead of using electrons as the excitation source a
high intensity laser is used. The photons from the laser will excite electrons from
the valence to the conduction band, forming holes for later recombination. Once
again, following recombination, any emitted photons are then guided through a

monochromator via a series of lenses and collected by a photomultiplier tube.

60



Chapter 3. Fxzperimental techniques

3.2.3 Monte Carlo simulation

The penetration depth of an electron, and thus the resulting electron-hole pair gen-
eration, is a function of several variables as previously mentioned in Equation 3.4.
This is only an approximation of maximum electron penetration depth however, and
it is often useful to consider the overall interaction volume of the electrons within the
material. One method that can be employed to determine the interaction volume
in a solid is the Monte Carlo simulation code CASINO (monte CArlo SImulation
of electroN trajectory in sOlids) [141]. It is a single scattering Monte Carlo simula-
tion that has been specifically developed for low energy electron beam interactions
(0.1 to 30 KeV) and can generate a variety of signals commonly found during SEM
operation. By appropriately designing the simulation parameters, it is possible to

theoretically predict the signals that would be produced in a given sample.

CASINO is able to predict the interaction volume for both bulk and layered mate-
rials (in two dimensions), with typical results appearing as shown in Figure 3.11.
Furthermore, the software is also able to take carrier diffusion into account, changing
the interaction volume considerably at low accelerating voltages 2. For ZnO, with a
minority carrier diffusion length of 60 nm[142],this changes the interaction volume
from Figure 3.12(a) to Figures 3.12(c)-3.12(d). This change in the interaction vol-
ume is of considerable interest when investigating nanoscale material as the surface
to bulk ratio of the probed region can vary dramatically from the predicted values
depending on the accelerating voltages used. The inital electron injection and inter-
action volume (Figure 3.12(a)) shows the electron distribution as a teardrop, with
the majority (90%) of the energy being deposited within 16 nm of the surface. The
application of diffusion increases the 90% electron energy loss depths to between
30 and 35 nm for different surface recombination assumptions. The generally CL
generation depth is taken as the depth at which the energy loss has resulted in 75%

of the CL signal being generated.

2At higher voltages, the diffusion length of the carriers relative to the interaction volume di-
mensions becomes insignificant

61



Chapter 3. Ezperimental techniques

Zn0 Zn0
Sapphire
(a) Bulk ZnO (b) 500nm ZnO layer over Al,O, substrate
5k
,/’7 ™\
44 ,":.
£ i ZnO Film|
g j Bulk ZnO'
2 ; 3
8
£
o 2F
(@]
1
[} - i i i
[} 200 400 600 800 1000

Depth (nm)

(c) CL intensity as function of depth

FIGURE 3.11: CASINO simulated electron interaction for bulk and thin film ZnO.
Beam energy was fixed at 10 kV with 50,000 electrons simulated.

For experiments where information regarding approximate electron penetration depth
(and thus CL generation depth) in ZnO is required, the parameters found in Table
3.2 were utilised. The results of these simulations were used to generate the plot
in Figure 3.13, linking the accelerating voltage with an approximate CL generation

depth.

3.2.4 Synchrotron light techniques

In order to allow for core level interaction in atoms, high energy x-rays need to

be used. Synchrotron radiation provides x-rays several orders of magnitude greater
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FIGURE 3.12: An example of the impact of different carrier diffusion models on
the interaction volume in bulk ZnO. Beam energy was 1 kV. 500,000 electrons.
Each grey band represents a 10% drop in electron energy distribution.

TABLE 3.2: CASINO simulation parameters for depth approximations

Parameter Setting
Sample Zn0O substrate
Density 3.99838

Weight fraction
Accelerating Voltages
Number of simulated electrons
Beam radius
Total Cross Section
Partial Cross Section
Effective Section Ionization
Ionisation Potential
Random Number Generator
Directing Cosin
dE/dS Calculation

0.803397:0.196603
1-30 kV (1 kV stepsize)
50,000

I nm

Mott by Interpolation
Mott by Interpolation
Casnati

Joy & Luo [1989]
Press et al. [1986]
Soum et al. [1979]
Joy & Luo [1989]
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FIGURE 3.13: Accelerating voltage versus CL generation depth from Monte Carlo
simulations compared to the expected penetration depth of the incident electrons
from the Kanaya-Okayama equation. The KO range follows a power law relation-
ship, while the CL generation range is more complex. highlighting the necessity
of simulation to accurately interpret depth resolved CL.

than conventional sources (10°~% times greater), along with the ability to tune the
source. There are several techniques that can be utilised through the application of a
synchrotron light source (SLS). The use of high intensity photons - with wavelengths
ranging from the ultraviolet through to x-ray energies - induces a photoelectric
response in a sample. This results in the emission of photoelectrons that have

characteristics dependant on their original electronic states.

3.2.4.1 Angle resolved

Angle resolved photoemission spectroscopy (ARPES) is a synchrotron technique
that is one of the most direct methods to study the electronic structure of solid
surfaces. The SLS is directed at the sample at varying angles, inducing electron
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emission near the surface, typically within a few nanometres. The collected electron
return detailed information on the band structure and electron distribution within

the solid.

3.2.4.2 X-ray absorption near edge structure

X-ray absorption near edge structure (XANES) is an analysis technique that mea-
sures the absorption of x-rays as a function of their energy. The absorption coefficient
shows an oscillatory structure, extending over hundreds of electron volts beyond the
absorption edge. This oscillation - the x-ray absorption fine structure - arises due
to the wave-like photoelectrons. The part of the photoelectron scattering back from
neighbouring atoms interferes with the part of the photoelectron being emitted. In
the region where XANES is utilised, the elastic mean free path is long and the

electron scattering factor typically quite large.

3.2.5 X-ray diffraction

X-ray diffractometry (XRD) is a highly versatile, non-destructive analysis technique
that can be used for the qualitative and quantitative analysis of crystalline materials.
It has been used to determine the lattice constants and overall structure of bulk
solids, to identify unknown materials, and the investigate stress or strain in materials.
In this study a Siemenns D5000 X-ray diffractometer was used with a Cu-Ka x-ray

tube (A=1.54056A), operating in 6 — 26 mode.

As the atoms in a crystal are arranged periodically in a lattice, x-rays scattered
from a crystalline solid can constructively interfere, producing diffraction patterns.
In 1912, Bragg found what is now referred to as Bragg’s Law, linking the angle of

incidence to the planar spacing in the crystal,

nA = 2dsinf (3.8)

65



Chapter 3. Experimental techniques

10t

o2

103
1

Counts per second (CPS)
100

2n

it 1]

T
L.
-

24

FIGURE 3.14: Generated XRD plot of ZnO powder with diffraction peaks identi-
fied. The relative peak areas are indicative of the number of planes contributing
to each reflection. This diffractogram represents powdered ZnO with all planes
contributing to the plot.

where X is the wavelength of the incident x-ray beam (1.54056 A in this case), d is

the interplanar spacing, # is the incident angle of the beam, and n is an integer.

Through mathematical manipulation®, it is possible to correlate Bragg’s Law with
Miller indicies for an hexagonal system, and it is possible to identify peak positions
in a diffractogram such as Figure 3.14. By comparing diffractograms for different
samples, and observing variations in the # peak values obtained, it is possible to de-
termine changes in the lattice parameters within the crystal. These changes indicate

a change in the composition of the material as a result of a defect or doping.

3Refer to Appendix B
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Ficure 3.15: Simplified schematic showing the key components involved in UV-
Vis spectroscopy

3.2.6 Ultraviolet-visible spectroscopy

Ultraviolet-visible spectroscopy (UV-Vis) is a spectroscopic technique utilised to de-
termine absorbance and reflectance of a material in the UV and visible regions of
the spectrum. A spectrometer measures the intensity of light alternately passing
through and reflecting from a material and compares it to a reference material. In
this work, a single beam Perkin-Elmer UV-Vis spectrophotometer with an integrat-
ing sphere was used to determine the transmittance and reflectance of the various

samples. A schematic of the setup can be seen in Figure 3.15.

A white light source is passed through an Oriel Cornerstone 260 1/4 m monochro-
mater to produce a monochromated light beam. For transmittance measurements,
this beam is then passed through the sample into then integrating sphere with a
highly reflective interior, after which the transmitted light is eventually collected by a
photodiode. For reflectance measurements. the sample is located on the opposite side
of the sphere. The absorbance, reflectance and transmittance of a sample are linked

to each other as Absorbance(%) = 100% — Transmittance(%) — Reflectance(%).
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The optical absorption coefficient () can be calculated from the transmission spec-
tra using the relationship

1
a = —=In(T) (3.9)
d
where d is the thickness of the ZnO powder layer and T is the transmittance.

For direct band gap semiconductors, the optical band gap can then be evaluated
from the equation

(ahv)? = A(hv — E,) (3.10)
where A is a constant, hr the photon energy, and E, is the band gap [143].

The band gap energy of a material can be derived from a UV-Vis spectral plot of
(a(X)hv)? versus hv, where a()) is the wavelength dependant absorption coefficient
and hv is the photon energy [143]. If (ahv)? is plotted as a function of photon
energy hr, the energy gap can be estimated from the intercept of linear part of the

curve with the x-axis.

For indirect semiconductors, a plot of (ahl/)% against hr will also yield a linear
section that can be extrapolated to find the band gap.
Samples of ZnO powder were prepared in the following manner for UV-Vis investi-

gation.
e (.1 gram of powder was dispersed in ethanol

e The suspension was sonicated for 10 minute to break up any aggregates to
ensure a near uniform size distribution of particles

e 200 uL of the sonicated suspension was micropipetted onto a clean glass slide
2cmx 2 cm

e Surface tension kept the ethanol and powder solution on the surface of the
slide while the ethanol evaporated

e After complete evaporation, a thin semi-opaque layer of ZnO powder remained

adhered to the slide _ . . o
The ZnO slides were mounted against an integrating sphere for both transmission

and reflection measurements.
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Growth and characterisation of

Zn0O nanowires

4.1 A review on ZnO growth

Understanding the role of defects and their spatial distribution throughout a ZnO
nanowire is of critical importance when considering it as a potential material for use
in optoelectronic devices. Surface defects such as hydroxl groups have been shown
to impact the intensity of UV emission [144], while other defects (such as V, with

NO,) can affect charge transfer between adsorbed molecules and ZnO [145, 146].

Defects in ZnO can be influenced by growth mechanisms, growth conditions, impuri-
ties and irradiation effects induced by electron beam based characteristaion methods.
In this chapter the impact of growth conditions on the structural and optical prop-
erties of ZnO are presented. In addition, the importance of accurate analysis and

interpretation are discussed.

The different surface structures of ZnO exhibit anisotropic growth [147]. When
under thermodynamic equilibrium, facets with higher surface energies tend to have
smaller surface areas while the lower energy facets are preferentially larger. In
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Zn0, the highest growth rate can be found along the c-axis and the larger facets
are typically {0110} and {2110}. Consequently, it is possible to change the growth
behaviour of ZnO by controlling the growth conditions. Growth of ZnO using vapour

deposition methods can be affected by a variety of factors [121, 148-151], including

but not limited to:

Relative temperatures of the source and substrate,

Heating rate,

Gas flow rates,

Tube diameters,

and relative positioning of the source to substrate.

All of these factors can be varied easily in the growth process employed during this

work, allowing for a systematic investigation of the parameters.

The tips of ZnO nanorods grown through vapour phase methods have been found
to be dependant on the relative positioning of the source material to the substrate,
resulting in morphologies such as needles and “bottles” [121], tetrapods [152], rib-
bons, wires and needle-like rods [16] . The growth temperatures have been tenta-
tively identified as the likely cause for ZnO nanostructures varying from nanowires
to belts and sheets [148, 149]. Increasing the precursor flow rate and reducing the
source-substrate distance results in ZnO nanostructures with larger dimensions [153].
Temperatures significantly higher than the required 907°C for vapour-liquid-solid
(VLS) growth tend to result longer, thinner nanostructures with no clear faceting,
and Kumar et al. [149] have also reported secondary VS growth can be found as
a result of the increased growth temperatures growing from the initial VLS grown
structures, with substantially higher temperatures causing foamlike ZnO structures
form. Furthermore, the temperature has been shown to influence the crystallinity
of ZnO, with higher temperatures producing samples with XRD peaks indicating
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relaxation of tensile stress along the ¢ axis to a comparable value to that of bulk

ZnO [151].

In work performed by Kim et al. [154], the influence of temperature on the growth
of ZnO nanowires has been shown to drastically impact on the nature of the struc-
tures. The different morphologies - as evidenced in Figure 4.1(a) - show variation
from interconnected blobs at lower temperatures through to wires and near-isolated
particles as the temperature increases. Their work also found that the diameter
of the structures was dependant on the growth temperature, while the crystalline

structure and tip morphology were not noticably changed.

These results appear to contradict those of Kumar et al. - Figure 4.1(b) - who
instead found that wires form best at temperatures at or below 1000°C [149]. Above
this temperature, plate-like structures formed, similar to those observed at lower
temperatures for Kim et al.. Furthermore, they found evidence of secondary vapour-
solid (VS) growth on the produced nanostructures (dotted circle in Figure 4.1(b)
(d)). It should be noted that the mechanism of growth proposed by Kumar et al.
is that of a modified VS theory in which VLS growth occurs at the gold droplets,
which then act as nucleation sites for further VS growth, rather than the standard
VS growth observed by Kim et al. As both primary growth mechanisms are based
on VS, the variation between the two experimental findings could be due to further

variations not reported in the respective papers.

4.2 Effects of growth conditions on nanostructures
in relation to temperature and precursor vapour
composition

Several other factors determine the growth of ZnO nanostructures, and a number of

studies have been performed in an attempt to identify their influence on the grown
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(a) ZnO structures produced at (a) 900°C, (b) 950°C, (c¢) 1000°C, and 1050°C.
From [154]

b s osum— os §a 0

(b) ZnO structures produced at (a-b) 1000°C, (c-d) 1050°C, and (e-f) 1100°C.
Adapted from [149].

FIGURE 4.1: Comparison of ZnO structures produced at different temperatures
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structures [121, 148-151, 155]. For example, supersaturation of the gas-phase has
been proposed as the growth rate control, while the temperature at the point of
growth is suggested to be the primary morphological control. The temperature at
the growth location needs to be sufficiently below the temperature at the source to

allow for the precipitation of the solid ZnO.

This section shows the influence of several of the controllable parameters in vapour
phase ZnO growth in terms of the resulting nanostructure. The influence of varying
these parameters on the morphological and optical properties of ZnO nanostructures

will be demonstrated. These parameters include:

Choice of substrate

Carrier gas

Growth seeds

Growth time

Distance between source and substrates

4.2.1 Effect of substrate type on growth quality and orien-

tation

Controlling the growth orientation is important for many of the proposed appli-
cations of ZnO nanostructures. Through the application of conventional epitaxial
growth techniques using chemical vapour deposition (CVD) processes, precise orien-
tational control is possible owing to lattice matching between ZnO and the substrate.
This results in a reduction in strain, producing a higher probability of producing
aligned growth and reducing physical defects.

Zn0O nanowires and structures have a growth preferentially along the <0001> di-
rection. One strategy that is employed to grow vertically aligned structures is to

ensure a suitable substrate is chosen so as to form an epitaxial lattice match with
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FIGURE 4.2: Epitaxial relationship of ZnO on Al,O;. From [156].

Zn0O. As ZnO tends to form in the wurtzite phase with lattice parameters of a =
3.249 A and ¢ = 5.207 A, there are several substrates to choose from, as shown in
Table 4.1.
Sapphire is one such potential substrate choice for epitaxial ZnO growth. The ¢
surface of the sapphire is composed of alternating layers of three-fold symmetric
aluminium and six-fold symmetric oxygen atoms. Wurtzite ZnO has six-fold sym-
metry around the c-axis, meaning that the a-axis of ZnO relates to the c-axis of the
sapphire by almost exactly a factor of four with a lattice mismatch of less than 0.1%
at room temperature!. This can best be visualised through Figure 4.2. This means
that ZnO nanowires can grow epitaxially from the a-plane surface of sapphire, giving
rise to highly aligned growth. This can be seen in Figure 4.3(c), with the hexagonal
facets of ZnO clearly observable. In comparison, the more random ZnO orientation
grown on c-plane sapphire (Figure 4.3(b)) shows the importance of suitable epitaxial
matching.

ZnO crystals can also be used as substrates and would provide a perfect lattice
match to the nanowires; however there is difficulty in ensuring that the substrate

is not used as a reactant in the vapour transport process, and as such it tends to

Tt should be noted that the thermal expansion coefficients for sapphire and ZnO are differ-
ent, resulting in marginal perpendicular tensile and parallel compressive strain in ZnO. Thermal
expansion is disregarded in this work and only considered here for completeness.
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TABLE 4.1: Substrate lattice parameters

Lattice parameter [abiias smsmakih

A
5 3 to c-plane ZnO (%)
a-plane Al,O4 4.757 12.983 0.1 [157]
c-plane Al,O4 4.757 8.239* 18 or 31.8 [157]
Si <001> 5.430 - 40.1
Zn0O 3.249 5.207 0

*

value for m-parameter given

be used only in lower temperature growth methods or when regular nanostructured
growth is not desired.

Silicon wafers were used as the primary substrate in this work when optimising
growth parameters owing to their availabilty and the ease with which a clean sur-
face can be obtained. Furthermore, silicon offers an exceedingly flat surface along
the <001> face, and while the lattice mismatch is large, comparatively aligned
nanostructures are able to grow only once a thin ZnO layer has formed over the
surface of the silicon. It should be noted, however, that Si wafers rapidly oxidise
on exposure to air to form SiO,, an amorphous structure with a variety of possible

lattice parameters.

The crystalline quality of the samples produced can be difficult to quantify, as x-
ray diffractometry (XRD) studies will only show reflections from planes parallel to
the substrate. As such, the quality of the grown structures was qualified by the
uniformity of growth direction and alignment. As can be seen in Figure 4.3(a), the
growth of the ZnO nanonanostructures on Si are not significantly aligned, rather
they branch out irregularly from random points. The wires themselves show consid-
erable uniformity as they grow, which suggests that they are forming in a crystalline
manner. As the lattice mismatch with silicon (or silicon oxide/s) is great, the crys-
tallinity observed suggests the formation of a thin ZnO layer over the substrate.
This layer can act as a buffer, reducing the lattice mismatch and strain between the

growing structures and the substrate. Figure 4.3(b) shows the formation of more
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(a) Silicon oxide (b) Sapphire (c-plane)

(c) Sapphire (a-plane)

FiGure 4.3: Comparison of 3 potential substrate choices for nanostructural
growth. Scale bar represents 5um. Growth conditions other than substrate were
kept identical (1 hour growth, 950°C substrate, 10% OQ/Ar at 20 sccm)

aligned, hexagonally faceted structures, along with unwanted plate-like formations,
produced on c-plane sapphire. The structures do not, however, show the uniformity
observed as found on the silicon substrate, and it is possible to find regions of bare
substrate. This suggests that the ZnO layer found on the silicon does not tend to
form on c-plane sapphire. As a result of the lack of this layer, the crystalline struc-
tures formed on the substrate are subject to significant lattice strain owing to the

large lattice mismatch. The irregular plate-like structures that occur between the
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hexagonal growths appear to be seeded by the hexagonal growths themselves. The
structures grown on a-plane sapphire - Figure 4.3(c) - were produced in a highly
aligned manner, along with near uniformity in vertical dimensions. Furthermore,
the crystalline nature of the growth was found through XRD studies to be compara-
ble to that of ZnO single crystals grown by hydrothermal methods (see Figure 4.12

on page 91 for a diffractogram).

4.2.2 Carrier gas

A key component in the vapour transport growth technique is the relocation of re-
actant vapour from one temperature zone to another, or to the desired location of
growth. For zinc vapour produced through carbothermal reduction, as is the case
in this work, a suitable carrier gas is one that remains inert relative to the chemical
reactions, such as argon or nitrogen. Oxygen can also be a component of the carrier
gas to aid the oxidation of the Zn vapour at the growth location, typically at lower
concentrations relative to the nitrogen or argon. The rate at which the gas flows
governs the rate at which the zinc vapour can be carried throughout the furnace
tube, as well as influencing the growth locations of the nanostructures.

Flow rates and gas compositions were investigated during this work, ranging from 0
to 1,000 sccm and 0 to 100% respectively. Successful growth was found to be a factor
of two components relating to carrier gas; flow rate and gas composition, along with
tube pressure. Positive growth results were obtained with gas ratios (O,:Ar) below
1:1, flow rates below 100 sccm, and pressures from 10-200 Torr. Experiments con-
ducted outside of these ranges tended to show predominantly irreproducible nanos-
tructures. In order to perform a systematic study of the influence of carrier gas
conditions, the pressure and flow rate were set at 10 Torr and 30 sccm respectively?,

leaving gas composition as the variable of investigation.

2These parameter settings showed the greatest success rate
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In most of the experiments, oxygen was added to the carrier gas. While oxygen is
reactive with both the carbon and the Zn vapour present during the growth process,
it was added to facilitate the reformation of the ZnO solid material at the growth
sites. Typically, the addition of oxygen would necessitate an increase in the ratio
of carbon to zinc oxide powder at the source location so as to ensure a sufficient
ratio zinc oxide to carbon ratio when the temperature reaches the required level
for carbothermal reduction. It was also found that the timing of the introduction
of oxygen influenced the growth of the structures. A continuous flow of oxygen
from the start can impede the growth of the nanostructures by offering the Zn
vapour an opportunity to oxidise preemptively before reaching the gold droplet. By
delaying the introduction of the oxygen until reaching higher temperatures, and thus
producing enough Zn vapour to saturate the gold, a better quality of nanostructure
can be produced. Waiting until source temperatures reached 800°C (heating rate
approximately 0.75°C min~!) showed an improvement to the morphological quality

of the produced samples, as evidenced in Figure 4.4.

The significant variation in the morphology of the ZnO in relation to the addition
of oxygen has been previously observed in literature [158-160], and there are a
multitude of potential mechanisms used to explain these observations. Without the
presence of added oxygen, zinc oxide nucleation clusters have difficulty forming [159],
and for this experiment, it is likely that early introduction of oxygen gas preemptively
reacts with the graphite at lower temperatures. This reduces the available graphite
for the carbothermal reduction of the ZnO at higher temperatures, resulting in a
lower Zn vapour production when the carbothermal temperature is achieved. With a
lower ZnO vapour pressure, rather than forming isolated nucleation points and thus
aligned columnar structures, when a nucleation point occurs it will preferentially

absorb the Zn vapour, forming the less ordered structure observed in Figure 4.4(b).

In addition to morphological changes, the introduction of oxygen to the system has
been observed to vary the optical properties of the grown ZnQO. This is supported

by evidence suggesting that the green defect emission of ZnO is related to oxygen
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(a) No introduced oxygen (b) 15 sccm oxygen introduced at 30°C

(c) 15 scem oxygen flow introduced at 800°C

F1GURE 4.4: Comparison of gas flow conditions resulting in different qualities
of growth on sapphire substrates. Overall flow rate was maintained at 30 sccm
throughout growth with a balance of argon with all other parameters kept con-
stant. Scale bar represents 5 pm.

deficiencies; however this does not completely explain the nature of the emission.
The green defect present in ZnO and its oxygen influences will be examined in greater

detail in the sections that follow.
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(a) 6nm Au film (b) 30nm ZnO particles

F1GURE 4.5: Examples of ZnO structures grown using different seed layers under
identical growth conditions. Scale bars represent 50 pm and 100 respectively

4.2.3 Growth seeds

The VLS growth mechanism typically uses a thin gold film to form the catalyst for
the formation of the ZnO structures. It is possible, however, to utilise alternative
seeds that act in a similar manner - a vapour-solid-solid (VSS) mechanism. In this
method, the catalyst is a nanoparticle of ZnO that act as the preferential nucle-
ation site for the growth. As the particles are typically not directly adhered to the
substrate, this leads to a different growth appearance - spike balls - as shown in
Figure 4.5. The benefit of using the nanoparticles is the dispersion of the growth
locations, along with the uniformity of the grown structures. The gold film, however,
gives a greater coverage and also allows for the growth of highly aligned structures,
which is only possible if there is an epitaxial match with the substrate.

A slight shift in the emission properties of the different seed layer samples indicates
that the optical properties are influenced either by the nature of the interface be-
tween the growth seed and the resulting structure or by the impact of gold during
the early stages of structural development (see Figure 4.6)

ZnO nanostructures produced with the gold seed layer exhibits a considerably higher
overall CL intensity, while the VSS ZnO seeded sample shows a lower band edge to
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FIGURE 4.6: Comparison of CL spectra obtained from samples produced from
different seed layers.

Spectra obtained at 10 kV. 30 pm field of view. Spectra were normalised to the
DLE peak

deep level emission (Ixypg/Ipy) ratio, as evidenced in a representative normalised
spectra . There is also a minor shift in the energy of the near band-edge (NBE)

emission peak and change in the deep level (DL) line shape.

4.2.4 Growth time

One experimental parameter that is often used to control nanostructural growth is
the length of time under which reactions occur. Increasing the growth time from 5
minutes to 2 hours produces significantly different ZnO nanostructure morphology
(see Figures 4.7(c) and 4.7(a)). The longer growth time has produced an intricate

network of fibrous ZnO wires over a mosaic layer, while the shorter growth time
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yields only the lower layer. This lower layer has isolated islands of ZnO nanocrys-
tals populated with small regions showing some evidence of vertical growth. These
regions of vertical growth can then act as nucleation sites for the fibrous growth as
seen in Figure 4.7(c). The longer growth time allows for a greater volume of Zn
vapour to pass the growth region on the substrate surface, providing more material
for growth. A growth time of 5 minutes (Figure 4.7(a)) shows greater lateral rather
than vertical growth, indicative of the need to form a layer of ZnO prior to colum-
nar formation. This result suggests that a minimum time period is required before
growth occurs in the desired fashion. The growth would be expected to follow the
maximum vertical (c-axial) growth rate of ZnO nanowires estimated at 3 nm s~ as
reported previously [161]. However, the 2 hour growth time (Figure 4.7(c)) does not
produce wires ~21 um in length, indicating that there is a limiting factor involved.
The availability of the Zn vapour to the growth zone appears to be the likely cause
of the local growth rates, which will be demonstrated through results obtained in
Section 4.2.5. Source material examined after shorter growth times tends to remain
grey, with minimal loss of material, while longer runs show an almost complete loss
of source material, with the excess ZnO:C appearing as a fine orange powder. The
volume loss of the source material for runs greater than ~ 60 minutes appears sim-
ilar, suggesting that extending the growth period beyond this length of time will
not result in further growth. This observation is supported by results from sev-
eral other groups [162, 163] who have shown that the longer the growth conditions
remain favourable, the longer or larger the structures become. This work concurs
with the findings of [162, 163] and suggests that the exposure of grown substrates
to high temperatures for extended periods of time can give rise to fibrous ZnO -
carpets of fine fibres, interlinked into a dense mat, as demonstrated in Figure 4.7(c).
Furthermore, clearly identifiable stages of growth can be observed as a function of

growth time [164].

Reducing the time of the reaction conditions also yields information about the early

stages of ZnO growth - it would appear that prior to the strong columnar growth of
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(a) 5 minute growth time (b) 10 minute growth time (c) 2 hour growth time

FIGURE 4.7: Influence of length of growth time on the ZnO structures formed.
The islands observed in (a) can be seen to act as nucleation points (b) which then
extend to form the fibrous network in (c) if growth conditions remain favourable.
Scale bars represent 3um, 2um and 2um respectively.

aligned nanorods a mosaic wetting layer first forms [165]. These layers show limited
vertical but strong lateral growth, with multiple primitive nanorod structures visible
in each isolated “tile” of the mosaic (Figure 4.7(a)), as well as visible regions of the
substrate. These islands show considerably reduced vertical growth when compared

to samples produced under similar conditions with longer growth times.

4.2.5 Distance from source

Relative positioning of the source to the substrate has been found to have a major
effect on the resulting structure [148] and optical properties [161] of ZnO growth. By
controlling the growth parameters, substantial variations in the grown ZnO struc-
tures can occur across a single substrate - on the order of millimetres. In regions
nearest to the source material, vertical nanowires form with a uniform distribution of
diameters (Figure 4.8(a)), exhibiting clear hexagonal cross-sections. The morphol-
ogy of the wires is similar ZnO structures produced by chemical vapour deposition
in other works [165]. As distance from the source material increases, the ZnO does
not form the columns as readily, instead a mosaic layer of pedestal bases is pro-

duced, acting as anchors for future growth (Figure 4.8(b)). These pedestals become
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FIGURE 4.8: Relative positioning of growth relative to source from (a) nearest
source to (d) furtherest from source material. Scale bar represents 4 pym

more isolated further from the source until they form individual islands, (c¢) , and

eventually singular ZnO nanodots(d).

The CL spectra for growth types (a)-(c) is shown below in Figure 4.9. Growth type
(d) was not examined under CL as the interaction volume of the electron beam
was substantially greater than the size of the structures. Reducing the accelerating
voltage of the beam to account for this reduction in structure size resulted in a poor
cathodoluminescence (CL) signal to noise ratio. The spectra were obtained under
identical excitation conditions to allow for direct comparison. The intensity of the
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FIGURE 4.9: CL spectra for ZnO structures formed at a distance from the source
material as identified in Figure 4.8, with a) being closest to the source material
and c) being the furtherest. Spectra collected at 10 kV, 0.6 nA, 30 pm field of

view

green luminescence (or deep level (DL) luminescence), relative to the near band edge
intensity, becomes progressively more intense as distance from the source material
increases. The DL:NBE ratio was found to be 13.6, 14.6 and 15.8 for samples in

Figure 4.8(a)-(c) in Figure 4.9 respectively.

An increase in the green defect emission is often attributed to oxygen vacancies in
the ZnO structures. As the majority of the growth parameters are kept constant, the
variation in the emission characteristics and structural formation is proposed to be
due to variation in the vapour mixture along the substrate, following on from Song
et al. [155] and their studies on relative O, partial pressures during growth. Oxygen
is consumed rapidly in the growth zone by both Zn and C, and as such the oxygen
concentration is expected to decrease rapidly with distance from the source material.
The Zn vapour generated carbothermally, however, is continuously generated and
varies insignificantly throughout the growth zone.

The rapid decrease of oxygen availability and subsequent increase in the I :Iygg

ratio would indicate that oxygen deficiency is a component of the green defect band.
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FIGURE 4.10: ZnO structures formed at increasing distances from source material.
b). d), and f) are magnifications of a), c) and e) respectively. [148]

The structural findings are in contrast to the findings of Ye et al. [148]. In their
work, the aspect ratio of the structures was found to correlate to the distance from
the source material - as one increases so does the other. Their results produced a
variety of structures of a very different nature to the ones found in this work (refer
to Figure 4.10). While nanorods were produced in the region closest to the source in
this work, the structures rapidly degrade to multifaceted crystalline films, while Ye

et. al. have irregular columnar structures that change through several morphologies.
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It is suggested that the distance from the source material influences the structures
by impacting the gas-phase saturation and relative temperature of the substrate to
the source. The results obtained in this work would support this theory, however
the influence of the vapour phase saturation and minor variations in the substrate
temperature relative to the source on the resulting growth would appear to differ

from previous reports.

4.2.6 Summary of growth conditions on ZnO nanostructures

While the growth mechanism behind vapour phase growth of ZnO structures is still
not fully understood, it appers that there are several conditions that need to be met
to produce specific nanostructures. The controls that were investigated and their
influence on the structures formed, as summarised in Table 4.2 indicate a narrow

window of conditions to achieve succesful nanorod or nanowire growth.

The successful parameter values® are highlighted with a border. As can be seen
from the results, the successful “recipe” for preparation of ZnO nanorods would
be prepared on a-plane sapphire coated in a thing Au film, grown for 1 hour with
the substrate as close to the source material as possible and oxygen only being
introduced at temperatures approaching the critical temperature for carbothermal

reduction of ZnO.

3Success was defined as reproducibly yielding nanostructures approaching an ideal aligned
columnar nanorod array

87



Chapter 4. Growth and characterisation of ZnO nanowires

TABLE 4.2: Summary of growth conditions and resulting nanostructures

Substrate choice

Sapphire (c-plane) Sapphire (a-plane)
Oxygen introduction

g 1 e i ‘» : & s s i: A ‘«*
Not introduced Present throughout Introduced T>880°C
Growth seed

7 nm Au film 30 nm ZnO powder
Growth time

5 minutes 10 minutes 2 hours
Distance from source

—— > Increasing distance from source ——




Chapter 4. Growth and characterisation of ZnO nanowires

4.3 Relationship between structure and optical

properties

Understanding the role of defects and their spatial distribution throughout ZnO is
of critical importance when considering it as a potential material for use in optoelec-
tronic devices. Surface defects such as hydroxyl groups have been shown to impact
the performance of UV emission [144]. while other defects can inhibit charge transfer

between adsorbed molecules and ZnO [145].

The cathodoluminescent characteristics for ZnO can vary significantly depending
on the size of the nanostructure and the depth and shape of the electron beam
interaction volume. As this can occur in both pure and impure ZnO, these variations
have been attributed to the influence of intrinsic defects occurring within the sample.
The following section intends to explain the wide variation in the reported properties
of ZnO structures in literature as a result of potentially innacurate interpretation of

results.

4.3.1 Inhomogeneity in optical properties of ZnO structures

Highly aligned ZnO nanorods were grown on a-plane sapphire as described in Chap-
ter 3. Figure 4.11 shows that the rods grow perpendicular to the substrate with
strong hexagonal symmetry over a large surface area. The ZnO nanorods have di-
ameters between 100 and 800 nm and a height of approximately 5 ym. The hexag-
onal symmetry of the rods and degree of alignment are indicative of a high level of
crystallinity. This was verified through conventional # — 26 XRD, resulting in the
diffractogram in Figure 4.12. The diffractogram reveals only two strong peak inten-
sities at 20 = 34.42° and 72.57° assigned to the (0002) and (0004) reflections of ZnO,
which are both multiples of the [0001] preferential growth direction of ZnO. The

epitaxial growth exhibited is consistent with the in-plane orientation relationship
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FIGURE 4.11: Highly aligned ZnO rods grown on sapphire substrate showing
regular hexagonal faceting indicative of high crystallinity. Scale bar represents
4pm

observed between ZnO and a-plane sapphire [166] while the body of the nanorods
are bounded by six crystallographically equivalent {1010} facets. Further evidence
supporting the alignment of the nanorods can be found through a #-rocking curve
of the ZnO (0002) plane (Figure 4.13) which has a full width at half maximum
(FWHM) of only 1.3°. This narrow FWHM implies that the c-axes of the ZnO

nanorods are well aligned to the normal of the substrate.

The CL spectra obtained from ZnO nanorods display a NBE emission at 3.3 eV and
a broad DL defect related band centred at approximately 2.3 eV (Figure 4.14). The
CL exhibited by the vertically aligned nanorods is similar, however the Iypp:Ip
varies significantly with the location of the electron beam probe on the nanorod.
Under identical acquisition parameters (5 kV, 2 nA, 12,000 x magnification), the
intensity of the green emission at the nanorod tip is considerably less than the
green emission observable from the nanorod sidewalls. The NBE emission however
appears to be found distributed relatively uniformly throughout the structure, with
a slight anti-correlation to the green emission towards the sidewalls of the rods (see

Figure 4.17. The penetration depth of the electron beam at 5 kV is approximately
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FIGURE 4.12: XRD 6 — 26 plot of ZnO nanorods shown in Figure 4.11 confirming
the epitaxially matched growth to the sapphire substrate.
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FIGURE 4.13: Rocking curve of (0002) plane from ZnO nanorods grown on a-plane
sapphire. The narrow FWHM is indicative of a strongly crystalline material.
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FIGURE 4.14: CL spectra (normalised to the NBE emission peak intensity) ob-
tained from the tip and the sidewalls of grown ZnO nanorods at 5 kV, 2 nA at
300 K. The relative increase in the defect peak (centred at 2.2 eV) to the NBE
peak indicates a difference in the defect distribution across the nanorod diameter.

180+20 nm with a CASINO modelled CL generation depth of approximately 20 nm.

Reducing the electron beam accelerating voltage from 5 kV to 1 kV reduces the
intensity of both the NBE and the DL emissions as expected owing to the reduction
in electron-hole pair generation. However, the intensity ratio between the NBE
and DL changes significantly with the DL green peak now dominating the NBE.
Figure 4.15 shows the relative increase of the green emission to the NBE at the
lower accelerating voltage. This increase in the relative green emission at low CL
voltage operation (resulting in an effective CL excitation depth of ~10 nm at 1 kV)
supports the observation that green luminescence originates from the ZnO surface

[167. 168].

The different emission characteristics can be emphasised through monochromatic
CL imaging, as shown in Figure 4.16. The NBE emission is distributed uniformly
over the nanorod while the defect distribution displays a significant inhomogeneity
between the nanorod tip and sidewalls.

92



Chapter 4. Growth and characterisation of ZnO nanowires

CL intensity (arb. units)

2.0 215 3.0 3.5
Energy (eV)

FIGURE 4.15: CL spectra obtained from the sidewalls of ZnO nanorods at dif-
ferent accelerating voltages. The increase in the NBE emission at 5 kV indicates
the surface sensitivity of the CL emission - at 1 kV the penetration depth is less
than 10 nm, while at 5 kV the beam penetrates closer to 200 nm. This suggests
that the green emission is localised to the surface of the rods.

Spatially resolved cathodoluminescence spectra have been collected across single
ZnO nanostructures previously that show this effect conclusively [169, 170] with
the maximum DL emission intensity occuring at the sidewalls. A gray-scale line
map through the monochromatic CL scans results in a plot similar to Figure 4.17,
where the strong DL emission is observable inverse emission characteristic becomes

apparent at the edge of each rod.

It has been shown that the deep level emission in ZnO nanostructures have a de-
pendence on the surface crystal plane [171]. Emission in the green spectral region is
considerably stronger from the nonpolar surfaces than that of the polar. The non-
polar surfaces are electrically neutral, and as such have a low count of defects at the
surface, while the polar surfaces have surplus charge that needs to be compensated
to form a stable surface. As the nanorods shown in Figure 4.16 have grown along
the <0001> axis (as verified through XRD), the side surface of the rod is terminated

by a nonpolar crystal plane. The green emission is notably greater at across this
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FIGURE 4.16: Monochromatic images of ZnO nanorods showing localisation of
CL emission. Images were collected using a 10 nm band pass at 77 K. Scale bar
represents 4 pm.

surface, and this increase in emission has been attributed to the defects formed on

the surface during nonpolar surface stabilisation, such as oxygen vacancies.

Other possible explanations include surface band bending or competitive recombi-

nation mechanisms between the NBE and DL channels.

Band bending at the surface of ZnO will create an electron depletion layer of

width W:

2€zn0€0Ps

W=, |2
e*(Np[T])

(4.1)
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FIGURE 4.17: Monochromatic CL line scans of ZnO nanorods showing the inverse
relationship between the NBE and DL emissions

where €, is the relative dielectric constant of ZnO, ¢, is the permittivity of vacuum,
® is the height of potential barrier, e is the charge on an electron, and N [T] is

the temperature dependant activated donor concentration found from;

NFIT) = ——B (4.2

Ep-Ep

1 +2e ™7

% at room temperature, €, , = 8.7, and

If Np, is taken as appoximately 10 em -
® is 0.5 eV [172], the depletion layer width in ZnO is calculated to be approxi-
mately 69 nm. As shown in Figure 4.18, if the dimensions of a ZnO nanostructure
approach 2W then the structure will be fully depleted, with all V{§ centres being
converted to V& and V™ (4.18(a)), giving rise to emission from the singly and

doubly ionised oxygen vacancies. If the dimensions exceed 2W however, then a

depletion region can be expected to co-exist with a non-depletion region. In this

95



Chapter 4. Growth and characterisation of ZnO nanowires

Depletion region Depletion region Depletion region
p €g

O~
Oz
O~
Oz

(a) Fully depleted nanostructure (b) Partially depleted nanostruc- (¢) Nanostructure with a high
ture electron concentration

FIGURE 4.18: Diagrams of the energy band in ZnO nanostructures under three
different surface depletion region types.

(a) Full depletion has occured, leaving VJ and VS+ centres.

(b) Partial depletion - the VS+ centres can only be found in the depletion region
near the surface, while V(; and V can co-exist in the non-depletion region.

(¢) The high electron concentration has reduced the width of the surface depletion
region. Furthermore, the high carrier concentration raises the Fermi level higher
than the VS level, resulting in a complete filling of all the Vg centres. The VJ
centres can still be found in the non-depletion region.

case, different emission properties can be expected from different locations within
the structure. As the observed edge effect in the nanorods from Figure 4.16 are sig-
nificantly larger than the proposed depletion layer width (approximately an order of
magnitude greater), band bending effects cannot be solely employed to adequately

explain this localised variation in the optical emission.

The competitive nature of recombination could also offer an explanation for the
observed emission variation. As there are a finite number of electron-hole pairs being
recombining at any given time, preference is given to the most efficient recombination
channel. The introduction of alternative recombination pathways through defect

centres could explain the anti-correlation between the band edge and defect optical
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FIGURE 4.19: Schematic diagram of ARPES experiment. As the sample is tilted
the incidence angle of the synchrotron light source changes, varying a. At a=0°,
only the nanorod tips are probed, while as a increases the contributions from the
sidewalls increase.

emissions. This would still rely on the presence of a inhomogeneous distribution of

defect centres within the crystal however.

To investigate the defect distribution, angle resolved photoemission spectroscopy
(ARPES) experiments were conducted on highly aligned ZnO nanorods. As photoe-
mission spectroscopy (PES) is highly surface sensitive (within approximately 6 nm
of the surface) technique, it is possible to identify the relative localised defect con-
centrations between different locations. ARPES is typically used to investigate the
momentum of emitted electrons, however by varying the detection angle of the x-
rays over a nanorod array different facets can be examined and compared. As shown
in Figure 4.19, it is expected that any spectra obtained at normal incidence (« =
0°) will be dominated by the surface of the nanorod tip, while as « increases the

contribution to the electron signal from the sidewalls increases.

If the Ols PES spectra of the nanorods at different o values are compared, as
shown in Figure 4.20, it can be seen that the Ols line shape broadens on the higher
binding energy side as a increases. This spectra can be resolved by a Voigt fitting
distribution into two peaks - 529.9 eV and 531.3 eV - which have been attributed
to 0% jons surrounded by fully coordinated Zn atoms and O?  ions in oxygen

deficient ZnO respectively [173, 174]. It is clear from Figure 4.20 that the intensity
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FIGURE 4.20: Comparison of the O 1s XPS spectra of the nanorods acquired at
different photoelectron detection angles. The spectrum is broadened to the high-
binding-energy side as « is increased from 0° to 60°. (b)-(c) The O 1s spectra can
be resolved using a Voigt fitting into two peaks corresponding to two chemically
different environments.

of the non-stoichometric component increases with «, corresponding to an increase

in oxygen deficiency along the nanorod sidewalls.

4.3.2 Luminescent properties of individual wires and as-

grown ensembles

The optical and electronic properties of ZnO nanostructures grown through CVD
methods can be influenced by the substrate on which they are produced. The study

98



Chapter 4. Growth and characterisation of ZnO nanowires

FIGURE 4.21: As grown (left) and extracted ZnO nanowires (right). Wires were
extracted using ultrasonication and deposited onto clean Au coated silicon sub-

strates for analysis. Scale bars represent 20 and 10 pum respectively.

of individual structures is of interest as the behaviour of a single nanostructure can
vary substantially within a given sample. As the volume and depth of a CL probe can
exceed the size of a nanostructure, resulting in the probing of more than one wire,
rod or plate, for example, it is necessary to isolate individual wires for analysis.
This is done by sonication of the as-grown samples in ethanol for 10-20 minutes,
stripping the wires from the substrate. Nanowires were produced using the method
as discussed in Chapter 3 on a sapphire (1120) substrate. X-ray photoemission
spectroscopy (XPS) survey spectra of the as-grown nanowires showed only Zn and
O signals with no evidence of impurities. These wires were then stripped through
ultrasonication and drop cast onto a clean, gold coated silicon substrate. The as-
grown wires produced show a large aspect ratio along with hexagonally faceted tips,
with typical heights of 2-6 um and diameters of 50-120 nm. The majority of the
grown wires were aligned vertically to the substrate prior to removal, indicative
of lattice matching and strong c-axial growth, but there were some wires growing

irregularly, possibly indicative of secondary growth seeded off an existing wire.

As can be seen in Figure 4.21, attempting to isolate an individual wire from the as-
grown sample to analyse using CL would require the wire to be seperated from its
neighbours by a significantly greater distance. However, by extracting and isolating
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FIGURE 4.22: CL spectra of as-grown and extracted ZnO nanowires showing the
absence of green emission for extracted wires along with a shift in the NBE peak

intensity

the wires, the probe diameter becomes negligible when considering the separation
of the wires following extraction.

Furthermore, by varying the concentration of the drop casted suspension, isolated
nanowires can be separated from the mosaic layer found at the base of nanostructure

growth. This allows for direct observations regarding the emission nature of these

nanostructures.

Comparison of the CL from the as-grown to extracted wires show a considerable
change in the optical properties (Figure 4.22)

There is a redshift in the peak of the NBE luminescence in the as-grown sample of
0.03 eV with respect to the extracted nanowires. This could be due to the presence
of tensile strain within the mosaic film, which is highly polycrystalline in nature and
contains a significant level of defects as evidenced by the intense observable green
emission band. Conversely, the absence of the green emission in the individual
nanowires suggests that they have a significantly lower level of defect concentration.

These wires do not exhibit an ring or edge luminescence effects as observed in Section
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4.3.1, suggesting that band-bending effects are not the dominant cause of green

emission near the surface of ZnO nanostructures.

Verification of the origin of the green emission - and its absence in the extracted
wires - in the CL was further investigated by reducing the excitation current by
two orders of magnitude. The relative intensity of the green region to the NBE
remained negligible, indicating that there are no deep-level emissions in the extracted
nanowires as a decrease in excitation current would produce a signal if such levels
were present. From this, it is possible to conclude that the green emission in this
work originates predominantly from the mosaic layer, with the nanowires providing

little to no defect emissions.

4.4 Conclusions

The growth of ZnO nanostructures is extremely sensitive to the experimental condi-
tions, and preparing identical samples to a high degree of accuracy requires absolute
control over the growth parameters. Minor variation in the growth conditions can
have a major effect on the morphological and optical properties of the produced
nanostructures.

The growth parameters investigated in this work included growth time, substrate
choice, distance from source, carrier gas and seed layers. Of these, the critical con-
ditions were the carrier gas and the relative position of the substrate to the source
which are the key methods of controlling the Zn vapour, and growth temperatures

respectively.

The optical properties of ZnO structures are dependant on the growth conditions,
indicating that there is a relationship between the green defect emission band and
the relative oxygen concentration during the growth process, as well as the nature
of the seed utilised.

Discrepancies in observations made about the emission properties of ZnO could
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be due to the variation in the methods of analysis. If depth is not taken into
consideration when performing CL probing, it is highly likely that any data obtained
is contaminated with data from a polycrystalline mosaic layer, not just the observed
nanostructures.

To maximise reproducibility of growth, the ideal conditions would be under a VLS
growth mechanism from an annealed gold film layer, with a carbothermal reduction

of ZnO powder under an argon/oxygen gas at low pressures.
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Luminescence properties of

plasma-treated ZnO

5.1 A comprehensive review of plasma treated ZnO

The luminescence efficiency of a semiconductor can be substantially affected by sur-
face and bulk defects. Acting as competing recombination channels or non-radiative
centres, defects are often undesirable in semiconductor materials destined for opto-
electronic device applications. Defects can also prevent the development of suitably
doped materials. In the case of ZnO, it is proposed that intrinsic defects are the
primary cause of the n-type conductivity observed almost universally across all sam-
ples. A critical question often raised relates to the nature of dominant defects acting
as donors. Possible defects include residual halogen impurities or Group V elements
such as nitrogen in a substitutional role [175] through to intrinsic point defects such

as Zn; and Vg [7].

One method that can be used to investigate the role of defects in ZnO is plasma
treatment. This introduces foreign gas dopants to the ZnO crystals, and by com-

paring the optical properties from samples subjected to different plasma conditions
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it is possible to identify the nature of the defects resulting in the different optical

emissions.

Plasma processing can functionalise semiconductor surfaces in a variety of ways to
increase device performance and stability. One objective of plasma treatment is to
remove contamination at the surface of a material by bombarding the area with reac-
tive species, such as the case with a plasma scrubbing system utilised to break down
carbon based contaminants into gases such as CO, H,O, CO,, O, and H,, which
can then be removed via vaccuum. Plasma treatment under high radio frequency
plasma (RF plasma) conditions can also etch the sample, causing physical modifi-
cation to the surface. If plasma is being utilised to introduce or remove defects in a
sample it is necessary to enhance the efficiency of the modification while minimising
the physical impact of the plasma on the surface - structural defects can appear
similar to chemically related defects and would thus not contribute significantly to

the understanding of intrinsic behaviour.

For ZnO, there are several plasma treatments that could potentially modify the
stoichiometric ratios in the material. For the purposes of this work, three were
chosen for extended investigation - Hy, O,, and N,. Hydrogen, oxygen and nitrogen
gases are utilised to generate the plasma environment in this experiment. Hydrogen
plasma is expected to cause the incorporation of hydrogen ions into the ZnO lattice to
act as donors while passivating deep level defects [176]. Oxygen plasma treatment
is expected to neutralise V, sites in the crystal, reducing the number of defects.

Nitrogen was used to investigate the possibility of introducing N, into ZnO [75, 76].

Each of the plasma treatments will impact the samples differently. As hydrogen
behaves as a shallow donor in ZnO [177], rather than acting amphoterically as it does
in most semiconductors, this donor-like behaviour of hydrogen in ZnO is considered
one of the major hurdles in overcoming the intrinsic n-type nature of the material.

Consequently, it is necessary to investigate the incorporation of hydrogen into ZnO so
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as to achieve p-type conductivity. Hydrogen has also been shown to kill competitive

deep level recombination channels, markedly decreasing green luminescence.

As V, is one of the possible defects responsible for the green luminescence, oxygen
plasma treatment is expected to reduce V, near the surface of ZnO. The introduction
of oxygen to oxygen deficient ZnO is expected to fill V, and reduce the visible

luminescence recombination channel, if the V is the origin of the emission.

Nitrogen has been proposed as a shallow acceptor in ZnO [75], but only when acting
as a N point defect - (N,) (a nitrogen molecule found at an oxygen site in the
lattice) has been shown to act as a double-shallow donor [76]. If the behaviour of
the N, plasma treated ZnO shows the introduction of a stable shallow acceptor, this

would suggest the possibility of developing p-type ZnQO.

First principle calculations have indicated that hydrogen could be the cause of the
naturally n-type doping [178] by acting as a donor. Electrical investigations typically
report two shallow donors occurring at 30-40 meV and 60-71 meV [179, 180], while
low temperature photoluminescence (PL) findings also indicate two shallow defects

at 45-47 meV and 53-56 meV [61, 181].

Density functional theory (DFT) based first-principles calculations have shown that
shallow donors formed by native defects in ZnO have a relatively high formation
energy [51]. Furthermore, DFT theory shows that the only stable charge state of

hydrogen in ZnO is as an interstitial non-amphoteric hydrogen donor (H™) [178].

The location of this interstial hydrogen has been proposed to occur in one of two
locations - either anti-bonded to an oxygen atom or bond-centred between a zinc
and oxygen atom. Figure 5.1 shows the possible lattice locations for interstitial
hydrogen in ZnO investigated through computational analysis. Van de Walle [178]
found that the thermodynamically favourable position for hydrogen in ZnO is at the
bond-centred perpendicular location (BC | in the figure), and showed that the host

atoms of the lattice will relax to accommodate the hydrogen. Experimental work,
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FIGURE 5.1: Schematic of interstitial hydrogen in ZnO. a) shows the possible
locations for hydrogen with BC and AB indicating bond-centred and anti-bonded
sites respectively, while b) shows the relaxed atomic positions for the host atoms
with hydrogen in the BC | configuration. Figure adapted from Van de Walle [17§]

~

however, has indicated that the work from Van de Walle [178] may not necessarily
be true in all samples. Using infrared spectroscopy, McCluskey et al. [182] concluded
that hydrogen was being incorporated in an anti-bonding configuration at 110° to
the c-axis (AB, | ), while Lavrov et al. [183] shows multiple hydrogen bonds existing
at BC| (bound to an impurity), AB, , and a similar result to McCluskey et al. [182]

with AB, | at approximately 100°.

As hydrogen is present during growth and processing of ZnO in most situations, the
grown samples are exposed to the impurity in almost all preparation methods. Hy-
drogen is also a fast diffusing species (mobility of approximately 8 x10™%em?V ~'S 1)
in ZnO [180, 184], thus the understanding of the role of hydrogen in the luminescence
properties of ZnO is important for future optolectronic applications. Defects relat-
ing to O, and N, are also of considerable interest as optoelectronic devices would be

exposed to the gases during use. As such, in order to fabricate reproducible stable
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p-type ZnO the nature and origin of the intrinsic n-type conductivity first needs to

be established and the influence of common impurities needs to be investigated.

The aims of this work are to;

e Develop a suitable methodology for plasma treating ZnO crystals and powders
e Investigate the optical properties of processed ZnO samples

e Identify the defects associated with optical emissions for each ZnO sample

Three different ZnO samples were also used to investigate size, inherent stoichiome-
try and production method influences on intrinsic defects: single ZnO crystal, 20 nm

Zn0O powder and ZnO:Zn (zinc doped ZnO) powder.

5.2 Plasma experimental details

Three ZnO products were investigated in the course of this work, as summarised in

Table 5.1.

The ZnO single crystals were ultrasonically cleaned in successive washes of acetone,
ethanol and deionised water to remove any residual surface contamination before
being blow dried with high purity N, gas. These were then divided into approxi-
mately 2.5 x 2.5 mm squares with a diamond scribe and stored under vacuum until
plasma treatment occurred. The ZnO and ZnO:Zn powders were prepared in a sim-
ilar manner to that described in Section 3.2.6, whereby a suspension of the powder
was deposited across a cleaned silicon substrate. As the solvent evaporated, a thin
layer of powder was found to adhere to the surface allowing for ease of transport

and loading in the plasma chamber.

The plasma parameters were systematically investigated to determine a suitable
plasma treatment method by studying the effects of different treatment conditions
on the defect emissions in the ZnO:Zn phosphor. Hydrogen was chosen as the
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TABLE 5.1: ZnO samples utilised in plasma treatment experiments

Source Fabrication Known
Sample method impurity
levels (wt%)
Zn0O:Zn Phosphor # u
phosphor Technology,
England
ZnO powder Antaria Mechanochemical- < 1%
Limited processing
Mg: <0.0005
Al: <0.0030
Si:  ~0.0030
: , Ti: =0.0010
?ran)r 1smgle Iéi(zl)()ration Hydrothermal Cu: <0.0030
S pora Fe:  <0.0050
Ca: <0.0005
Ag: <0.0002

* Information not publicly available - trade secret

investigative plasma as it has been shown to readily modify the optical properties

of ZnO.

The ZnO:Zn phosphor samples were subjected to several plasma treatment condi-
tions as summarised in Table 5.2. Sample temperatures wer held at 200°C, and the
H, flow was kept constant across all samples. The hydrogen is typically expected to
act on the defects in ZnO in one of two ways; either passivating the green deep level
emission (DLE) resulting in enhancement of the near band-edge (NBE) [185, 186],

or as a reducing agent, inducing further V in the sample. Typical scans for each

TABLE 5.2: Summary of hydrogen plasma treatments for Zn doped ZnO

Sample Treatment time RF Power

Sample A 10 minutes N/A H, flowing but no plasma ignition
Sample B 10 minutes 15W

Sample C 20 minutes 15 W

Sample D 20 minutes 30 W
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of the samples can be found in Figure 5.2. Increasing the plasma treatment time
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F1GURE 5.2: CL Spectra obtained from plasma treated ZnO:Zn phosphors A-D
as described in Table 5.2. Accelerating voltage was held at 5 kV, current at 50
nA with a field of view of 120 pum

does not significantly influence the results, nor does increasing the RF power of the
plasma, as evidence by the similarity of the results obtained utilising the methods
for Sample B. As the results for Sample B are similar to those obtained from greater
time periods or higher RF powers, there was no need to perform longer or more
aggresive plasma treatments. Furthermore, by minimising the RF power and treat-
ment time, the likelihood of surface damage through physical etching of the ZnO
samples is reduced. The plasma operating parameters obtained for plasma treating
Zn0 in this manner are within the values reported in the literature, tending towards

the less destructive plasma conditions.

The ideal plasma chamber operating parameters were established as:

e Sample temperature 200°C

e (Gas flow rate 10 sccm
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e Plasma RF power 15 W forward bias

e Treatment time 10 minutes

The plasma chamber used in this work can be seen in Figure 5.3.

gas inlet to vacuum pump

biased plates sample

heating block

Ficure 5.3: Image (left) and schematic (right) of plasma chamber used to treat
Zn0 identifying key features

During the treatment, the gas flow rate and sample temperature were kept constant.
The reactant gas was leaked into the chamber through a mass flow controller, and
temperature and chamber pressure were controlled and monitored by a computer

running a custom LabView program.

As the temperature used throughout the plasma treatment process is maintained at
200°C or below, it is not expected that any intrinsic defects will form as the sample
remains well below the temperature required for introduction of further intrinsic

defects (see Table 2.2, noting that kyT ~ 0.041 eV at 200°C).

5.3 Plasma treatment of ZnO:Zn phosphor

The ZnO:Zn phosphor was subjected to the three plasma conditions - H,,0, and

N, plasmas. All conditions, other than gas, were kept constant throughout the
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plasma treatments. The cathodoluminescence (CL) emission for each of the plasma

treatments, as well as an untreated sample, can be seen in Figure 5.4.
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FiGURE 5.4: CL emissions from plasma treated ZnO:Zn. Accelerating voltage
was held at 15 kV, beam current at 0.4 nA

The defect component of the CL spectra were fitted with three gaussian peaks cen-
tred at 1.7 eV, 2.15 eV and 2.48 eV with constrained full width at half maximum
(FWHM) values (0.22-0.25 eV). These peaks have been chemically identified as cor-
responding to V;, [187], Li,, [88, 188] and V[56] respectively . As can be seen in
the figures, the contribution from red 1.7 eV peak is negligible throughout the range
of plasma treatments, while the 2.15 eV contribution varies only very slightly. The
majority of the signal (in excess of 90% of the total defect emission) comes from
the 2.48 eV V peak. The plasma treatment can change the ratio of the defect
luminescence to the band edge significantly, as shown in Table 5.3, where treatment
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TABLE 5.3: Fitted peak values for plasma treated ZnO:Zn phosphor

Relative intensity
(% total defect emission) N ‘

" N ; pproximate
Conditions V7 Li, Vo UV-Defect ratio
Untreated 0.18 5.07 94.75 0.3
Hydrogen 0.16 4.46 95.38 0.1
Oxygen 0.26 5.58 94.16 0.2
Nitrogen 0.08 2.72 97.20 0.4

under hydrogen plasma will enhance the defect emission, reducing the UV:Defect
ratio, while under nitrogen conditions the defect related emission will reduce slightly,
improving the UV:Defect ratio. Plasma treating under oxygen conditions shows no

significant variation in the relative peak intensities.

The ZnO:Zn phosphor is expected to contain a non-stoichiometric ratio of Zn to O,
so it is unsurprising to observe a significant number of V, present, as evidenced by
the domination of the defect peak by the 2.48 eV emission. The significant overall
reduction in the CL emission for the hydrogen treated sample, and the moderate
reduction in the nitrogen sample, indicate a passivation of the defect responsible
for the 2.48 eV peak, or the introduction of more efficient recombination channels
as a result of the foreign species incorporation. The observation that the nitrogen
changes both the defect and the band edge emission line shapes would suggest that
the nitrogen has incorporated as either N, or N, 4,and is acting as a shallow donor
to offer a bound-excitonic recombination channel. The reduction of the defect peak
as a result of hydrogen treatment agrees with literature, however this is ususally
accompanied by an subsequent enhancement of the near band edge emission, which
does not occur in this case. The lack of impact from the oxygen plasma on the
CL spectra indicates that the plasma species was either too reactive to adequately
replenish the missing oxygen atoms in the phosphor, or that the defect at 2.48 eV

is not affected by an introduction of oxygen atoms.
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5.4 Plasma treatment of ZnO powder

Similar results were obtained for ZnO powder under identical treatment conditions.
Two of the fitted gaussian peaks were the same as those from the ZnO:Zn phosphor,
however the 2.48 eV peak was found to be replaced by a 2.55-2.6 eV peak. This peak
has been identified as a V,, [187]. Fitted CL plots can be found in Figure 5.5 and

summarised in Table 5.4 As can be seen from both the figures and the table, the
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FIGURE 5.5: CL emissions from plasma treated ZnO powder. Accelerating voltage
was held at 15 kV, beam current at 0.4 nA. Insets show rescaled defect regions
for clarity.

CL line shape varies significantly depending on the nature of the plasma treatment.
Furthermore, as the UV is now the dominant feature of the CL spectrum, it is more

practical to use the UV:Defect ratio as a measure of variation between treatments.
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TABLE 5.4: Fitted peak values for plasma treated ZnO powder

Relative intensity
(% total defect emission) .
Conditions V7 Li,, Vg Approximate

UV:Defect ratio
Untreated  39.55 40.00 20.46 34

Hydrogen  23.43 19.49 57.08 90

Oxygen 31.25 47.94 20.81 174

Nitrogen 32.25 44.64 23.11 160

The plasma treatments all enhance the UV emission relative to the defect, with
oxygen and nitrogen having similar results. The point of significant interest is in
the hydrogen treated sample. The 2.55 eV peak is enhanced relative to the other
defect components when compared to the other two treatments and the untreated
samples. The oxygen and nitrogen also enhance the 2.15 eV peak slightly relative

to the untreated sample.

5.5 Plasma treatment of ZnO crystals

ZnO crystals were treated in the same manner with the results presented in Fig-
ure 5.6 and Table 5.5. The peaks were again fitted with 3 gaussians, however the
green peak was found to vary between 2.44 eV and 2.6 eV depending on the treat-
ment of the sample, indicating the presence of two different defects, namely the V

and V, , respectively.

TABLE 5.5: Fitted peak values for plasma treated ZnO crystal

Relative intensity
(% total defect emission) N .

i s % ) 2 ; pproximate
Conditions V,, Li, Vo Vg UV Defect ratio
Untreated 14.18 48.31 37.52 5
Hydrogen  30.55 62.09 7.36 9
Oxygen 14.03 48.42 37.58 3
Nitrogen 29.10 58.27 12.66 10
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FiGURE 5.6: Comparison of CL response for ZnO crystals subjected to different
plasma treatment methods. Collected at 15 kV, 0.4 nA, 8.000x. Insets show
rescaled defect regions for clarity.

The hydrogen sample shows a significant reduction in the green peak component of
the defect emission when compared to the untreated sample, while enhancing the
1.7 eV peak. The nitrogen treated sample exhibits similar behaviour to the hydrogen,

while the oxygen plasma treatment appears not to vary from the untreated sample.

One advantage of utilising a single crystal over the powder or phosphor in this experi-
ment is the ability to perform depth resolved CL investigations. From depth-resolved
cathodoluminescence (DCL), it is possible to calculate the penetration depth and

influence the plasma treatments have on ZnQO.
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Typical depth resolved plots of the crystal under different plasma conditions can be

seen in Figure 5.7.
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FI1GURE 5.7: Depth resolved plots for ZnO crystal subjected to different plasma
conditions. Each fitted curve was integrated to find the total CL intensity contri-
bution to the defect emission peak; the Red emission represents the 1.7 eV peak.
the Green the 2.4-2.6 eV peak and the Yellow is the 2.15 eV peak. Guide lines
have been added to aid the reader.

An interesting point to note is the observation of a non-ideal CL signal. There
is variation in the exciton density as higher accelerating voltages produce larger
interaction volumes, but given that a constant power is being used to excite the

crystal it is expected that an equal number of electron-hole pairs will be generated
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at each scan. In this ideal scenario, a horizontal line for the integrated intensity
is expected for each of the fitted curves, assuming a homogeneous distribution of
the defect centres responsible for the luminescence. The non-linearity observed in
the green emission for the untreated crystal in Figure 5.7 for voltages below 25 kV

suggests that there is substantial variation in the crystal quality near the surface.

As can be seen in the figures, plasma treatment, regardless of the plasma choice, sig-
nificantly alters the relative component intensities of the defect peak. The untreated
crystal exhibits a small dead layer near the surface approximately 100 nm for all
the peaks. After this dead layer, the non-linear increase in the yellow and green
defects suggest the presence of polishing related defects or surface charge effects
affecting the optical properties of the crystal up to 2 pm deep. The red emission
does not increase significantly, irrespective of the penetration depth of the electron
beam. The green emission initially increases rapidly before beginning to taper off
approximately 2 pm into the crystal. The yellow peak shows a near linear increase

with penetration depth after approximately 12 kV.

In comparison, the hydrogen plasma treated crystal shows a marked decrease in
the green emission. The green peak is significantly suppressed up to a depth of
approximately 2 pm, where it begins to increase again. The yellow peak has a
similar line shape to that of the untreated sample, however also shows a slight
suppression up to the 2 um depth, after which it increases linearly. Again, the red

peak showed little deviation from a linear fit.

The nitrogen plasma sample showed similar results to the hydrogen with the green
peak being markedly suppressed. The difference however is that after 800 nm the
green emission plateaus for approximately 1 pm, after which it resumes a linear
increase. The yellow peak intensity can be fitted with a linear guide line, as can the

red emission which shows no significant variation from the preceeding samples.

The oxygen sample is unique in that no dead layer is observed for any of the defect

peaks. Again the green is suppressed below the yellow emission, however it exhibits
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a near linear increase with greater penetration depth. The yellow emission has two
distinct rates of increase - slow up to approximately 700 nm and then a rapid linear
increase from there onwards. The red emission also shows a slight shift in rate of

increase after the 700 nm depth.

The variation between the rate of increase in each peak emission can be used to

confirm the identity of the governing defect centre that was previously assigned.

5.6 Summary of plasma results

5.6.1 ZnO:Zn phosphor

The key result observed from this sample is the prevalence of the strong 2.48 eV
peak. As the stoichiometric ratio is weighted in favour of Zn (the phosphor is of
the form Zn,ZnO, where x>0), the likely intrinsic defects are either V or Zn;.
Literature reports place these defects at approximately 2.4 and 1.7 eV respectively.
Given that there is no significant 1.7 eV peak in any of the ZnO:Zn phosphors,
it can be concluded that the contribution from the excess zinc in the phosphor is
forming V., point defects, which in turn are causing the massive green emission at
2.48 eV. The CL line shape does not notably vary between the plasma treatments,
suggesting that the excess zinc atoms, and thus excess V, defects, are not reduced
significantly by the comparitively low-level plasma modification. An interesting
point of note is the reduction in the intensity of the defect related emission for
the hydrogen treated sample in comparison to the two other plasma treatments.
Literature reports show that hydrogen will drastically reduce, if not eliminate, the
CL defect emission from ZnO samples, along with a significant enhancement of the
UV emission. In this sample, only the reduction of the green is observed. This would
indicate that while the hydrogen plasma is passivating a large number of otherwise

efficient recombination channels, the large Zn:O imbalance requires more passivation
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than mildly O deficient samples. Furthermore, hydrogen may not be able to act as
a shallow donor in Zn rich crystals, thus preventing the UV recombination channel
from becoming more preferable. The stability of the 2.15 eV contributions across the
untreated and treated samples indicate that the corresponding defect responsible for

the emission is not affected by the plasma treaments.

5.6.2 ZnO powder

In contrast to the 2.48 eV dominance in the ZnO:Zn results, the each of the three
fitted peaks makes a noticable contribution to the overall defect emission. The first
point of note is the relocation of the 2.48 eV peak to a 2.55-2.6 eV. This new loca-
tion corresponds to a V, rather than a V), suggesting that the defects observed
in the ZnO powder has a different chemical origin to that of the ZnO:Zn. For the
untreated sample, there is little contribution from the V, peak, with roughly equal
contributions from the 1.7 eV and 2.15 eV defects (1:2:2 approximate respective ra-
tios). Following H, plasma treatment, the relative contributions between the three
peaks is reversed (2:1:1 ratio), indicative of either passivation of the red and yellow
components, or an enhancement of an efficient recombination channel at 2.55 eV. As
hydrogen is the only plasma treated sample to show this effect, the enhancement of
the 2.55 eV peak must be related to the nature of the plasma itself. This would con-
tradict literature suggesting the formation of non-radiative hydrogen-zinc vacancy
complex centres following hydrogen plasma treatment. A further interesting point of
note is the relative enhancement of all the treated samples in terms of the UV:Defect
ratio. Hydrogen is typically noted for its immense relative enhancement of the UV
peak, however in this work the oxygen and nitrogen plasma samples have almost
twice the relative enhancement. This could be due to the unexpected increase in
the 2.55 eV peak for the hydrogen. The oxygen and nitrogen plasma treatments
show similar line shapes to the untreated powder, however the nitrogen does show

a slightly higher relative intensity in the 2.55 eV peak.
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5.6.3 ZnO crystal

The crystal results suggest that the oxygen plasma treatment will have no significant
effect on the overall CL defect emission when compared to the untreated sample. The
hydrogen and nitrogen plasmas both enhance the 2.15 eV peak while suppressing
the more green region of the defect emission. For the first time in this work, the
hydrogen has behaved close to as expected, reducing the overall green intensity while

enhancing the UV emission to a ratio similar to that of the nitrogen results.

The depth profiling achieved with the crystals also sheds light on the effectiveness
of the different plasma conditions. From the untreated crystal, it is clear that
the dominant peak throughout the crystal is the green x=2.4 eV peak, with the
yellow 2.15 eV peak contributing a similar component near the surface of the crystal,
where its rate of increase drops after approximately 400 nm penetration. The red

luminescence remains near constant, regardless of depth.

The introduction of the hydrogen plasma results in a dead layer of approximately
90 nm forming, and based on the variations in the rate of change of integrated
intensities, it is possible to conclude that the hydrogen was able to incorporate into
the ZnO to a depth of approximately 800 nm. This is in contrast to the oxygen
plasma which shows an estimated incorporation depth of 400 nm, again based on
the change in the line shapes obtained. The nitrogen plasma shows no obvious
incorporation depth value, however the reduction of the green emission - observed
in all three plasma treated samples - suggests that the nitrogen is altering the defects

involved in radiative recombination in some manner.

5.7 Conclusions

The variance between the defect observations obtained in this work highlight the

difficulties associated with presenting a single answer to defect identification within
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ZnO samples. As different samples can be produced by different processes and
subjected to different post-processing methods, variations in the defect structure

and impurities can be expected.

Across the plasma treated undoped ZnO samples, hydrogen has shown an enhance-
ment in the NBE relative to the defect peak. This is due to hydrogen acting as a
shallow donor in ZnO, as well as forming non-radiative complexes with deep level
defects. The expected enhancement for the ZnO:Zn phosphor is not observed. This
could be due to the hydrogen forming a H-Zn complex that acts as a NBE lumines-

cence killer.

The oxygen plasma treatments significantly enhanced the UV:Defect ratio for the
powder, further supporting the observation that the primary defect causing green
luminescence is an oxygen vacancy. For the crystal, there was no change in the
ratios of the relative peaks, and a slight reduction in the UV:Defect ratio. This
would indicate that the incorporation of an oxygen plasma into a bulk crystal is
not as effective as incorporation into a powder, owing to the size of the oxygen ion.
Interestingly, for the ZnO:Zn phosphor, there was no significant enhancement, which
suggests that the excess Zn imbalance could not be rectified by the incorporation
of oxygen through plasma treatment. In comparing the oxygen treated sample to
the reference, the minor variations between the two can be attributed to variations

between sample mounting and probing conditions.

The nitrogen plasma was the only treatment to show an overall UV:Defect ratio
enhancement in all three samples. Nitrogen (N ~) can act as an acceptor, forming
a donor-acceptor pair with V. This would produce another competitive recom-
bination channel, and could explain the appearance of a new peak near the NBE

emission observed in the crystal sample.

The assignment of the peaks as oxygen and zinc vacancies would appear to be valid
based on the results obtained in this work. The non-involvement of the 2.15 eV

peak is consistent with the assignment of an impurity - tentatively identified as Li -
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as none of the plasma treatments would be likely to form a complex or replace the
lithium under these treatment conditions. The suggestion that this peak could be
assigned to a hydroxyl group at the surface [189] is possible, however as the yellow
peak is observed in both the ZnO powder and crystal in my work and does not follow
the behaviour observed by defect-emissions involving hydroxyl groups, it is possible
to conclude that the hydroxyl emission origin does not apply to these samples. It is
possible to enhance the UV emission properties of both ZnO powders and crystals
using plasma treatment, however the ZnO:Zn phosphor shows minimal response to

low power plasma irradiation.



Chapter 6

Transition metal doping of ZnO

6.1 An overview of transition metal doped ZnO

The introduction of an impurity into a semiconducting material is one of the key
methods of controlling its properties, such as electrical conductivity. Bulk semicon-
ductors are routinely subjected to doping and in recent times it has become more
prevalent in nanoscale semiconductors as well. It has been found that the intro-
duction of transition metals to semiconductors can result in the creation of a new
class of materials commonly referred to as dilute magnetic semiconductors (DMSs).
In these semiconductors, exchange interactions between the electrons in the semi-
conducting band and the localized electrons at the magnetic impurities lead to a
number of interesting properties. Unfortunately, the initial DMSs were found to
have low Curie-temperatures, resulting in a lack of reproducibility in their mag-
netic properties and significant controversy over their origin. It was in 1986 when
Story et. al demonstrated that the ferromagnetic Curie temperature of Mn?* doped
Pb, . Sn Te could be controlled through carrier concentration [190]. Out of all the
transition metals (TMs), the Mn doping of ZnO is most favourable because Mn has

the highest possible magnetic moment [191] and also the first half of the d-band
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is full, creating a stable fully polarized state. Introducing Mn to binary semicon-
ductors has resulted in extensive research on the ternary II-VI based DMSs that
occur in the form Al Mn B“!. The ternary composition provides the possibility
of tuning the structural and electronic parameters of the semiconductor, enabling
band gap engineering [192]. In addition, the strong exchange interactions between
the sp band electrons and the d electrons associated with the Mn give rise to giant

Faraday rotation and magnetic field induced metal-insulator transitions [192].

A DMS based on ZnO would be of significant benefit owing to the widespread
potential applications in spintronic devices. Theoretical work focussing on Mn-ZnO
has also shown that it is theoretically possible to produce p-type ZnO with a T,

greater than 300K, but this is yet to be confirmed experimentally.

One aspect that remains uncertain is the mechanism behind the ferromagnetism
in doped wide band gap semiconductors. Moreover, the magnetisation obtained
experimentally 1s lower than that predicted theoretically for the majority of the

literature.

Dietl [193] has developed a theory which suggests that charge carriers are required
to mediate the magnetic coupling of manganese dopants in Mn; doped GaAs. If
there is an insufficient hole concentration in the magnetic semiconductor, it would
exhibit a low Curie temperature or paramagnetism. A higher hole concentration,
however (> 10?°cm ) would result in a Curie temperature between 100 and 200K

for GaAs, or above 300 K for ZnO and GaN.

As briefly mentioned before, the introduction of impurities does more than just

produce changes in the magnetic properties for ZnO.

Band gap manipulation of ZnO can be achieved through doping with a TM such
as cadmium or manganese, or alkaline metals such as beryllium or magnesium.
Band gaps have been reported at ranges from 3.04 eV (9.1 atomic% Cd) to 3.99 eV
(16.8 % Mg) [13].
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TABLE 6.1: Oxidation and charge states of Mn and Fe

Charge state  3d? 3d* 3d° 3d°

Acceptor Mn 't
Neutral Mn?t  Fe?t
Donor Mn3t  Fedt

Double donor Mn?*t  Felf

Incorporation of metals with a different atomic radius to Zn into the crystal can
also induce changes to the lattice parameters, and in some cases change ZnO from
hexagonal wurtzite to a cubic or zincblende crystallographic system. A TM can also
induce defects in ZnO as a result of the Zn lattice site substitution. Defects such as
Zn; and V, can be formed as a result of the lattice strain, or in an effort to charge
compensate for heterovalent dopants. These point defects can act as donors and are

often incorrectly identified as directly related to TM impurities.

Transition metal impurities in ZnO typically occupy the Zn site and behave as
donors. The possible oxidation and charge states of the two transition metals of
interest in this work can be found in Table 6.1. The acceptor levels of Mn and Fe
are found above the valence band edge in ZnO and thus do not contribute to p-
type conductivity but can act as deep donors in optical transitions. Mn is typically
considered the likely cause of deep electron traps in ZnO [194, 195], but also acts as
a donor in its 3+ state. Typically, incorporation of TMs are accepted as existing in

their 24 /3+ state, acting as neutral impurities and donors [196].

This chapter examines TM doped ZnO, specifically the effects of doping on the

optical and structural properties of the host material.
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6.2 Manganese doped ZnO

Studies have recently shown that the incorporation of Mn into ZnO offers a possible
route to produce p-type ZnO [197], along with the potential to realise a multifunc-
tional material with interesting semiconducting and optical properties, resulting in
devices such as UV detectors and light emitters. Furthermore, it has been shown
that Mn-doped ZnO could act as a DMS with a transition temperature (T,) greater
than 300 K [193, 198], which is a vital property for the production of various room
temperature electromagnetic devices. Mn*" has the highest solubility of any transi-
tion metal in bulk ZnO, and reaches approximately 25% at 800° [199], with reports
of levels up to 35% through the use of nonequilibrium pulsed laser deposition film

growth processes [200].

6.2.1 Manganese doped ZnO crystal

Mn impurities can be introduced into ZnO crystals in a variety of methods, either
during growth or as a post growth treatment. Successful incorporation of Mn into
Zn0O has been achieved during growth through pulsed laser deposition , hydrother-
mal [201], electron spin resonance, or vapour phase transport methods [202]. Post
growth treatments include ion implantation and the method chosen for this work -
in-diffusion. ZnO nanorods have been successfully doped with TMs through ther-
mal diffusion, and the results show that the TM ions incorporate into the ZnO host
lattice sites [132]. In-diffusion has been selected for this work as it offers highly re-
producible experimental conditions, and the doping concentration can be adjusted

easily by altering the length of time of diffusion and thickness of the TM thin film.

Samples were prepared using the method in Section 3.1.4.1 for diffusion times be-
tween 0 and 40 hours. Verification of the diffusion of the TM into the crystal was

obtained using EDX as shown in Figure 6.1. The EDX results show no detectable
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FIGURE 6.1: EDX plot of pre- and post- annealed Mn-coated ZnO along with
as received ZnO and label markers. Inset shows annealing the Mn coated ZnO
causes the Ka peak associated with Mn to disappear. Carbon impurities occurred
during preparation but were reduced during annealing.

residual Mn on the surface of the ZnO crystal following annealing as the Mn K,

peak is no longer visible.

Previous studies have shown the incorporation of Fe into ZnO crystals without the
formation of metallic clusters [131], and it is expected that Mn will substitutionally
replace Zn atoms in the lattice in a similar manner. As the cathodoluminescence
(CL) signals generated across the surface of the annealed crystals is uniform, this
supports the hypothesis that Mn clustering does not occur during this doping pro-

Cess.

A similar annealing treatment was used to produce ZnO crystals without Mn in-

diffused to act as a reference for the different annealing times.
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FIGURE 6.2: CL spectra of Mn doped ZnO single crystals annealed for 0, 20 and
40 hours. Spectra obtained at 30 kV accelerating voltage., 15 nA beam current,
30 pm field of view

6.2.1.1 Analysis of Manganese in-diffused ZnO

Manganese in-diffused Zn0O was examined using CL techniques, namely depth-
resolved cathodoluminescence (DCL) and power-density resolved cathodolumines-
cence (PDCL) (for further details see Sections 3.2.1.2 and 3.2.1.3 respectively), which
show that the incorporation of Mn into the crystal changed the luminescence prop-
erties when compared to that of the reference annealed ZnO crystal. The room
temperature CL comparison spectra of the different annealing times can be seen in
Figure 6.2. It can be seen that annealing of the coated ZnO crystal initially results
in a significant quenching of the CL emission in both the near band-edge (NBE)
and deep level (DL) regions, supporting the suggestion that Mn acts as an effec-
tive luminescence killer [203-205] by providing an alternative recombination path
through the formation of a complex with intrinsic non-radiative centres. At higher
concentrations, Mn also has been shown to strongly quench band-edge luminescence

in ZnO [206, 207].

It should be noted, however, as CL does not provide an absolute value for the Mn
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TABLE 6.2: Integrated areas of the NBE and deep level peaks for Mn doped ZnO
at different annealing times. 30 kV accelerating voltage, 3.3 nA beam current

Annealing NBE integrated DL integrated , .
time (hours) area (a.u.) area (a.u.) IpL
0 Uncoated 2,500 29,000 0.085
20 Uncoated 68,000 204,000 0.332

Coated 20,000 13,000 1.582
A0 Uncoated 1,100 32,000 0.035

Coated 53,000 42,000 1.252

concentration from the emission intensities obtained, it is only possible to produce

qualitative rather than quantitative observations between the samples.

To compare the relative intensities of the NBE to the DL emission, the area under
each peak is integrated, with the resolvable peaks defined as 1.8 to 3.0 eV for the
DL and 3.0 to 3.5 eV for the NBE. The broad DL peak is composed of several
components, namely the 2.5 eV green and 2.2 eV yellow peaks, and occasionally the
1.75 eV orange-red peak. These peaks are normally assigned to Vi, Liz, and Vg,
respectively. The integrated intensities of components for the different samples can
be seen in Table 6.2 The results shown in Table 6.2 indicate that the coating of Mn on
Zn0 significantly enhances the NBE:DL intensity ratio for emissions from deep traps
within the crystal. Results from near the surface of the crystal serve to illustrate the
influence of Mn on ZnO emission. While there is some enhancement of the ratio due
to annealing out of structural defects (as evidenced in the emission improvement from
that of the uncoated crystals), there is significant change in the near-surface emission
as a result of Mn incorporation. Table 6.3 shows that Mn diffusion into the crystal
for 20 hours will quench both the NBE and DL emission, but the DL is reduced by a
far greater level. The initial relative increase in the Iygg:Ipy ratio can be attributed
to the increase in the incorporation of the Mn ions into the ZnO crystal as a function
of annealing time, prior to acting as a luminescence killer when its concentration
exceeds a critical level. This is best visualised through Figure 6.3, showing the

reduction in defect emission (and thus increase in the NBE:DL ratio) following 20
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FIGURE 6.3: Relative intensity ratios of NBE and DL for Mn coated and uncoated
ZnO crystals as a function of annealing time

TABLE 6.3: Integrated areas of the NBE and deep level peaks for Mn doped ZnO
at different annealing times. 10 kV accelerating voltage. 10 nA beam current

Annealing NBE integrated DL integrated InpE
time (hours) area (a.u.) area (a.u.) IpL
0 Uncoated 6,700 7,200 0.915
20 Uncoated 64,000 55.000 1.161
Coated 27,000 2,600 10.105
40 Uncoated 5,500 7,300  0.757
Coated 21,000 9,600  2.202

hours annealing for the uncoated sample. Both the coated and the uncoated samples
show a reduction in the ratio following further annealing, suggesting that different
defects are being produced through extended thermal treatment. The significant
reduction in the NBE:DL ratio observed in the 10 kV coated sample suggests that
the Mn diffusion through the crystal had not reached deep enough into the crystal
to act as a luminsecence quencher. This is supported in the observation of the

subsequent decrease in the ratio obtained following further annealing.
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6.2.2 Manganese doped nanoparticles

Doped ZnO powders were produced via wet chemistry methods (provided by Dr.
Takuya Tsuzuki, Centre for Material and Fibre Innovation, Deakin University, Vic-
toria) with nominal Mn atomic percentages ranging from 0 to 3 atomic %. The
powders consisted of 100-200 nm aggregates of the primary particles and exhibited

a visible change in colour from white to beige with increasing Mn concentration.
The synthesis of the undoped ZnO particles was conducted via:
Zn(CH,;COO), - 2H,0 + Na,CO; — ZnCO; + 2Na(CH;COO)

The sodium carbonate was added to hydrated zinc acetate to form a white precipi-
tate. These were extrated from the supernatant using a centrifuge and washed with
deionised water. The precipitates were then air dried at 60°C before heat treat-
ment at 350°C for one hour. This reduces the zinc carbonate to ZnO with the CO,
dispersing to the atmosphere. Mn-doped ZnO particles were prepared in a similar
manner, adding up to 3 mol% of Mn(CH;C0O0O),-4 H,O to the zinc acetate prior to

addition of the sodium carbonate.

6.2.2.1 XANES analysis

To confirm the presence of incorporated Mn in the ZnO powders, x-ray absorption

near edge structure (XANES) was performed, specifically looking at the Mn L edge.

As can be seen in Figure 6.4, the Mn L edge is observable in the doped powders.
Furthermore, the coordination state of the Mn in doped ZnO powders prepared
using the sol-gel process described previously is confirmed as exclusively Mn?*.

This supports Mn acting as an isovalent substitution at a Zn site.
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FIGURE 6.4: XANES spectra for Mn doped ZnO powder as compared to reference
Mn compounds

6.2.2.2 X-ray diffraction

The powders were examined using x-ray diffractometry (XRD) operating in 6 — 26
mode. The XRD scans showed peaks only relating to Zn0O, indicating that the Mn
doping had resulted in Mn incorporation into the ZnO particles. A typical XRD
pattern can be seen in Figure 6.5. The broadening in the peaks, as well as the
shift in the peak location, indicates the possible presence of lattice strain to to this

incorporation of the Mn ions into the ZnO lattice, or a variation in the particle size.

The lattice parameters for the powders were calculated using Bragg’s Law for a
hexagonal structure (see Appendix B). Literature reports suggest that the incorpo-
ration of Mn into the ZnO lattice will result in an increase in both a and ¢ lattice
parameters [208, 209], as the ionic radius of Mn** (0.66A) is larger than that of
Zn** (0.60A).
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F1GURE 6.5: XRD pattern for Mn doped ZnO of different atomic concentrations
of Mn. Peak shifts of 0.060° and 0.057° for the (002) and (101) peaks can be seen.

The lattice parameters (found in Table 6.4 and shown in Figure 6.6) initially show
that there is no clear pattern between nominal atomic concentration of Mn and
the change in the lattice constants. It should be noted that the samples were pre-
pared in two batches - (0,1,2%) and (0.25, 0.50, 3%). If the Mn is incorporated
slightly differently dependant on the synthesis conditions, then it is possible that
comparison between batches produced under different conditions is not feasible. If
the assumption is made that the incorporation of the Mn into the ZnO occurs differ-
ently depending on the preparation method, it is useful to consider the comparison
of the change in the ¢/a ratio as the independant variable for further investigatory
measurements. There is also an observable broadening of the diffraction peaks for
the ZnO powders as represented in Figure 6.5. This broadening could be the result
of a number of factors, in particular instrumental effects [210], crystallite size and
strain within the crystal lattice [211, 212]. Using the Williamson-Hall method’, it is
possible to deconvolve the diffraction peaks to establish the contributions from the
particle sizes and crystalline strain to the line broadening as a function of 26 [213].

The instrumental broadening can be established as a function of 26 through the use

I Also referred to as Hall-Williamson method
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TABLE 6.4: Calculated lattice constants for Mn doped ZnO from experimental

data

FIGURE 6.6: c/a ratio as a function of Mn nominal concentration in Mn-ZnO

powders

Lattice constant

c/a ratio

Mn concentration ; p
(nominal at. %) (A) ¢ (A) (£0.5%)
Pure ZnO (Lit.)  3.296 5.207 1.5798
0.00 3.244 5.196 1.6017
0.25 3.252 5.210 1.6021
0.50 3.252 5.210 1.6021
1.00 3.250 5.207 1.6022
2.00 3.251 5.208 1.6019
3.00 3.254 H.214 1.6023
1.6026
1.6025 |- o
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of a standard reference material with well-defined peaks. For this work, LaB, was
used, and a function was fitted to estimate the instrumental broadening for ZnO
reflections between that of LaB;. The Williamson-Hall method plots the full width

at half maximum (FWHM) (3) as a function of € in the following manner:

kA
\/@g)bserved - 51277317'umental) X 0059 = 47]5”’29 + 5 (61)

where the [Bopserved 18 the FWHM at each indexed reflection the ZnO powder,
Brnstrumentar 18 calculated from the LaBg function, € is the angle of reflection, 7 is the
strain in the crystallites, and D represents the size of the crystallites. The constant k

is typically close to unity, but ranges from 0.8-1.39, while A is the x-ray wavelength.

Plotting $Cosf# vs. 4 Sinf should yield a straight line with a slope n and an inter-
cept related to % From the Williamson-Hall plots in Figure 6.7, it is possible to
summarise the results obtained and categorise the powders into two groups based
on differences between strain and crystallite sizes. These groups reflect the prepa-
ration batch (see Table 6.5), suggesting that the two groups were prepared under

non-identical conditions. This was confirmed with the synthesis chemists who ad-

TABLE 6.5: Summary of results from Williamson-Hall calculations on Mn doped
Z1n0 powders

Nominal A ki Tentative
Mn % v D grouping
0 0.16 0.14 A
0.25 0.35 0.42 B
0.5 0.24 043 B
1 0.26 0.12 A
2 0.17 0.16 A
3 0.30 0.41 B

vised that the samples supplied were prepared in two separate sessions following the
same recipe, however variations between samples are expected owing to uninten-

tional minor deviations from the ideal recipe. It is likely that these deviations result
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con-

in different incorporation of the Mn atoms into the ZnO, which would explain the

non-linearity observed in Figure 6.6.
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FIiGURE 6.8: UV-Vis absorption edge for Mn doped ZnO with different Mn con-
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6.2.2.3 Ultraviolet-Visible spectroscopy

The properties of the doped ZnO powders were also investigated using ultraviolet-
visible spectroscopy (UV-Vis). The powders were prepared as outlined in Section

3.2.6.

The optical band gap of the powders were determined based on Equation 3.10,
plotting (ahv)? against hv and extrapolating the linear section of the plot, . as seen
in Figure 6.8. The rapid shift between 3.2 and 3.5 eV relates to the absorption edge
and thus the band gap of the ZnO. By extrapolating the linear region of this plot,
it is possible to estimate the band gap of the doped powders to be between 3.2 and

3.3 eV, depending on the concenctration of the Mn.

A red shift in the band gap is observed as Mn concentration is increased which is
attributed to the s-d and p-d interactions resulting in to band gap bowing. This
has been theoretically explained using second-order perturbation theory [214] for
ternary semiconductors. This red shift is also visible in the CL band gap observations

(Figure 6.9). This suggests that the shift observed from the UV-Vis is not a result of
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FIGURE 6.9: Band gap obtained for Mn-ZnO powders from UV-Vis and CL as a
function of c¢/a ratio

instrumental offsets in the UV Vis equipment and is due to a shift in the electronic

band structure of the ZnO.

6.3 Iron doped ZnO

Hydrothermally grown ZnO crystals (MTI Corporation) were coated with 200 nm
thick Fe films by vapour phase deposition and annealed for 70 hours at 880°C in
a manner similar to the methodology used in Section 3.1.4.1. An uncoated sample

was also annealed under identical conditions to act as a reference.

X-ray photoemission spectroscopy (XPS) of the Fe coated crystals revealed signals
from only Zn and O, indicating that any residual iron on the surface was below the
detection limit of XPS. If the maximum solubility of the Fe in the ZnO is achieved, it

3

is expected that an iron concentration of approximately 10'%cm™3 can be obtained.
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6.3.1  Analysis of Iron in-diffused ZnO

The samples were examined using CL techniques similar to the Mn samples in Sec-
tion 6.2.1.1. Further analysis was performed using XANES and photoemission spec-
troscopy (PES) on the Soft X-ray Spectroscopy beamline at the Australian Syn-

chrotron.

6.3.1.1 Synchrotron light analysis of Fe doped ZnO

The XANES spectrum for an indiffused crystal is shown in Figure 6.10 with com-
parisons to reference iron oxides and Fe metal. The spectrum concurs with previous
reports of chemically synthesised Fe-doped ZnO indicating incorporation of the Fe
in the lattice [215]. The separation of the L, and L3 maxima is known to be ~13 eV
for Fe oxide compounds [216] and this value remains the same for the Fe dopants
within the ZnO crystal. As the adsorption edge from the doped crystal is signif-
icantly different from that of the Fe metal, it is unlikely that the diffused Fe has
formed metallic Fe rich phases within the ZnO and is instead dispersed throughout
the matrix. The Fe Ly3 spectra from divalent and trivalent Fe display different
edge profiles, indicating the sensitivity of the L-edge absorption the the Fe valence
state. The Lj edge in FeO is found at 708.5 eV, while in Fe,O, the L3 edge has
two clear peaks at energies of 708.5 and 710.4 eV. These peaks have been explained
and assigned to the to, and e, orbitals through a crystal field model [217]. The
maxima at the L3 edge are assigned to electronic transitions based on theoretical
calculations [216]: for the Fe?" edge in FeO it is 2p®3d® — 2p°3d” in a configuration
of (tag 1)%(ey 1)%(ta, 1), and for the Fe®" edge in Fe,O, the transition is 2p®3d® —

2p°3d® in a configuration of (ta, 1)%(e, 1)7.

The presence of both Fe?" and Fe®' in the doped ZnO crystal is clear from the

double-peak in the L3 structure. The higher intensity peak on the low-energy side

139



Chapter 6. Transition metal doping of ZnO

L, edge

L, edge
Fe metal

Absorption (arb. units)

R”\KL Fe in-diffusion in ZnO

4
A

1 =] A . = 1
704 708 712 716 720 724 728
Photon energy (eV)

FIGURE 6.10: Fe L-edge XANES spectra of in-diffused ZnO crystal as compared
to reference materials and a 2:3 weighted sum of Fe, O3 FeO

indicates that there is an uneven distribution of Fe?* /Fe®" wthin the crystal. Com-
paring the spectral line shape of with a 40% Fe,O4 + 60 % FeO L3 edge weighted
sum clearly indicates the mixed Fe valence states?, and that they are incorporated

as substitutional impurities in ZnO on the Zn sites [131].

The valence-band PES for annealed crystals both with and without Fe diffusion is
shown in Figure 6.11. There are three main features in the valence band of the

undoped crystal - a sharp peak at 10.5 eV and weaker states centred at 4.2 and

2A similar material - magnetite - is ostensibly Fe;O, but usually formulated as FeO-Fe,O, to
reflect the mixed valence states present
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FIGURE 6.11: Valence-band photoemission spectra of annealed a-plane ZnO crys-
tals with and without Fe in-diffusion. Spectra were collected at hvy=93 eV and
normalised to the Zn 3d peak.

7.1 eV. The sharp 10.5 eV peak has been assigned to Zn 3d while the weaker peaks
have been identified as O 2p and mixed Zn 4s-O 2p states respectively[167, 218]. By
comparison, the doped crystal shows significant enhancement of the valence-band
region between 2.8-5.0 eV, representing the effect of the introduced Fe 3d states.
Furthermore, the decrease in intensity near the O 2p binding energy suggests a
possible hybridisation of O 2p-Fe 3d states. The valence band onsets, as determined
by the intersection of a linear fit to the leading edge of the valence spectrum and the
background, are found to be 2.4 and 2.7 eV below the Fermi level for the undoped
and doped crystals respectively. This implies that the introduction of Fe to ZnO will

2+ /3+

produce an n-doping effect, consistent with the mixed Fe charge states from

XANES measurements.
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6.3.1.2 Cathodoluminesence analysis of Fe doped ZnO

As discussed in Section 3.2.1.1, an electron beam operating at a low accelerating
voltage will give a reduced excitation depth. It was observed that the in-diffused
crystals required an accelerating voltage of at least 1.2 kV to produce a CL signal
with a suitable signal-to-noise ratio. This corresponds to a depth of approximately
35 nm in ZnO, suggesting that either the incorporation of the Fe has induced a
greater number of non-radiative centres in the near surface region, possibly due to
band bending effects. As V(*) is a shallow donor in ZnO, it is expected that an
upward bend will shift the Fermi level below the V3 /V(Q)+ energy level, causing most
oxygen vacancies near the surface to exist in the non-radiative fo state. The
introduction of Fe?*/3% to the near surface region will move the Fermi level towards
the conduction band, converting some of the fo centres to the singly ionised state
and creating an efficient recombination channel. As a result of this competitive
behaviour, the NBE rate of recombination is expected to decrease as the green
luminescence (GL) emission increases. The CL spectra of the annealed ZnO crystals
with and without Fe diffusion can be seen in Figure 6.12. The ZnO without the
Fe incorporation shows only the NBE peak, while the in-diffused sample shows a

significant reduction in the NBE emission and subsequent substantial increase in the

DL.

To investigate the diffusion penetration, monochromatic CL images were produced
across a cleaved Fe in-diffused ZnO crystal. A region of the cleaved crystal was sys-
tematically mapped using monochromatic CL imaging at wavelengths corresponding
to the NBE and DL peaks. These were then stitched together to form a single image

of approximately 9,216 x 5,120 pixels, a section of which is shown in Figure 6.13

These images were then simplified to give colour maps for emission regions as shown
in Figure 6.14. These show a ring of green luminescence around the surface of the
crystal surrounding a central core of NBE emission. The uniformity of the emission

spectra, coupled with the sharp emission boundary between the NBE and DL regions
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FIGURE 6.12: CL comparison between ZnO with and without Fe in-diffusion

FIGURE 6.13: An example of a section of the stitched monochromatic CL image
of cleaved iron in-diffused ZnO crystal. The monochromater was fixed at 2.5 eV.
corresponding to the defect emission. The individual frames have been assembled
over a secondary electron image of the same region. The clear boundary of the de-
fect emission can be observed. indicating the iron diffusion depth. Mirror induced
artifacts can also be seen near the edges of the individual frames.
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(a) SEM image of cleaved crystal (b) Region producing UV CL emission
at 3.3 eV

(c) Region producing green defect CL
emission at 2.5 eV

FIGURE 6.14: Cleaved ZnO crystal showing the impact of Fe incorporation on
the CL emission. Scale bar represents 500um.

suggests that the iron requires a minimum concentration to produce the observed

band-bent CL emissions.

6.4 Summaries

A successful method for the doping of transition metals in ZnO crystals has devel-
oped using thermal in-diffusion in a glass ampoule under vacuum. Both the Mn and
Fe doped crystals showed changes to the optical properties, with the Mn quenching

the green emission and the Fe enhancing it significantly.
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6.4.1 Mn-doped ZnO

In-diffusion of Mn into ZnO crystals results in a significant reduction in the over-
all CL intensity, supporting literature observations that Mn acts as a luminescence
killer in ZnO. The Mn preferentially reduces the DL green emissions when at low
concentration, before quenching the NBE emission when Mn reaches a high enough
level. XRD measurements indicate that the Mn atoms substitute for Zn sites in ZnO
powders without changing the wurtzite structure, with lattice parameters varying
slightly to allow for the incorporation of the larger Mn?* ions. The UV-VIS measure-

ments show the reduction in the band-gap for Mn-ZnO of nominal doping < 3 at. %.

6.4.2 TIron doped

The iron in diffused crystals show that iron incorporates into ZnO in a mixed va-

lence state of Fe?t/3*

and can be found homogeneously distributed throughout the
diffused region. This incorporation was found to enhance the green luminescence
while changing the charge state of the oxygen vacancies, as determined by PES
and XANES measurements. This further supports the conclusion that the primary

defect responsible for green luminescence in ZnO is an oxygen vacancy.
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Conclusions and future directions

7.1 Conclusions
The aims of this work were to:
o A comprehensive investigation into the effects of growth conditions on the
formation of defects in ZnO and their influence on the optical properties

e Identify the spatial distribution of point defect related emissions in ZnO

e [nvestigate the influence of postprocessing on optical emission in bulk and
nano- ZnQO

e Investigate the influence of transition metal dopants on the physical, chemical
and electronic properties of both bulk and nano- ZnO

The preceeding chapters have addressed these points, and can be summarised as

follows.

The reproducible production of ZnO nanowires was achieved through the develop-
ment of a carbothermally driven vapour-liquid-solid (VLS) growth process in a three
stage furnace on epitaxially matched sapphire substrates. This method is compara-

tively simple in its design and implementation, as well as being relatively low cost

146



Chapter 7. Conclusions and future directions

in comparison to other possible growth methods (such as MOCVD). Furthermore,
it shows promise in the development of larger scale areas of growth which would be

of considerable interest for future applications and investigations.

The defect luminescence commonly found in ZnO, typically referred to as the green
or yellow-green luminescence, was observed to be localised to the surface of ZnO
nanostructures. Band bending effects alone do not adequately explain this variation
in optical emission between the bulk and surface regions of ZnQO, as the growth tips
of the nanowires and nanorods can show no defect luminescence. It was found that
a significant variation in the oxygen co-ordination, and thus oxygen concentration,
can be seen between the sidewalls and tips of the nanostructures. As a result of
this work, the green luminescence observed in grown ZnO nanostructures has been

assigned to oxygen vacancies, concurring with previous literature reports.

Post processing in various plasma environments has been shown to vary the com-
position of the defect peak by altering ratio of the constituent defect centres found
between 1.7 and 2.6 eV. There is significant variation between bulk and powdered
Zn0, indicating a relationship between defect concentration and sample size. Inves-
tigations into heavily oxygen deficient ZnO through the use of a ZnO:Zn phosphor
have shown that low power plasma processing will not alter the overall emission prop-
erties significantly, suggesting the significant presence of defects within the phosphor
that cannot be quenched at low plasma intensities. The assignment of V to the
2.4-2.5 eV peak is confirmed through these plasma results, along with the confirma-
tion of the 2.15 eV peak as a non-intrinsic point defect owing to its lack of variation
between treatment conditions. Penetration depths of the plasma treatments were
estimated from depth-resolved cathodoluminescence (DCL) plots showing significant
differences in peak intensities with increasing accelerating voltage. Hydrogen was
found to penetrate twice as deep into the crystal as the oxygen plasma, to depths

of 800 and 400 nm respectively.
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The introduction of transition metals can alter not only the band gap of ZnO, follow-
ing a band bending relationship, but also change the lattice dimensions and suppress
defect emissions. This would suggest that the defects responsible for the yellow-green
emission are highly sensitive to passivation from the presence of transition metals,
or that the metals form a defect-metal complex upon incorporation into the ZnO

matrix.

The enhancement of the green luminescence in the iron doped sample, along with a
change in the oxygen vacancy charge state, supports the theory that oxygen vacan-
cies are a primary cause of green luminescence in ZnO. The shift in the band edge
observed for the Mn doped ZnO, along with a suppression in the defect emission,
suggests that Mn is a true luminescence killer, introducing competitive non-radiative

recombination channels in ZnO.

7.2 Future directions

There are several areas touched on during the course of this work that could be the
focus for further research. The continued development of controlling nanostructure
growth and properties, as examined during Chapter 4, is of particular interest, es-
pecially in the possibility of the production of single nanostructure optical devices.
By controlling the growth conditions, it has been shown in literature that single
nanowires consisting of alternating semiconductor layers can be produced through
vapour based growth methods. The production of alternating doped and undoped
Zn0O structures could be of considerable interest, but would require revisiting the

growth methodology developed in this study.

Modification of the optical properties through post-growth processing of ZnO is an-
other opportunity. This work focused on bulk crystal or powder samples, however as

evidenced in Chapter 4, nanostructures have highly localised optical properties. As
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plasma treatment is primarily a surface modification technique, it could be interest-
ing looking at the changes in optical emissions from ZnO nanostructures subjected to
different plasma condtions. An issue that would need to be addressed is the prospen-
sity of the nanostructures to physcially deform under moderate plasma treatment

condtions, something not significantly observed in the powders or bulk crystals.

While the incorporation of transition metals into ZnO crystals was presented here,
only variations to optical and electronic properties were investigated. A correlation
between the optical, electronic and magnetic changes as a result of the doping would
certainly be an interesting study, further developing ZnO as an optoelectronically
active material. It would also be interesting to perform carrier density studies on the
materials studied during this work to see how the different growth and modification
conditions change the carrier properties to further investigate surface band bending

effects.

From an experimental stand point, the VLS method requires more investigation.
While a suitable growth process was developed for this work, the exact mechanisms
that govern growth are still yet to be determined. One proposed method for future
work is to develop an in situ furnace within an electron microscope to observe all
stages of growth. There are several issues associated with this proposal, however the
process is still considered possible. If the governing mechanisms behind the growth
are found, then it becomes possible to produce specific reproducible structures on

demand - a key requirement for large scale manufacturing of optoelectronic systems.

7.3 Closing remarks

In summation, ZnO remains a fascinating material with potential applications across
a wide range of optoelectronic devices. Of course, the end goal of almost any scientific
endeavour today is to eventually produce a commercially viable product. To this end,

I believe that a suitable aim for ZnO is for the development of high efficiency lighting.
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The key hurdle preventing this is of course the lack of stable p-type ZnO, which is
likely due to a lack of understanding of the inherent defects found within ZnO. While
significant challenges relating to the production of p-type ZnO remain, continued
research should provide us with the necessary understanding to successfully overcome
these issues. It is only a matter of time before a breakthrough is found which will
propel ZnO to the top of the solid state lighting class, and I hope that the work
presented in this thesis has in some way contributed to the greater understanding

of the inherent defects that are currently holding it back.
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Appendix A

Determination of circularity of a

droplet

An adaptation from documentation supplied with ImageJ software [124].

The spread of the droplets obtained through annealing a gold film can contain a
wide variety of droplet morphologies when examined through either atomic force
microscope (AFM) or scanning electron microscope (SEM). As we are interested
only in droplets that form hemispherical or near-hemispherical shapes it becomes
necessary to mathematically identify valid droplets. One such method is to assign

a circularity value to the droplet.

In this technique, the area and perimeter are compared, giving rise to a value between

0 and 1, where 0 represents an infinite line and 1 a perfect circle.

As the area of a perfect circle is 772 and the perimeter is 277, the circularity rela-

Area

tionship is found to be 4m x 52—,
erimeter

By limiting the "acceptable’ droplets to have a circularity of 0.8 or greater, droplets

that form as lines or irregular patterns can be successfully removed from the analysis.
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A successfull cleaning can be seen in Figure A.1 below, showing the effective removal

of several long droplets.

FIGURE A.1: Comparison of as obtained (left) and processed (right) annealed
gold film

2



Appendix B

Derivation of Bragg’s Law for a

hexagonal unit cell

The crystallographic relationship between the interplanar spacing values obtained
from x-ray diffractometry measurements and the lattice constants in a material
with a hexagonal unit cell can be obtained through a manipulation of the spacing

relationship inherent in a simple cubic system.

A hexagonal system is defined as: a =b# ¢, a = = 90° and v = 120°
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o —— —

FIGURE B.1: Schematic for manipulation of Bragg’s Law for hexagonal unit cell
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whereas the z-plane spacing is
1 P

)
d; c

thus the interplane distance for a given hkl can be calculated from

4 2
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Appendix C

Datasheets

TaBLE C.1: ZnO single crystal substrate supplied by MTI Corporation

Purity: wt% > 99.99

Impurity: wt% Mg: <0.0005 Al: <0.0030 Si: 0.0030
Ti: .0010 Cu: <0.0030 Fe: <0.005
Ca: <0.0005 Ag: <0.0002

Crystal Structure Hexagonal: a= 3.252 A, ¢ = 5.313 A
Growth Method Hydrothermal

Hardness 4 moh scale

Density 5.7 g/cm3

Melt Point 1975°C

Specific heat 0.125 cal/gm

Thermoelectric Constant 1200 pV/cK @ 300 °C
Thermal conductivity 0.006 cal/em/K

Thermal expansion 2.90 x 107°K
Transmission range 0.4-0.6 u > 50% at 2 mm
Dislocation Density <0001> plane: < 100 / cm?
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Appendix C. Datasheets

TABLE C.2: Zn doped ZnO phosphor supplied by Phosphor Technology

Chemical composition  Zn:ZnO

Median particle size

3.5 pm

CIE colour coordinates (0.245, 0.442)

RGB equivalent
Emission peak

(49,204,131)
505 nm

TaBLE C.3: 20 nm ZnO supplied by Nanostructured & Amorphous Materials

Purity: wt%
Impurity: ppm
Particle size:
Surface area:
Bulk density:

99.5

Cu:<3 Cd:<8 Mn:<5 Pd:<9 As:<5
20 nm

50 m?2g !

0.3-0.45 gem 3

TABLE C.4: ZnO powder supplied by Antaria (formerly Advanced Nanotechnol-

ogy Ltd.)

Purity: wt%
Particle size:

>09

25 nm (XRD)

30 nm (Electron micrograph)

31 nm (Photon correlation spec-
troscopy)

30 nm (From surface area calculations)
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