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Abstract
One-dimensional (1D) nanostructures (NSs) of Zinc Oxide (ZnO)
such as nanorods (NRs) have recently attracted considerable research
attention due to their potential for the development of optoelectronic
devices such as ultraviolet (UV) photodetectors and light-emitting diodes
(LEDs). The potential of ZnO NRs in all these applications, however,
would require synthesis of high crystal quality ZnO NRs with precise
control over the optical and electronic properties. It is known that the
optical and electronic properties of ZnO NRs are mostly influenced by the
presence of native (intrinsic) and impurities (extrinsic) defects. Therefore,
understanding the nature of these intrinsic and extrinsic defects and their
spatial distribution is critical for optimizing the optical and electronic
properties of ZnO NRs. However, identifying the origin of such defects is
a complicated matter, especially for NSs, where the information on
anisotropy is usually lost due to the lack of coherent orientation. To
investigate the origin of these defects in more details and to fulfill all the
advantages of ZnO NRs in device applications several synthesis techniques
have been utilized. Among them, the low-temperature solution-based
methods, which are regarded as promising due to many advantages. It is
low-cost and offers the possibility of large-scale production and tuning the
properties of the final product through the synthesis parameters. However,
synthesizing reproducible ZnO NRs with optimized morphology,
orientation, electronic and optical properties by the low-temperature
solution-based methods remains a challenge.
Thus, the aim of this thesis is towards the optimization of the lowtemperature solution-based synthesis of ZnO NRs for device applications.
In this connection, we first started with investigating the effect of the
i

precursor solution stirring durations on the deep level defects concentration
and their spatial distribution along the ZnO NRs. Then, by choosing the
optimal stirring time, we studied the influence of ZnO seeding layer
precursor’s types and its molar ratios on the density of interface defects.
The findings of these investigations were used to demonstrate ZnO NRsbased heterojunction LEDs. The ability to tune the point defects along the
NRs enabled us further to incorporate cobalt (Co) ions into the ZnO NRs
crystal lattice, where these ions could occupy the vacancies or interstitial
defects through substitutional or interstitial doping. Following this, high
crystal quality vertically well-oriented ZnO NRs have been demonstrated
by incorporating a small amount of Co into the ZnO crystal lattice. Finally,
the influence of Co ions incorporation on the reduction of core-defects
(CDs) in ZnO NRs was systematically examined using electron
paramagnetic resonance (EPR).
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1. Introduction
The ability to synthesize materials at the nanoscale range not only
offers a way for exploring their fascinating physical, chemical, mechanical
and biological properties but also for their potential as building blocks for
the development of a diverse range of emerging electronic devices and
systems.[1-3] Synthesis of such remarkable nanomaterials can be achieved
by either assembling the atoms/molecules (bottom-up approach) or
sculpting the bulk solids into small atomic level pieces (top-down
approach) to obtain the desired nanostructures (NSs). Such NSs materials
can typically structure into, zero-dimensional (0D) e.g., quantum dot
/nanoparticles

, one-dimensional (1D) e.g., nanowires and nanorods

[4-8]

(NRs)[9-11], and two-dimensional (2D) e.g., nanosheets and nanowalls.[12-15]
Compared to 0D and 2D, 1D NSs have the advantage of the possibility of
being vertically oriented, which is crucial for many device applications.[16]
Among a variety of metal oxides, zinc oxide (ZnO) have a preference of
the favorable formation in all NSs forms mentioned above on any substrate
being crystalline or amorphous.[9,17-19] Moreover, ZnO possesses excellent
optical and electronic properties.[20-23] All these features make ZnO as one
of the most promising materials for a diversity of applications. In
particular, ZnO NRs have recently attracted considerable research interest
due to their potential for the development of optoelectronic devices e.g.,
ultraviolet (UV) photodetectors [24-27], light-emitting diodes (LEDs) [20,22,23]
and solar cells.[28] The potential of ZnO NRs in all these applications,
however, would require synthesis of high crystal quality ZnO NRs with
precise control over the morphology, alignment, optical and electronic
properties.[22,23,29] Broadly, it is well known that the presence of native
(intrinsic) and impurities (extrinsic) defects have a high impact on the
electronic and optical properties of ZnO NRs.[20-23,30-33] In particular, in all
1

luminescence processes, these defects in ZnO are engaged as steps in the
excitation and recombination paths, and thus influence the absorbed
/emitted light properties. Also, these defects play an important part in the
electrical conductivity in semiconductors by the ability to provide
delocalized electrons in the conduction band (CB) and holes in the valence
band (VB). Consequently, the knowledge of understanding the origin and
the control of these defects, as well as the relationship between both, are
essential factors for optimizing the optical and electronic properties of ZnO
NRs.[20-23,30-33] However, identifying the nature of such defects is a complex
issue, particularly in NSs, where the information on anisotropy is usually
lost due to the lack of coherent orientation.[34] To investigate the origin of
these defects in more details and to fulfill all the advantages of ZnO NRs
in device applications several synthesis techniques have been utilized.
Among them, the low-temperature solution-based methods, which are
regarded as promising methods due to many advantages. It is low-cost and
offers the possibility of large-scale production and tuning of the properties
of the final product through the synthesis parameters.[9,18,35] However,
synthesizing reproducible ZnO NRs with optimized morphology,
orientation, electronic and optical properties by the low-temperature
solution-based methods remains a challenge.
Thus, the aim of this thesis is towards the optimization of the lowtemperature solution-based synthesis of ZnO NRs for device applications.
In this connection, we first started with investigating the effect of the
precursor solution stirring durations on the deep level defects concentration
and their spatial distribution along the ZnO NRs. Then, by choosing the
optimal stirring time, we studied the influence of ZnO seeding layer
precursor’s types and its molar ratios on the density of interface defects.
The findings of this investigation were used to demonstrate ZnO NRs2

based heterojunction LEDs. The ability to tune the point defects along the
NRs enabled us further to incorporate cobalt (Co) ions into the ZnO NRs
crystal lattice, where these ions could occupy vacancies or interstitial
defects through substitutional or interstitial doping. Following this, high
crystal quality vertically well-oriented ZnO NRs have been demonstrated
by incorporating a small amount of Co2+ into the ZnO crystal lattice.
Finally, the influence of Co2+ ions incorporation on the reduction of coredefects (CDs) in ZnO NRs was systematically examined using electron
paramagnetic resonance (EPR).
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2. Material characteristics
2.1. ZnO characteristics
Having a direct wide bandgap of about 3.37 eV (at room
temperature) with relatively high exciton binding energy (60 meV) and
possessing unique luminescence properties enable ZnO to be an attractive
material for many applications.[20,21] Further, ZnO is considered as one of
the most promising semiconductor materials for the development of
optoelectronic devices.[20-23] Beside the fact that it is a biocompatible
material, ZnO has a high isoelectric point (IEP ~ 9.5), and exhibits large
surface area/volume ratio in its nanostructured forms, and hence is also
regarded as excellent material for sensing applications.[36] Moreover, due
to the lack of non-central symmetry, ZnO possesses relatively strong
piezoelectric effect, which makes it an attractive material for some energyharvesting applications.[37,38] The fundamental structural, electronic and
optical properties of ZnO is briefly introduced in this chapter.
2.1.1. Crystal structure
ZnO is a member of the II-IV binary compound semiconductor
family, and its crystal is either cubic zinc blend or wurtzite-type structure.
In the wurtzite structure of ZnO, the Zn and O atoms are organized into a
hexagonal form where one Zn2+ ion is enclosed tetrahedrally by four O2ions and vice versa as shown in the unit cell in Figure 2.1.[21] The unit cell
of the hexagonal wurtzite structure of ZnO has lattice parameters of about
a = 0.32498 nm and c = 5.2066 nm with the ratio of c/a = 1.60.[21]
Moreover, the hexagonal wurtzite structure of ZnO is characterized by six
nonpolar {10ī0} surfaces covered by polar Zn (0001) and oxygen (000ī)
basal planes. These polar surfaces are electrostatically unstable and hence
is leading to the growth habit along the c-axis producing 1D ZnO NRs.[39]
5

Figure 2.1: The unit cell of the ZnO hexagonal wurtzite-type structure.[21]
2.1.2. Electronic band structure
The electronic band gap structure is the most significant property of
ZnO, and it is critical when considering it for optoelectronics applications.
It is known that at ambient conditions, ZnO is a direct band gap material
where the energy difference (3.37 eV) between the lowermost conduction
band (CB) and uppermost valence band (VB) occurs at the same point in
the Brillouin zone which is known as the Г-point as shown in Figure 2.2.[21]
Due to the high ionic feature of ZnO, the bottom of the CB is principally
formed by the 4s level of Zn2+ or antibonding sp3 hybrid states, while the
VB is made by the 2p level of O2- or the bonding sp3 orbitals.[21] As
predicted by the group theory the bottom of the CB has a Г1 symmetry
without the inclusion of spin and symmetry Г1  Г7 = Г7 with spin as shown
in Figure 2.2. The VB is splitted without spin into two states, Г5 and Г1
under the effect of the hexagonal crystal field of ZnO. Moreover, the
inclusion of the spin added further splitting of the VB and provided three
twofold-degenerate sub-VBs with the symmetries of ( Г1  Г5)  Г7 = Г7
 Г9  Г7 as shown in Figure 2.2. These three sub-VBs are often labeled
6

from the highest to the lowest energies as A, B, and C, respectively, as
illustrated in figure 2.2.[21]

Figure 2.2: Schematic illustration of the CB and VB structure of ZnO in
the vicinity of the fundamental bandgap. [21]
2.1.3. Optical characteristics
Commonly, it is well known that the optical properties of ZnO are
profoundly affected by the presence of the intrinsic and extrinsic defects.[2023,30-35]

In particular, in all luminescence processes, these defects in ZnO

are involved as steps in the excitation and recombination paths (e.g.,
radiative and non-radiative recombinations), and thus influencing the
absorbed/emitted light properties. The room-temperature luminescence of
ZnO NSs is usually distinguished by a sharp UV emission peak centered
at ~ 380 nm and attributed to a near-band-edge emission (NBE), and a
broad emission peak covers the entire visible region extending between
400 -750 nm as shown in Figure 2.3.[40-44] However, the source of these
deep level emissions (DLEs) in the ZnO is highly controversial, and
7

possibly these DLE peaks are composed of multiple sub-bands e.g., green,
yellow and orange-red bands. The green emission band centered at ~ 500
–550 nm, is usually ascribed to oxygen vacancy (VO) or zinc vacancy
(VZn).[20,33,45] The yellow emission band centered between 550 – 600 nm
and the red emission band centered at ~ 620 – 750 nm are usually assigned
the presence of OH groups and to the oxygen interstitials (Oi) present on
the surface of the ZnO NRs.[33,40,43,46]

Figure 2.3: Cathodoluminescence (CL) spectrum of ZnO NRs synthesized
on a sapphire substrate using the low-temperature aqueous chemical
synthesis at 90 ºC from a growth solution of a 0.075 M concentration of
hexamethylenetetramine (HMTA) and zinc nitrate hexahydrate in
deionized (DI)-water.
2.2. Co-doped ZnO characteristics
Doping is a major method to control the semiconductors properties
e.g., optical, electronic and magnetic properties. ZnO NSs-based diluted
magnetic semiconductors (DMSs), where a low concentration of 3d
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transition metals (TMs) ions is diluted into the ZnO crystal lattice, show
great promise for the development of spintronics and magneto-optical
devices.[47-50] The potential of this ZnO NRs-based DMSs in spintronics
applications would require the presence of the room-temperature
ferromagnetism (RT-FM), which is probably related to the successful
substitution of these DMSs ions into the ZnO crystal lattice.[48-50] Beside,
the crystal quality, optical and electronic properties of ZnO NRs-based
DMSs together with control over the morphology and alignment is critical
in device applications. Among a variety of 3d TMs ions in ZnO NRs-based
DMSs, Co is of particular interest due to its a unique optical and magnetic
property.[51,52] Although considerable research progress has been made to
synthesize Co-doped ZnO NRs, most of the research has focused on
probing their optical and magnetic properties.[48-51] However, the synthesis
of a high crystal quality of Co-doped ZnO with the successful substitution
of Co2+ in the host crystal site is still lacking, which will probably lead to
better understanding of the origin of the RT-FM in ZnO. Figure 2.4 (a)
shows the electronic configuration of the 3d7 of Co2+ and (b) illustrates the
level diagram of Co2+ (3d7) ion in ZnO where first, a free ion (gas):
Coulomb interaction leads to 4F (S=3/2, L=3) ground state, by Hund’s rule.
Then in a tetrahedral crystal field (case of the nearest neighbors O2- ions
around Co2+), the ground state becomes 4S (S = 3/2, L = 0) which is called
orbital momentum quenching (by the crystal field). Then by including the
spin orbit and the axial part of the crystal field, the ground state is split by
2D, where D is the axial spin anisotropy parameter, which is positive (easy
plane) and it is about 2.5 cm-1. The ground state is then doubly degenerate
(+/- 1/2 projection of the S = 3/2), and the state just above also (+/- 3/2
projection of S=3/2). Finally, taking into account the nuclear spin and the
hyperfine interaction each projection is separated into eight levels.
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Figure 2.4: (a) Electronic configuration of the 3d7 of Co2+. (b) Level
diagram of Co2+ (3d7) ion in ZnO, under successive applications of free
ion, crystal field, spin orbital, Zeeman coupling, and hyperfine interaction.
Red arrows depict allowed EPR transitions between non-degenerate
hyperfine levels.
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3. Synthesis methods
3.1. Hydrothermal synthesis methods
Among all the synthesis techniques utilized for ZnO NRs, the
hydrothermal methods are promising due to several advantages. It is lowcost and can be scaled-up for industrial production on any substrates, it is
a low-temperature process, and the properties of the final product can be
tuned by adjusting the synthesis parameters.[9,18,35] The hydrothermal term
refers to the synthesis methods that are carried out in an aqueous solution.
The chemistry of synthesis of ZnO NRs in the aqueous solution methods
is well studied, and the most common recipes used as a reaction material
is

hydrolysis

of

zinc

nitrate

in

water

in

the

presence

of

hexamethylenetetramine (HMTA).[19,41,53-55] First, zinc nitrate is dissolved
into water giving rise to aquo ions containing different Zn (II) hydroxyl
species. Then at a particular concentration of Zn (II), the stability of these
complexes hydroxyl species depend on the temperature and pH of the
solution. After that, the solid ZnO nuclei will then be formed by the
dehydration of these hydroxyl species, and subsequently, the ZnO crystal
continues to grow by the condensation of the surface hydroxyl groups with
zinc-hydroxyl complexes.[53-55] The hydrolysis and condensation reactions
will then result in 1D ZnO crystals under a wide diversity of synthesis
conditions e.g., pH, concentration, temperature, time. On the other hand,
the HMTA plays various important roles during the synthesis
process.[19,35,53-55] It is highly accepted that the HMTA supplies the OH¯
during the ZnO NRs synthesis process by pushing the precipitation
reaction through thermal degradation. Beside the fact that the HMTA
function as a pH buffer by slow hydrolysis and hence producing ammonia
(NH3) and formaldehyde as shown in equations 3.1 and 3.2, respectively.
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[19,53-55]

Also, it is proposed that during the synthesis process of ZnO crystal,

the HMTA attaches to the nonpolar surface of ZnO NRs and hence prohibit
the access of the Zn2+ to them and therefore leaving only the polar surface
for epitaxial growth. The chemical reactions for obtaining ZnO NSs in an
aqueous solution when zinc nitrate and HMTA are used as a reaction
material can be summarized in the following equations:[53-55]
Decommission reaction:
C6 H12 N4 + 6H2 O ↔ 4NH3 + 6HCHO

(3.1)

Hydroxyl supply reaction:
NH3 + H2 O ↔ NH4+ + OH −

(3.2)

Super-saturation reaction:
Zn2+ + 2HO− → Zn(OH)2

(3.3)

ZnO NRs synthesis reaction:
Zn(OH)2 → ZnO(S) + H2 O

(3.4)

Controlling all these reactions play a significant effect on the final
properties of the synthesized ZnO NSs.[19,55]
In this thesis, pure and Co-doped ZnO NRs were synthesized by
the low-temperature aqueous synthesis (LT-ACS) at 80-90 ºC on silver
(Ag) coated glass, p-type GaN, and sapphire substrates, respectively. In the
experiments, we mainly investigated the synthesis conditions e.g., stirring
durations of the synthesize solutions, ZnO seeding layer precursors types,
and its molar ratios to obtain vertically-well aligned ZnO NRs with tuned
defects emission along the NRs and at the interfaces between the NRs and
the substrates.[56-58] Moreover, high crystal quality well-oriented Co-doped
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ZnO NRs were also synthesized by manipulating the way of mixing the
synthesizer solution.[34,52,59] All these parameters were precisely selected
considering that the final properties of the ZnO NRs are susceptible to the
synthesis conditions. A typical LT-ACS of ZnO NSs consists of two main
steps: first, a clean substrate is subjected to spin coating with a ZnO seed
layer and then ZnO NSs are subsequently, synthesized from a zinc ion
containing solution. It is to be noted that before these two steps, all
substrates used in this work were first cleaned with acetone, isopropanol,
and deionized water (DI-water) for 5 minutes each to eliminate any
residuals, and were then dried up using blowing nitrogen. We found that
these steps play a significant role in the final structural and optical quality
of the synthesized ZnO NRs.
3.2. ZnO seed layer preparation
In the LT-ACS it is widely accepted that the presence of the seed
layer is required to promote nucleation sites for ZnO NRs synthesis by
lowering the thermodynamic barrier between heterogeneous materials.[35]
Also, it is known that the properties of the seed layer have a significant
impact on the quality of ZnO NRs synthesis and consequently on their final
properties.[60-65] In general, the seed layer can be prepared in the form of
thin film (TF) or nanoparticles (NPs) and then can be deposited on a
certain substrate by several deposition techniques e.g., sputtering, spin
coating and dip coating.[18,35,60] In particular, the NPs seed layer is often
prepared by the dissolution of zinc acetate dihydrate (Zn(CH3COO)2.H2O)
in organic solvents e.g., methanol, and the subsequent addition of a basic
aqueous solution e.g., potassium hydroxide (KOH).[35,53] In this thesis, two
types of seed layers were prepared, and their effect on the performance of
the synthesized ZnO-based heterojunction LEDs was systematically
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studied.[57,58] The first seed layer is made by dissolution 0.01 M
concentration of zinc (II) acetate dihydrate in methanol and then heated at
60 ºC on a hotplate under continuous stirring. Subsequently, a solution of
KOH in methanol with different concentrations of 0.01, 0.03 and 0.05 M,
respectively, was added dropwise to zinc (II) acetate solution. Then the
whole solution was kept on a hotplate for 2 hours (h).[57] Figure 3.1 shows
the atomic force microscopy (AFM) image of the prepared seed layer with
molar ratios of 1:1, 1:3 and 1:5 M, respectively. The second seed layer was
made by following the same procedure used for the previous one where a
mixture of KOH and HMTA with 0.05 M concentration were dissolved in
methanol and were then added dropwise to a prepared 0.01 M
concentration of zinc (II) acetate dihydrate in methanol.[58] For the
synthesis of the pure and Co-doped ZnO NRs, the prepared seed layer
solutions were then spun coated 3-4 times on the substrates with a spin
speed of 3000 round per minute (rpm) for 3 minutes. This step was then
followed by annealing in a normal laboratory oven for 10 minutes at 120
ºC and subsequently submerged in the ZnO synthesis solution. Finally, the
synthesized ZnO NRs on the seeded substrates were rinsed with DI-water
to remove any residuals and were finally dried using blowing nitrogen for
further characterization.
3.3. Synthesis of ZnO NRs
After optimization of the many synthesis parameters, to achieve
highly dense and vertically aligned ZnO NRs with tuned optical properties.
The following conditions were utilized to synthesize the ZnO NRs in the
entire thesis. The synthesis solutions used were 0.05 M concentration for
the zinc nitrate and 0.075 M concentration for the HMTA with a molar
ratio of 1:2.[56-58] Then we investigated the effect of stirring durations of the
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synthesis solutions on the optical properties of the ZnO NRs.[56] Four
synthesis precursor's (solution) consisting of zinc nitrate and HMTA were
dissolved separately in 100 ml DI-water each and were then carefully
mixed and stirred at room-temperature for 1, 3, 5 and 15 h, respectively,
with a stirring speed of 600 rpm. The ZnO NRs were then synthesized by
immersing a seeded glass substrate coated with Ag inside the synthesis
solution while keeping them in a preheated oven at 80 C for 6 h.
Afterward, the samples were cleaned with DI-water to remove any
residuals and were finally dried using blowing nitrogen.

Figure 3.1: Surface topography of the prepared seed layer using zinc (II)
acetate dihydrate and KOH with molar ratios of (a ) 1:1, (b) 1:3, and (c)
1:5 M. Scanned area: 2 x 2 µm.
Figure 3.2 shows the top-view FE-SEM image of the synthesized
ZnO NRs. The effect of stirring durations on the concentration and spatial
distribution of the deep level defects in the synthesized ZnO NRs were
systematically studied.[56]
3.4. Synthesis of Co-doped ZnO NRS
For the synthesis of high crystal quality well-oriented pure and
Co-doped ZnO NRs, two different processes for preparing the synthesis
solution were used.[34,52,59] The first process for preparing the synthesis
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solution is carried out by making a 0.075 M concentration of HMT
separately in 100 ml of DI-water and subsequently stirred at roomtemperature for 1 h. Then, diluted solutions of Cobalt (II) acetate
tetrahydrate in 60 ml of DI-water with different atomic concentrations
were mixed with the HMTA solution and stirred for 15 h. After that, a
0.075 M concentration of zinc nitrate hexahydrate prepared in 40 ml of DIwater was added dropwise to the solutions mixed above and stirred for
additional 3 h. Finally, the seeded sapphire substrates were then submerged
vertically inside the synthesis solutions and kept in the oven at 90 °C for 6
h. After the NRs growth, the samples were rinsed with DI-water to remove
any residuals and finally dried using blowing nitrogen.[59] The second
process was done by mixing a 0.075 M concentration of zinc nitrate, and
HMTA prepared separately in 70 ml DI-water each and were then mixed
and stirred for 15 h. Then, diluted solutions of Cobalt (II) nitrate
hexahydrate in 40 ml DI-water with different atomic concentrations was
added dropwise to the solution above and stirred for further 3 h.[34,52,59]

Figure 3.2: Top view FE-SEM images of the synthesized pure NRs grown
using 0.05 M concentration of zinc nitrate and 0.075 M concentration of
HMTA at 80 ◦C for 6 h.
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The influence of these two processes in the incorporation of Co2+
inside the ZnO NRs crystal lattice and the subsequent effect of them on the
crystal quality, orientation, and defects properties were systematically
investigated.[34,52,59] Figure 3.3 shows the synthesized Co-doped ZnO NRs
by using the first and second approach for preparing the synthesis solution.

Figure 3.3: Top-view FE-SEM images of the synthesized Co-doped ZnO
NRs grown using the first (a), and (b) second method for preparing the
synthesis solution, respectively.
3.5. N-ZnO NRs/p-GaN-based heterojunction LEDs
At this stage, a successful synthesis of ZnO NRs with tunable
optical properties using a seed layer prepared with different precursors
solution and molar ratios was achieved. Further, the exploration of their
potential application in LEDs was investigated. The n-ZnO NRs/p-GaNbased heterojunction LEDs in this thesis was fabricated using a
commercially available p-type GaN (which were magnesium-doped GaN
(0001)-oriented layer grown on sapphire purchased from universitywafer
from the U.S.A.). The fabrication process of the n-ZnO NRs/p-GaN-based
heterojunction LEDs is described as follow: the synthesized n-ZnO NRs/pGaN heterostructures were first, spun coated with an insulating layer of
Shipley 1805 photoresist to electrically isolate the ZnO NRs from the pGaN substrates and then backing in 110 ºC for 1-3 minutes. Reactive ion
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etching (RIE) with oxygen plasma was then used to remove the photoresist
from the ZnO NRs surface and expose the NRs tip for the metal contacts.
Finally, Ni/Au (15 nm / 35 nm) were thermally evaporated onto the p-GaN
substrates and Ag (40 nm) on the exposed ZnO NRs tip to serve as p-type
and n-type contact electrodes, respectively.[57,58] The p-type and n-type
contacts were evaporated in a circular area of diameter ~ 2 mm. The
fabrication process is illustrated in Figure 3.4.

Figure 3.4: (a) Schematic diagram illustrating the fabricated
heterojunction LEDs, (b) Cross-sectional SEM image of the synthesized nZnO NRs on the p-GaN substrate, (c) Optical photograph of the fabricated
heterojunction LEDs on a p-GaN substrate, and (d) Optical photograph of
the fabricated heterojunction LEDs under forwarding bias.
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4. Characterization tools
Several characterization tools have been employed to get insights
into morphology and the structural, optical, electrical and electronic
properties of the synthesized pure and Co-doped ZnO NRs. Fieldemission-scanning electron microscopy (FE-SEM) was utilized to
characterize the morphological properties of the synthesized pure and Codoped ZnO NRs. The crystalline quality and electronic structure were
investigated using the x-ray diffraction (XRD) and electron paramagnetic
resonance (EPR), respectively. Also, EPR was applied to confirm the
successful substitution of Co inside the ZnO crystal lattice. Then, microphotoluminescence (µ-PL), cathodoluminescence (CL), and x-ray
photoelectron spectroscopy (XPS) were used to gain detailed information
on defects emission and their spatial distribution in the synthesized NRs.
Electroluminescence (EL) and current–voltage (I-V) measurements were
performed to study the light emission and electrical properties of the
processed n-ZnO NRs/p-GaN-based heterojunction LEDs, respectively. It
is to be noted that all these measurements were carried out at roomtemperature (RM) except for the EPR measurements, which were done at
5-6 K. A brief introduction to the working principle to all these analytical
tools is given below.
4.1. Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) is a helpful instrument to
characterize the morphology of a material that is either in the NSs or TF
forms.[66] In the SEM, high-resolution secondary or backscattered electrons
image of the nanostructured sample is collected as a result of the interaction
of electron beam bombardment (which is in the range of several keV) with
the sample surface.[66] In this thesis, FE-SEM Gemini LEO 1550 was used
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to examine the morphology of the synthesized pure and Co-doped ZnO
NRs.
4.2. X-ray diffraction (XRD)
X-ray diffraction (XRD) is a non-destructive characterization
technique widely used to study the crystal structure of single or
polycrystalline materials. A monochromatic beam of x-rays with a specific
wavelength, λ, is generated by accelerating electrons towards a metal target
e.g., copper (Cu). The emitted x-rays strike the material under study at an
incidence angle, θ, and the diffracted radiation is collected in a detector at
an angle of 2θ from the incident beam (see Figure 4.1). At certain
diffraction angles the x-rays come out in phase e.g., they are coherently
scattered, and this will yield a constructive interference, and high intensity
is observed at the detector. At these angles, the diffraction condition and
the so-called Bragg’s law, nλ = 2d sinθ, where n is an integer recognized
as the diffraction order, and d is the distance between the diffraction planes,
is fulfilled. By analyzing the measured diffraction pattern valuable
information on the crystal structure, crystal orientation, phase content, and
chemical composition of the material under study can be obtained.[67] In
this thesis, the XRD measurements were performed using a Philips
PW1729 diffractometer equipped with Cu Kα radiation (λ = 1.54 Å)
operated at 40 kV and 40 mA to investigate the crystal quality of the
synthesized pure and Co-doped ZnO NRs.
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Figure 4.1: Schematic illustration of the principle in the x-ray diffraction.
4.3. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a robust surface analysis
technique which is widely utilized for the identification of chemical
composition and electronic structure of the material.[68,69] Based on the
photoelectric effect, the sample is irradiated by x-ray beam with a known
photon energy under ultra-high vacuum (UHV) conditions, the emitted
photoelectrons with different kinetic energies from a material surface will
be measured (see Figure 4.2). Correspondingly, their binding energy then
can be calculated by Einstein equation. Each element present in the
material surface has a unique electronic structure and will produce a unique
set of peaks (a fingerprint) with recognized emission lines, and by
comparing these emission lines to the reference XPS database, different
species in the material can be identified.[68] In this thesis, XPS
measurements were recorded utilizing Scienta ESCA-200 spectrometer
with a monochromatic Al Kα x-ray source (1486.6 eV) to determine the
chemical composition of the material. This technique has also been used to
determine and estimate the defects concentrations present in the
synthesized pure and Co-doped ZnO NRs, respectively. The results of the
XPS measurements is discussed in detail in the papers included in this
thesis.
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Figure 4.2: Schematic illustration of the XPS experiment.
4.4. Photoluminescence (PL) spectroscopy
Photoluminescence (PL) is a powerful optical spectroscopy
technique, used to characterize the emission of photons from a fluorescent
material upon excitation by light photons (usually laser) of a certain
wavelength.[70] The light energy should be above the band gap of the
material to excite the carriers (electrons/holes) from the VB to the CB. PL
then occurs due to the direct radiative recombination of electrons and holes
with the emission of photons, possessing the energy equal to the band gap
of the fluorescent material under study. In this thesis, PL is used to
characterize the light emission of the synthesized ZnO NRs in the range
350 – 800 nm using a 266 nm continuous wave laser source as excitation.
4.5. Cathodoluminescence (CL) spectroscopy
Cathodoluminescence (CL) is a powerful advanced optical
spectroscopy technique used to characterize the emission of photons from
a fluorescent material that is exposed to electron beam bombardment.[71-75]
Only a small part of the total energy (see Figure 4.3) is carried by the
electron beam (which is in the range of several keV) is needed to promote
excitation of an electron from the VB to the CB, which corresponds to the
band gap energy in the range of several eV. CL occurs then due to
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recombination of electrons and holes with the radiation of photons.[76] The
CL and PL spectroscopy are similar, however, the level of excitation is
different since in PL one photon excites typically one electron-hole pair,
while in the CL, one electron of high energy can excite thousands of
electron-hole pairs. Also, CL has such advantages of usually providing a
better depth-resolved information and a better spatial resolution (< 1
µm).[71-75] In this thesis, CL is used to investigate the point defects
concentration from aggregates and along the synthesized ZnO NRs using
an acceleration voltage of 5 kV using a Gatan Mono CL4 system combined
with Gemini LEO1550 FE-SEM.

Figure 4.3: Schematic illustration of the signals from the sample under
electron beam bombardment.[75]
4.6. Current –Voltage (I-V) measurements
The electrical properties of the as processed heterojunction LEDbased on the synthesized n-ZnO NRs/p-GaN in this thesis were measured
using multiple sources-measurement units (SMUs) semiconductor
parameter analyzer (Keithley 2400-SCS). In which the p-and n-metal
contacts (electrodes) of the fabricated heterojunction LEDs were

23

connected to SMUs through a coaxial cable. Then the LED current
response is measured as the voltage sweeps in a constant period.
4.7. Electroluminescence (EL) measurements
Electroluminescence (EL) measurements is a powerful electrooptical technique widely used to investigate the emitted light from LEDs
when electrical current is applied. The electrical current drives the carriers
(holes/electrons) across the LED. EL then occurs due to the electrons and
holes radiative recombination within the diode leading to the emission of
photons. In this thesis, EL measurement is used to characterize the light
emission from the fabricated n-ZnO NRs/p-GaN-based heterojunction
LEDs. The EL measurements were performed using a Keithley 2400
source to provide a fixed voltage, while the emission spectra were collected
using an SR-303i-B detection system. Figure 4.4 shows a typical EL from
the fabricated ZnO NRs/p-GaN–based heterojunction LEDs.

Figure 4.4: Optical photograph illustrating the light emission from the
fabricated ZnO NRs/ GaN heterojunction LED under forwarding bias.
4.8. Electron paramagnetic resonance (EPR) measurements
Electron

paramagnetic

resonance

(EPR)

is

a

valuable

characterization tool that offers a unique way to investigate the ground
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states of localized magnetic impurities in a material and, in turn, to deduce
many structural, electronic and magnetic information on these impurities
and the material itself.[34,52,77] In a typical X-band EPR experiment, a
paramagnetic material is placed within a resonant cavity and in a quasistatic magnetic field (B) which split a degenerated 1/2 spin level into its
two-spin projection - ½ and + ½. Then magnetic field (B) is slowly varied
from 0 to 1.4 T, and at the same time, a continuous stationary microwave
of constant energy (hν) is sent into the cavity as illustrated in Figure 4.5.
When the Zeeman splitting matches the photon energy (hν), and if some
appropriate selection rules are satisfied, the paramagnetic sample can
absorbs this energy. The magnetic field at which this absorption occurs is
determined by the EPR line. Then with a deep knowledge of analyzing the
energy differences (ΔE), line width, density, and position, one can gain
insight into the identity, structure, and magnetic properties of the material
under study.[34,52]

Figure 4.5: Schematic illustration of the EPR experiment.
In this thesis, EPR measurements were performed to investigate the
crystal quality, orientation and to give insight into point defects that are
present in the synthesized pure and Co-doped ZnO NRs. The EPR
measurements were carried out by a conventional Bruker ELEXSYS
continuous wave spectrometer operating at X-band (ν=9.38 GHz)
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equipped with a standard TE102 mode cavity. The angle between the static
magnetic field (B) and the ZnO NRs axis, denoted by θ, was monitored by
a manual goniometer.[52] Figure 4.6 shows the illustration of the ZnO NRs
samples and definition of the angle, θ, between the B and the c-axis of the
NRs.

Figure 4.6: Schematic illustrations of the NRs samples and definition of
the angle,θ, between the magnetic field B and the c-axis of the NRs. The
microwave magnetic field B1 is perpendicular to both B and C.
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5. Results and discussion
The effect of the parameters of the low-temperature aqueous
chemical synthesis e.g., stirring time, ZnO seeding layer precursor’s types,
and its molar ratios, and the way of mixing the synthesis solution on the
properties of the synthesized pure and Co-doped ZnO NRs have been
systematically investigated in this thesis. Below are a description and
discussion of these results that were published in the six appended
papers.[34,52,56-59]
5.1 The effect of precursor (synthesis) solution stirring durations on
the optical properties of ZnO NRs
In the low-temperature solution-based synthesis of ZnO NRs, stirring
of the precursor (synthesis) solution in the preparation steps are critical to
enhance and control the chemical homogeneity of the ionic species. Hence,
an optimized stirring would further increase the synthesis rate by lowering
the effect of the activation energy during the synthesis process of ZnO
NRs.[78,79] Moreover, stirring the precursor solution could in a way control
the concentration of the OH¯ and consequently the super-saturation
reaction under thermodynamic equilibrium conditions during the synthesis
process of the ZnO NRs. Based on the importance of the stirring on the
synthesis of ZnO NRs we have been motivated to investigate the effect of
stirring durations of the synthesis solution as a possible way to tune the
radiative point defects in the ZnO NRs.[56] The main observations in this
study is found that stirring durations have a significant influence on the
morphology and point defects concentrations and their spatial distribution
along the synthesized ZnO NRs. We observed that the diameters of the
synthesized ZnO NRs were increased from 120, 180 and to 300 nm as the
stirring durations were increased from 1, 3 to 5 h, respectively, as shown
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in Figure 5.1 (a) - (c). Moreover, a decrease in the NRs diameter to the 200
nm was observed upon increasing the stirring durations further to 15 h, as
shown in Figure 5.1 (d). The significant difference between the NRs
diameters upon stirring durations is most likely believed to be related to
the super-saturations state of the Zn2+ and OH¯ species during the NRs
synthesis process.[41,53]

Figure 5.1: Top view FE-SEM images of the synthesized ZnO NRs
prepared under stirring durations of (a) 1 h, (b) 3 h, (c) 5 h, (c), and (d)
15 h, respectively.
The synthesis process of ZnO NRs in the solution-based methods is
considered to be controlled by high and low super-saturation reactions.
High super-saturation reactions favor nucleation, while low supersaturation reactions favor the synthesis process.[53-55]
Figure 5.2 (a)-(d) show a spatially resolved CL spectra collected
from individual ZnO NR in cross-sectional view at different points along
the NR as defined by colored squares in the insert. The CL spectra of all
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samples were characterized by UV emission peak centered at ~ 382 nm
due to NBE emission and dominated by a broad yellow-orange emission
centered at ~ 610 nm linked with deep-level (DL) defects associated
emission in ZnO.[40-46] Interestingly, the CL intensity of the DL defect
emissions along the NRs showed stirring durations dependence as
presented in Figure 5.2. As shown in Figure 5.2 (a)-(b), the intensity of the
DL defects emission along the NRs was observed to be improved when
moving from the bottom of the NR to the top as the stirring durations were
varied from 1 to 3 h. Further, as the stirring durations were further
increased from 5 to 15 h, the intensity of the DL emission peaks were seen
to be reduced while moving toward the tip of the NR as displayed Figure
5.2 (c)-(d). As suggested above the control of the super-saturation of the
OH¯ reactions are significant during the synthesis process. When a
relatively high amount of OH¯ is produced in a short period, the Zn2+ in
the synthesis solution will precipitate out rapidly due to the high pH
environment. Consequently, Zn2+ would contribute little to the ZnO NRs
synthesis and eventually result in a quick consumption of the Zn precursor
and prohibit the further growth of the ZnO NRs.[19] Therefore, it is highly
possible that the stirring of the precursor solution for 1 and 3 h in the
preparation step promote high super-saturation under thermodynamic
equilibrium during the synthesis process. Consequently, the synthesis
solution becomes weak in Zn, and hence favoring the creation of point
defects going downward the tip of the NR as presented in Figure 5.2 (a)(b). In contrary, stirring for 5 and 15 h favors low super-saturation during
the synthesis process of the NRs, and consequently, the synthesis solution
becomes rich in Zn, assisting the formation of point defects moving toward
the base of the NR as shown in Figure 5.2 (c)-(d).
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The phenomenon of the altered CL intensity with the stirring
durations can be explained using results of first-principle density
functional theory calculations, the formation energy of the point defects in
semiconductors depend on the synthesis conditions. In zinc-rich
conditions, VO has lower formation energy than zinc interstitial (Zni)[30,31],
which is most probably the case in our low-temperature aqueous solution
synthesis because the O comes from the super-saturation of the OH¯
reactions, while the zinc nitrate provides the Zn in the solution.[35] The
point defects in our synthesized ZnO NRs are most likely to be VO and Oi.

Figure 5.2: CL spectra of the individual NRs measured in cross-sectional
view. The insets display the cross-sectional SEM images of the NRs with a
sign of the spots where the CL spectra were recorded. For clarity, the
spectra have been subjected to an offset in the vertical direction.
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5.2 Influence of the ZnO seed layer precursor molar ratios on the
emission properties of n-ZnO NRs-based heterojunction LEDs
ZnO NRs are regarded as one of the most promising candidates for
the development of intrinsic white-LEDs.[22] However, due to the lack of a
method of synthesizing reproducible and stable p-type ZnO, an alternative
procedure is employed to synthesize n-type ZnO NRs on a p-type substrate
e.g., GaN to achieve ZnO NRs-based heterojunction LEDs.[80-87] However,
the LEDs based on this configuration usually show low EL response as a
result of high density of defects and different energy barriers for electrons
and holes at the heterojunction interface.[87] It is known that the interface
defect states can act as non-radiative centers that will drastically diminish
the efficiency of ZnO-based heterojunction LEDs.[85,86] Previously, it has
been indicated that the type of the seed layer utilized in the synthesis of the
ZnO NRs can significantly modify the density of such interface defects,
and so different color emissions can be observed.[63-65] This is because the
seed layer typically exists at the interfaces between the p-GaN substrate
and the synthesized n-ZnO NRs. Consequently, manipulating the ZnO seed
layer synthesis can be a simple and a useful path to tune the defects density
at the n-ZnO NRs/p-GaN interfaces. In this regard, we demonstrate the
possibility to tune the density of defects at the n-ZnO NRs/p-GaN interface
by utilizing ZnO seed layer prepared with different molar ratios.[57] The
influence of the seed layer molar ratios on the density of defects of the
synthesized n-ZnO NRs/p-GaN heterostructure interfaces was studied by
employing spatially resolved CL spectroscopy. Interestingly, the CL
results showed that the seed layer molar ratios have a notable effect on the
concentration of defects at the n-ZnO NRs/p-GaN heterostructure
interface. As can be seen, the synthesized n-ZnO NRs/p-GaN
heterostructure obtained from a seed layer produced with a molar ratio of
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1:3 M as shown in Figure 5.3 (b) has a high defect emission (and
consequently high defects concentrations) at the interface (red curve).[57]

Figure 5.3: CL spectra of n-ZnO NRs/p-GaN heterostructure recorded in
cross-sectional view. The inset displays a typical cross-sectional SEM
image of the n-ZnO NRs/p-GaN heterostructure with the sign of the point
where the CL spectra were recorded.
Moreover, to study the impact of the seed layer molar ratios on the
EL emission, the synthesized n-ZnO NRs/p-GaN heterostructures were
used to fabricate LED devices. The fabricated heterojunction LEDs were
marked as device 1, 3, and 5 for the ZnO NRs obtained using a molar ratio
of 1:1, 1:3, and 1:5 M, respectively. Figure 5.4 (a)-(c) present the EL
spectra from all the three LED devices monitored at varying the forward
voltage/injection-currents. As can be observed, the EL spectra of all the
three devices show a distinct yellow emission peak centered at ~575 nm,
which can be ascribed to intrinsic DL defects emission in ZnO due to point
defects e.g., VO and Oi or be interpreted by the interface defects related
emission.[82-85,88-91] In addition to the yellow emission, a weak blue
emission centered at ~ 420 nm was observed for device 1 (with a 1:1 M
seed layer) as presented in Figure 5.4 (a). This observation can be attributed
to the transitions from the CB or shallow donors (in ZnO) to the Mg
acceptor levels in the p-GaN.[83,85]
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Figure 5.4: EL spectra as a function of the forward bias voltage of device
(a) 1, (b) 3, and (c) 5, respectively. The insets present the corresponding
light emission images at 24 V. (d) The integrated EL intensities of the three
devices as a function of the forward bias voltage.
As the bias voltage is increased, the EL intensity of the dominant
emission peak for all the three LEDs increases rapidly without a notable
shift in the peak position as displayed in Figure 5.4 (d). The increase in the
EL intensity with increasing the bias voltage is probably due to the
reduction in the band bending of the n-ZnO NRs and the p-GaN. Therefore,
the kinetic energy of the electrons and holes is increased, and they have a
much higher probability to flow across the interface barrier and recombine
on the opposite side of the junction.[85,92]
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Furthermore, the explanation of the mechanism of the enhanced EL
intensity of the yellow emission from the fabricated heterostructure LEDs
is given below. The integrated EL peak intensity as a function of the
injection current is plotted on a log-log scale as shown in Figure 5.5 for all
the three LEDs. The results can be fitted with the law L = cIm, where m
measures the impact of the non-radiative defects in the characteristics of
the light emission. A linear rise in L with I e.g., m ~1 can be assumed when
radiative recombination dominates, while non-radiative recombinations
become dominant when L displays a super-linear dependence on the I e.g.,
when m >1.[93,94] Our result revealed a super-linear dependence with m =
2.3, 4.0, and 1.9 for devices 1, 3, and 5, respectively. These values indicate
the role of the defect-related non-radiative recombination centers for all the
three LEDs, which is in good agreement with the CL spectra in Figure 5.3.
However, the value of m is defined from the fitting curve for device 5 (with
1:5 M) is the lowest (m = 1.9), which shows a low presence of non-radiative
recombination centers in the space-charge region. Since the low density of
the interface defects is favorable for improving carrier injection through
the heterojunction, device 5 shows an improved EL performance compared
to the other two devices 1 and 3. These results suggest that the molar ratios
of the ZnO seed layer have a significant effect on the density of interface
defects and, in particular, playing a role of non-radiative recombination
centers.
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Figure 5.5: Integrated EL peak intensities of all the three devices as a
function of the forward injection current. The solid lines represent the
fitting results based on the power law L= cIm .
5.3 Influence of ZnO seed layer precursor types on the emission
properties of n-ZnO NRs-based heterojunction LEDs
Proceeding with the investigation of the effect of the ZnO seed layer
on the emission properties of n-ZnO NRs-based heterojunction LEDs and
by choosing the best-optimized seed layer molar ratio. We further studied
the influence of the seed layer precursor types on the emission properties
of n-ZnO NRs-based heterojunction LEDs.[58] Figure 5.6 (a) displays the
top-view

CL

spectra

of

the

synthesized

n-ZnO

NRs/p-GaN

heterostructures, which is described by a weak NBE emission peak
centered at ~ 383 nm and a dominant a yellow–orange peak centered at ~
610 nm related to DL defects emission.[82,85,88-91] The yellow–orange
emission is usually observed in the ZnO NRs synthesized by the LT-ACS,
and it is stated to be due to DL defects emission e.g., VO and Oi in ZnO or
can be caused by the VZn and hydrogen complex defects.[20] As can be
observed from Figure 5.6 (a) the synthesized n-ZnO NRs/p-GaN NRs
heterostructure obtained from a seed layer prepared from ZnAc, KOH and
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HMTA (donated as ZKH seed) displayed good crystal quality and low
defects concentrations compared to that prepared from ZnAc and KOH
(donated as ZK seed), as deduced from the ratio of the NBE to DL defect
emission.[63] Moreover, as revealed by spatially resolved CL, the
synthesized n-ZnO NRs/ p-GaN heterostructure using the ZKH seed layer
shows a significant reduction in the interface defects as illustrated in figure
5.6 (b). This decrease in the CL intensity of the defects emission is likely
to be due to the different defects concentrations at the interface between
the two types of the ZnO NRs/p-GaN heterostructures e.g., higher for ZnO
NRs achieved using the ZK seed solution.[57]

Figure 5.6: (a) CL spectra of the n-ZnO NRs/ p-GaN heterostructures
recorded in top-view mode. For clarity, all the spectra are normalized to
the DL defects emission and shifted in the vertical direction. (b) Crosssectional view CL spectra of the n-ZnO NRs/p-GaN heterostructures
interface. The insets display the synthesized n-ZnO NRs/p-GaN
heterostructures in cross-sectional view with a sign of the points where the
CL spectra were measured.
Further, the EL of the fabricated LED devices was performed at
different bias voltages to understand the evolution and tuning of the
emission through the ZnO seed layer precursors, as displayed in Figure 5.7
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(a)-(b). The EL intensity of the dominant emission peak increases rapidly
without a notable shift in the peak position with increasing the bias voltage.
The dominant broad yellow emission has a slightly asymmetric shape and
therefore can consists of several DL defects emission transitions levels.
Figure 5.7 (c) displays an example of the peak decomposition applying a
Gaussian function for the experimental spectrum performed at a bias
voltage of 15V for the ZKH device, which shows that the dominant broad
emission peak consists of three separate visible defect emission bands
centered at ~ 551, 597, and 652 nm, respectively. These visible defects
emission is probably due to transitions from the CB to DL defects emission
induced by VO and Oi in the ZnO

[57,82,85,94]

or could be due to radiative

interface recombinations within the n-ZnO NRs and the p-GaN
substrate.[63,64] The difference in the emission spectra of the ZH device and
the ZHK device in Figure 5.7 (d) can be explained by the difference in the
density of interface point defects as indicated in Figure 5.6 (b).
Consequently, the band alignment in the n-ZnO NRs/p-GaN is predicted
to be different, and hence a variation in carrier recombination can be
observed.[63]
An apparent increase in the EL intensity of the dominant emission
peak for the two LEDs is seen as the bias voltage is increased as displayed
in Figure 5.8 (a). The improvement in the EL intensity with increasing the
bias voltage is probably due to the lowering of the band bending of the nZnO NRs and the p-GaN

. As a result, the kinetic energy of the

[85,93]

electrons and holes is increased, and they have a much higher chance to go
across the interface barrier and recombine on the opposite the side of the
heterojunction.[82,85,93]
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Figure 5.7: EL spectra of (a) ZK device, and (b) ZKH device, as a function
of the bias voltage. The insets show the corresponding light emission
images at 15 V. (c) Gaussian decomposition of the dominant yellow
emission of the ZKH device at a bias voltage of 15 V. (d) EL spectra of the
two devices under a bias voltage of 15 V.
Further, the integrated intensity of the EL peak as a function of the
injection current is plotted on a log-log scale as shown in Figure 5.8 (b) to
illustrate the mechanism of the improved EL from the fabricated ZKH
LEDs. The curve fitting results exhibited a super-linear dependence with n
= 2.0 for the ZK and 1.3 for the ZKH device, respectively (as deduced from
L = CIn) [93], which suggests that the role of the defect-related non-radiative
recombination centers is dominant for all the two LEDs. However, the
value of n (1.3) for the ZKH device indicates a comparatively lower
existence of non-radiative recombination centers in the space-charge
region. Since the low concentration of interface defects is convenient and
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is a benefit for carrier injection through the heterojunction. The ZKH
device displayed an enhanced EL performance in contrast to the ZK device
as shown in Figure 5.7 (d). These results imply that the ZnO seed layer
precursor has a significant effect on the interface defect properties and
precisely it is playing an important role in the concentration of the nonradiative recombination centers.

Figure 5.8: (a) The integrated EL peak intensities of the ZH and ZKH
devices as a function of the bias voltage, and (b) Role of injection current.
The solid lines in Figure b illustrate the fitting results based on the power
law L= CIn.
5.4 Synthesis of Co-doped ZnO oriented NRs
Doping is a prime method to tune the semiconductor properties e.g.,
optical, electronic and magnetic. Recently, theoretical predictions and
experimental research have established that the incorporation of TMs e.g.,
iron (Fe), nickel (Ni), manganese (Mn), cobalt (Co), and copper (Cu) in
ZnO will result in a potential for the development of RT-FM.[47-50] Among
a variety of TMs-doped ZnO, Co is of particular interest because it has
unique optical and magnetic properties.[51,52,95-98] Consequently, substantial
research efforts have been devoted to synthesize Co-doped ZnO utilizing
different synthesis methods. Most of this research has been concentrated
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on investigating the optical and magnetic properties of Co-doped ZnO.[4851]

However, the synthesis of a high crystal quality of Co-doped ZnO with

the successful substitution of Co2+ in the host crystal site is still
challenging. The successful realization of high crystal quality Co-doped
ZnO will probably lead to better understanding of the origin of the RT-FM
in ZnO. In particular, doping of Co ions in ZnO crystal lattice utilizing the
low-temperature solution process can be challenging because the dopant
species can easily create aquo ions and not incorporated in the crystal
lattice.[39] Here, by developing a process for preparing the synthesis
solution, we synthesized well-oriented Co-doped ZnO NRs, and the crystal
structure was studied at low-temperature using EPR.[52] Figure 5.9 presents
a top-view SEM images of the synthesized pure (S0) and 5% Co-doped
ZnO NRs (S2) samples, which have a characteristic length of 3.5 μm and
mean diameters of 220 and 300 nm, respectively.

Figure 5.9: Top-view SEM images of the pure (S0) and 5% Co-doped
ZnO NRs (S2), respectively.
The EPR spectra of the pure sample (S0) are defined by the wellknown defect signal from ZnO apparent at 350 mT (g ~ 1.956) as displayed
in Figure 5.10, and usually, assigned to core-defects (CDs) resulting from
ZnO NSs rather than shell defects.[99-101] This g (~1.96) CD signal is
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completely resolved by lowering the static magnetic (B) field modulation
from 5 to 1 G, then losing intensity in the same ratio, but letting a threeline structure appears (Figure 5.11), which implies the presence of three
different and independent two-levels resonant centers, rather than a multilevels one. Nevertheless, we do not intend to discuss the defect’s nature;
here we simply model the experimental data by a set of three independent
½ spins, with axially anisotropic g-factors: this is a mean of recording the
experimental facts (relative transition intensities, line position, and width),
for later comparison or modeling.

Figure 5.10: X-band EPR spectra (5 G modulation) at each step of the NRs
synthesis. (a) The sample holder, (b) Sapphire substrate, (c) ZnO seed
layer, (d) Pure NRs, and (e) 5% of Co-doped ZnO NRs. No baseline
subtraction or exponential smoothing.
In performing so, a reasonable fit of the angle-dependent spectra for Figure
5.11 showed that one of these defect’s line is almost isotropic (D3, g  g,
g = 1.9602 and ~ g = 1.9604)), while the other two (D1, g = 1.9647, g
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= 1.9630, and D2, g = 1.9619, g = 1.9607) display a slight axial
anisotropy, in consistency with the hexagonal wurtzite structure of the ZnO
NRs.[52] The observation of this anisotropy is a first evidence that the NRs
are single crystalline and are mostly vertically oriented. We summarize the
pure NRs under study by noting that their EPR signals are well identified.
They contain known ZnO CDs and were mostly aligned perpendicularly to
the substrate surface, and no detectable traces of defects or impurities are
observed, a fact which indicates the relatively high purity of these samples.

Figure 5.11: Experimental X-band EPR spectra (1G modulation) of
sample S0 showing the g ~ 1.96 signal for B // z (θ = 0º) and B  z (θ =
90º), recorded at T = 5 K. The upper x-axis gives the corresponding g
factor value.
The EPR spectra of the 5% Co-doped NRs (samples S2), is
significantly characterized by a reduction of the CDs signal (g ~ 1.96)
intensity which is observed in S0 ( Figure 5.10) and the appearance of a
Co-related signal at g ~ 2.24, for θ = 0º, and at g ~ 4.58 for θ = 90º as
displayed in Figure 5.12. The observed reduction of the CD is an
interesting sign that a certain amount of the incorporated Co is involved in
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the neutralization of the CDs. Whereas the observed magnetic anisotropy
of the Co2+ signal is a clear evidence that the NRs are single crystalline and
are vertically well aligned, at least everywhere the Co ions supply an EPR
signal.[52]

Figure 5.12: X-band EPR spectra of sample S2 for parallel (θ = 0º) and
perpendicular (θ = 90º) orientation of the B field. The CD and sample
holder (SH) signals are indicated. Gravity centers of the Co2+ signal for
both orientations are indicated.
5.5 The influence of the synthesis solution mixing on Co-doped ZnO
NRs
To confirm our approach for the synthesis of high crystal quality
Co-doped ZnO NRs using the LT-ACS route, we further examined the
effect of the mixing the synthesis solution on the substitution of Co ions in
the ZnO crystal lattice while preserving the NRs morphology and
alignment. In general, the synthesis of Co-doped ZnO NRs using the LTACS route is carried out by adding the Co ions source to the already
prepared mixture of the Zn salt with HMTA synthesis solution. Here, in
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addition to the above method for the synthesis of Co-doped ZnO NRs, we
adapted another way by mixing the HMTA with Co dopant source first and
then adding the Zn salt.[34,52,59]
Figure 5.13 displays a top-view FE-SEM images of the synthesized
pure (M0) and Co-doped ZnO NRs synthesized by mixing Zn salt with
HMTA and then adding Co salt ( labeled as M1), mixing Co salt with
HMTA and then adding Zn salt (labeled as M2). Vertically aligned NRs
with a hexagonal shape and having an average diameter of ~160, ~400, and
~200 nm for M0 (pure ZnO NRs), M1, and M2, respectively, were obtained
as shown in Figure 5.13. The notable and slight increase in the NRs average
diameter between the M1 and M2 as compared to M0 is possibly due to
the Co doping. [102,103]

Figure 5.13: Top-view FE-SEM images of pure (M0) and Co-doped ZnO
NRs synthesized using approaches M1 and M2, respectively.
The crystal structure quality of the synthesized pure and Co-doped
ZnO NRs has been confirmed by the XRD measurements as illustrated in
Figure 5.14. The XRD patterns showed that all the synthesized samples
had a wurtzite structure with a good crystal quality and preferred growth
orientation along the c-axis, as indicated by the intensity of the (002) peak.
No secondary phase related to Co was seen in the XRD patterns of the pure
and Co-doped ZnO NRs samples. The slight shift in the (002) peak position
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toward lower 2θ angle in M1 and higher 2θ angle in M2 (as shown in the
inset of Figure 5.14) as compared to M0 is an indication of the successful
incorporation of the Co or the due to the difference of defects density in
the synthesized NRs.[103-105]

Figure 5.14: XRD patterns of the synthesized pure (M0) and Co-doped
ZnO NRs (M1 and M2). The inset shows the normalized XRD data for the
(002) peaks, indicating peaks shift.
The effect of the incorporation of Co into the ZnO using the two
different methods (M1 and M2) was investigated using EPR
measurements. The successful substitution of Co2+ was confirmed by the
observed Co-related signal defined by an eight-line structure at g ~ 2.239
(θ = 0º) and a broad asymmetric signal at g ~ 4.517 (θ = 90º)

[51,52]

as

displayed in Figure 5.15. The detected magnetic anisotropy of the Co2+
signal is clear evidence that the synthesized ZnO NRs are single crystalline,
well-aligned, and that Co is highly diluted along the NRs.[36]
As presented in Figure 5.15, the intensity of the Co2+ signal of M2
at θ = 90º and θ = 0º is significantly higher as compared to that of M1.
Also, the line width of the Co2+ signal at θ = 0º for M2 is observed to be
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slightly smaller (4G) than that of M1 (5G). As the Co concentration in the
synthesis solution is the same (7%) for both M1 and M2, and by
considering a uniform doping and the same coverage of the NRs, these
results reveal that the way of preparing the synthesis solution has a
significant influence on the Co incorporation in the synthesized ZnO NRs
in agreement with the XRD results displayed in Figure 5.14.

Figure 5.15: EPR spectra of Co-doped ZnO NRs (M1 and M2) for parallel
(θ = 0º) and perpendicular (θ = 90º) orientation of the magnetic field,
recorded at T = 5 K.
Moreover, to get more information on the defects in the synthesized
pure and Co-doped ZnO NRs, measurement and analysis of the roomtemperature CL spectra were carried out, and the results are presented in
Figure 5.16. The emission spectra of all samples were dominated by a UV
emission peak centered at ~ 382 nm (3.24 eV) due to NBE emission and
strong broad yellow-orange emission centered at ~ 610 nm (2.03 eV)
connected with the DL defects associated emissions in ZnO.[46,105]
Apparently, the CL spectra of the Co-doped ZnO NRs displayed a small
red-shift of the UV peak position from 382 nm to 384 nm (as displayed in
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the inset of Figure 5.16) as compared to pure ZnO NRs, which is likely to
be due to the change in band structure as a result of Co doping.[102,105] It is
important to note that the CL defect-related yellow-orange emission
intensity decrease from M1 to M2 (Figure. 5.16), and the Co EPR signal
increases from M1 to M2 (Figure 5.15). These observations propose that
the method of preparing the synthesis solution has a substantial impact on
the Co incorporation and defect generation in the synthesized ZnO NRs in
agreement with the XRD results shown in Figure 5.14. The physical source
of intrinsic defects-related yellow-orange emission is doubtful, and it is
stated to be linked to the Vo, Oi, and Zni. Recently, it was suggested that
the defect-related orange emission is to possibly be originating due to the
Zni in the core of ZnO NRs.[106]

Figure 5.16: CL spectra of the synthesized pure and Co-doped ZnO NRs
obtained by utilizing different synthesis preparation approaches as
indicated. The inset demonstrates the red-shift in the UV peak. For clarify,
the spectra are normalized to the NBE intensity.
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In this study, we suggest that the defect-related yellow-orange
emission is likely to originate from Zni in the core of ZnO NRs or from the
Vo and Oi on the surface of ZnO NRs. As a result, the intensity of the
defect-related yellow-orange emission is significantly improved by the Codoping (Figure 5.16), which is presumably due to the increase in Vo and
Oi in the NRs or to the Co-related defect.[15,23,41] This suggests that the
above-observed red-shift of the UV peak could be ascribed to the variation
of the Zni concentrations in the Co-doped samples (M1 and M2) compared
with the pure ZnO NRs (M0). In fact, these results indicate that the bulk
quality of the ZnO NRs is improved by the substitution of Co2+, while the
doping has the adverse effect on the surface defects-related emission, in
agreement with early results.[105,107]
In view of the EPR and the CL results, a defect distribution model
for ZnO NRs is proposed as shown in Figure 5.17[108], which states that the
incorporation of Co2+ during the synthesis process could reasonably result
in filling Zni+ by substitutional or interstitial doping and, consequently,
improved the crystal quality of the synthesized ZnO NRs.[51] The other
possibility is that a substitutional Co2+ very close to a Zni+ may form a nonmagnetic complex, which is then not anymore EPR detectable.

Figure 5.17: Schematic diagram of the cross-sectional view of the
synthesized pure and Co-doped ZnO NRs including Zni+ as core-defect and
oxygen vacancies/interstitials as surface defects, respectively.
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Moreover, the incorporation of Co2+ was observed to lead to the
increased concentration of surface defects such as VO and Oi. However,
further experimental investigation coupled with comprehensive theoretical
calculations are required to fully understand this observed phenomena.
5.6 Core-defect reduction in ZnO NRs by Co incorporation
As mentioned previously, ZnO NRs have a potential for the
development of a diverse range of functional electronic devices e.g., LEDs
[22]

and UV detectors.[25-27] In these applications, intrinsic and extrinsic

defects play a significant role in their optical and electrical properties.
Consequently, information about and control of these defects, as well as
the relation between them, are essential factors for the optimization of the
electronic and optical properties of ZnO NRs. In particular, the
paramagnetic defects are of interest because when an externally applied
magnetic field, the majority of electrons (depending on temperature) have
up (or down) spin projection, which then restricts the possible
recombination paths via these polarized defects to those allowed by Pauli
exclusion principle. Regarding these paramagnetic defects, the EPR is a
valuable tool to characterize them and to examine their occurrence as a
function of the different synthesis parameters.[34,52,77] Simultaneously, the
EPR spectra can give information about the spin environment, the crystal
quality at the atomic scale, and the macroscopic ordering. However,
applying the EPR spectroscopy on paramagnetic NSs is tricky, mainly due
to the moderate amount of resonating centers and the large spin relaxation.
Moreover, as most of the previous studies deal with non-oriented NPs,
information on magnetic anisotropy is often lost. Therefore, here we
synthesized well-oriented pure and Co-doped ZnO NRs by the LT-ACS
(90 °C) with different Co concentrations within the synthesis solution
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(from 0% to 15%), and are investigated by the EPR, just above the liquid
helium temperature. The analysis of the EPR spectra shows that a decrease
in the intensity of the paramagnetic native CD at g ~1.96 with the increase
of Co in the synthesis solution, proposing a gradual neutralization of the
former by the latter as presented in Figure 5.18. However, the comparison
of absolute intensity in different samples does not lead to significant
information since the total number of the NRs may vary from a sample to
another, mainly due to the differences in the substrate coverage.

Figure 5.18: Evolution of the CDs signal with the Co concentration within
the synthesis solution. The line of the 0% is divided by 100.
To explain the gradual decrease of the CDs single with the increase
of Co in the synthesis solution, three main interpretations are possible:
firstly, the presence of Co in the synthesis solution may directly inhibit the
formation of this CD during the growth. Secondly, the paramagnetic
incorporated Co2+ ions and CD may form a non-magnetic complex, which
is then not detectable by the EPR, and finally, another type of non-magnetic
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incorporated Co may break down the CD, for instance by filling a vacancy.
It has also been proposed that the disappearance of the g ~ 1.96 signal when
the TMs ions are incorporated in ZnO can only be due to the significant
broadening due to spin-spin relaxation with the 3d electrons. However, it
is difficult to imagine Co2+ ions interacting with a CD without being altered
in its magnetic parameters so that, as only Co2+ ions with bulk parameters
are detected, this proposal may be finally equivalent to the second
explanation.[34]
The physics of ZnO intrinsic and extrinsic defects are so plentiful
that many types of defects complexes are likely to take place. Regarding
our samples, we first note that in all of them, except the g ~ 1.96 CD signal,
no other defect or pollution-related lines are detected, indicating to the high
crystal quality and purity of the NRs under investigation. The CD signal
detected on the pure ZnO NRs (0% Co)as shown in Figure 5.19 is made of
at least two close lines, which collapse into a single asymmetric line for θ
= 90. Here, one of these observed lines appears to be almost isotropic (g
 g), while the other one displays a slight easy-axis anisotropy (g  g)
signed by the displacement of the positive peak. This shift allows us to
estimate g (g = g − g) for the anisotropic line to be − 0.0014, thus
likely to be related to a Zni+ defect (g = -0.0010) within the ordered phase
of NRs. Regarding the isotropic line, although an isotropic defect cannot
be excluded, it is likely to be related to the disordered phase present in the
Co-doped samples. If so, the line may arise from a powder of the
anisotropic defect, with slightly modified parameters: this could be the case
for disordered Co-doped ZnO large nanoparticles or partially grown NRs.
Consequently, at this stage, we cannot decide an exact answer to this
question. In particular, because the precise origin of the CDs is not known
with certainty. Further experimental and theoretical investigations have to
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be performed. For example, ab initio theoretical study of ZnO supercells
containing different types of paramagnetic defects (compatible with slight
easy axis magnetic anisotropy observed in this work) and substitutional
Co2+ ions in various relative positions would give more insight into
answering these questions. We show that only a little amount of Co in the
synthesis solution (about 0.2%) is necessary to suppress almost all these
paramagnetic CDs.[34] These results give insight in the experimentally
observed improvement of the crystal quality of diluted Co-doped ZnO
NRs, as well as into the control of paramagnetic defects in ZnO NRs.

Figure 5.19: Anisotropy of the EPR CD signal in pure (0% Co) and Codoped (0.5%) samples, with respect to the magnetic field orientation,
recorded at T=6 K. Sapphire defect (SD) signal present in the 0.5% sample
is shown for the θ=0 orientation.
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6. Research summary and future work
Zinc oxide (ZnO) nanorods (NRs) exhibit unique optical and
electronic properties, which are of particular interest in the development of
optoelectronic devices e.g., ultraviolet (UV) photodetectors, light-emitting
diodes (LEDs) and solar cells. In addition to this ZnO is a piezoelectric and
biocompatible material. The potential of ZnO NRs in all applications
mentioned above, however, would require synthesis of high crystal quality
with in-depth knowledge in understanding their optical and electronic
properties. As the low-temperature aqueous chemical synthesis (LT-ACS)
holds great promise for the synthesis of ZnO NRs and offers the possibility
to tune their final properties by adjusting the synthesis parameters, intense
research efforts are devoted in this respect. In this regard, vertically wellaligned ZnO NRs with optimized point defects concentration and
knowledge about their spatial distribution along the NRs were achieved.
Also, high crystal quality well-oriented Co-doped ZnO NRs were obtained
in this thesis. In paper I, by varying the stirring durations for the synthesis
solutions, we were able to tune the defects emission along the NRs, and
this is most likely attributed to the variation of OH¯ concentration during
the growth process by either high or low super-saturations. Then, by
choosing the best stirring duration regarding the vertical alignment and
concentration of defects achieved in the paper I, combined with ZnO seed
layer precursor’s types, and its molar ratios are studied in papers II and III,
and we tuned the concentration of interface defects at the synthesized nZnO NRs/p-GaN heterostructured interface. A significant improvement in
the electroluminescence (EL) intensity was observed for the fabricated
heterojunction LEDs based on the results of papers II and III. The
improved EL intensity from the n-ZnO NRs-based heterojunction LEDs
was likely attributed to reduced density of non-radiative related defect
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using an optimized molar ratio and a specific precursor type utilized for
the ZnO seed layer. After that, in papers IV-VI, high crystal quality
vertically well-oriented ZnO NRs has been demonstrated by incorporating
diluted cobalt (Co) inside the ZnO NRs crystal lattice. Finally, a
concentration study (paper VI) of the synthesized vertically well-aligned
pure and Co-doped ZnO NRs at low-temperature suggested that a
relatively small amount of Co2+ (0.2 %) is sufficient to suppress almost all
core-defects (CDs) that were observed in pure ZnO NRs. In view of the
different results from all the complementary measurements on the
synthesized pure and Co-doped ZnO NRs, we can summarize that: the
substitution of the Co2+ inside the ZnO NRs supplies a highly anisotropic
magnetic Co2+ signal defined by eight-lines suggesting that the synthesized
NRs are single crystalline, vertically well-aligned, and at least the Co is
homogeneously distributed along the NRs. Also, the substitution of the
Co2+ was observed to be identified by a drastic reduction in the CDs signal
(g ~1.956) seen in pure ZnO NRs. This decrease in the CDs signal is
presumably due to the presence of Co in the synthesis solution may
instantly hinder the formation of these CDs during the growth process.
Another probability is that the paramagnetic incorporated Co2+ ions and
CD may create a non-magnetic complex, which is not detectable by
electron paramagnetic resonance (EPR), or a different type of nonmagnetic incorporated Co might break down the CD, for example by filling
a vacancy. Moreover, the EPR result indicates that the resolved anisotropy
of the CD signal at g ~ 1.96 in pure NRs highly proposes that CD arise, at
least partially, from the Zni+ shallow donor from the core of the NRs rather
than the shell.
Despite tremendous effort devoted to synthesizing high crystalline
quality vertically well-oriented Co-doped ZnO NRs using the LT-ACS,
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there are many challenges to overcome. For instance, more experimental
research work is needed in adjusting the synthesis parameters to improve
the incorporated amount of the Co2+ ions into the ZnO NRs crystal lattice
while keeping control over the crystal quality, morphology, and
orientations. This step will probably lead to the possible observation of
room-temperature

ferromagnetism

(RT-FM)

from

the

LT-ACS

synthesized Co-doped ZnO NRs. Further, advanced spectroscopy
investigations e.g., photoluminescence excitation (PLE) and optically
detected magnetic resonance (ODMR) performed at low-temperature and
supported by ab initio theoretical study of ZnO super-cells containing
various types of paramagnetic defects and substitutional Co2+ ions in
different relative positions would give insights into the origin of the CDs.
Furthermore, the potential of the synthesis of optimized Co-doped ZnO
NRs for spintronic-based devices e.g., UV photodetectors, LEDs, and
magnetic capacitors can be utilized.
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