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Abstract

There is currently widespread interest among researchers in ZnO-ZnS coreshell
nanorods as electrodes in prototype solar cells. ZnS has been proposed as a suit-
able inorganic sensitizer to ZnO because ZnO and ZnS when in intimate contact,
form a type-1I (staggered) heterojunction with 1.00 eV valence band off-set. Type
IT core shell nanorods should therefore act to separate electrons and holes radi-
ally. This has been confirmed by density functional theory (DFT) calculations,
which revealed an active separation of electron hole pairs after photo-excitation.
Therefore these structures are similar to coaxial cables, because they allow the
movement of the electrons through the core (i.e. ZnO) in one direction and the
holes through the outer shell (i.e. ZnS) in the opposite direction.

In this thesis, rapid synthesis of ZnO and controllable growth of ZnO/ZnS
core-shell structures has been realized. Moreover, the effect of dopants on the
structural, optical, and its magnetic properties are investigated in detail. The
final product was analyzed using such techniques as scanning electron microscopy
(SEM), photoluminescence (PL) spectroscopy(steady and temperature dependent),
Ultra-violet visible (UV-Vis) spectroscopy, Fourier transform infrared spectroscopy
(FTIR), Electron paramagnetic resonance (EPR) and X-ray diffraction (XRD).

ZnO nanorod arrays were grown by a two-step chemical bath deposition pro-
cess on (100) silicon substrates. ZnS coated ZnO nanorods were prepared by a
simple, cost effective, two-step chemical synthesis process. This method provides a
continuous, uniform ZnS coating on ZnO nanorods at relatively low temperature.
The optical properties of the core-shell(ZnO/ZnS) are explored including the case
when the absorption of propagating wave by dissipative component is completely
compensated by amplification in active (lasing) medium.

Rapid synthesis of blue emitting ZnO nanoparticles for fluorescent applications
has been developed. In this method ZnO nanoparticles (NPs), with size 16 — 20
nm were produced using simple, cost effective and rapid synthesis method. In this

method zinc salt (typically zinc acetate dehydrate) is directly annealed in air at a

XVvii



Xvili

temperature from 200 — 500 °C' for 2 h to form ZnO (NPs). This synthesis method
would be ideal for blue light emitting applications as it is catalyst free growth and
only requires zinc precursor to produce NPs that can emit visible emission by
scalable temperature.

Cd doped ZnO nanopowder has been synthesized by facile sol-gel method. The
modulation in optical band gap of the samples decreases from 3.15 eV to 2.76 eV
are observed and it is believed to be responsible for the red shift in Ultra-violet
visible (UV-Vis) spectroscopy with increase in Cd content. This is explained in
terms of possibility of engineering band gap and influencing physical, chemical,
and electronic properties which provides a strong impetus to study nanocrystals
and other nanodimensional materials. The method employed would be ideal to
synthesize materials for devices operating in the visible region as well as for de-
veloping heterojunction (Cd:ZnO) structures.

Defect-induced room temperature ferromagnetic properties of the Al-doped
Zn0O (AZO) and undoped ZnO nanostructure synthesized by sol-gel method has
been investigated. Electron Paramagnetic Resonance (EPR) spectroscopy which
is an effective tool to investigate the origin and nature of un-paired electrons
in an atom shows the electron spin trapped in defected areas become randomly
orientated at higher atomic percentages of Al. Based on PL and EPR analysis
it was demonstrated that singly ionized oxygen vacancies, play a crucial role in
mediating ferromagnetism in the undoped ZnO where as in Al doped ZnO it might
be due to Al clustering forming Al-Al short range orders.
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Chapter 1

Introduction

1.1 Nanostructured ZnO: Historical Overview

Zinc oxide (Zn0), a II-VI direct wide bandgap semiconductor, has been studied by
the scientific community since the 1930s [1]. Although it has unique and interesting
properties, such as a relatively high exciton binding energy (60 meV), and a wide
bandgap (3.34 eV), and is piezoelectric, biologically safe and biocompatible [2],
researchers work with ZnO has previously been focused on obtaining stable p-type
dopants for ZnO. In addition to these excellent properties, ZnO possesses a large
number of extrinsic and intrinsic deep-level impurities and complexes (clusters)
that emit light of different colors, including violet, blue, green, yellow, orange and
red, i.e., all constituents of white light [3, 4] [5]. Because of this, ZnO is considered
to be attractive for applications requiring luminescent materials. ZnO, especially
in its nanostructure form, is currently attracting intense global interest for pho-
tonic applications [2]. ZnO has the additional advantages of being easy to grow
and possessing the richest known family of nanostructures [5]. The present global
interest in ZnO nanostructures is motivated by the possibility of growing them on
any p-type substrate and hence producing high quality pn heterojunctions. The
interest in optoelectronic applications arises from the possibility of developing low
energy and environmentally friendly white light emitting technologies and laser
diodes that operate above room temperature [3]. The renewed interest in utilizing
the excellent properties of ZnO in optoelectronic devices is mainly due to the ZnO

ambipolar doping problem mentioned above. This problem frequently occurs in



wideband gap materials, in which it is very easy to dope the material with one
polarity but is very difficult to dope the same material with the other polarity [6].
As 7ZnO is naturally n-type, it is very difficult to dope it with materials of p-type
polarity. Several laboratories have reported p-type ZnO, but their results were
difficult to reproduce in other laboratories and hence remain controversial. Ele-
ments from group I, including Li, Na, and K, as well as elements like Cu and Ag,
are supposed to be good acceptors when replacing a Zn site, and they form deep
acceptors with ionization energies around a few hundred meV above the valence
band [7]. This implies that under normal conditions, i.e., at equilibrium, doping

can be achieved without any ionization leading to free holes.

Moreover, at high levels of doping with such elements, interstitial Li (or Ag)
atoms will act as donors and compensate many acceptors [8, 9. Another possi-
bility for doping ZnO to p-type is to use elements from group V on the O site,
including N, P, Sb, and As. Nevertheless, most efforts to use these elements have
led to poorly reproducible results. An elegant summary of all of these efforts is
documented in Look et al. [10, 11]. Most recently, there have been successful
reports of doping ZnO with N, forming a level with ionization energy of around
100 meV, less than the 160 meV ionization energy of the standard Mg acceptor
in GaN [6]. Nevertheless, due to the existence of other native deep levels close to
the conduction band, the compensation effect makes these efforts unsuccessful in
producing stable and highly doped p-type ZnO materials. The difficulty in doping
ZnO to p-type polarity has led researchers to seek to create heterojunctions with
other p-type semiconductor materials to enable ZnO to be used in optoelectronic
devices. These efforts began by growing n-type ZnO thin films on p-type sub-
strates. However, due to lattice mismatches, most of these efforts have not led
to the development of device-quality heterojunctions. The efforts in growing thin
films of n-type ZnO on different p-type substrates, along with many of the funda-
mental properties of ZnO, are described in the comprehensive review written by

Ozgur et al. [1J.



Nanostructures, especially nanorods or nanowires, possess a relatively large
surface area to volume ratio, enabling them to release stress and strain due to lat-
tice mismatch with other materials. In addition, ZnO has been shown to be able
to produce a rich family of different nanostructures; as a wurtzite structure, ZnO
has a total of 13 different facet growth directions: (0001), (01 — 10), (2 — 1 — 10).
Together with a pair of polar surfaces 0001, this uniquely structured material
has been demonstrated to form a diverse group of nanostructures: nanorods,
nanobelts, nanocombs, nanosprings, nanorings, nanobows, nanojunction arrays,
and nanopropeller arrays, which are formed largely due to the highly ionic char-
acter of the polar surfaces [12]. Some ZnO nanostructures (namely tetrapods)
were unintentionally synthesized as early as 1944 [13]. At that time, there were
no microscopes with sufficient resolution to view the synthesized structures, which

have since been identified as tetrapods.

The different growth methods used to obtain ZnO nanostructures can be di-
vided into two main groups: low (< 100 °C) and high (up to 1000 °C') temperature
techniques. Willander et al. provide a thorough review of these different growth
techniques [2]. High quality ZnO nanostructures have been grown on a variety
of crystalline as well as amorphous (polymer) substrates and formed excellent pn
heterojunctions, in contrast to thin films of ZnO, which have shown very limited
success in forming heterojunctions. One advantage of n-ZnO nanorods on any
p-substrate is that each nanorod will form a discrete, separated pn junction, and
hence a large-area light emitting diode can be designed without compromising the
junction area, which would lead to large reverse leakage currents. This is an im-

portant property that is advantageous for large-area lighting commercialization.

1.1.1 Luminescent centers and defect Chemistry in ZnO

Efficient donors and acceptors have energy levels near the conduction and va-

lence bands, respectively; deep centers also exist with energy levels deep in the
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Figure 1.1: The wurtzite structure model of ZnO. The tetrahedral coordination
of ZnO is shown [2§].

forbidden gap. The room temperature photoluminescence (PL) spectrum of ZnO
nanorods/nanowires with diameters larger than 20 nm is similar to the PL spectra
of bulk ZnO. This room temperature PL spectrum is normally characterized by
near-band-edge (NBE) ultra-violet (UV) emission and at least one broad band
emission due to deep levels, called DLE. DLE refers to the broad band extending
from just above 400 nm up to 750 nm, i.e., the whole visible spectrum. The broad-
ness of the band results from the fact that it represents a superposition of many
different deep levels emitting at the same time. Different reports have suggested
different deep levels as the origin of the observed emissions. Before discussing the
origin of the deep band emissions, it is important to discuss most of the known
deep levels in ZnO and some of their important properties such as their formation

energy and contribution to conductivity.

Although no consensus exists on the origin of the broad deep band emission,
the broad nature of the emission suggests the possibility that it is a combination
of many emissions. The deep levels of ZnO are divided into extrinsic and intrinsic
deep levels. The possible intrinsic native deep levels in ZnO are oxygen vacancy
(Vo), zinc vacancy (Vz,), oxygen interstitial (O;), zinc interstitial (Z,;), oxygen
anti-site (Ogzy), and zinc anti-site (ZnO). This is in addition to native defect
clusters, which are usually formed by the combination of two point defects or

one point defect and one extrinsic element, e.g., a VpZn; cluster formed by Z,;



and Vp. This Vo Zn; cluster is one of the clusters that has been previously
identified and is situated 2.16 eV below the conduction band minimum. These
native point defects often directly or indirectly control doping, compensation,
minority carrier lifetime and luminescence efficiency in semiconductors [14]. Native
defects are often invoked to explain the fact that ZnO always exhibits a high level of
unintentional n-type conductivity. Even the difficulty in obtaining stable p-type
doping is closely related to a compensation effect connected to intrinsic native
defects that lie in the forbidden gap (deep centers). The concentration of a point
defect depends on its formation energy. At thermodynamic equilibrium and in
dilute cases (no defect-defect interaction), the concentration of a point defect (C)
is given by [14].
_Ef

C = Nsitesexp(kB—T), (1.1.1)

where c is the point defect concentration, E7 is the formation energy, Nyites
is the number of available sites to accommodate the defect, kg is Boltzmanns
constant, and T represents temperature. According to Eqgs. defects with
high formation energies will occur at low concentrations. The formation energy E/
of point defects is not constant, but rather depends on the growth parameters and
annealing conditions [I5]. The formation energy of an oxygen vacancy depends on
the abundance of oxygen and zinc atoms in the growth environment. Furthermore,
if the vacancy is charged then the formation energy depends on the Fermi level
(ER), i.e., the electron chemical potential. The chemical potential depends on the
growth conditions, which can either be oxygen-rich, zinc-rich or in between these
two extremes. Hence, the chemical potential is usually treated as a variable and
is chosen according to certain rules. In reality, the growth environment controls
the concentration of native defects in ZnO. For further details on the limitations
of chemical potential values, the reader is advised to Janotti et al. and van de
Walle et al. [14], [15]. As discussed above, these deep levels introduce levels in the
bandgap of the semiconductor that involve transitions between different charge

states. The transition levels can be experimentally observed when the final charge



state fully relaxes to its equilibrium configuration after the transition, such as in
deep level transient spectroscopy (DLTS) [16].

Conventionally, if the transition level is situated such that the defect is most
likely to be ionized at room temperature or at the device operating temperature,
then this is called a shallow transition level [14]. If the transition level is unlikely
to be ionized at room temperature, then it is a deep transition level. The first step
in the discussion on deep level native defects in ZnO is to consider V. Vo and
Zn; have long been suggested to be sources of the observed unintentional doping
in ZnO, which is due to shallow levels situated 30 — 40 meV below the conduc-
tion band minima [I7, [18]. The assignment of Vi or Zn; to the unintentional
n-type doping originated from the fact that the growth of ZnO crystals was typi-
cally performed in a Zn-rich environment, and hence the dominant native defects
were assumed to be Vp and Z,;. Nevertheless, recent careful theoretical study
revealed that this claim was incorrect for both Vp and Zn;, as will be discussed
below [I4]. The formation energy of Vo was found to be quite high in n-ZnO
material, even under extreme conditions, where it has a value of 3.27 eV. Accord-
ing to Eq. , Vo will always occur in low concentrations under equilibrium
conditions, and it is not expected to be the source of the unintentional n-type
doping. According to the energy calculations, isolated Vi cannot be the source
of electrons in the conduction band in ZnO. In fact, in p-type doped ZnO, Vy
assumes a 21 charge state and hence provides a potential source of compensation
in p-type ZnO. This theoretical investigation [14] was consistent with experimen-
tal evidence from positron annihilation spectroscopy studies [19] 20], that studied
grown and electron-irradiated ZnO samples. It has been shown experimentally
that the dominant defect in electron-irradiated n-ZnO samples is V,, with the
Fermi level located 0.2 eV below the conduction band minima [14], 19, 20]. Neutral
Vo was also detected in these experiments. These results imply that charged Vp,

if present, will only be in low concentrations below the detection limit due to their



high formation energy as discussed above. Nevertheless, other experimental mea-
surements have shown that native defects, and especially Vi deep level defects,
can contribute to the unintentional n-type conductivity of ZnO when present as
complexes, but not as isolated native point defects [2I]. On the other hand, Vz,
has the lowest formation energy of all of the native defects in n-type ZnO, while
its formation energy in p-type ZnO is quite high [I4]. This energy is low enough
for VZ2; to occur in modestly doped ZnO and to act as a compensating center.
Zinc vacancies usually introduce partially occupied states in the bandgap. These
states are derived from the broken bonds of the oxygen as nearest four neighbors
and lie close to the valence band minima. These states are partially filled and can
accommodate an electron, causing Vz, to act as an acceptor. However, quantita-
tive calculations showed that V, levels are deep acceptors. On the other hand,
zinc vacancies are not believed to contribute to the p-type doping of ZnO due to
the high formation energy of Vz, in p-type ZnO [14].

V2. has been observed in many as-grown n-ZnO materials and are more favor-
able when growth is performed in oxygen-rich conditions [14], 19]. Zinc vacancies
are situated 0.9 eV above the valence band minima, and hence a transition from
the conduction band (or from a shallow donor) would yield a luminescence around
2.4 V. This corresponds to the green luminescence observed in ZnO samples grown
by many techniques, appearing at 2.4 — 2.5 eV. Hence, V7, is widely accepted to
contribute to the broad band emission at this green wavelength, although V, was
also suggested as early as 1954 [22] to be the source of this green emission (see
discussion below). On the other hand, for n-type ZnO, i.e., for a Fermi level close
to the conduction band, interstitial zinc has high formation energy even under
Zn-rich conditions, with a formation energy that reaches 6 eV. This implies that
under equilibrium conditions, Zn; will be present in low concentrations and cannot
contribute to the unintentional doping of ZnO. Moreover, the formation energy of
Zn?" decreases rapidly as the Fermi level decreases toward the valence band min-

ima. This implies that Zn; is a potential source of compensation in p-type ZnO



[T4]. The excess of oxygen in the ZnO lattice can be accommodated through the
existence of oxygen interstitials, which can exist in electrically active or inactive
forms. Electrically active O; occupies an octahedral site [14] and introduces states
that can accept two electrons in the lower part of the ZnO bandgap. The result
is a deep acceptor transition with states situated 0.72 eV and 1.59 eV above the
valence band minima. The other form of O; is an electrically inactive configura-
tion, which has quite high formation energies for both forms of O;, except under
extremely O-rich environments. This implies that O; is not expected to be present
in high concentrations under equilibrium conditions. The remaining native defects
are anti-sites. Zinc anti-sites or oxygen anti-sites consist of zinc or oxygen atoms

sitting at the wrong lattice position.

All calculations have agreed that ZnO forms shallow donors [23] 24]. The final
native defect is oxygen occupying an anti-site. Oxygen anti-sites can be created
under non-equilibrium conditions, for example by irradiation or ion implantation
[14, 25]. Recent calculations indicated that Oz, is a deep acceptor level with two
possible transitions situated 1.52 eV and 1.77 eV above the valence band minima.
All of the native defects discussed above can exist in different charged states or in
a neutral state, and the formation of complexes between native defects and other
extrinsic species in ZnO has also been reported. As mentioned above, most of
these native defects introduce deep levels at different positions in the bandgap,
and hence a rather large number of luminescence lines with different energies can
be observed. This explains why all of the visible colors have been experimentally
observed in different ZnO samples. The main known extrinsic deep-level defects
in ZnO are Li, Cu, Fe, Mn, and OH, each of which have been reported to emit
at different wavelengths as discussed in more detail by Ozgur and Klingshirn et
al. [IL [6]. Different deep levels can produce different lines of the same color; one
example of this is ZnO:Cu and ZnO:Co, which emit different green colors [6]. This
phenomenon is an additional source of the discrepancy in explaining the observed

emission of ZnO. Finally, hydrogen also plays an important role in the properties



of the native defects. Hydrogen is not a deep level in ZnO, but we mention it due
to its important role as a donor. Unlike other semiconductors where hydrogen
can be positive or negative, hydrogen in ZnO is always positive (HT), i.e., it acts
as a donor and possesses low ionization energy [22]. As mentioned above, the
origin of the deep level emission (DLE) band has been controversial for decades.
Below, we will briefly discuss some of the different opinions about the origin of the
DLE based on different findings. The common bands observed in ZnO are green
luminescence, yellow luminescence, and red luminescence DLE bands [I1]. The
green luminescence band, which appears at energies of 2.4 — 2.5 eV, is the most
thoroughly investigated DLE band in ZnO and has been the subject of the most
debate. Several studies have been published regarding the origin of this band, and
they have used different experimental setups and different samples grown under
various conditions. The green luminescence has been observed in samples grown
by a variety of techniques.

There may be multiple sources of this luminescence because different transi-
tions can lead to quite similar luminescent emission wavelengths. Zinc vacancies,
one of the most probable native defects in ZnO, have been suggested by many
authors to be the single source of this emission; see [20, 27, 28]. Oxygen vacan-
cies have also been suggested by many authors [29, 30, B1]. In addition, zinc
interstitials, oxygen interstitials, and other extrinsic deep levels including Cu have
all been proposed as sources of the green luminescence emission in ZnO. More
recently, the green emission band has been explained as originating from more
than one deep level defect. In this recent investigation, Vp and Vy,, which have
different optical characteristics, were both found to contribute to the broad green
luminescence band [32] B3], 34]. The yellow emission band that appears at 2.2 eV
was first observed in a Li-doped ZnO layer [9, 35]. Li is located 0.8 eV above
the valence band and constitutes a deep acceptor level in ZnO. Yellow emission
has also been attributed to native deep level defects in ZnO, namely to oxygen

interstitials [36] [37]. The yellow emission band was also observed with metastable
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behavior in undoped bulk ZnO [11]. Under irradiation by a He-Cd laser, the green
luminescence band mentioned above was gradually bleached, and yellow emis-
sion emerged and saturated with an excitation density of 10-3 W/cm2, implying
that the associated deep level is present at a low density. The yellow emission
band was recently observed in ZnO nanorods grown by low temperature (90) °C
chemical growth in different laboratories [38]. The origin of this band in these
low-temperature grown samples was attributed to O; or the presence of Li impu-
rities in the initial growth material. A Zn(OH ), group attached to the surface of
Zn0O nanorods grown by chemical methods has also been proposed as a possible
source of the yellow deep-level defect emission band in these samples [39]. Yellow
emission has been observed in many different grown ZnO nanorods, and it was
demonstrated that the emission can be replaced by the green and red bands upon
post-growth annealing [39]. This was explained by the fact that upon proper post-
growth annealing, the hydroxyl group can desorbs and hence modify the emission
from that of the as-grown ZnO nanorods [39]. Orange, orange-red and red emis-
sion bands have also been observed in ZnO [39]. The orange emission, which is
not very common in ZnQ, was proposed to be due to transitions related to oxygen
interstitials [40], the orange-red emission was recently attributed to transitions
associated with zinc vacancy complexes [41], and the red emission was proposed
to be due to transitions associated with zinc interstitials [42]. The summary of
recent studies are given by Table

From the preceding discussion on the properties of the commonly reported
deep level centers in ZnO and their associated possible transitions, it is clear that
ZnO can emit luminescence over the entire visible region. Although no consensus
has been reached regarding the origin of the different observed colors, partly due
to the different defect configurations in different samples [51], [52], 53], ZnO provides
the potential for creating white light emitting diodes, especially considering the
recent progress in the growth and reproducibility of ZnO nanostructures grown

on a variety of other p-type substrates [2]. The development of low temperature
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Table 1.1: Some recently reported lines emitted from ZnO and the proposed as-
sociated deep level defect(s) causing the emission. The conduction and valence
bands are abbreviated in the usual way as C.B. and V.B., respectively.

Emission color Proposed deep

(nm) level transition

Violet Zn; to V.B. [43]

Blue Zn; to Vyz, or
C.B. to VZn [43,
A4, [45)

Green C.B. to Vp, or to

Vzn, or C.B. to
both VO and VZn

[46], 147]

Yellow C.B. to Li, or
C.B. to O; [48]

Orange C.B. to O; or
Zni to Oz [43,
19]

Red Lattice disorder

along the c-axis
(i.e. due to Zn;)
[50]

chemical growth approaches as suitable techniques for large area synthesis of ZnO
nanorods with excellent luminescence properties on any substrate opens up new
possibilities for developing hybrid ZnO pn junctions. One of these hybrid junctions

is a combination of ZnO nanorods and p-type semiconducting polymers.

1.1.2 Crystal structures of ZnO

Zn0 is a II-VI compound semiconductor whose ionicity resides at the borderline
between covalent and ionic semiconductor. The crystal structures shared by ZnO
are wurtzite, zinc blende, and rocksalt [II, [54]. At ambient conditions, the ther-
modynamically stable phase is wurtzite. The zinc-blende ZnO structure can be
stabilized only by growth on cubic substrates, and the rocksalt (NaCl) structure
may be obtained at relatively high pressures. Wurtzite zinc oxide has a hexagonal
structure (space group C6émc) with lattice parameters a = 0.3296 and ¢ = 0.52065

nm. The structure of ZnO can be simply described as a number of alternating
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planes composed of tetrahedrally coordinated O?~ and Zn?" ions, stacked alter-
nately along the c-axis (figure 1). The tetrahedral coordination in ZnO results
in noncentral symmetric structure and consequently piezoelectricity and pyroelec-
tricity. Another important characteristic of ZnO is polar surfaces. The most
common polar surface is the basal plane. The oppositely charged ions produce
positively charged Zn — (0001) and negatively charged O — (0001) surfaces, re-
sulting in a normal dipole moment and spontaneous polarization along the c-axis
as well as a divergence in surface energy. To maintain a stable structure, the po-
lar surfaces generally have facets or exhibit massive surface reconstructions, but
Zn0O —=+(0001) are exceptions: they are atomically flat, stable and without recon-
struction [II, 2]. Efforts to understand the superior stability of the ZnO — £(0001)
polar surfaces are at the forefront of research in todays surface physics [3, 4]. The
other two most commonly observed facets for ZnO are 2110 and 40110, which are

non-polar surfaces and have lower energy than the 0001 facets

Figure 1.2: Schematic representations of wurtzite ZnO: (a) the primitive unit cell,
(b) neighbouring atoms showing tetrahedral coordination where every atom of one
kind is surrounded by four atoms of the other kind, and (c) the detailed structure
of the wurtzitelattice. Second-nearest-neighbour distances, u, and bond angles
cand 8 = 109.47°, are also shown [24] 55].

1.1.3 Lattice Parameters

Lattice parameters of ZnO have been investigated over many decades [28, 56, [57].
The lattice parameters of a semiconductor usually depend on the following fac-
tors: (i) free electron concentration acting via deformation potential of a con-

duction band minimumoccupied by these electrons, (ii) concentration of foreign
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atoms and defects and their difference of ionic radii with respect to the substituted
matrix ion, (iii) external strains (e.g., those induced by substrate), and (iv) tem-
perature. The lattice parameters of any crystalline material are commonly and
most accurately measured by highresolution X-ray diffraction (HRXRD) using the
Bond method [31] for a set of symmetrical and asymmetrical reflections. Table
tabulates measured and calculated lattice parameters, ¢/a ratio, and u param-
eter reported by several groups for ZnO crystallized in wurtzite, zinc blende, and
rocksalt structures for comparison. The room-temperature lattice constants deter-
mined by various experimental measurements and theoretical calculations for the
wurtzite ZnO are in good agreement with each other. The lattice constants mostly
range from 3.2475 A to 3.2501 A for the a-parameter and from 5.2042 to 5.2075
A for the c-parameter. The data produced in earlier investigations, reviewed by
Reeber [30], are also consistent with the values given in Table[L.2] The ¢/a ratio
and u parameter vary in a slightly wider range, from 1.593 to 1.6035 and 0.383 to
0.3856, respectively. The deviation from that of the ideal wurtzite crystal is proba-
bly due to lattice stability and ionicity. It has been reported that free charge is the
dominant factor responsible for expanding the lattice proportional to the deforma-
tion potential of the conduction band minimum and inversely proportional to the
carrier density and bulk modulus. The point defects such as zinc antisites, oxygen
vacancies, and extended defects, such as threading dislocations, also increase the
lattice constant, albeit to a lesser extent in the heteroepitaxial layers. For the zinc
blende polytype of ZnO, the calculated lattice constants based on modern ab-initio
technique are predicted to be 4.60 and 4.619 A. Zinc blende ZnO films have been
grown by using ZnS buffer layers [6]. The lattice constant was estimated to be
4.463, 4.37, and 4.47 A by using the spacing of RHEED pattern, albeit spotty,
comparing the XRD peak position, and examining the transmission electron mi-
croscopy (TEM) images, respectively. These values are far from wurtzite phase
indicating the formation of zinc blende ZnO. The lattice constant measured with

the RHEED technique is in very good agreement with the theoretical predictions.
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Table 1.2: Measured and calculated lattice constants and the u parameter of ZnO
[T, [12) 13, 30]

a (Ang.) ¢ (Ang.) c/a u
3.2496 0.2042 1.6018 0.3819
3.2501 5.2071 1.6021 0.3817
3.2860 5.241 1.595 0.383
3.2498 5.2066 1.6021 0.383

1.2 Electronic band structure

Considering that ZnO is a candidate semiconductor for optoelectronic device ap-
plications, a clear understanding of the band structure is of critical importance in
explaining the optical and electrical properties. As described earlier, ZnO lacks
stable and reproducible p-type doping. As a result, other p-type materials have
to be combined with ZnO in the same structure for device applications.

Several theoretical approaches of varying degrees of complexity, involving the
Local Density Approximation (LDA), the Self-interaction corrected Pseudo Po-
tential (Sic-PP) method, or the empirical tightbinding Hamiltonian, have been
employed to calculate the band structure [58]. Experimental data have also been
published regarding the band structure and electronic states of wurtzite ZnO [59].
UV reflection /absorption or emission techniques have been used to measure the
electronic core levels in solids. These methods measure the energy difference be-
tween the upper valence-band states and the bottom conduction-band states. In
ZnQO, the valence band consists of three bands labelled A, B and C, by spin-orbit
and crystal-field splitting [19]. This splitting is schematically illustrated in Fig.
[[.3. The A and C sub-bands are known to possess I'7 symmetry, while the B
band has I'9 symmetry. These three bands correspond to light holes (A), heavy
holes (B) and the crystal field split band (C)[19]. The band splitting values are
measured at 4.2 K [19].

The conduction band of wurtzite ZnO is constructed from s-like states and it
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Figure 1.3: Low temperature band structure of ZnO showing valence band splitting
into three (A, B, C) which is caused by crystal field and spin-orbit splitting [19] (a),
and band structure of ZnO calculated using an empirical tight binding Hamiltonian
(b). The zero energy in these graphs is taken as the upper edge of the valence
band (after [55]).

is symmetrical about the I' point, while the valence band is constructed mainly
from p-like states. The band structure E(k) for ZnO, calculated by Ivanovet al.[52]
using an empirical tight binding Hamiltonian, is given along the symmetry lines
in the Brillouin zone in Fig. [1.3(b). The optical band gap between occupied and
empty bands (i.e. between I'l.5 and I'l ) in ZnO is about 3.37 eV. This energy
represents the energy difference between full and empty states. The top filled
states are called the valence band and the maximum energy of the valence band
of states is called the VBM. The lowest band of empty states above the gap is
called the conduction band with the lowest point in that band called the CBM.
In this figure, the VBM and CBM coincide at k = 0, the I' point, indicating that
ZnO is a direct band gap semiconductor. In Fig. [1.3{(b), six valence bands can be
seen between 6 eV and 0 eV. According to Ivanovet al.[52] these are derived from
the 2p orbitals of oxygen. For the conduction band there are two bands visible

(above ~ 3 eV). These states are strongly localized on the Zn and correspond to

unoccupied Zn 3s levels.
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1.3 Basic Properties of ZnO nanostructures

It is worth noting that as the dimension of the semiconductor materials continu-
ously shrinks down to nanometer or even smaller scale, some of their physical prop-
erties undergo changes known as the "quantum size effects”. For example, quan-
tum confinement increases the band gap energy of quasi-one-dimensional (Q1D)
Zn0O, which has been confirmed by photoluminescence. Bandgap of ZnO nanopar-
ticles also demonstrates such size dependence. X-ray absorption spectroscopy and
scanning photoelectron microscopy reveal the enhancement of surface states with
the downsizing of ZnO nanorods. In addition, the carrier concentration in 1D sys-
tems can be significantly affected by the surface states, as suggested from nanowire
chemical sensing studies. Understanding the fundamental physical properties is
crucial to the rational design of functional devices. Investigation of the proper-
ties of individual ZnO nanostructures is essential for developing their potential as
the building blocks for future nanoscale devices. Even though research focusing
on ZnO goes back many decades, the renewed interest is fueled by availability of
high-quality substrates, precursor and dopants to produce p-type conduction and
ferromagnetic behavior when doped with transitions metals, both of which remain
controversial. There are still significant challenges that have to be overcome in

order to produce efficient ZnO devices. These include:

e (i) Understanding the residual n-type conductivity in unintentionally doped

Zn0.
e (ii) The achievement of stable and repeatable p-type conductivity.
e (iii) Controlling native defects and possible compensation processes.

Another main obstacle for the commercialization of ZnO based homojunction de-
vices is the absence of stable and reproducible p-type doping with high hole con-
centrations and large carrier mobility. The major problems associated with this

are the low solubility of most acceptor-type dopants, difficulties of substituting on
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the host atom sites, the relative deepness of the acceptor states and the sponta-
neous formation of compensating donor-like defects. As a consequence, p-doping
of ZnO is still an unsolved problem. Nonetheless, the unique properties of ZnO
ensure continued worldwide research to explore and control its properties. Apart
from the difficulty in achieving p-type conductivity for all types of ZnO materials
(bulk, thin film and nanostructures), the reproducible growth of nanostructures
is another issue which has attracted considerable attention. It is widely acknowl-
edged that the morphology of ZnO nanostructures is highly sensitive to the growth
environment (i.e temperature, pressure, substrates, precursors and their concen-
trations, the VI /I ratio or pH, etc). This sensitivity makes it very difficult to
control the growth process for the reproducible formation of a desired morphology

over large areas.

1.4 Motivation

Obtaining controllable, reliable, reproducible and high conductive p-type doping
in ZnO has proved to be very difficult task, due to the low formation energies
for intrinsic donor defects such as zinc interstitials (Zn;) and oxygen vacancies
(Vo) which can compensate the accepters. The efficiency of light emitting diodes
can be limited by the low carrier concentration and mobility of holes suggesting
that the excellent properties of ZnO might be best utilized by constructing hetero-
junctions with other semiconductors. The growth of n-type ZnO on other p-type
materials could provide an alternative way to realize ZnO based p-n heterojunc-
tions. In this way, the most significant impediment to the widespread exploitation
of ZnO-related materials in electronic and photonic applications is the difficulty
in carrier doping, particularly as it relates to achieving p-type material. ZnO n-
type conductivity is relatively easy to realized via excess Zn or with Al, Ga, or
In doping. With respect to p-type doping, ZnO displays significant resistance to
the formation of shallow acceptor levels. Difficulty in achieving bipolor (n- and

p-type) doping in a wide bandgap material is not unusual. In addition, there
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have been several explanations put forward in explaining doping difficulties in
wide bandgap semiconductors. First, there can be compensation by native point
defects or dopant atoms that locate on interstitial sites. The defect compensates
for the substitutional impurity level through the formation of a deep level trap.
In some cases, strong lattice relaxations can drive the dopant energy level deeper
within the gap. In other systems, one may simply have a low solubility for the
chosen dopant limiting the accessible extrinsic carrier density. The emphasis of
the present very active period of ZnO research includes the material for electronic
circuits that is transparent in the visible and/or usable at elevated temperatures,
a diluted or ferromagnetic material, when doped with Co, Mn, Fe, V, etc., for
semiconductor spintronics, a transparent, highly conducting oxide (TCO), when
doped with Al, Ga, In, etc., as a cheaper alternative to ITO. For several of the
above-mentioned applications a stable, high, and reproducible p-doping is oblig-
atory. Though progress has been made in this crucial field, as will be outlined

below, this aspect still forms a major problem.

1.5 Definition of the Research Problem

The optical properties of a semiconductor are dependent on both the intrinsic and
the extrinsic defects in the crystal structure. The investigations of the optical
and structural properties of ZnO has a long history that started in the 1960s.
The optical properties of ZnO, bulk and nanostructures have been investigated
extensively by luminescence techniques at low and room temperatures. The pho-
toluminescence (PL) spectra of ZnO shows ultra-violet (UV) emission band and a
broad emission band as discussed by various authors so far [I]. The UV emission
band is commonly attributed to transition recombinations of free excitons in the
near band-edge of ZnO. The broad emission band in the visible region (420 nm -
750 nm) is attributed to deep level defects in ZnO. There are many different deep
level defects in the crystal structure of ZnO and they affect the optical and elec-

trical properties of ZnO. The luminescence defects and their possible transitions
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in ZnO indicate that ZnO has a potential to emit excellent luminescence covering
the whole visible region and it has the potential to be used in the fabrication and
development of white light emitting diodes. It is also very crucial to understand
the electrical and magnetic properties of ZnO for applications in nanoelectronics.
The electrical behavior of undoped ZnO nanostructures is n-type and it is widely
believed that it is due to native defects such as oxygen vacancies and zinc intersti-
tials. The electron mobility in undoped ZnO nanostructures is not constant and
it depends on growth method and doping concentration which is approximately
120 — 440 e¢m? V~1s7! at room temperature. In the following, we emphasis on
the synthesis of ZnO nanostructures in addition to doping with various dopant to
study the ferromagnetic, structural and optical properties of ZnO nanoparticles

which has been investigated both theoretically and experimentally.

1.6 Objectives of the Research

The objective of the research is to:

e Investigate on the optical absorption enhancement of ZnO/ZnS core-shell
nanorods embedded in active host medium both theoretically and experi-

mentally.

e To synthesize ZnO nanoparticles using rapid and cost effective method which

can be used for both fundamental and practical applications.

e Study the effect of Cd dopant on optical, structural and luminescence proper-
ties of ZnO, in particular the effect of concentration on band gap engineering

and phase segregation of the alloy of ZnO.

e Investigate on the origin of room temperature ferromagnetic properties of

ZnO by doping with various concentration of Al.

1.7 Outline of the Thesis

The thesis consists of eight chapters:
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e Chapter 1: Deals with the general overview of the thesis. It includes the basic
properties of ZnO, luminescence and fundamentals, the general objectives of

the study.

e Chapter 2: Deals with the theoretical models used in the study for numer-
ical calculations in particular: the electromagnetic wave interaction with
metal /dielecric core-shell will be explained; two different models for describ-
ing metals will be discussed: the Lorentz model and the Drude model. Both
models approximately describe the optical properties of metallic structures
and the plasmonic properties that arise when the structures have dimensions
on the order of nanometers. The models which are combined with numerical
simulation used to calculate the optical absorption in the case of ZnO/ZnS
core-shell structure are systematical related with the experimental section

of the study, the details of the models are discussed under this chapter.

e Chapter 3: A detailed description of the experimental methods and proce-
dures used in growing the nanostructures by chemical bath deposition (CBD)
and sol-gel techniques are explained in this chapter. Luminescence in ZnO,

methodology and the characterization tools are discussed under this section.

e Chapter 4: Presents the theoretically and experimental study on the interac-
tion of radiation field phenomena interacting with arrays of nanowire /nanorod
coreshell embedded in active host matrices. The experiment done on ZnS(shell)-
coated by sulphidation process on ZnO(shell) nanorod arrays grown on (100)
silicon substrate by chemical bath deposition (CBD) has been used for theo-
retical comparison. On the basis of more elaborated modeling approach and
extended effective medium theory, the effective polarizability, the resonant
conditions and the refractive index of electromagnetic mode dispersion of

the coreshell nanowire arrays are derived under this chapter.

e Chapter 5: Under this section a systematic study on rapid synthesis of
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blue emitting ZnO nanoparticles for fluorescent applications has been re-
ported. In particular, the influence of growth temperature, temperature
dependent photoluminescence study on the structural and optical properties
of ZnO nanostructures is described under this chapter. The method devel-
oped demonstrates about ZnO nanoparticles (NPs), produced using simple,
cost effective and rapid synthesis method. This synthesis method, only re-
quires zinc precursor to produce NPs that can emit visible emission without

external doping, the detail of the study are discussed.

Chapter 6: Devoted to the discussion on wide visible emission and narrowing
band gap in Cd-doped ZnO nanopowders synthesized via sol-gel route. In
addition the effect of Cd dopant on structural and optical properties are

discussed under this chapter.

Chapter 7: Discusses about defect-induced room temperature ferromagnetic
properties of the Al-doped and undoped ZnO nanostructures. The effects of
the Al concentration on structural, optical and magnetic properties of the

AZO (Zny_xAlx0O, 0.1 < X <0.30) are also presented in this chapter.

Chapter 8: Finally, a summary of the results obtained in this work and a

proposed direction for future work is presented.



Chapter 2

Theoretical Models and the
optical response of

metal /dielectric composites with
electromagnetic wave interactions

2.1 Introduction

Interaction of light with nanocomposites reveals novel optical phenomena indi-
cating unrivalled optical properties of these materials. The linear and nonlinear
optical response of metal nanoparticles is specified by oscillations of the surface
electrons in the Coulomb potential formed by the positively charged ionic core.
This type of excitation is called the Surface Plasmon (SP). In 1908 Mie pro-
posed a solution of Maxwells equations for spherical particles interacting with
plane electromagnetic waves, which explains the origin of surface plasmon reso-
nance (SPR) in the extinction spectra and colouration of metal colloids. During
the last century optical properties of nanoparticles have extensively been studied
and metal-dielectric nanocomposites have found various applications in different
fields of science and technology [60] 61], 62]. Since the optical properties of metal
nanoparticles are governed by SPR, they are strongly dependent on the nanoparti-
cles size, shape, concentration and spatial distribution as well as on the properties
of the surrounding matrix. Control over these parameters enables such metal-
dielectric nanocomposites to become promising media for development of novel

non-linear materials, nanodevices and optical elements [63] [64, [65].

22
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An electromagnetic wave propagating through different media is affected by
interactions with each medium as it traverses across the boundary between one
medium and another. The two main interactions between incident light and a
discrete particle are absorption and scattering. Scattering can be inelastic, where
the wavelength of the scattered radiation is different from the incident wavelength,
or elastic, where the scattered radiation has the same wavelength as the incident
light. Examples of elastic scattering are Rayleigh scattering from small, dielectric
(nonabsorbing) spherical particles and Mie scattering from spherical particles with
no limitations on size or dielectric properties [66, 67, 68, 69, [70l [71], [72]. The dis-
cussion on electromagnetic waves has been limited to the propagation of waves and
interactions with simple structures composed of arbitrary media. In the following
section, two different models for describing metals will be discussed: the Lorentz
model and the Drude model. Both models approximately describe the optical
properties of metallic structures and the plasmonic properties that arise when the
structures have dimensions on the order of nanometers. Specifically, the manifes-
tation of surface plasmons in bulk metals, discrete particles, and metal /dielectric
will be discussed. The section will conclude with a brief description of different

models and theories of light scattering and absorption [73] [74 [75] [76], [77, [78].

2.2 Models describing metals and dielectrics

2.2.1 Lorentz Model

A plasma model is used to describe the optical properties of metals due to the
free electron movement of the conduction electrons through a fixed positive, ionic
background. The model was developed by H. A. Lorentz as a classical approach
to describe optical properties of materials by assuming that electrons and ions of
a medium are simple harmonic oscillators and neglecting material properties such
as the lattice potential and electron-electron interactions. The simple oscillator
model is of great use in determining optical properties of a material because it can

describe a variety of optical excitations [79, [80), 81 82] [83]. The microscopic model
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of a polarizable material becomes a macroscopic system of independent, isotropic,
and identical harmonic oscillators which are subjected to an applied electric field,
E, which acts as a driving force. The oscillation response to an applied local
electric field, Ejcq, for an electron with an effective mass, m, and a charge, e, is
given by

A’z dx
mw + m’}/a + Kx = eEloa (221)

where x is the distance displaced from equilibrium, Kz is the restoring force for
an electron with a spring constant, K. The oscillation of electrons is damped as
a result of collisions, which adds a damping term to the equation, m~y, where the
collision frequency, v = %, and 7 is the relaxation time for a free electron plasma
which at room temperature is typically on the order of 107! making 7 = 1007 H z.

Since the electric field has a harmonic time dependence [84],
E(t) = Epe ™", (2.2.2)

with a frequency, w, and time, t, the solution to the equation for an electron
becomes

x(t) = 2o ™", (2.2.3)

where phase shifts between the driving force of the electric field and the electron

response is contained in the complex amplitude, x¢ [85]. The oscillatory solution

to Eq. becomes:

e (2.2.4)

—w? —iyw)’
with w? = % A schematic of a Lorentz harmonic is shown in Fig. [2.1
In most systems, there is a certain degree of collisions that occur which means

~v # 0 and the phase of the driving field and oscillating electrons have a displace-

ment, D,
o eE
D = A (2 2.2.5
(E2), (225)
with phase angle, 6 ,
_ w7y
0 =tan ! [——— 2.2.6
5], (226)
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Figure 2.1: Lorentz harmonic oscillator [86].
and amplitude, A,

1
(8 =) + w7

A =tan™!| (2.2.7)

)
The consequence of the phase difference results in the maximum amplitude oc-
curring when the frequencies wy = w. If v < wyp, the height of the maximum
amplitude is inversely proportional to v and the full width at half maximum
(FWHM) is proportional to v. Fig. shows a plot for the amplitude and phase
relation for a hypothetical oscillator. At low frequencies, the oscillator response is
in phase with the driving force where § = 0and w < wy as shown in Fig2.2] (a).
At the resonance frequency, the amplitude is at a maximum and the phase lag is
6 = 90°. Near wy a 180° phase change occurs. As a result, at high frequencies,

w > wy the oscillator response and the driving force are 180%ut of phase. For
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Figure 2.2: Hypothetical oscillator response to a driving force at (a) low frequen-
cies, (b) resonance frequency, wy, and (c) high frequencies [86].
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a single oscillator, the induced dipole moment is p = ex. For a large number of

oscillators, n, the dipole moment per unit volume becomes,
P = —nex, (2.2.8)

and when combined with Eq[2.2.4 becomes

w2

P= P FE 2.2.9
wi — w? — iwy &0, ( )

where the plasma frequency, is given by

TL62

- e (2.2.10)

60m7
The optical constants for the collection of oscillators can then be derived out,

where the dielectric function for the bulk material is given by

2

w
=1 =1 L 2.2.11
e(w) + X +w§—w2—iw77 ( )

which can be decomposed into the real, €1, and imaginary, €5, components of the
complex dielectric function, e(w) = &1(w) + ieg(w) as

20,2 _ 2
I wy(wp — )
giw)=1+x =1+ (B — PP § w2y

(2.2.12)

2
, wiwy

— ' = , 2.2.13

e2(w) = X (W3 — w?)? + w22 ( )

At the plasma frequency, wyp, the imaginary part of the dielectric constant is at a

maximum as shown in Fig. for silver

2.2.2 Drude Model

In metals, the conduction and valence band overlap allowing for electrons near the
Fermi level to be excited to different energy and momentum states by the absorp-
tion of photons with very little energy [87, 88, 89]. These intraband transitions
give rise to free electrons which can be taken into account by modification of the
Lorentz model. When the spring constant in Eq[2.2.1] is set to zero, it essentially

clips the springs of the harmonic oscillators with K = 0 and wy = 0 to transform

Eq2.2.4] into

e

_ 2.2.14
m(w? + iyw)’ ( )
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Figure 2.3: Frequency dependence of the real and imaginary parts of the dielectric
constant of silver.

When the polarization in Eq is combined with equation Eq2.2.14] it becomes
2

P=—-n—————:~F 2.2.15
nm(a}2 +iyw) ( )

gives the relation between D and E in terms of frequency and electric permittivity

as

-—)F 2.2.16
w2+i'yw) ’ ( )

The new dielectric function for the free electrons becomes

2
“p

-, (2.2.17)

e(w)=1

which can be decomposed into the real, £, and imaginary, €, of the complex

dielectric function as

CL)27'2
81(&)) =1- ﬁ, (2218)
w27_2
=—2r 2.2.19

Eq. demonstrates that the dielectric constant can become zero near the
plasma frequency where the material can support collective modes of oscillating
electrons in phase with each other. By tuning the geometry of the structure, the

oscillation can occur at negative values of the dielectric constant.
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2.3 Effective-medium approximation for linear
media

The effective-medium approximation (EMA) is a method of treating a macro-
scopically inhomogeneous medium, i.e., a medium in which quantities such as the
conductivity, dielectric function, or elastic modulus vary in space. Many mate-
rials fall into this broad category [90] O] 02]. One example is a metaldielectric
composite, consisting of a collection of metallic and dielectric grains arranged in
some ordered or random fashion. Another example is a porous rock. If that rock
is filled with salt water, then it is also a composite of an electrical insulator (the
rock matrix) and an electrical conductor (the salt water). Yet a third example
is a polycrystalline sample of an anisotropic material. Each grain in that poly-
crystal is, in essence, a different material, since it has a different conductivity or
dielectric tensor. (Of course, the tensors in the different grains are generally re-
lated by a similarity transformation). A polycrystalline elastic material is a more
complicated version of the same problem, since each grain has a different fourth-
rank tensor. Quantitative models for the properties of heterogeneous materials
have been discussed since the early 19 century. This long-standing attention
has led to the presentation of numerous effective medium formulations, being ei-
ther purely phenomenological or based on more or less sound theories, as treated
in several reviews. During the last few years, the interest in the optical proper-
ties of metal-dielectric mixtures has soared owing to their importance for efficient
photothermal conversion of solar energy. Two effective medium theories have be-
come particularly popular; these are usually ascribed to Garnett (known as the
Maxwell Garnett theory) and to Bruggeman [93] 04, 05]. The differences between
the mathematical structures of the two theories have been known for some years,
but a more intuitive physical understanding for the circumstances under which the
two formulations apply is only presently emerging. All these EMA calculations
are particularly appropriate for composites and polycrystals in which the grains of

the various components are randomly and symmetrically distributed, so that none
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of the components is identifiable as a host in which the others are preferentially

embedded [96], 97].

2.4 Maxwell Garnett theory

The Maxwell Garnett(MG) approximation, also known as the Clausius-Mossotti
approximation, is one of the most widely used methods for calculating the bulk
dielectric properties of inhomogeneous materials [98, 09]. It is useful when one
of the components can be considered as a host in which inclusions of the other
components are embedded. It involves an exact calculation of the field induced in
the uniform host by a single spherical or ellipsoidal inclusion and an approximate
treatment of its distortion by the electrostatic interaction between the different
inclusions. This distortion is caused by the charge dipoles and higher multipoles
induced in the other inclusions. The induced dipole moments cause the longest
range distortions and their average effect is included in the MG approximation
which results in a uniform field inside all the inclusions. This approach has been
extensively used for studying the properties of two-component mixtures in which
both the host and the inclusions are isotropic materials with scalar dielectric coef-
ficients. It has also been applied in the study of the Hall effect in inhomogeneous
materials, where the components have tensor electrical conductivities under ap-
plied magnetic field. There are many possible locally anisotropic inhomogeneous
materials in which the local dielectric coefficient is a tensor. Of these, the most
commonly studied are polycrystalline aggregates of a single anisotropic compo-
nent. In these materials the inhomogeneity is provided by the random variation
of the crystal orientation throughout the system. Many of these studies use the
effective-medium approximation [I00]. This approximation is based on a self-
consistent procedure in which a grain of one of the components is assumed to have
a convenient shape (usually spherical or ellipsoidal) and to be embedded in an

effective medium whose properties are determined self-consistently.
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Consider a random medium composed of core-shell dielectric cylinders of infi-
nite length, shown in Fig. [2.4] embedded in a background medium with a dielectric
constant of €,,. The volume fraction occupied by the inclusions is f and the struc-
ture of the core-shell cylinders is shown in the inset of Fig. As known, when
the incident wavelength X is much larger than the size of the inclusions, the elec-
tromagnetic response of the inclusion can be regarded as a point dipole ?, and
the summation over the total responses of the inclusions within a unit space gives

the electric polarization of the random medium [85] [TOT].

@
® o "o

Figure 2.4: Schematic view of a random medium composed of core-shell cylinders
of infinite length. The positions of the cylinders are random. The inset is the core-
shell dielectric cylinders embedded in the background with a dielectric constant
of g,,.

P
?_AV, (2.4.1)

According to the relation between electric displacement 3 and electric field ﬁ,

D=cF + P, (2.4.2)

the effective dielectric constant to describe the macroscopic effects of the elec-

tromagnetic responses of the inclusions can be defined via

B = Eeffﬁ, (243)
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Moreover, the average electric displacement and electric field can be given by the
weighted average determined by the corresponding values distributed within the

respective layers
D= flnerBr+ (1 —n)esEo) + (1 flemEe, (2.4.4)

E=flmE.+(1—nEs+(1-HE.. (2.4.5)

where f is the volume fraction occupied by core-shell cylinders, n = %, El, Eg
and Ee are the electric field distributed within the core-shell, layer of the cylin-
der,and the background medium, respectively. According to Egs. 2.4.3] and
2.4.5|and the formulae for the electric field E;(i = 1,2) within the core-shell cylin-
ders, generally, the formulae for the effective dielectric constant e.¢; for a random

medium composed of core-shell cylinders of infinite length is approximately given

by
Em + f[77516h + (1 — 77)62@2 — 5m]
1+ flnar + (1 —n)ag — 1

Eeff = , (2.4.6)

where the parameters a; and ay are defined as the ratios between % (i=1,2).
The Eq. is also known as the Maxwell-Garnett formula. Considering the
boundary conditions,the electric fields within the multilayered cylinder for S-mode
waves are continuous, i.e. Ei = E; = EZ, therefore, a; = ay = 1 Thus, according
to Eq. the effective dielectric constant s for S-mode waves can be written
directly by

€ery = (1= flem + flner + (1 — n)eal, (2.4.7)

However,the case for P-mode waves is more complicated,and herein,the field dis-
tribution of the electric fields within the coreshell cylinders for P mode is derived

and a; and as are respectively given by

4e,,€9
a; = ) 2.4.8
YT (erte)(ertem) — (e —er)(e2 — ) (2:4.8)
26 m
ay = FmlE1 + 22) (2.4.9)

(1 +&2)(ea +em) —m(ea —e1)(e2 —Em)’
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Therefore, the final solution of e.¢s for P-mode waves can be obtained subse-

quently.

2.4.1 Coated coherent potential approximation method

The coated coherent potential approximation (CCPA) method is conducted as
well to calculate the effective index of the random system composed of core-shell
dielectric cylinders of infinite length [102, 103]. The mechanism of the CCPA
method is based on the physical idea that the distribution of the electromagnetic
energy within a random medium should be homogeneous after being configura-
tionally averaged over the correlation length of the random media. Therefore, the
averaged forward-scattering amplitude of a cylindrical region within the random
medium should be approximately equal to zero. In addition, in order to take into
account the effects of the structural factor for the multiple scatterings occurring
within the random medium, a coated layer is involved to the real cylinder, which
is embedded in the effective medium as an effective scattering unit. The radius
of the coated layer is given by 7. = rof /2. The schematic view of the CCPA
method is shown in Fig. 2.5] It has been shown by Busch et al. that the effective
medium obtained by the CCPA method for random media composed of dielectric
spheres are in reasonable agreement with experiments [104} [105]. According to the

a

—

b c
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Figure 2.5: Schematic view of the CCPA method for random media composed
of coreshell dielectric cylinders, illustrated in (a). The coated layer to the actual
coreshell cylinders in (b) has the size of r. and the dielectric constant equal to
em. (c) The dashed region indicates the effective scattering unit described in the
CCPA method.

CCPA theory which gives that the coated scattering unit illuminated by a plane

wave has a scattering pattern similar to that of its averaged counterpart, thus, the
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electromagnetic energy contained in the coated cylinder in Fig. (b) should be
equal to that contained in the dashed volume in Fig. (c), which subsequently
gives the main equation for the CCPA method as follows:

/ d3?p§§)(?>):/ &7 PP (), (2.4.10)

0 0
where pg) and pg) represent the electromagnetic energy density within the three-
layered cylinder in Fig. (b) and that of the averaged volume with an effective
€efy in Fig. (c), respectively. In addition, as known, the energy density for an

electromagnetic vectorial field is given by
pe(P) = Sl (B ()P + () H (7)), (2.4.11)

here we only deal with non-magnetic materials, so 7’5—0 = 1. The self-consistent

equation, i.e. Eq. [2.4.10, can be solved by an iterative procedure.

2.5 Discrete Dipole Approximation

The Discrete Dipole Approximation (DDA) is developed by Purcell and Penny-
packer, it is numerical technique for computing electromagnetic scattering and
absorption by targets of arbitrary shape [94) 05], where the continuum target is
approximated by a finite point array. In response to the local electric field each
point acquires a dipole moment and the scattering problem can then be solved in a
self-consistent way. Thus, in principle this method is completely flexible regarding
the geometry of the target, the only limitation is given by the need to use an inter
dipole separation that is small compared to any structural lengths in the target
and to the wavelength. For a finite array of point dipoles the scattering problem
may be solved exactly, so the only approximation that is present in the DDA is
the replacement of the continuum target by an array of N-point dipoles. The ba-
sic idea of the DDA was already known in 1964, but it was limited to structures
that were small compared to the wavelength. This limitation disappeared, when

Purcell and Pennypacker introduced the DDA to study interstellar dust grains in
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1973 [96]. The DDA the problem of electromagnetic scattering of an incident light

wave can then be cast to the following simple matrix equation as

AP = E;,, (2.5.1)

where Ej,. is a 3N-dimensional (complex) vector of the incident electric field at the
N lattice sites, P is a 3N-dimensional (complex) vector of the (unknown) dipole
polarizations, and A is a 3Nx3N complex matrix.

Assuming a point lattice with N occupied sites and an index j =1, . . . |
N running over these elements. Each dipole j is characterized by a polarizability
tensor «; , which is diagonal with equal components if the material is isotropic
(i.e., oj may be treated as a scalar quantity in this case) where all individual
dipole polarizability tensors can be simultaneously diagonalized, although it is
straightforward to generalize the problem to non diagonal tensors. Let P; be the
instantaneous complex dipole moment of dipole j, and FE,.., 7 the instantaneous
complex electric field at position j due to the incident radiation plus the other N-1

oscillating dipoles. Then we get
.Pj = ajEext,jy (252)

P; = aj(Einc; — Z AjrPr), (2.5.3)
in this case j # k where Ej,.,j corresponds to the electric field of the incident

plane wave at position j.
Eine, j = Epe™ 7oy, (2.5.4)

and ) Aj, Py is the contribution to the electric field at position j due to the dipole

at position k.

2.5.1 Spherical particles: the quasi-static approximation

As described in the previous section, applying electrostatic theory to the problem
of scattering and absorption of electromagnetic radiation by small metal spheres

(radius a < \) enables some understanding of the fundamental physical processes
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to be gained. The simplest scenario to consider consists of a non-magnetic (u =
o) sphere surrounded by a homogeneous, linear and isotropic medium that is
non-absorbing [106, [107]. It is assumed that the particle initially experiences a
uniformly polarised field throughout the entire volume of the sphere. Phase shifts
that would exist in a non-uniform field are neglected, thus multipolar resonances
predicted by Mie theory are restricted to the dipole mode [I08]. The mode is
induced by the movement of the electrons relative to the positively charged ion
cores of the atomic nuclei under the influence of the externally applied electric field.
Provided the permittivities of the sphere and the external medium are different
a charge is developed at the surface resulting in a polarisation field within the
particle. The external field is modified by the electromagnetic field generated by
the polarisation charge [109]. Standard methods in electrostatics can be applied
to derive expressions for the electric fields inside (E;) and outside (FE5) the sphere

from the scalar potentials i (r, ) and ¢y(r, 0) using

and the Laplace equation

Vi, =0, (2.5.6)

The boundary conditions at the interface (r = a) between the sphere and the
medium necessitate that the potential is continuous ¢; = ¢y and that their radial
derivatives satisfy

Iy D2

&1 or 2625, (257)

where €7 is the complex permittivity of the particle and e, is the permittivity of
the external medium. A further condition is that far from the particle the field is

unperturbed by the particle
E2 = Eo(T — OO), (258)

g = —Fyz = —FEyrcos(0), (2.5.9)
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and is equal to the incident field now defined as Ey = Eyz. Solving Eq. [2.5.6[ and
applying the boundary conditions yields the following expressions for the potential
inside ¢, and outside 5 the sphere,

352
= —F 0 2.5.1
o1 = o Eurcos(t), (2510

— 0
@y = —FEyrcos(d) + a*E &1 — &2 cos(0)

2.5.11
081 +2e9 12 ( )

Instantly one can see by comparison with Eq. that the field outside of
the sphere is a superposition of the incident field and the field generated by the

particle. By comparison with the equation for the potential due to an ideal dipole

_pr _ p cos(f)
C ATdeqr3 Alle, 12

@ (2.5.12)

where p is the dipole moment, the second term in Eq. [2.5.11]is identified as being

that of an ideal dipole with moment

€1 — &2
P =Alla* ——=&,F, 2.5.13
@ &1 + 25282 0 ( )
and polarisability a,
a=4llad L2 (2.5.14)
€1+ 2¢e

The derivation above has required a spatially constant electric field and has ne-
glected the application of a time-varying electric field. An electromagnetic wave
incident on a sphere as defined above naturally has a time-varying electric field and
therefore when applying electrostatic theory to these situations is often referred to
as the quasi-static approximation. This acknowledges that although spatially in-
variant at an instant in time, the particle experiences a field with a time dependent

phase. The polarisability is related to the absorption and scattering cross-sections

by
Ko,
Csca = = 5 2.5.15
o) (25.15)
Caps = kIm{a}, (2.5.16)
yielding, upon substitution of the polarisability in equation 2.5.14
Clon = Ta2o g4 L2 p2 (2.5.17)
sea 3 &1+ 282 ’ s
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1 — &9
Cops = Ha?4xIm{———=1Y, 2.5.18
abs {81 + 282} ( )
where r = ka = 211% is the size parameter. From these relations it is clear

how the absorption, scattering and extinction from a particle small compared to
the wavelength depend on the size, wavelength and relative permittivities of the
particle and the external medium. For a small particle consisting of a material
with a dielectric function only weakly dependent on the frequency of the incident

radiation and satisfying the conditions above the absorption is proportional to

L1

- Lhis is known as Rayleigh

% and the scattering intensity proportional to
scattering after Lord Rayleigh who used the relationship to explain the color of a

clear blue sky in 1871.

2.6 Modelling optical absorption of nanocompos-
ite using finite difference time domain (FDTD)

Nowadays, nanocomposites attract attention as media with predefined optical
properties required for different applications. The design and study of optical
properties of nanocomposites is an important problem of contemporary material
science [I10]. Due to the practical necessities, nanocomposites are often made
as thin films and have optical properties which are different from the properties
of bulk objects made from the same material [IT1I]. The main reason for these
differences consists in the presence of a strongly inhomogeneous local field at the
interfaces. These interface effects, for example, are the reason for depolarization
phenomena. Transition to the nanoscale has lead to increased interest in many
new problems including the localized surface plasmon resonances and increased
local field enhancement. Whereas the properties can be understood partly as the
result of the behaviors of the constituent materials under the electric field exci-
tation, in many cases the topological features of the interfaces have been shown
to play a critical role. For example, the superlens effect, in a self-similar chain
of nanoparticles can be used to prepare a subwavelength scale energy localization

in the narrow gap separating two neighboring nanoparticles, has been a subject
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of recent study, [112, 113] invisibility dips occur in the scattering spectrum of a
pair of metallic nanoparticles, which originates from a destructive interference be-
tween each surface plasmon mode, and metal nanoparticles, when placed on top
of a high-index substrate, can efficiently couple light into the substrate. Despite
substantial development to investigate the shape anisotropy for topologically non-
trivial structures, many important questions are not yet answered. Of particular
interest are the numerical simulations studies, e.g., finite-difference time-domain
(FDTD), discrete dipole approximation (DDA), and boundary element method
(BEM), which provided important insights into the mechanisms that control the
transport properties.

One route to investigating the electromagnetic interaction with nanostructures
is through the FDTD method, which is ideally suited for this endeavor. Finite-
difference time-domain or Yee’s method (see Fig. (B)) (named after the Chi-
nese American applied mathematician Kane S. Yee, born 1934) is a numerical
analysis technique used for modeling computational electrodynamics (finding ap-
proximate solutions to the associated system of differential equations). Since it is
a time-domain method, FDTD solutions can cover a wide frequency range with a
single simulation run, and treat nonlinear material properties in a natural way. To
motivate our approach in the theoretical part, we begin by discussing the compu-
tational method performed in this study. First principles calculations presented in
this thesis were performed using the FDTD method implemented in the Lumerical
FDTD Solutions simulation package. The essential features of our model can be
summarized as follows. We use a cubic cell with 1200 x 1200 x 1200 nm? dimen-
sions for these simulations (see Fig. (A)). The system was discretized into
uniform cubic Yee cells with a side equal to 2 nm, and a time step At = 107®
s, which satisfies the Courant-Friedrich-Lewy stability criterion[I14]. To absorb
the outgoing radiation, the computational domain was surrounded by a region of
many cells of perfectly matched layers. The coreshell scatterer is illuminated with

an incident plane wave, of amplitude Fj, on the XZ plane. We use a Cartesian
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coordinate (TFSF) system as a reference system using a total-fieldscattered-field
source simulate a plane wave pulse, which is launched in the -Y direction. TFSF
sources are used to separate the computation region into two distinct regions, i.e.,
one that contains the total field (the sum of the incident field and the scattered
field), whereas the second region contains only the scattered field. An exp(—iwt)
time convention is assumed. An appealing approach to this problem is the use of
core-shell inclusions. Although the theoretical model of the effective permittivity
of coated inclusions has received a substantial amount of interest, most of the
analyses cover the composition range far from the resonance and are based on the

quasistatic dipole approximation [115, [116].
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Figure 2.6: (A) Shows schematic view of our model containing unit square cell in
the (x, y) plane of a typical core-shell composite structure containing the inclusion
and (B) Yee FDTD cell model.



Chapter 3

Experimental methods and
Characterization techniques

3.1 Growth system and process of ZnO nanos-

tructure materials

3.1.1 Precursors

The chemicals used in this work were purchased from Sigma Aldrich and used
without further purification. Zinc acetate dihydrate (Zn(CHsCOO)22H50), zinc
dichloride (ZnCly), zinc nitrate hexahydrate (Zn(NO3)26H,0) and zinc sul-
phate (ZnS0O,) were used as zinc precursors. Ammonium hydroxide (NH,OH)
hexamine (CgHi9N,), sodium hydroxide (NaOH), potassium hydroxide (KOH)
and lithium hydroxide (LiOH) were used as the hydroxide sources. Ethanol
(98%), doubly de-ionized water (p = 18 M2.cm), 2-propanol and methanol were
used as solvents. The passivating agents used were L-cysteine, citric acid and
poly(vinylpyrrolidone) (PVP). These materials, apart from acting as passivating

agents, also act as chelating and structural directing agents [117].

3.1.2 Substrate preparation

Silicon (100) was chosen as a substrate since large wafers are readily available; it

has well known micro-electronic properties and is cheap. The Si substrates were

40
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cleaned by successively rinsing three times in ultra-pure boiling trichloroethylene
(TCE), acetone and methanol, followed by rinsing in DI water.The substrates were
etched in 10% hydrofluoric acid (HF) for 1 min before a final rinse in DI water,

and then were blown dry in nitrogen gas.

3.1.3 Seed layer preparation

Two methods were used to synthesise the ZnO seed layer: the solvothermal reac-
tion of zinc acetate dihydrate with different hydroxide precursors and the thermal
decomposition of zinc acetate dihydrate in ethanol. In the first method,the zinc
precursor (zinc acetate dihydrate) was dissolved in ethanol or 2-propanol at room
temperature. At the same time, the hydroxide precursor (NaOH, LiOH or KOH)
was dissolved in ethanol or 2-propanol at room temperature. These two precursors
were then mixed at different temperatures, depending on the growth conditions
being investigated. The temperatures ranged from 0 °C' (ice bath) to 60 °C' (hot
plate) and the mixture was continuously stirred for two hours. It was found that,
irrespective of the alcohol or hydroxide used, for reactions that occurred at tem-
peratures between 40 °C’ and 60 °C the final product formed a precipitate at the
bottom of the reaction beaker after cooling to room temperature. The top of the
solution, which looked relatively clear, was decanted and the remaining solution
centrifuged and washed several times, yielding a powder. The powder was finally
dispersed in methanol and then spin-coated onto a pre-cleaned substrate. In the
second method, different amounts (depending on the desired concentrations) of
zinc acetate dihydrate were dissolved in pure ethanol and agitated at 30C for 30
min. In addition, 10 mg PVP was dissolved in 10 ml of ethanol at the same tem-
perature. The PVP solution was then added to 20 ml of the zinc acetate solution.
PVP forms a shell surrounding the particles to prevent them from aggregating
thus promoting the formation of mono-dispersed nanoparticles. The resultant so-
lution was allowed to react for an additional 30 min, after which it was spin coated

onto a Si (100) substrate using a spin coater operated at 2000 rpm for 30 s. Each
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substrate was spin coated multiple times (according to the experimental condi-
tions desired). The coated substrate was then annealed in flowing Oy at 300 °C,
which exceeds the thermal decomposition temperature of zinc acetate dihydrate
(250 °C), after which the coating and annealing processes described above were
repeated once more. Further details of the techniques and the results obtained

are discussed in the fourth chapter of experimental section.

3.1.4 Seeding techniques

Both spin coating and dip coating were used to prepare the seed layers. It was
found that spin coating yielded a more uniform distribution of nanoparticles com-
pared to dip coating. Because of this, spin coating was chosen as the better seeding
technique, and was used in all samples prepared for this investigation. Based on
several attempts, the spin coating speed and spinning time was set to be 3000 rpm
and 30 sec, respectively.

The thermal decomposition approach to seed layer fabrication can produce high
quality ZnO nanoparticles which are free of defects. It is reproducible, simple and
economical. The best conditions found to produce the desired objectives are as

follows:

e Metal salt: Zinc acetate (usually the dihydrate form) as the metallic salt.

e Solvent: An organic solvent. However, there is no clear conclusion as to
which is best, since reports have shown that methanol, ethanol, isopropanol,
n-butanol and 2 methoxyethanol all yield good quality ZnO films [I18]. In
general, alcohols (ethanol in the present case) were preferred for the exper-
iments since the formation of Zn(OH ), (instead of ZnO) was found to be

favoured when water was used.

e Concentration: Based on the objective of achieving evenly dispersed nanopar-
ticles on the substrate, concentrations of 0.5 mM to 1 mM of zinc acetate re-

sulted in better orientation and distribution of subsequently grown nanorods.
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Higher concentrations can be used, but results in a higher density of nanopar-
ticles on the substrate, which in turn leads to the formation of a continuous

thin film due to the high density of rods.

e Coating: As previously stated, spin coating yielded more uniform and re-
peatable results. It is an easy technique to use and both the spin time and

spin speed are readily controlled.

e Coating time: This parameter is dependent of the concentration of solvent
used. For 1 mM zinc acetate in ethanol, repeated coating (typically two
times) followed by annealing at 300 °C' for 30 min in oxygen between coat-
ings. In addition sonicating in ethanol bath after annealing to remove any

by-products yielded the best results.

3.1.5 Synthesis of ZnO nanorods

ZnO nanorods were grown using a combination of zinc nitrate hexahydrate as
a zinc precursor and ammonium hydroxide or hexamine as a source of hydroxyl
groups. These two precursors were dissolved separately in DI water at room
temperature. The zinc precursor was placed in a water bath while being stirred.
When the temperature of the solution reached ~ 40 °C’, the hydroxide precursor
was added drop-by drop. The solutions were mixed for approximately 1 min.
The seed coated substrate was placed in the sample holder as soon as mixing
was complete, and the reaction vessel was covered. The growth of the rods is

summarised briefly:

e Metal salt: Zinc nitrate (usually in hexahydrate form) was used as the metal
salt. It dissolves in water at room temperature. Other zinc salts can also be
used, but care should be taken as the anion group of the zinc molecule reacts
with the cation group of the hydroxide and can cause complications. Since
both the zinc and hydroxide precursors contain nitrogen-based cations, no

secondary phases/by-products were expected or observed in this research.
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e Hydroxide source: Ammonium hydroxide and hexamine were used. Both

precursors dissolve in water at room temperature.
e Solvent: De-ionized water, ethanol and 2-propanol

e VI/II ratio: This ratio depended on the type of hydroxide source used.
Using NH40OH as a hydroxide source, a VI/II ratio of around 1 : 1 resulted
in nanoparticles while a higher ratio of 40 : 1 resulted in the formation of
nanorods. When using hexamine as the hydroxide source, a 1 : 1 ratio yielded
nanorods. This difference is due to the different decomposition mechanisms

of the two precursors.

e Concentration: The precursor concentrations were varied while keeping the
VI/II ratio constant. In general, low concentrations produced thinner nanorods
and higher concentrations produced longer, thicker rods. However, the pre-
cursor concentration was not the only factor affecting the length and radius

of the rods but also depends on growth temperature.

e Mixing conditions: A water bath was preheated to the desired growth tem-
perature before placing the zinc solution in the bath. When the zinc solution
reached the required temperature (varied from 25 — 80 °C), the hydroxide
precursor was added drop by drop. Formation of zinc hydroxide phase was
observed when mixed at temperatures below 40 °C'. Mixing at temperatures
greater than 60 °C' resulted in fast precipitation resulting in less efficient
growth on the substrate. The optimum mixing temperature was found to

be 40 °C.

e Cooling rate: The sudden termination of growth, or the removal of the
sample from the growth solution after cooling to room temperature, shown
to affect the morphology of the rods [I19]. The tip morphology also depends
on the pH of the solution and the growth rate [120]. No detailed experiments

were conducted to evaluate this, however the samples grown in this study
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were removed from the water bath before cooling to room temperature.

e Drying process: The samples were rinsed several times in DI water and

gently blown dry using nitrogen gas.

Synthesis of ZnO nanorods using a simple CDB technique which involves a two-

step process are summarized as:

Zn0 nanostructures

Seed layer
Zinc nitrate+ DI water Alkali + DI water
‘ Zinc acetate + ethanol | \ /
‘ Mixing ‘
‘ Spin coating on clean 5i | 1
! ‘ Seed layer insertion ‘
‘ Annealing in Oxygen | {
‘ Heating in water bath ‘
1] 4
‘ Seed layer | ‘ Zn0 nanostructures ‘

3.2 Luminescence in ZnO

Light emission through any process other than blackbody radiation is called lumi-
nescence and requires external excitation as it is a non-equilibrium process. Based
on the excitation source, luminescence is referred to either as photoluminescence
(PL) (caused by absorption of photons), electroluminescence (EL) (caused by elec-
tric current), cathodoluminescence (CL) (caused by an electron beam), chemo-
luminescence (caused by chemical reactions) or thermoluminescence (caused by
heat). In this section, the basic principles of PL and the possible emission lines in
ZnO are described [1211, [122].

Luminescence in semiconductors is the direct result of electron transitions from
higher to lower energy levels. PL is a powerful tool to study point defects in wide-
band gap semiconductors. Fig. [1.10|a) shows the simplified band structure of a
semiconductor near the centre of the first Brillouin zone, where a material with
band gap energy Eg is irradiated by a laser with energy hv > E, resulting in the

excitation of an electron into the conduction band (arrow 1) and leaving a hole
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behind in the valence band. An electron-hole (e-h) pair is thus generated. The
electrons and holes thermalize to the lowest energy state of their respective bands
via phonon emission (shown by the red-wavy arrows) before recombining (arrow 2)
across the fundamental band gap or the defect levels within the band gap and emit-

ting photons of the corresponding energies in two basic mechanisms [123]. These
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Figure 3.1: Band diagram illustration of the different processes that make up
the photoluminescence spectra: (a) excitation, relaxation and recombination in
k-space, and (b) possible mechanisms of e-h recombination [55].

are radiative and non-radiative recombination. When the electronhole recombina-
tion results in photon emission, the process is called radiative recombination. A
recombination process that does not produce photons is known by non-radiative
recombination in which the energy is exchanged with the lattice as heat through
phonon emissions within defect states in semiconductor or transferred its energy
to other carriers. Non-radiative recombination occurs mainly through three phys-
ical mechanisms, but cannot be detected by PL. These are Auger recombination,
recombination at defects in the bulk, and surface recombination. During Auger
recombination the e-h pair energy is transferred to a third free carrier that will
move to a higher energy in the conduction band (in the case of an electron) or
to a lower energy in the valence band (in the case of a hole). The e-h pair thus
recombines without photon emission. This is a three-body process because an
electron and two holes or a hole and two electrons are involved. Since this is a
three-particle interaction, it is normally only significant in non-equilibrium condi-

tions when the carrier density is very high. For this reason, it only occurs under



47

very high injection levels or for materials with high equilibrium carrier concentra-
tions. Based on the wide band gap and non-degeneracy of the valence band, it is
suggested that Auger recombination is not important in ZnO [124] [125] [126].
Recombination at defects in the bulk and surface regions of ZnO are expected
to be the major non-radiative recombination processes. In particular, surface
related non-radiative recombination is most pronounced in nanostructures [127].
Fig. [4.10(b) illustrates commonly observed radiative recombination mecha-
nisms. The optical transitions in a semiconductor can either be intrinsic or ex-
trinsic. Intrinsic transitions deal with the transitions from conduction to valence
band, including excitonic effects due to coulomb interactions. Extrinsic transi-
tions are related to dopants and defects that create discrete energy levels inside
the band gap and hence influence the optical properties. In the case of ZnO, a PL
spectrum at room temperature usually contains two emission bands resulting from
both effects. These emission bands can be categorized as near band edge emission
(NBE), associated with intrinsic effects, and deep level emission (DLE), caused by

extrinsic effects. Brief descriptions of the possible transitions are discussed below.

3.2.1 Free excitons (FX)

It is possible for an electron and a hole to become bound together into a hydrogen
atomlike arrangement which can move in a crystal. This coulomb-coupled electron-
hole pair is called an exciton. In a pure material without any defects or impurities
(an intrinsic semiconductor), an e-h pair is perfectly free to move throughout
the material, and thus this type of particle is called a free exciton (FX). Since
the coulomb interaction lowers the energy of the electron-hole pair, the difference
between the electron and hole energies of the coupled pair is less than that of the

band gap energy. Mathematically,

Eqo = Epy + Fying, (321)
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where FEjy;,q is the binding energy of the exciton and Ep, is the energy of free

exciton. Considering the hydrogen atom-like arrangement

R [T MMy,
ﬁ7 R = —k—SRH(M’Ld,u =

- (3.2.2)

Eying = — ,
Me + My,

where n is the principal quantum number, Ry is the Rydberg constant for the
hydrogen atom, kj is the static dielectric constant and m.,m,are the electron and

hole effective masses. Hence:

[

o T (3.2.3)

EF:): = EG_

The ground state (n = 1) exciton binding energy in ZnO is ~ 60meV [9.

3.2.2 Bound excitons (BE)

In most materials there are finite concentrations of impurities or defects. Any
disruption of the periodicity of a lattice (due to impurities, vacancies, dislocations
and even large scale defects such as surfaces) may either destroy an exciton or
localize it. As a result, it is possible for excitons to be trapped at these defects; the
resulting configuration is called a bound exciton (BE). Energy is the fundamental
criterion that determines whether or not a free exciton can be trapped. If the
total energy of the system is reduced when the free exciton is in the vicinity of the
defect, then it is energetically favourable for the exciton to remain near the defect
and the exciton becomes bound via van der Waals interactions (in the case of the
exciton binding to a neutral acceptor or donor). An exciton bound to an ionized
donor (DT X)/acceptor (A~ X ) is a complex consisting of a donor (acceptor) ion
and an e-h pair. A neutral donor (D°X)/acceptor (A°X) bound exciton consists
of a donor (acceptor) element and an e-h pair. The photon energy emitted from

any of these transitions is given by:
Eg = Ery — Ejoe, (3.2.4)

where Fj,. is the exciton localization energy, which is the energy required to remove

the exciton from the impurity. This localization energy is related to the impurity
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binding energy E; using the Haynes empirical rule [128]:
Ejoe = a+ bE;, (3.2.5)

where a and b are constants and are determined by fitting to experimental values.
The PL spectrum of ZnO usually exhibits a large variety of different luminescence
lines covering almost the whole visible and near UV spectral range from 1.8 eV
to 3.37 eV. The strongest luminescence is typically found near the fundamental
band edge, with particularly diverse emission lines at low temperatures, which
originate from the radiative recombination of free and bound excitons [129]. The
room temperature PL spectrum of ZnO usually contains two emission bands as
shown in Fig. These emission bands can be categorized as NBE emission and
DLE. The NBE emission is caused by free excitons recombination, while the DLE

is caused by carriers bound to deep levels.
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Figure 3.2: A typical PL spectrum of a ZnO crystal at room temperature

3.2.3 Shallow Donor-Acceptor Pair transitions (DAP)

When donor and acceptor impurities both present in material at a close proximity

so that their wave function overlaps, a loosely bound donor electron can radiatively
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recombine with a hole on to a neutral acceptor. This process is called donor-
acceptor pair (DAP) recombination. The emission energy of the DAP is a function
of the inter-pair distance (r) through the final state interaction between the donor
and the acceptor. Using conservation of energy, if an electron from a donor (with
binding energy E; ) recombines with a hole on an acceptor (with binding energy

E, ) which is at a distance r from the donor, Epsp can be related to Eg as:
Eq=E;+ E,+ Epap+ U, (3.2.6)

where U is the coulomb interaction energy of the ionized donor and acceptor pair

(i.e. in their final state), and is given by:

U — A0

= 3.2.7
r Alle,r’ ( )
where ¢, is the relative permittivity of the material. Hence
2
Epap=Eq— (E,+ Eq) + (3.2.8)

Aegr’

Since acceptors and donors are located in a lattice, only discrete values of r can
be assumed. The bigger the separation of the pair, the smaller the Coulomb
interaction and thus the lower the photon energy is. The emission intensity should
then increase as the pair separation decreases. In the case of partially ionic bonding
as in ZnQO, such a transition causes polarization of the crystal lattice, which leads to
lattice distortions. As a result, the DAP transition is always followed by phonon
replica transitions. In ZnO, the energy separation between longitudinal (LO)

phonon replicas is 72 meV [2].

3.2.4 Two-electron satellite transitions (TES)

Another characteristic of the neutral-donor-bound-exciton transition is the two-
electron satellite (TES) transition in the spectral region of 3.32 — 3.34 eV [130].
These transitions involve radiative recombination of an exciton bound to a neutral

donor, leaving the donor in the excited state, thereby leading to a transition energy
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which is less than the DBE energy by an amount equal to the energy difference
between the first excited and ground states of the donor. In the effective-mass

approximation, the energy level Frpg of the TES is given by:

1
ETES = EDOX - ED(l - E), (329)
For first excited state (n = 2):
3
ETES = EDOX — Z_JLED’ (3210)

Re arranging, the donor binding energy can be given by:

4
ED == g(EDOX - ETE'S)a (3211)

This implies that knowing the energy positions Epox and Erpg of the DX and
its corresponding TES transition, the related donor binding energy, Ep, can be
obtained. The same formulation holds for A°X, but the A°X transition and

consequently its corresponding TES are seldom observed in ZnO.

3.2.5 Quantum confinement effects

Quantum confinement occurs in nanocrystals when their size is reduced so that
it approaches the size of the exciton Bohr radius (the size of an exciton in a bulk
crystal). For ZnO, the exciton Bohr radius is ~ 2.34 nm [I31]. PL can be used to
observe the quantum confinement effect in nanostructures. However, there are few
reports on this effect in ZnO nanostructures. Experimental evidence of quantum
confinement effects have been reported by Guet al.[132], where PL and absorption
spectra from nanorods with radii of 1.1 nm were found to be blue shifted compared
to the spectra of bulk materials. Lu et al.[133] also observed quantum confinement
effects in the PL spectra of quantum dots with diameter as large as 15 nm and
6 nm in height. The quantum dots studied by Lu et al. exhibited a strong free
exciton adsorption at 3.41 eV at room temperature, significantly larger than that

in bulk ZnO (3.37 eV), representing a 90 meV blue-shift.



52

3.3 Synthesis of ZnO nanostructures

Nano-materials have attracted tremendous interest due to their noticeable perfor-
mance in electronics, optics and photonics. These materials are typically classified
in three groups: zero-dimensional, one-dimensional and two-dimensional. Zero-
dimensional (0D) nanostructures, referred to as quantum dots or nanoparticles
with an aspect ratio near unity, have been extensively used in biological appli-
cations [I34] 135, 130, 137]. Two-dimensional (2D) nano-materials, such as thin
films, have also been widely used for optical coatings, corrosion protection and
semiconductor thin film devices. One-dimensional (1D) semiconductor nanostruc-
tures such as nanowires, nanorods, nanofibres, nanobelts, and nanotubes, have
been of intense interest in both academic research and industrial applications be-
cause of their potential as building blocks for other structures [I38] [139]. One
dimensional nanostructures are useful materials for investigating the dependence
of electrical and thermal transport or mechanical properties on dimensionality and
size reduction [140, 141]. They also play an important role as both interconnects
and functional units in the fabrication of electronic, optoelectronic, electrochem-
ical and electromechanical nanodevices [142] 143]. Among the 1D nanostructure,
ZnO nanowire is one of the most important nano-materials for nanotechnology
today [144), 145, 146].

Among various synthesis method, vapour phase synthesis is probably the most
extensively explored approach in the formation of 1D nanostructure [147]. A typ-
ical vapour phase synthesis method takes place in a closed chamber containing
a gaseous environment. The vapour species are first produced by evaporation,
chemical reduction and gaseous reactions. The species are then transferred and
condensed onto the surface of a solid substrate. Generally, the vapour phase
synthesis process is carried out at temperatures higher than the decomposition
temperature of the precursors. Solution phase synthesis has many advantages

when compared to vapour phase synthesis, such as low cost, low temperature,
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scalability and ease of handling. Generally, liquid phase reactions occur at rela-
tively low temperatures (< 200 °C') compared to vapour phase synthesis methods.
Thus, solution synthesis methods allow for a greater choice of substrates, includ-
ing inorganic and organic substrates. Due to these many advantages, liquid phase
synthesis methods have attracted increasing interest. In liquid phase synthesis,
the growth process can be carried out either in aqueous or organic solutions, or
a mixture of the two. A number of specific methods have been developed, two of

which are used in the present study are:

e The sol-gel technique [148)] is a wet chemical technique used in the fabrication
of metal oxides from a chemical solution, and this acts as a precursor for an
integrated network (gel) of discrete particles. The precursor solution can be
either deposited on the substrate to form a film, cast into a suitable container

with the desired shape, or used to synthesize powders.

e Chemical bath deposition [I149]. CBD is a technique that produces a solid
film on a substrate during a single immersion through the control of the
kinetics of formation of the solid. It is the aqueous analogue of chemical
vapour deposition (CVD), since both processes involve the mass transport
of reactants, chemical reaction, nucleation, desorption, and growth. CBD is
particularly suitable since it does not require high-pressure containers and
is also entirely recyclable, safe and environmentally friendly, because only
water or alcohols is used as a solvent. The safety hazards of organic solvents
and their eventual evaporation and potential toxicity are avoided using this
method. In addition, because no organic solvents or surfactants are present,
the purity of the materials is substantially improved. Nanostructures pro-
duced using this method is self-assembled without any external manipula-
tion. The by-products (residual salts) are easily washed out by water due to
their high solubility. In most cases, no additional heat or chemical treatment
is necessary, which represents a significant improvement compared with sur-

factant, template, or membrane based synthesis methods. This method is



o4

thus an increasingly important complement to other solution-based tech-
niques in the fabrication of nanostructures. The details of the methods are

discussed in the next sections.

3.3.1 Growth of ZnO nanostructures using chemical bath
deposition

The first recorded report of CBD crystal growth was published in 1933 by Bruck-
man who produced a PbS thin film from a solution containing lead acetate,
thiourea and sodium hydroxide [I50]. Since then CBD has been used to de-
posit films of a variety of semiconductors. Despite the experimental simplicity, it
is a complicated task to understand the mechanisms involved in the deposition
process. The overall approach involves several steps, beginning with dissociation
in solution and thermal treatment for the desired crystal growth. During each
step, a variety of parameters must be controlled. These include the concentra-
tions of the precursors, the molar ratio of the metal to the base precursors, pH
of the solution, growth time, growth temperature and the like. These parameters
are discussed in more detail in chapter 4. The large number of variables and the
co-dependency amongst the variables makes CBD tiresome and causes difficul-
ties on the cause-effect relationship between variables. In principle, CBD can be
used to deposit any compound that satisfies the following two basic requirements:
(1) the source of cations (metal) and anions (hydroxide) must dissolve preferably
in water (or alcohol) and must form a crystal; and (2) the formed crystal must
be insoluble and chemically stable in the solvent used. The crystal formed can
grow either by homogeneous nucleation in solution and/or by hetero-nucleation
on a substrate. Homogeneous nucleation can occur due to local fluctuations in
the solution concentration, temperature, or other variables. The first stage of the
growth is collision between individual ions or molecules to form embryos. These
embryos grow by collecting individual species that collide with them. In this type

of growth, adsorption of ions on the embryo is expected to be the most probable
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growth mechanism. If the concentration of embryos in the solution is large, colli-
sions between embryos can also play an important role. Heterogeneous nucleation
may take place as a result of two distinct mechanisms. The first one is a growth
mechanism involving the reaction of atomic species at the surface of stable nuclei
pre-coated onto the substrate or impurities on it. It corresponds to an atom-by-
atom process, also called ”ion-by-ion” [90]. The second deposition mechanism is
associated with the oriented attachment (for polar crystals) of particles formed by
homogeneous nucleation on the wetting/seed layer pre-coated onto the substrate
[91, 92]. It can be considered a cluster-by-cluster growth. Whatever mechanism
dominates, the general steps in such solution growth are expected to be: genera-
tion of growth species, diffusion from the bulk to the growth surface, adsorption
and surface growth.

The balance between homogeneous and heterogeneous nucleation processes de-
pends on the deposition mechanism. One of the key parameters for synthesizing
nanostructures in solution is controlling the supersaturation of the reactants. Al-
though quantitative information is not readily available to fully understand super-
saturation during the nucleation and crystal growth processes of 1D nanostructure,
some general guidelines can still be of use. It is generally believed that high su-
persaturation levels favour homogeneous nucleation, whereas low supersaturation
levels favour heterogeneous nucleation [77]. In order to maintain low supersat-
uration levels during the growth process, the nutrient supply has to be finely
controlled. The formation of larger nuclei, which leads to precipitation, when the
objective is to grow on pre-seeded substrates, is a waste of reagents. One com-
mon technique is the use of seeding layers to facilitate heterogeneous nucleation.
Moreover, seeding of the substrate with nanoparticles lowers the thermodynamic
barrier by providing nucleation sites, and hence improves the aspect ratios and
optical properties, and ensures uniformity in the growth of ZnO nanostructures
[93, ©4]. This implies that any factor that will improve the seed layer will im-

prove the as synthesized nanostructures. In addition to supersaturation, the other
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main parameters that affect these nucleation processes are pH and temperature.
Temperature in particular is an important thermodynamic factor and plays a key
role in controlling crystal growth rate. Higher temperatures enhance the kinetic

energy of the precursors and this favours homogeneous nucleation in the solution.

3.4 Sol-Gel Method

The obtaining of ZnO nanopowders by the sol-gel method is the subject of much
interest, in view of the simplicity, low cost, reliability, repeatability and relatively
mild conditions of synthesis, which are such as to enable the surface modification
of zinc oxide with selected organic compounds. This changes in properties and ex-
tends its range of applications. The favourable optical properties of nanoparticles
obtained by the sol-gel method have become a common topic of research. Benhebal
et al. [47] prepared ZnO powder by sol-gel method from zinc acetate dihydrate,
oxalic acid, using ethanol as solvent. The obtained product was characterized by
using techniques such as nitrogen adsorption isotherms, X-ray difration (XRD),
scanning electron microscopy (SEM), an UV-Vis spectroscopy. The prepared zinc
oxide has a hexagonal wurtzite structure with the particles of a spherically shaped.
A surface area obtained by the BET method of the calcined ZnO powder is equal
to 10 m?/g, characteristic of a material with low prosity, or a crystallized material.
The sol-gel method was also used to obtain nanocrystalline zinc oxide by Risti et
al. [I12]. A solution of tetramethylammonium hydroxide (TMAH) was added to
a solution of zinc 2-ethylhexanoate (ZEH) in propan-2-ol. The resulting colloidal
suspension was left for 30 min (alternatively for 24 h), and was then washed with
ethanol and water. TMAH is a strong organic base, which comparably with an
inorganic base (e.g., NaOH) is characterized by a pH of ~ 14. This high pH means
that metal oxides are not contaminated with the cation from the base, which may
have an effect on the ohmic conductance of the oxide material. A determination

was made of the effect of the quantity of ZEH used and the maturing time of the
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colloidal solution. TEM images showed that the ZnO particles obtained have sizes
of the order of 2050 nm. The quantity of ZEH has a negligible effect on the par-
ticle size. Yue et al. [113] also obtained ZnO by the sol-gel method. High-filling,
unifrom, ordered ZnO nanotubes have been successully prepared by sol-gel method
into ultrathin AAO membrane. Integrating the ultrathin AAO membranes with
the sol-gel technique may help to fabricate high-quality 1D nanomaterials and to
extend its application as a template for nanostructures growth. In the present
work, sol-gel technique has been used, the effect of dopants(Cd, Al) on ZnO struc-

tures, optical and magnetic properties are studied.

3.5 Characterisation techniques

Different characterisation techniques were used to investigate the structural, opti-
cal and magnetic properties of the samples. Scanning electron microscopy (SEM)
was used to investigate the morphology of the nanorods, while their crystallinity
and crystal structure were determined using a powder x-ray diffractometer (XRD).
Energy dispersive x-ray spectroscopy (EDX) was used to estimate the elemental
composition of the samples. The optical properties were investigated by micro-
photoluminescence (PL) measurements. Finally,the ferromagnetic properties of
the samples are analyzed using electron paramagnetic resonance (EPR). A brief

introduction to these techniques is presented in the following sections.

3.5.1 X-ray diffraction (XRD)

X-ray diffraction provides structural and physical information of crystalline ma-
terials. In particular, XRD analysis can provide the crystalline quality and dom-
inant crystallographic planes of the given material. In addition, the diffraction
spectrum also provides information regarding the types of phases present in the
material and can be used to calculate the approximate average grain size using

Scherrers equation [I13]. In this study, a Philips PW 1840 powder and Bruker
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D8 (Bruker Corporation of Germany) diffraction system with a resolution of 0.02
0 for 20 and a Cu — Ko x-ray beam (A = 1.5405A) was used.The x-ray scans
were performed between 26 values of 30 ° and 80 ° using a step size of 0.05. The
crystalline quality, the type of phases present in the samples and the orientation
of the rods with respect to the substrate surface were deduced from the analysis.
The typical X-ray diffractometer used in this study is a Bruker AXS Discover

diffractometer for the samples prepared by sol-gel route is shown in Fig. In

Figure 3.3: The X-ray diffractometer used in this study is a Bruker AXS Discover
diffractometer.

almost all samples of the rods, peaks related to the (0002) plane were observed
to dominate the spectrum. The relative intensity of this diffraction plane with
respect to other dominant planes, (1010) and (1011), were used as a measure of
the alignment of the rods. The diffraction of the (0002) plane for ZnO is at 34.43 °,
with dggge = 2.60 A. For the samples prepared by sol-gel techniques it is explained

under each section of the chapters.
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3.5.2 Scanning electron microscopy (SEM) and energy dis-

persive x-ray spectroscopy (EDX)

Scanning electron microscopy is useful for the exploration of a diversity of speci-
mens in various fields such as materials science, semiconductor research and mi-
croelectronics [114]. In the present study SEM has primarily been used for surface
visualization of the ZnO samples. The surface morphology and elemental compo-
sition of the ZnO powders were investigated using a Shimadzu Superscan SSX-550
electron microscope equiped with an energy dispersive x-ray spectroscope (EDX).
Like XRD, it is a non-destructive technique commonly used for surface analysis. It
is capable of producing high resolution images, both planar and in cross-sectional
views. Electron microscopy takes advantage of the wave nature of rapidly moving
electrons. In the microscope, a beam of electrons is generated in a vacuum. The
beam is collimated by electromagnetic condenser lenses, focused by an objective
lens, and then scanned across the surface of the sample by electromagnetic de-
flection coils. The primary imaging method is by collecting secondary electrons
that are released by the sample. The electrons are detected by a scintillation
material that produces flashes of light from the electrons. The light flashes are
then detected and amplified by a photomultiplier tube. By correlating the sample
scan position with the resulting signal, an image can be formed that is strikingly
similar to what would be seen through an optical microscope. Beside the emit-
ted electrons, x-rays are also produced by the interaction of electrons with the
sample. These x-rays are characteristic of the elements present in the sample and
can be detected in a scanning electron microscope coupled with an x-ray analyzer
such as the energy dispersive x-ray spectrometer (EDX) [I15]. The typical SEM
equipment coupled with EDX: SHIMADZU Superscan model SSX-550 used in the
study is shown in Fig.



60

Figure 3.4: The SEM equipment coupled with EDX: SHIMADZU Superscan model
SSX-550.

3.5.3 Photoluminescence (PL) Spectroscopy PL

PL is a process in which a substance absorbs photons and then re-radiates photons.
PL is a non-destructive technique requiring no or little preparation of a sample.
Different types of samples (powder, liquid or bulk semiconducting material) can
be characterised. PL measurements are usually performed using two different
excitation conditions. Firstly, when excitation is with a continuous beam, the
material can reach a steady state. The PL measured under these conditions,
called continuous wave (CW) or steady state PL, provides information mainly on
the position of the electronic levels participating in the radiative recombination
processes. Secondly, when PL is excited using light pulses of suitable duration,
time-resolved PL (TRPL) is obtained and the excited state lifetime, which provides
information on carrier dynamics and recombination kinetics, can be extracted.
For CW-PL, the sample is excited by a laser with energy greater than its band
gap and the luminescence intensity is measured as a function of wavelength or
energy. The heart of this optical measurement system is a monochromator, which

is used to differentiate between emissions at different photon energies, resulting in
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a plot of light intensity as a function of energy. Optical measurements provide in-
formation both about the host semiconductor, through intrinsic optical processes,
and about the wide variety of impurities or defects which are endemic in all real
semiconductor materials, through extrinsic optical processes. It is particularly
suited for the detection of shallow-level impurities, but can also be applied to cer-
tain deep-level impurities/defects, provided that their recombination is radiative
[116]. Fig. depicts an experimental set-up for CW-PL measurements using
photomultiplier tubes or semiconductor photodiodes. The luminescence is spec-
trally analysed using a grating monochromator and, depending on the emitted
photon energy, detected using either a photomultiplier tube or a photodiode. In
this study, a PC controlled monochromator was used for wavelength tuning. The
laser radiation was chopped by a mechanical chopper to allow signal amplification
with a lock-in amplifier; alternatively, photon counting techniques may be used.

In this study, the PL characterization system employed were; a SPEX 18700.5
m spectrometer system, equipped with a HeCd laser lamp as the excitation source
and a Cary Eclipse fluorescence spectrophotometer (Model: LS 55). Samples for
the laser system were excited at 325 nm and emission observed in the wavelength
range 400 to 600 nm at room temperature. In addition a mini-PL UV laser
system 5.0 (Photon systems, USA), which uses a Ne- Cu laser with an excitation
wavelength of 248.6 nm, and a closed-cycle He cryostat with a Kimmon 1K 3252R-
E He-Cd laser (excitation A = 325 nm).

Low temperature PL is used to obtain specific information about the centres
which promote impurity related recombination, the donors and acceptors, and this
can only be obtained when the carriers are "frozen out” in these centres. There
is also a dramatic reduction in the spectral broadening caused by the coupling of

carriers with phonons, called vibronic processes, at low temperatures.
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Figure 3.5: Schematic diagrams of typical experimental set-ups for CW-PL mea-
surements using photomultiplier tubes or semiconductor photodiodes.

3.5.4 Electron Paramagnetic Resonance (EPR) spectroscopy

EPR is an effective tool to investigate the origin and nature of un-paired elec-
trons in an atom. These un-paired electrons which are 10,000 times lighter than
atoms have their intrinsic spin contributing to some sort of magnetism. Incorpo-
rating transition metal i.e. Mn is believed to alter the electron spin (magnetism)
of semiconducting materials hence called diluted magnetic semiconductors. The
microwave absorption measurements were carried out using a JEOL electron para-
magnetic resonance (EPR) spectrometer operating at 9.4 GHz (x-band) at room
temperature (298K). The samples were mounted in the cavity centre at a posi-

tion where the microwave magnetic field is maximum. The DC static field HDC
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was slowly swept between 0 and 500 mT. The microwave power was kept at 5
mW to avoid saturation. The DC field was modulated with a superposed ac field
whose amplitude was varied between 1 mT and 6 mT at 100 kHz frequency. The
microwave response was measured as a derivative of microwave absorption signal.
In this study, the origin of ferromagnetism in Al doped ZnO has been investigated

using EPR measurements.



Chapter 4

Enhancing absorption in coated
semiconductor nanowire/nanorod
core-shell arrays using active host
matrices

4.1 Introduction

One-dimensional nanostructures often exhibit fascinating physical properties that
are not observed in their bulk counterparts [60, 61, 62, 63]. Nanowire/nanorods
photovoltaics (PV) has been the subject of research with a view to enhancing
the energy conversion efficiency and reducing the material and fabrication costs
compared with bulk and thin-film PV [64]. Core-shell nanowire/nanorod arrays
are both an ideal platform for fundamental interfacial studies as well as a promising
geometry for high and efficient optical absorption [65]. This occurs because of the
core-shell geometry which increases the number of nearly degenerate resonances
by largely removing the polarization dependence of 1D nanowires [66].
Interaction of light with nanocomposites exhibit novel optical phenomena which
unrivalled optical properties of these materials. Since the optical properties of
heterogeneous metal-semiconductor(core-shell) composites can be efficiently tai-
lored by surface plasmon resonance(SPR), they are strongly dependent on the
nanoparticles size, shape, concentration(filling factor) or spatial distribution and

surrounding matrix [67]. Control over these parameters enables such composite

64
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core-shell to become promising media for development of novel non-linear materi-
als, nanodevices and optical elements. Recent studies by Oener et al. [68] shows
that the utilization of metal-semiconductor core-shell nanospheres or nanorods for
plasmon mediated charge carrier dynamics for photovoltaics and photocatalysis.
Other group, S. A. Mann et al., [69] reported that core-shell geometry efficiently
couples light normally reflected and scattered by the metal core into photonic reso-
nances in the shell eliminating the so-called shadowing losses by embedding metal
nanowires in an ultrathin semiconducting shell. The group used Finite-difference
time-domain(FDTD) simulation to confirm that placing core-shell nanowires on
low-index substrates like glass or plastic only leads to minor perturbations, pri-
marily by increasing the radiative loss rate in the cavity and thus requiring a
different shell thickness to maintain critically coupled resonances. This hybrid
core-shell geometry makes semiconductor nanowire/nanorods, an emerging and
powerful class of materials for showing optimal absorption efficiency due to their
unique electronic, optical, and chemical properties [70]. Among other fascinat-
ing applications, nanowire/nanorod core-shell are perhaps the most prospective
materials for nanoscale sensors, light emitting diodes, solar cells, and so forth
[T, [72).

The core-shell geometry of nanowire/nanorod is thought to be able to enhance
the efficiency of charge collection by shortening the paths traveled by minority
carriers [73, [74]. Specifically, ZnO/ZnS core-shell nanorod heterostructures have
attracted a great amount of theoretical and experimental interests because of the
typical type II band gap alignment that is of high benefit for the amelioration
of photovoltaic and photocatalytic properties in comparison with the individual
counterparts. Strong light confinement in nanowire/nanorods structures has en-
abled advances in diverse photonic applications from nanolasers to photovoltaic
devices [75), [76, (77, [78].

Considering available technologies, the use of cylindrical core-shell arrays struc-

tures is better suited for many optics and optoelectronics applications reported so
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far in Refs.[79, 80, 8T, 8T, 83, [84]. Compared to spherical models, to understand
the energy balance between absorption and scattering processes cylindrical model
is very efficient, for instance in this kinds of structures, the scattering of light is in-
creased by three orders of magnitude[85]. Despite the fact that earlier studies[86]
discussed the benefit of core-shell nanorod/nanowire arrays, the contribution of
amplifying host matrices for optimal absorption was not explored.

In this work, the effect of active elements in composites having core-shell
nanowire/nanorod arrays were investigated theoretically and experimentally. In-
deed the theoretical calculations are compared with experimental work done on

the growth of ZnO/ZnS nanorod core-shell arrays.

4.2 Theoretical consideration

4.2.1 Background

The concept of an effective permittivity is useful to describe the optical response of
a metamaterial molded into arbitrary shapes, rather than having to deal with the
detailed arrangement of particles. Theoretically, the permittivity and refractive
index have been calculated from polarizability of the core-shell arrays by con-
sidering the wavelength outside cylindrical core-shell composite, which is larger
compared to cylindrical diameters. Metal/Semiconductor composite core-shell at
the resonant frequencies, close to the plasma frequency of the coated shell, show
strong anomalous dispersion even at comparatively small volume fractions of the
inclusions and a very high level of losses. The losses in the composites can be con-
siderably reduced by introducing gain elements into the host matrix of the com-
posites or by using alternative layers of composite and gaining medium. Literature
reports that an array of nanowire/nanorods can exhibit superb absorptivity even
at a fairly sparse arrangement [87, 88, 89], therefore to explain these properties
the rigorous solution of the Maxwell equations is imperative.

Formally, the effect of active elements in composites can be described by intro-

ducing a negative part in the dielectric function of the host matrix [90, 91, [02] O3].
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For instance metamaterials can be synthesized by embedding artificially fabricated
inclusions in a specified host medium or on a host surface, this provides the de-
signer with a large collections of independent parameters(or degrees of freedom),
such as the properties of host materials, the size, shape, and composition of the in-
clusions [94]. By depositing a layer of shell on the nanowires to fabricate core/shell
nanowires, the surface states of the core will be modified [95] 96|, 97, O8], the band
gap of the core material can be tailored, and as a result, the properties including

photoluminescence(PL) of the core will be improved.

4.2.2 Electrodynamic analysis

To gain greater insight into how the shape and array of the core-shell nanorod /nanowire
distribution influences the effective dielectric response, the discussion starts with
presenting core-shell nanowire as cylindrical geometry for theoretical discussion
and nanorod for experimental comparison.

Let us consider core-shell cylindrical nanowire/nanorod with radius r. coated
by metallic nanoshell of radius 7, centered at the origin and extending along the z-
axis to infinity, embedded in a homogeneous dielectric environment(host medium)
with permittivity e, where, r. < rs ( see Fig. . The nanowire/nanorod is
illuminated by a uniform, quasi-static electric field, E = Fye'**=“!) where k is the
complex wave vector given by & = "2 and has form k£ = &' +£”, [99]. In the model
retardation effect is neglected and only dipolar interaction is under consideration:
diameter of the nanowire/nanorod is much smaller than the wavelength of the
excitation field. The incident electric field is assumed not to vary spatially over
the dimensions of the nanowire while maintaining its time dependence.

The dielectric functions (DFs) of the core, shell, and host matrix are denoted
as €., &g, and ey, respectively. The distribution of the potential in a cylindrical
core-shell arrays embedded in a dielectric host matrix in an external constant

electric field, can be written as:

D,
on = —Ep(r — Jcos @, > ro. (4.2.1)

Tnfl
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Figure 4.1: Structural model for cylindrical core-shell nanowire under considera-
tion together with the relevant parameters.

where, Fj, is the applied field, perpendicular to the axis of the nanorod /nanowire), the
local field in these arrays can be considerably enhanced if a frequency of the in-
cident radiation is close to the surface plasmon frequency. The local field E in
the semiconductor core of the inclusion can be obtained with the help of the re-
lation E = AE;, where A is an enhancement factor discussed in Ref.[92] 03].
Here n is the dimension of the problem: n = 3 for the spherical(quantum dot)

and n = 2 for the cylindrical inclusion(nanorod/nanowire, respectively

D=pr,f=1- 2% (4.2.2)

where A is given by
9 2
A =¢e 4 qe.+ €ep, 0 = ep[(= — Dee + €4 (4.2.3)
p
p=1—(r./rs)?*is the metal fraction of cylindrical core-shell nanowire/nanorod.
2

2
q= (5 — 1)5d + (5 — 1)6h (424)

where the dielectric permittivity of metallic shell has Drude form;

£s = €. +icl (4.2.5)

1 Y
S S " S— 42.6
fs € 22+ 2 ®s 2(2%2 4+ ~?) ( )

Considering z = w% and v = wip (w is the frequency of the incident radiation, wy, is

the plasma frequency of the metal part, and v is the electron collision frequency).
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In the model the dielectric permittivity of the host medium is given by
e, = €y, +icy, (4.2.7)

in this case we consider €) = 2.25, €j = 0 for passive host matrices and ¢} =
2.25 (glass matrix), ) = —0.13866,(polymers) for active host matrices, and for
semiconductor core ¢, has real value, . = 9, through out the paper for numerical

purposes. As a result of the dielectric permittivity of the shell and the host

medium(real and imaginary values), the polarizability takes complex form.

B=p+ip" (4.2.8)
5/Al + 5//A// 5/A/l _ 5//A/
[ "o
B=1-2—5 — R N (4.2.9)
where
2
¢ = (- 1)[eie), — ehen] + ecel, (4.2.10)
i 2 N/ n_/ "

0" = (2—9 — 1)[esen +esen] +ecey, (4.2.11)
A = 5;2 + el +ee, — 5;’2 —q'e" (4.2.12)
A" = (¢ +2e))e] +ecel + 4", (4.2.13)

2 2
q = (z_? —1ec+ (1_9 — 1)e), (4.2.14)
"= e 4.2.15
¢ = (]; )€n (4.2.15)

The double prime variables stands for imaginary part of the function.

Effective medium theory and Clausius-Mossoti equation for a composite with
cylindrical nanowire/nanorod core-shell has the form [84]: Z:Z—:Z = N2 Where N
is a density number of the nanowire/nanorod in the host medium and D is effective
polarizabilty of the cylindrical nanowires. Maxwell Garnett mixing formula for the
cylindrical nanowire of our study interest is given by e.rr=ex(1 + %) where 3

is the polarizability of the nanowire and f is the volume fraction of the nanowire

given by f :%TEN . For non magnetic medium g = pp index of refraction R can be
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expressed in terms of the effective dielectric constant as n? = e.;;. Therefore, it
is possible to determine the refractive index of the composite from the above
expression as n? = g (1 + %) Since quantities like €, €, and 3 are complex it

is important to express n? in terms of imaginary and real parts as:

ﬁ/ + iﬁ/l

nQ:&L+“bH+2Q1_f&%_ﬁﬂj (4.2.16)
o 2( 12 - 12 . 1"
=&%+ubﬂ+2ﬂ3 %wﬁAHﬁ)+Qﬁﬁ] (4.2.17)
f
! 2 2 - "
=2&24—u%ﬂ14—2f6 2fgé|*_mfﬁ ] (4.2.18)
f
this expression can be written as real
b, =€) + 2f[(/8/ — 2f|BA|2)E;L — HGZ] (4.2.19)
f
and imaginary
bI=:eZ4—2JT<5/__2jW€f)d;+_Bﬁdﬂ (4.2.20)
!
where
Ap=1—f8'+ 8] (4.2.21)

n? can be re-written as n? = b, + ib;, and equivalent to n = n/ + in”.

1

nQ:?M@+@+@) (4.2.22)
1

nmzﬁdﬁ+ﬁ—m) (4.2.23)

The cylindrical assumed particles in the composites are polarizable, with light-
induced dipoles, where the dipole moments interact within uniform electric field
kl

K z—wt) o=k "= implies that the wave decays

given by: F = Ejye 'z and the term e~
as it propagates in the nanowire/nanorod core-shell arrays. Taking into account
the relation, i.e: I ~ E? and combined with Lambert-Beer law I = [ye~ %% where
Qaps 18 the absorption coefficient. The enhanced absorptance was attributed to a
field concentration (waveguiding) in the nanowire as presented in Refs.[104] [105].
Hence, the absorption coefficient can be written as:

2//
Qaps = 28" = Y (4.2.24)
C
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In our case it can be written as

2 1 ,
gy = ¥ 2 (4.2.25)
C

where 2. = z. The typical length of light propagation(absorption length) [,
absorbance(A(\)), transmittance T'(\) were calculated. We noticed that for the
coated cylindrical core-shell nanowire/nanorod, absorption length can be found
by the help of | = ﬁ The expressions for Absorbance and A(\) = M =

n"t(3) where ¢ = r, — r. and transmittance; T'(\) = —log A(\) are used for

numerical calculation.

4.3 Experimental details and Characterizations

The chemicals used in this study were purchased from Sigma Aldrich and used
without any additional purification. The ZnO/ZnS core-shell nanorods were grown
as follows: Initially ZnO nanorod arrays (rods are mostly not vertical, but rather
quite random in orientation) were grown by a two-step chemical bath deposition
process as described in Refs. [106] 107]. (100) silicon substrates were sequentially
cleaned in acetone, ethanol and Milli-QQ water (in an ultrasonic bath) and then
finally blown dry using Ny. ZnO nanoparticles, of 5 nm in diameter, were seeded
onto the pre-cleaned Si substrates via spin coating, using a solution of zinc acetate
dihydrate dissolved in ethanol. Next, the seeded substrate was annealed at 300°C
in oxygen for 30 min. Following that, the annealed seeded substrate was immersed
in a chemical bath for the growth of ZnO nanorods. Sulphidation is a two-step
process as well and is described next. ZnS coated ZnO nanorods were prepared
via a self-assembling route described in Refs.[TI08], using a solution based chemical
reaction. Firstly ZnO nanorod arrays was immersed in a 160 mmol NasS solution
for 90 min at 75°C. Upon removal, the sample was rinsed in Milli-Q water and
dried in N,. During the second step, a 160 mmol zinc nitrate hexahydrate solution
was prepared and heated up to 75°C within an oil bath. Once the temperature was
stabilized at 75°C, secondly it was dipped vertically into this solution for another

90 min. The sample was finally rinsed in Milli-QQ water and dried in nitrogen gas.
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Surface morphological analysis of the products was carried out and analyzed
using a JEOL JSM 7100F scanning electron microscope (SEM), operated at 5kV .
The crystalline structure and faces of the rods was analyzed using an X-ray powder
diffractometer, using a CuKa line (0.154 nm). PL spectra were collected between
89K and room temperature with a Mini-PL UV laser system 5.0 (Photon system,
USA) which employ a NeCu laser with excitation wavelength of 248.6 nm were

used for characterizing.

4.4 Results and discussion

4.4.1 Theoretical analysis

In order to understand the origin of the lasing in active host medium we consider
homogeneous cylindrical core-shell nanowire/nanorod arrays embedded in active
host medium. It is known that the local field in these composite can be consid-
erably enhanced if a frequency of the incident external radiation field is close to
the surface plasmon frequency [109, [110], 111, [112) T13]. Therefore, at intense in-
cident electromagnetic fields (laser radiation), it is necessary to consider the effect
of dielectric functions of the core, the shell and host material. From theoretical
point of view, we choose two conditions from the dispersion relation; (¢} = 2.25)
(glass matrix) and (¢}, < 0)(polymers), under which such a medium can demon-
strate very low loss or even gain leading to lasing in the composite(core-shell). It is
demonstrated that with p = 0.9 in passive host matrix, n” = 0.025 at the resonant
frequency 2z, = 0.4 and w, = 1.6 x 106 it is shown that ags = 1.07 x 10%cm ™1,
the typical length of light propagation in the nanowire can be [ = 9.4 x 10~°cm.
However for pure metal cylindrical nanowire (without core) of nanowire p = 1
in passive host matrix, n” = 0.033 at the resonant frequency z, = 0.385, we
get that ags = 1.4 x 10*em ™! and the typical length of light propagation in the
nanowire(absorption length) can be [ = 7.14 x 10 5¢m. According to this obtained
results in passive host matrix their is strong absorption. In order to create condi-

tion for considerable propagation of light in the nanowire arrays, it is necessary to
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decrease n” which can be done by introducing a negative values dielectric function
of the host matrix € < 0. The host matrix with negative €; < 0 amplify the inci-
dent electromagnetic wave rather than absorbing, [114], T15] 116l 117]. For cylin-
drical core-shell nanowire /nanorod with tuned inclusions(active host matrix) with
metal fraction p = 0.9 (¢} = —0.13866), and n” = 0.045 at the resonant frequency
2. = 0.4 the numerical result gives ags = 1.92 x 10%cm ™! and | = 5.2 x 10 3em
which suggests the enhanced absorption is greater than the expected Lambert-Beer

Law if we introduce negative value for dielectric function of active host medium.

From a Febry-Perot resonator [118] [141] the on-resonance condition can be
shown as, mA = 2nL, where X is the on-resonance wavelength, n is the effective
refractive index, L is the length, of the optical path and m is the mode number.
This phenomenon is systematically related to PL emission intensity for experimen-
tal comparison [119, 120, 121]. We observe a strong blue-shift of the resonance
as the p value increased from 0.4 to 0.9 (see Fig. this is due to the fact
that, the field nature is highly dipolar results in good light coupling between the
interfaces(the shell and host medium). The dipolar resonance is shifted to the red
as the shell(ZnS) thickness is increased compared with bare ZnO as depicted in
the experimental section. A resonance shift A\ due to the change of refractive
index An can be expressed by % = %. A typical wave length corresponding
to the resonant frequency (z,)= 0.323w, for metallic shell of diameter 30nm with
p = 0.9 is about 400nm. By using the same condition of (z,) and A values:

(0.35wy,, 369.6nm), (0.2w,, 589.04nm), (0.45w,, 384.04nm), we find that the res-
onance is shifted to the red(Fig. |4.10)).

It is known that in the absence of laser generation in the limit of weak fields,
the active composite(below the laser generation threshold)can be described by
Maxwell equations [60, 122], 123]. It allows us to use « obtained with the help of

the long wave approximation. It is shown that in Fig. the local field in the
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Figure 4.2: Imaginary part of refractive index n” versus z for active host matrices
and the numerical values and parameters are ¢} =0, f = 0.001, ¢}, = 2.25
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Figure 4.3: Real part of refractive index n’ versus dimensionless frequency z with
tuned cylindrical nanowire embedded in active host matrices with parameters
ey = —0.13866, ¢}, = 2.25

composite core-shell has two maxima which is blue shifted as volume fraction(p)
increases suggesting the enhancement of local electric field in the core-shell. It
appears that the optical absorption and refractive index change as a function of
the photon energy for various shell thickness. The value of p is chosen from sim-
ulation(Wolfram Mathematica 9), the resonance using different value of p where
the second maximum is enhanced. Unfortunately, for very small v and arbitrary
p the situation can be traced only numerically. The positions and values of the
maxima strongly depend on p (at fixed rest parameters). For example, for p < 0.4;
the second maximum is lower than the first one and very small. It is clear that the
nonlinear part of the dielectric function(DF) of the host medium is important only
if the electric fields are comparable with the inner atomic fields [124] [125] [126]. At
present, such fields may be achieved in laser radiation. Another interesting prop-

erty of a pure metal shell and metal-shell on semiconductor core is the abnormal
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Figure 4.5: Imaginary part of refractive index n” versus frequency z for pure metal
cylindrical nanowire in passive host medium & = 0.0.
enhancement of the local field, when the frequency of the incident electromagnetic
wave approaches the surface plasmon frequency of the metal shell [97, O8] ©99].
For p > 0.4, it becomes more important with further increment in p both max-
ima becoming higher and closer moving to higher frequencies. It would be relevant
to note that the resonant frequencies are related with the plasma vibrations of
the metal shell and the two interfaces, i.e,semiconductor(core)- metal(shell) and
metal(shell)-host matrix. Basically, the restrictions on p imply the existence of
the plasma vibrations(p is not very small) as well as the macroscopic properties
of the semiconductor core( p is not very close to unit)[127]. Fig. shows the n’
real value of refractive index of the core-shell versus the dimensionless frequency
2, which have been calculated with the help of Eq. and Eq. [4.2.23] In this
case the value of the volume fraction determines the change of refractive index, as

one changes position from core center to the shell the threshold energy would be
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Figure 4.6: Real part of refractive index n’' versus frequency z, for pure metal
cylindrical nanowire embedded in passive host(non-absorbing host medium) ) =
0.0.

redly shifted. Similar red shift phenomenon has also been observed in the most
cases studied when the impurity(doping) is displaced from the core-center to the
shell-center discussed in Refs.[128], [129].

The main characteristic of the nanorod core-shell array under consideration is
a strong absorption of light at resonant frequencies. The absorption coefficient of
the composites can be evaluated with the help of Eq. [.2.25] Further decrease
in (g} )results in the appearance of the fork like structure of the right minimum

of n”.

The same effect can be obtained by increasing the volume fraction f by
keeping (&} < 0) constant as shown in Fig. [4.3]and Fig. [£.4] It is worth noting that
obtaining the minima of n” for both types of the core-shell embedded in active and
passive matrices require fine tuning of (¢} < 0) as the dipolar resonance residing
at the core-shell interface, is more sensitive to the host environment [60, 130, 131
132]. Anantha et. al. [103] recently reports negative losses are important to design
a 'fiber-optic bundle’ that consists of a multilayer stack of alternating thin layers
of lossy metal(silver) and an amplifying positive dielectric medium (an optically
pumped semiconductor, for example) to transfer images with good subwavelength
resolution across large stack thicknesses (of the order of a few wavelengths) [IT1].
For example, to exactly counter the effects of absorption in the negative medium

one can use semiconductor laser material such as GaN or AlGaAs for the positive

medium and silver for the negative medium. Using blue/ultra-violet light to pump
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the AlGaAs, one can make the AlGaAs now optically amplifying in the red region
of the spectrum, where one can satisfy the perfect-lens condition for the real parts
of the dielectric constant. By adjusting the pump laser intensity, the imaginary
part of the positive gain medium can be tuned [150].

Fig. depicts when filling factor(f) is increased the intensity of refractive in-
dex is highly enhanced suggesting the shell thickness and the density of the packed
nanorod arrays can play great role to improve the photoluminescence and similar
results are discussed for the nanowire antenna emission in ref. [I49], in the present
work it can be confirmed with the help of Fig. [4.10] when the core is coated the
emission (PL) intensity increases and very broad. However, the same quantities of
the passive composite with pure metal shell obtained using Eq. shows the
real part of refractive index(see Fig. 6) versus frequency showing asymmetric
profile enhancement as the value of f increases suggesting f increases with contin-
ues coating. The absolute values of the maxima and minima of n’ in active host
matrices at the gain levels considered here practically do not change compared
to those of passive host matrices which is in agreement with results reported in
Ref. [133] 134]. We note that in our structural model of ZnO/ZnS core-shell
nanowire, the strain effect can reduces the energy of the transition between the
core-shell which may provide a degree of freedom for band gap engineering in
heterostructure materials. Similarly findings suggested the strain can be used to
reduce the total system band gap in ZnO/ZnTe core-shell nanowires and strain
induced band gap in Si are discussed [102]. Moreover, the proposed theoretical
model derived via polarization in an external electric field may be valuable in con-
trolling and designing highly absorbing electrostatic resonance and emission from
nanorod /nanowire arrays particularly for hybrid PV application. In light of the
present model we suggest cylindrical core-shell could be the optimal geometrical
configuration in order to enhance optical absorptance. Experimentalists may be

benefited from such theoretical model, for instance how thickness of the shell,
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filling factor or arrays (densely packed nanowires) and their geometrical configu-
ration can affect absorption particularly in heterostructures comprised materials

for PV application.

4.4.2 Experimental analysis

Figure 4.7: SEM micrograph and EDX patterns of ZnS/ZnO core-shell. (a). SEM
image A shows after sulphidation of ZnO/ZnS core-shell and image B is the EDX
pattern recorded from A. (b). Image C' shows the SEM before sulphidation(ZnO
nanorod) and image B shows the EDX pattern recorded from C.
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Figure 4.8: XRD patterns of bare ZnO and ZnS/ZnO core-shell).

Fig. [4.7| (A) depicts the plane-view of SEM image of nanorod core-shell arrays
after sulphidation in 160 mmol NayS solution at 75 for a period of 90 min. It
is evident that ZnS decorated across the ZnO nanorods with less defined side is

clearly visible. Fig. (C) shows the plane-view of ZnO nanorods grown on Si
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X-Y Plane

Figure 4.9: Two-dimensional plots of the modulus of the local electric field of
core-shell structures. The color bar indicates the normal scale in V m ™! unit. (a)
Resonant state of array of inclusions in the matrix. (b) Field patterns for E, in
the x-y plane (one unit cell) for single rod. (c¢) Resonant state of single inclusion
in the unit cell. (d) Off-resonant state of single inclusion in the matrix

substrate before sulphidation experienced as core-shell and the nanorods are ran-
dom, dense and not well aligned. The EDX results were predominantly used as a
qualitative assessment tool as in Fig. 4.7| (B) clearly demonstrates that the EDX
spectra recorded from sample (A) has sulfur after sulphidation together with
oxygen and zinc. The presence of Si peak results from the substrate. However, the
EDX spectra recorded from sample Fig. (C)in Fig. (D) confirms the pres-
ence of Zn, O and Si in the ZnO nanorods viewed. The composition of ZnS(shell)
was further confirmed by XRD. Fig. [.§ shows, the nanorod core-shell arrays
were found to be composed of a single-crystalline ZnO core and ZnS shell via the
presence of the (100), (101), (102), and (002) from 26 angle for face centred cubic
(fce) ZnS(JCPDS Card No.75 — 1547). Fig. [£.9 shows corresponding local electric
field in the core-shell structure. When subjected to a constant applied electric

field, the local fields exhibit strong spatial fluctuations as shown for resonant and
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Figure 4.10: PL intensity vs wavelength emission observed from ZnS coated ZnO
nanorod arrays for theoretical comparison.

off-resonant, even though the non uniform electric field distribution is apparent
from these figures, the field inside the core is spatially uniform (see Figs. 94 and
9C). Light emission from core-shell nanowire/nanorod arrays can be tuned by,
field resonant enhancement, dipole position and nanowires length [93] [04]. The
spectrum of PL in Fig. depicts the emission is visible in two distinct energy
windows, which shows ZnO/ZnS core-shell spectrum is very broad and intense
than the bare ZnO. Photoluminescence mediated by the semiconductor NW ar-
ray is theoretically addressed by Paniagua et al. [135] and Joshua et al. [101] in
the context of light-coupling into guided modes. In their report emission can be
modified upon varying the dipole position along the NW length. Therefore, slight
modification of the real and imaginary components of refractive index can affect
qualitatively and quantitatively photoluminescence spectra. In the next section,
similar calculations were extended to the 4 x 4 array of cylindrical core-shell inclu-
sions using FDTD simulation. By comparison to the case of the single inclusion
in the unit cell (Figs. and ), it is to be noted that the the real part and
imaginary part of refractive index depends on the volume fraction of the core shell.

Electric field enhancement can be substantial and pronounced, as illustrated in
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Fig. in the core-shell which seems in agreement with the proposed theoretical
speculation when the the value of p get larger. It seems that the cylindrical core-
shell inclusions have advantage to obtain the intrinsic resonance at lower volume
fractions. Compared to the actual features observed for homogeneous inclusions
for the same set of model parameters[108, [112], the imaginary parts are present
if the materials are lossy. The shifts of the resonant position due to the coating
effect and volume fraction are significant, in the explored range of f as depicted in
Figs. and For instance, the resonant peak increased by 20 % in going from
f =10.001to f = 0.004. ZnO/ZnS core-shell nanorod array was compared with the
numerical calculations and the agreement was notable as shown in Fig. [£.10, The
photoluminescence emission originated from the core-shell nanorod array could be
the result of average dipole emission from all excited modes and polarization [136].
Negative values of €] can be achieved in composite media near resonances, which
generally implies very dispersive properties showing the fact that metals or other
materials with negative permittivity are required for the heterostructure to have
localized resonance [I37] The peaks observed around 3.23 eV (383.4) nm and 2.92
eV (423.17) nm are in good agreement with theoretical calculations in the range
of volume fraction p = 0.9, p = 0.85 and p = 0.95, particularly (0.35w,, 369.6 nm)
as demonstrated in Fig. Generally, one should always remember that no one
of the mixing models could offer exact value for a certain volume fraction, because
in random mixtures, all values between Wiener limits are possible. However, it is
very probable that a mixture with a large number of inclusions is almost isotropic
and therefore combination of mixing models and FDTD results seem to offer rea-
sonable limits. This method finds tuning the volume of the constituents(f) in the
core-shell inclusion and the dielectric properties, are useful to vary the operating

frequency and wavelength over a large range to design new materials.
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4.5 Conclusion

In this work, the optical properties of two-dimensional metal-semiconductor core-
shell arrays embedded in amplifying host matrix has been studied theoretically.
The condition of introducing negative value of dielectric function of the host matri-
ces that is necessary to compensate the absorption in composite has been demon-
strated by careful choice of numerical calculations. The presented theoretical
model has been compared with experimental data. Continuous ZnS(shell), thick
(255nm), and uniform coating was grown on ZnO nanorods using chemical synthe-
sis process. This predominantly polycrystalline ZnS shell was grown at relatively
low temperatures and with high growth rates by sulfidation. With an increase in
shell thickness, filling factor(f) and volume fraction the contributions from both
Zn0O and ZnS were discussed. The study provides a good indication of tuning the
UV emission of the ZnO-ZnS core-shell nanorod arrays by changing index of the
substrate.

Moreover, this core-shell nanostructure can be used for the fabrication of well
aligned hollow ZnS/ZnO core-shell nanorod arrays of desirable thickness on the
surface of active host medium. Finally; our results clearly illustrate the intro-
duction of active host medium is responsible for the optical absorption greater
than the expected Lambert-Beer law. To explain similar phenomenon in core-shell
nanowire, earlier studies used tuning the shape and geometry of nanowire /nanorod
arrays, [91, 02, O3] the readers are referred to Refs. [71], for Ge InP, Si, and
GaP nanowires, relevant for applications in solar cells [72], [73]. However our re-
sult suggest that the model is promising than previously reported techniques to
achieve optimal absorption efficiency and designing arrays of core-shell nanorods

and nanowires[76), [77].



Chapter 5

Rapid synthesis of blue emitting
Zn O nanoparticles for fluorescent
applications

5.1 Introduction

Semiconductor nanostructures are promising candidates for future electronic and
photonic devices. Nanostructures based on wide bandgap semiconductors such
as GaN and ZnO are of particular interest because of their applications in short
wavelength light emitting devices and field emission devices [I} 2], 3, 4]. ZnO is a
potential competitor of GaN for blue and UV emission and characterized by direct
band gap of 3.37 eV at room temperature with large exciton binding energy of 60
meV compared to GaN (28 meV) [5, 6, [7].

In addition to the UV emission ZnO is also known to emit in the visible re-
gion [81]. The photoluminescence spectrum of ZnO is normally composed of two
parts: excitonic near band edge emission with energy around the band gap of
ZnO and defect related deep level emission in the visible range. ZnO is n-type
semiconductor due to oxygen vacancies, impurities like Al, H and and interstitial
Zn ions which act as donors in ZnO lattice. These native defects are believed to
be responsible for visible photoluminescence. The UV emission is due to excitonic
related recombination [12, [13]. The exact mechanism for deep level emission is
still controversial although intrinsic defects such as oxygen vacancies, oxygen in-
terstitial, zinc vacancies and extrinsic impurities are all considered as a possible

origin [14], 15, [16]. However, understanding the origin of photoluminescence in

83
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ZnO nanoparticles and improving the emission efficiency is still a major challenge.

Synthesis and characterization of zinc oxide (ZnO) nanoparticles has found
widespread interest during past few years due to their unique electro optical prop-
erties, which can be employed in devices such as ultraviolet (UV) light-emitting
diodes (LEDs) and blue luminescent devices [11].

Searching of new methodology to synthesize ZnO NPs with a uniform morphol-
ogy, size and reproducibility is of great importance both for fundamental studies
and practical application. In the past, several crystal-growth technology, have
been explored, among which are sol-gel, spray pyrolysis, chemical-vapor trans-
port, vapor-phase growth, chemical bath deposition (CBD), direct precipitation
methods and hydrothermal growth which also had the additional motivation of
doping with Li in an effort to obtain p-type material [1, 24], 25, 26]. However, these
methods involve a strictly controlled synthesis environment, complicated proce-
dures, high-temperature synthesis processes and expensive equipment. Despite
extensive research over the past several years, some fundamental properties of the
low-temperature photoluminescence in the ZnO synthesized by thermal decompo-
sition are not fully understood and rarely reported.

In this paper, we therefore report on ZnO NPs that emit in the visible region
without the requirement of additional doping. The temperature-dependent PL for
samples of ZnO prepared at a temperature of 200 °C' and 300 °C were discussed
with their underlying mechanism. Moreover, the structural and optical properties

of ZnO NPs synthesized via thermal decomposition method has been studied.

5.2 Experiment

5.2.1 Sample preparation

The zinc acetate dihydrate (Zn(CH3;COOH )9.2H50) > 99%, purity purchased
from Sigma Aldrich, were used as precursor without further purification to prepare
Z/nO NPs. In order to determine possible decomposition temperature of zinc

acetate dihydrate into ZnO NPs, samples were annealed at various temperature
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for 2 hr. Four sets of 5 gm of Zn (CH3COOH )2.2H50 was put into sample holders,
the crucible and annealed at a temperature of 200, 300, 400 and 500 °C' for 2 hr

in muffle furnace in air to produce the ZnO NPs.

5.2.2 Characterizations

The crystal structures of the samples were determined with a Bruker AXS D8 AD-
VANCE Discover diffractometer(XRD), with Cu Ka (1.5418) radiation. Surface
morphologies and elemental compositions were studied using a scanning electron
microscope(SEM) (Shimadzu model ZU SSX-550 Superscan) equipped with EDX.
The optical absorption measurements were carried out in the 200 — 600 nm wave-
length range using a Perkin Elmer UV /Vis Lambda 20 powder Spectrophotometer.
Luminescence measurements were done using a photoluminescent (PL) laser sys-
tem 5.0 (Photon systems, USA), which uses a He-Cd laser with an excitation

wavelength of 248.6 nm.

5.3 Results and discussion

5.3.1 Structural analysis

Fig. [5.1]shows the XRD pattern of ZnO NPs synthesized by thermal decomposition
method for various annealing temperatures. XRD pattern of ZnO NPs exhibits
various peaks which could be indexed according to ZnO diffraction peak (JCPDS
card No. 36 — 1451).

The presence of various diffraction peaks reveals hexagonal wurtzite phase of
ZnO which suggests polycrystalline nature of ZnO. The diffraction peaks at scat-
tering angle (260) of 31.74° 34.43% 36.25° and 47.5° belongs to 100, 002, 101 and
102 diffraction planes from ZnO, and the other peak marked with asterisks * cor-
responds to zinc acetate. It can be clearly seen that by increasing the growth
temperature from 200 °C' to 500 °C' ZnO peaks became prominent and prevailed.

No other impurities are observed except for zinc acetate related peaks in the
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Figure 5.1: XRD pattern of ZnO nanoparticles synthesized at various temperatures
for 2hr.

samples prepared at lower temperature, but fully decomposes for the higher tem-
perature. The estimated lattice constants slightly increased as the decomposition
temperature increased from 200 °C' to 500 °C' as summarized in Table [7.1] The

increase of the lattice parameter of ZnO NPs with increase in temperature was

calculated using the Eq. [5.3.1}
=)+ = (5.3.1)
where d is the interplanar distance, a and c are the lattice parameters.

Table 5.1: Measured properties of ZnO nanoparticles at various temperature
Temp. Particle Lattice  Lattice

(°C) diame-  param-  param-
ter Ry eter, a eter, c
+ 05 (A) (A)
(nm)

200 16.3 3.245 5.299

300 17.8 3.247 5.302

400 19.6 3.249 5.305

500 19.7 3.250 5.307

Fig. [6.3] shows the variation of FWHM as measured from diffraction plane 101

and particle size of ZnO NPs synthesized at various decomposition temperatures
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Figure 5.2: Variation of FWHM of (101) x-ray diffraction peaks and estimated
particle sizes plotted against decomposition temperature.

for annealing time of 2 hr. The FWHM, which is an indication of the crystalline
quality of the prepared ZnO NPs, decreases significantly as the decomposition
temperature increases. Fig. depicts variation of lattice parameter, a and
¢ with increasing annealing temperature respectively confirming the increase in

grain size at higher decomposition temperature.

5.308

Lattice parameter, a(Ang.)
3.250 - |—m=— Lattice parameter, C(Ang.)
- 5.306
o 3.2494 -
Z 2
< 5
< 32484 -5:304 2
2 2
Q o
£ 3
& 3.2474 L5302 &
I @
s =
o o
2 3246+ s
< L 5.300 =
-
3.245 4
. . . . 5.298
200 300 400 500

Temperature (°C)

Figure 5.3: Variation of lattice parameter, a and c as a function of temperature.

The average crystallite size of prepared ZnO NPs can be estimated from the
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FWHM of the 101 diffraction peak estimated using the Debye Scherrers Eq [5.3.2

~ 0.9
~ [cosb

(5.3.2)

where D is the crystallite size, A is the wavelength (A = 0.15402 nm) of radiation
used, 6 is the Bragg angle and  is the full-width at half-maximum measured in
degrees. The estimated average particle sizes were 16.3, 17.8, 19.6 and 19.7 nm
corresponding to the 200, 300, 400 and 500 °C' decomposition temperatures. The
estimated particle sizes increases with annealing temperature and it has highest
value at of 500 °C' due to narrowing of the diffraction peak. According to Ostwald
ripening the increase in the particle size is due to the merging of the smaller
particles into larger ones as suggested by Nanda et al. [52] and is a result of

potential energy difference between small and large particles and can occur through

T(002)

solid state diffusion. The intensity ratio, Taon)

of the peaks presenting (002) and
(101) at 500 ©C is equal to 0.53 which is higher than the corresponding standard
value of 0.44 of bulk hexagonal wurtzite ZnO [53] suggesting the prepared ZnO

structure is preferred the (002) orientation.

5.3.2 Morphological analysis

Fig. B.4(A, B, and C) illustrates the SEM images of ZnO NPs prepared at a
temperature of 300, 400 and 500 °C' respectively. The SEM images clearly in-
dicate that the surface morphology of the ZnO NPs depending on the synthesis
temperatures.

It is interesting to observe the formation of spherical ZnO NPs which is fully
noted when the decomposition temperature was increased to 500 °C' (see the inset
in Fig. C). It is observed that as decomposition temperature increases, the
structural defects(dislocation) for the ZnO NPs prepared at a temperature of 200
9C reduces as compared to 500 °C' causing uniform ZnO NPs which are purely
spherical in shape. Fig. (D, E and F) shows chemical stoichiometry of the
ZnO nanoparticles prepared at a temperature of 300, 400 and 500 °C’. The results

presented shows that the prepared material contains C, O and Zn elements. The
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Figure 5.4: SEM micrograph and EDX spectrum of ZnO nanoparticles at: (A)300
°C. (B)400 °C. (C)500 °C for 2h, and D, E and F are the corresponding EDX

spectra.
decrease in the C concentration with increasing synthesis temperature is suggested

to be as a result of efficient evaporation of the acetate-group.

5.4 UV-visible spectrophotometer analysis

Fig. shows room-temperature UV-visible absorption spectrum of ZnO nanopar-
ticles synthesized for various decomposition temperatures. The prepared ZnO NPs
have band edge absorption peaks at 362.2 nm, 389.4 nm, 429.72 nm and 455.32 nm
for samples prepared at a temperature of 200, 300, 400 and 500 °C' respectively.
These absorption peaks conform to the well-known intrinsic band gap absorption
of ZnO. The absorption edge around 389.4 nm was assigned to intrinsic band-

gap absorption of ZnO due to the electron transitions from the the valence band
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to the conduction band Oy, — Zns, [17] and the other possible explanation are
given in terms of structural defects associated with Zn interstitial as reported in
Refs. [53, 54]. It is observed from the spectra that the absorbance of the samples
reduces slightly with increase in decomposition temperature and the absorption
edge slightly shifts to lower energy [146], 147, 148, 149]. Furthermore this red shift
indicated the shrinkage effect in the band gap energy as a function of temper-
ature. They obtained ZnO which exhibited a high absorption band in the UV

region (A < 380nm).

200 °C

542 nm
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Figure 5.5: UV-Vis absorbance spectra of ZnO nanoparticles synthesized at dif-
ferent annealing temperatures.

Fig. represents the relationship (ahv)? versus the photon energy (hv) from
which the optical band gap of the nanoparticle was determined by extrapolating
the linear part of the spectrum. The characteristic’s change of the band gap with
increase in size of the ZnO nanostructure has been studied by the observation
of the red shift in photoluminescence peak position. Thus photoluminescence is
useful for the study of quantum confinement of electrons. The direct bandgap
energy of the synthesized ZnO nanoparticles was estimated using Tauc’s plots
relation [109]. ZnO nanoparticles synthesized have estimated band gap values of

3.28eV, 3.29¢V, 3.33eV and 3.39¢V for samples prepared at a temperature of 500,
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Figure 5.6: The optical absorption energy band gap estimated using Tauc’s plot
relation for ZnO nanoparticles synthesized at different annealing temperatures.

400, 300 and 200 °C' respectively. Thus, the estimated band gap energy of the
ZnO nanoparticles was found to decrease with the increase in the decomposition
temperature and similar results were obtained by Kathalingam et al. [28]. It is
clear that when the particle size increases, the electronic states are not discrete as

a result the band gap energy reduces and the oscillator strength decreases [59] [60].

5.5 Photoluminescence analysis

Fig. shows the PL spectra of ZnO NPs prepared at various annealing temper-
atures. In the PL spectrum, four emission bands, including band edge emission at
398.3 nm (3.11 eV), 402.8 nm (3.07 eV), 406.9 nm (3.04 eV) and 409.6 nm (3.02
eV) for ZnO prepared at a temperature of 500, 400, 300 and 200 °C respectively
were observed. The visible emission in ZnO is due to different intrinsic defects
such as oxygen vacancies (V,), zinc vacancies (Vz,), oxygen interstitials (O;), zinc
interstitials (Zn;) and oxygen antisites (Ogz,) [32, 33]. Band edge emission cen-
tered at around 398.3 nm should be attributed to the recombination of excitons
and Vy, [34,35]. However the origin of violet emissions centered at 3.07 eV(402.79
nm), 406.9 nm (3.04 eV) and 409.6 nm (3.02 eV) are ascribed to an electron tran-

sition from a shallow donor level of neutral Zn; to the top level of the valence band
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[44], 45| [46]. The broad deep level emission that started from UV to the visible
region 360 -480 nm with the maximum peak at 409.64 nm for the sample prepared
at 200 °C was observed. The decrease in PL intensity with increase in decomposi-
tion temperature can be attributed to formation of better ZnO stoichiometry and
near surface band bending caused by surface impurities[47, 48, 49]. In samples
of ZnO prepared at higher decomposition temperatures, the increase in grain size
will reduce the relative contribution from recombination near the grains, resulting
in strongly reduced violet emission. On the other hand, as the decomposition
temperature increases more and more ZnO NPs with less deep defects form and
as the result the transition line for the emission will decrease causing the the PL
intensity to decrease [50] . The other possible explanation can be given as the
existence of high dislocation density(defects) at the lower decomposition temper-
ature. The dislocation density (4) [123], which represents the amount of defects
in the sample is defined as the length of dislocation lines per unit volume of the

crystal and is calculated using the EqJ5.5.1}

6= 75 (5.5.1)

where D is the crystallite size. Calculating the dislocation density (6) of ZnO
NPs synthesized at 200 °C' and 500 °C' using table [7.1] and Eq. it has value
of 25.76 x 107* (nm)~2 and 37.63 x 10~* (nm)~2 respectively, suggesting high
dislocation density at 200 °C' and the lattice imperfection decrease with increase
in particle size. Moreover, defect density decreases with synthesis temperature
in the present study. For samples synthesized at low temperature, a number of
lattice defects which can act as radiative recombination centers are suggested. The
reduction of these defect related radiative centers after annealing at 500 °C' in air is
likely related to formation better stoichiometric ZnO NPs. This hypothesis can be
supported by the fact that surface defects strongly depend on morphology(SEM),

with suppression of the emission as discussed under PL section.



93

409.64 nm 500 °C

=400 °C
=300 °C
=200 °C

. "406.89 nm

J402.79 nm

1398.33nm

PL intensity (arb. units)

v ) v o —r—r ) v L) v ) v 1
360 380 400 420 440 460 480
Wavelength (nm)

Figure 5.7: PL emission of ZnO nanoparticles synthesized at various temperatures.

5.6 Temperature dependent PL

Relative changes in state population with temperature provide evidence that PL
peaks originate in the same part of the sample and that carriers are free to move
between the available states. This feature can be useful because thermal quenching
can hide sparse low-energy states and thermal broadening can obscure important
details in the spectrum, low temperature PL experiments were conducted for sam-
ples prepared at 200 and 300 °C. Fig. and A, depicts the temperature
dependent PL spectra of synthesized ZnO NPs prepared at 200 °C' and 300 °C
respectively studied at a temperature of 300 K, 273 K, 173 K, 123 K and 73 K. It
is well known that the donor-acceptor pair transition energy decreases along with
the band gap energy when the temperature is increased causing the PL intensity
to decrease. The experimental data for the temperature dependence of PL band
intensity can be fitted by the following expression [129)]:

I
I(T)= ——— (5.6.1)
14 Ae 8"
where [, is the peak intensity at temperature 7" = 0 K, A is assumed to be
constant, F, is the activation energy of the thermal quenching process, and K,

is the Boltzmann’s constant. Fig. |5.9) (B) is a plot of the integrated intensity of

the 3.21 eV transition versus reciprocal temperature for the ZnO NPs prepared at
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a temperature of 300 °C' in the luminescence as one step quenching process and
fitted by the Eq[5.6.1] The best fit, demonstrated by the solid curve has been
achieved with parameters [y = 1020, E, = 12.9 meV. A range of experimental
values have been reported for the quenching of the dominant bound exciton for
ZnO nanorods as 13.2 meV and 13.1 meV for bulk ZnO [13, 03].

Haynes’ empirical rule £, = a + b Ep can be used to calculate the donor
binding energy Ep, using the value obtained for £, = 12.9 meV. Different values
have been reported for the constants a and b in the above relation. In our opinion,
the most accurate values have been reported by Meyer et al. [113], namely a =
—3.8 meV and b = 0.365 meV. Using these values, Ep was calculated to be 45.8
meV. This agrees with the value reported in Ref. [72]. In the prepared ZnO NPs,

it seems entirely plausible that hydrogen (from precursor) is the dominant donor.
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Figure 5.8: Temperature dependent PL emission of ZnO nanoparticles prepared
at 200 °C.

Fig. [5.§ shows temperature-dependent PL for ZnO NPs prepared at a temper-
ature of 200 °C, for which five distinct deep-level emission peaks at 3.01 eV, 3.03
eV, 3.04 eV, 3.08 eV and 3.16 eV were observed which was ascribed to native de-
fects. The temperature-dependent PL spectra shown in Fig. [5.9(A), for sample of
7ZnO NPs prepared at 300 °C clearly depicts thermal redistribution among states
compared to the ZnO sample prepared at 200 °C. The transition line at 3.01

eV were attributed to native defect(V.,) and the near-band-edge (NBE) emission
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Figure 5.9: (A). Temperature dependent PL emission of ZnO nanoparticles pre-
pared at 300 °C' and (B). shows thermally activated luminescence quenching of
the 3.21 eV emission for the ZnO NPs prepared at a temperature of 300 °C.

peak at 3.21 eV were assigned to DAP. The peak labeled in 3.21 eV gains strength
with decreasing temperature, in contrast, peak labeled 3.01 eV is strong at low
temperature because carriers are trapped at these sites and do not have enough
thermal energy to escape, but it disappears at room temperature(300 K) because
the states are sparse relative to the intrinsic bands. With increasing temperature,
the DAP emission energy was shifted to the low energy side because carriers on
DAP with small donor-acceptor distance are released into the band [13] [17), 133].
The transition at 3.33 eV is ascribed to excitons bound to structural defects.
This transition line at 3.33 eV was previously observed in various ZnO samples

and tentatively ascribed to donor bound excitons (DX), acceptor bound excitons,
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transitions of intrinsic point defects and excitons bound to extended structural de-
fects. In their work, the 3.33 eV emission line was attributed to recombination of
excitons bound to extended structural donor defect complexes which disappear at
temperature of 10 K. Study done by Urgessa et al. [93] on ZnO nanorods growth
for temperature dependent PL also observe dominance of donor-bound exciton as

possible reason for this emission.

CIEY

Figure 5.10: CIE diagram for temperature dependent PL sample and ZnO pre-
pared at various measuring temperature.

Fig. illustrates the Commission Internationale de 1'Eclairage (CIE) chro-
maticity diagram of ZnO NPs prepared at various growth temperatures calculated
using photoluminescence data and color calculator software. The coordinates were
shown deep blue region with the increase in annealing temperature indicating

growth temperature play a major role in tuning the emission color of the ZnO

NPs.

5.7 Conclusion

In conclusion, the luminescent properties of ZnO NPs prepared from zinc precur-
sor at various decomposition temperatures have been investigated. The samples
of ZnO NPs synthesized at a temperature from 200 — 500 °C' exhibits broad visible

emission. ZnO NPs with crystallite size of 16 — 20 nm and hexagonal wurtzite
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structure was successfully produced. A linear increase in lattice parameters and
grain size with temperature was observed. It was demonstrated that the morphol-
ogy and band gap energy of ZnO NPs can be tuned with annealing temperature.
The temperature dependent PL spectra of ZnO NPs prepared at a temperature
of 300 °C' shows three transition lines at 3.01 eV, 3.21 eV and 3.33 eV which are
ascribed to zinc vacancy (V.,), donor-acceptor pairs (DAP) and excitons bound
to structural defects respectively. The activation and binding energy for the tran-
sition at 3.21 eV were calculated to be about 12.9 meV and 45.8 meV respectively.
Depending on the hydrogen concentration in the precursor and these energy val-
ues, hydrogen was suggested to be the possible impurity acting as donor in our
material. It is believed that ZnO NPs produced using this method would be quick

and cost effective synthesis method for blue light emitting fluorescent applications.



Chapter 6

Wide visible emission and
narrowing band gap in Cd-doped
Zn0O nanopowders synthesized via
sol-gel route

6.1 Introduction

The possibility of engineering band gap and influencing physical, chemical, and
electronic properties by varying the dimensions of the system has provided a strong
impetus to study nanocrystals and other nanodimensional material [I]. However, it
is being realized that tuning the band gap by changing the diameters of nanocrys-
tals is not well suited for use in some applications such as some types of fluorescent
imaging and nanoelectronics [142, [143], [150]. The rationale is that changes in di-
ameters lead to changes in the nature of nanocrystals such as its reactivity and
its ability to self-assemble. Therefore, attempts have been made to tune band gap
by varying the composition of nanocrystals instead of the diameter. Furthermore,
it is possible to increase as well as decrease the band gap by the use of the right
dopants, as opposed to size induced tuning, wherein the band gap can only be
increased [126]. It appears, that successful doping of nanocrystals can be achieved
by involving nanocrystals of the right size, morphology and choosing surfactants
that do not bind too strongly to the dopant ions [106, [145]. Therefore, considerable
recent research has focused on alternative doping schemes.

Zn0O, a wide band-gap (3.37¢V') semiconductor, has been extensively studied

due to its intrinsic properties and potential for uses in devices, such as field-effect
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transistors, resonators, gas sensors, solar cells, and as a catalyst to further widen
its useable wavelength range and improve the efficiency [110, 11T}, 1T2]. Although
Al-doped ZnO have shown some intriguing features, there remains an unresolved
problem concerning the environmental stability. ZnO has been doped with Mg to
enlarge the band gap and with Cd to narrow the band gap [113| 114, 115, 116]. In
either case, alloys of the form Mg,Zn,_,0 or Cd,Zn;_,O with hexagonal zincite
structure have been formed. In this regard Cd: ZnO has been shown to be an in-
teresting option. Importantly, Cd doping reduces the energy band gap and results
in a red-shift of absorption edge [117, 118 119, 120]; hence, one can envision vary-
ing the Cd-doping concentration to tailor the electronic gaps to produce materials
of interest as they are isoelectronic transition metals. In addition, incorporation of
Cd into ZnO produces a material with increased conductivity [121], 122 [123] [124].
and increased carrier concentration (up to 2.69x10*°cm™3) versus the parent ZnO.
Such characteristics of Cd: ZnO make it desirable for PV applications, including
UV sensors, UV LEDs, and UV protecting layers [125], [126].

Investigations on the synthesis and modification of nanosized ZnO have at-
tracted tremendous attentions. Different synthesis methods have been developed,
including sol-gel, mechanochemical, spray pyrolysis and drying, thermal decompo-
sition of organic precursor [106], 109, 127], self assembling, hydrothermal process-
ing, vapor transport, sonochemical or microwave-assisted synthesis, direct precip-
itation and homogeneous precipitation are mentioned. Among these techniques,
sol-gel is appealing because of many advantages like easy for compositional modi-
fication, simple and inexpensive equipment, and minimum variables to control the
growth of sample with excellent control on stoichiometry [128, 129] [130].

In light of the above observations, we thought it would be interesting to carry
out doping ZnO nanocrystals with Cd compositional variation with diameters in
a range unaffected by quantum confinement effects using a sol-gel route. In the
present work, we report the changes in the optical and structural properties of

ZnO nanocrystals brought about by successful doping with Cd.
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6.2 Experiment

6.2.1 Preparation

A simple and versatile sol-gel route has been adopted to prepare nanopowders
Zny_xCdxO (0.15 < X < 0.45). All the chemicals used were purchased from
Sigma Aldrich and used without further purification. In this typical sol-gel method
appropriate proportions of zinc acetate dihydrate Zn(CH3zCOO)22H,0 (99.9%)
and cadmium acetate dihydrate C'd(C H3COO)22H50 (99.9%) were dissolved into
120 mL of anhydrous ethanol and heated to reflux at 80°C' for 3 hr. Then, the
required C'd(CH3C00)22H50 was then added to form the desired molar ratio
(X=Cd/Cd+Zn), (0.15 < X < 0.45). Simultaneously, LiOH (0.3024 g) was dis-
solved in 20 mL of anhydrous ethanol and kept in an ultrasonic bath for 30 min.
This solution was slowly added to the Zn?* and C'd** solution under a reflux con-
denser at 80°C for 1 : 20 hr. The solution was repeatedly washed with n-hexane to
remove unwanted ions, and the obtained precipitate was dried in a vacuum oven

to afford Cd-doped ZnO as white powders.

6.2.2 Characterization

The crystal structures of the samples were determined with a Bruker AXS D8
ADVANCE Discover diffractometer (XRD), with Cu Ka (1.5418 A 0 ) radiation
operating at 40 kV and 40 mA, the diffraction spectra were recorded in the 2
hr range 30 — 70. Surface morphologies were studied using a scanning electron
microscope(SEM) (Shimadzu model ZU SSX-550 Superscan) equipped with EDX.
The optical measurements were carried out in the 300 — 650 nm wavelength range
using a Perkin Elmer UV /Vis Lambda 20 powder Spectrophotometer. Lumines-
cence measurements were done using a photoluminescent (PL) laser system 5.0
(Photon systems, USA), which uses a He-Cd laser with an excitation wavelength

of 248.6 nm.
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6.3 Result and discussions

6.3.1 Structural studies

Fig. [7.I]shows XRD patterns of the ZnO for different concentration of Cd produced
via the sol-gel method. It shows series of broad diffraction peaks (260) at 31.63,
34.50, 36.25, 47.50, 56.60, 62.80 and 67.92; which could be correspondingly indexed
as the diffraction of (100), (002), (101), (102), (110), (103) and (112) planes of
ZnO (JCPDS card No. 36 — 1451) and were indexed as a hexagonal wurtzite
structure of ZnO. Because no impurity peak associated with Cd clusters or CdO
was detected, indicating the prepared nanopowders (Zn;_xCdx0O, 0.15 < X <
0.45) are entirely consisting of ZnO phase with hexagonal wurtzite structures.
Therefore, the broadening of the XRD peaks (i.e., Scherer broadening) gave a
clear indication of the formation of nanosized ZnO, and the wurtzite phase was not
disturbed by the addition of Cd** during the sample preparation. The crystallite

size of the ZnO with different Cd concentration were estimated using the Debye-

Scherer Eq :
0.9A

= Feost’ (6.3.1)

where D is the crystallite size, A is the wavelength of radiation used, @ is the
Bragg diffraction angle and S is the full width at half maximum. It is observed
that the (101) characteristic peak of the (Zn;_xCdx0O, 0.15 < X < 0.45) moved
to the lower angle monotonously from 36.25 to 34.50, while the ¢ value gradually
increased from 0.520 to 0.524 nm with increase in Cd concentration. This can
be explained in terms of Bragg’s relation: 2dsinfl = A\ where d is the interplanar
distance, 6 is the degree of diffraction, and A is the wavelength of incident ray to
be a constant. Considering that the Cd and Zn electronegativities on Pauling scale
(1.69 and 1.65 respectively) are comparable and the ionic radii of C'd*™ (0.97) are
larger than the ionic radii of Zn™ (0.74) [104] [105].

Cd ions can easily substitute into Zn ions on the equivalent crystallographic

position. The replacement of Zn by Cd makes the lattice parameter of the
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Figure 6.1: XRD patterns of the Zn;_xCdxO and undoped ZnO as-synthesized.

(Zni1_xCdxO nanoparticles larger; therefore, increasing d will decreases the val-
ues of 6 slightly towards lower 20 value. This shift arises because of band gap
modulation during increase in Cd content and similar results are reported in Refs.

[T07, 111]. The lattice parameters a and ¢ of wurtzite structure are calculated

using Eq. [6.3.2}
2 2 2
T Lem A A (6.32)
where (hkl) are the Miller indices and d is interplanar spacing. It is observed
that the calculated values of lattice parameter increases and the average crys-
tallite size decreases with increase in Cd concentration which is ascribed to the
higher ionic radius of the Cd** as compared to Zn?* in the ZnO lattice. Fig.
shows the trends in 26 angle vs C-axis lattice constant showing slight shift
towards lower angle with increase in Cd concentration, implying the existence of
lattice expansion in the c-axis orientation. Moreover, the evident increase of the
FWHM with increase in Cd concentration (X) was observed in Fig.3 suggesting
the increase of lattice defects and grain boundary defects as compared to SEM
images. The fact that FWHM increases with increase in Cd concentration sug-

gests that the prepared samples have a deterioration of the crystalline quality and

decrease in crystallite size. Quantitative information concerning the preferential
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crystallite orientation was obtained using the relation [103]. I = Iyp2/I101 ~ 0.63
which is higher than the corresponding standard value of 0.44 of bulk hexagonal
wurtzite ZnO [I] suggesting the prepared (Zn;_xCdxO alloys preferred the (002)

orientation.
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Figure 6.2: XRD pattern (Variation of 20) vs C-axis lattice constant.
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Figure 6.3: The variation in Crystallite size versus 20 of FWHM (degree)

Fig. shows the SEM images of the sample prepared for X=0.15 in (A) and,
X=0.25 shown in (B) and the corresponding EDX pattern results are shown in
(D) and (C) respectively. SEM measurement result shows that the sizes of the

(Zn1_xCdx0O, 0.15 < X < 0.45) nanoparticles are in the range of 32 — 44 nm
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which is in agreement with the calculated results. The EDX spectrum of Cd-ZnO
(Fig. C and D) confirms the presence of only Cadmium, Zinc and Oxygen in

the prepared sample.

SEMHV: 100KV WD: 15,67 mm

View ald: 134 ym T I T™ Viaw flald: .54 pm Det: 51
SEM MAG: 700 kx  Date(m/dy]): 003015 SEMMAG: 20.0 kx  Date{midly): 100118

Energy (Kev)

Figure 6.4: SEM image of sample prepared (Zn;_xCdx0O, 0.15 < X < 0.45), for
X=0.15(A) and X=0.25(B) and corresponding point EDX C and D results

6.3.2 Optical properties

The theory of optical transmission gives the relationship between the absorption
coefficient («) and photon energy (hv) for direct transition as (ahv) = A(hv—Eg)"
[109]. Where E, is the optical band gaps corresponding to a particular sample,
A is the band edge constant, v is the transition frequency and 'n’ can take the
values 1/2, 3/2, 2 or 3, when the transition are direct allowed, direct forbidden,
indirect allowed and indirect forbidden, respectively. The ZnO and Cd: ZnO both
are considered as materials with direct band gap energy [81] 150} [151] and hence
n = 1/2 is expected for direct allowed transition.

The transmittances of the prepared samples were collected by using UV-visible

spectrophotometer as shown in Fig. [6.5] It was observed that the samples were
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Figure 6.5: Transmittance spectra of Zn,_xCdxO, 0.15 < X < 0.45 and undoped
Zn0.

highly transparent in the visible region and the transmittance was low in the
ultraviolet region. Cd doping results a decrease in the transmittance. The sam-
ples exhibits in the range 50 and 10 % transmittance in the visible region and
sharp ultraviolet absorption edge corresponding to undoped ZnO sample suffers
significant red shift with the increase of cadmium content. The decrease in the
transmittance might be due to band gap narrowing and free electron absorption
and confirms that carrier concentration increases with increasing Cd concentration
in doped samples [125, [126]. Fig. depicts The absorbance spectra of undoped
ZnO along with Cd doped samples. For undoped ZnO, an absorption edge rising
steeply around 382 nm and 450 nm, where as (Zn;_xCdx0O, 0.15 < X < 0.45)
samples exhibit red shift of absorption edge and significant enhancement of light
absorption in the range from 360 to 600 nm with increasing Cd concentartion. The
382 nm UV NBE has been well understood to be owing to the excitonic recombi-
nation. The bluegreen emission at (450 nm) is well known in ZnO based materials
and which might be attributed to defects such as single ionized oxygen vacancies
and high quantity of oxygen vacancies as suggested by Wang et. al. [117] for Cd
doped ZnO nanotubes. The rise in absorption, observed on dopant concentration,
can be, thus, largely attributed to the observed decrease in crystallinity of the

material as confirmed from XRD. It can be noticed that main effect of the dopant
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concentration is a red shift of the absorption edge accounting for reduction of the
band-gap. This red-shift behavior of £, might be attributed to the modification

of electronic structure of ZnO with Cd doping.
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Figure 6.6: Absorbance spectra of Zn;_xCdxO (0.15 < X < 0.45).

Incorporation of Cd can enhance s states. With increasing Cd-doping concen-
trations, the s states at the bottom of the conduction band become stronger hence
leads to a conduction band shift and band gap modulation. Fig. shows band
gap (E,) of undoped ZnO and (Zn;_xCdxO, 0.15 < X < 0.45) are estimated
using Tauc’s equation as (ahv) ? versus (hv)[109]. The inset in Fig. shows the
plot of band gap versus Cd concentration (X) showing the narrowing band gap
with increase in Cd for ZnO and (Zn;_xCdx0O, 0.15 < X < 0.45). This band gap
energies can be estimated by extrapolation of the linear portion of an ((ahv)?) vs
(hv) plot. This plot gives band gap energies 3.15 eV for pure ZnO and 3.05, 2.89,
2.79 and 2.76 eV for X= 0.15, 0.25,0.35 and 0.45 respectively. It leads to decrease
in the ionic character of the X-O (X=Zn and Cd) on substitution of Cd in place
of Zn. Moreover, Zhang et al. [I18] reported that the bottom of the conduction
band consists of Zn 4s and O 2p states, and the Zn 4s states are dominant. This
band gap shift is plotted for comparison with the optical band gap speculated
by transmittance spectrum. It is seen that both speculations gives nearly similar

values and same variation trends. The variation of the peaks position in PL or
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the band gap energy can be explained by the Cd doping. When Cd atoms substi-
tute Zn atoms and enter into ZnO lattice, due to lower electron affinity of ZnO,
the free electrons in the bottom of conduction band decrease and the number of
vacancies increases, which alter the Fermi level to a lower position of conduction
band [123]. Thus, the excitation energy necessary for electrons transition from
valence band to the Fermi level in the conduction band becomes small; i.e. the
radiative recombination of these excitons may lead to the observed red shift in the

band gap.

(ahu)?

Figure 6.7: Band gap energy as a function of undoped ZnO and Zn;_xCdxO,
0.15 < X < 0.45 samples calculated using ((ahv)?) vs (hv). The inset shows the
band gap energy as a function of Cd concentration (X).

The room-temperature PL of undoped ZnO and (Zn;_xCdx0O, 0.15 < X <
0.45) are shown in Fig. m which has two emission region. It can be seen that,
only a strong UV emission was observed at ~ 378.8 nm, which originates from
a near-band-edge(NBE) transition of the wide band gap due to the annihilation
of excitons , indicating that all prepared samples exhibit a pure wurtzite ZnO
structure. In addition the PL spectra show very wide visible light emission out-
spreading from 425 to 600 nm emission which is attributed to both the intrinsic
property Zn;_xCdxO and the introduction of vast crystalline defects due to the
high doping concentration of Cd. This phenomenon is frequently observed in al-

loy semiconductors [130]. Such wide PL spectra consist of a series of visible light
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Figure 6.8: Room-temperature PL spectra of undoped ZnO and (Zn;_xCdxO,
0.15 < X <045

corresponding to the violet, blue, green and yellow emissions and so on. Also
it is obvious that with increasing X, the NBE emission from the (Zn;_xCdxO,
0.15 < X < 0.45) nanopowder is red-shifted. Because ZnO is a direct band-gap
semiconductor, the PL peak energy of NBE emission can represent the value of
band-gap. Therefore the variation of the peaks position is attributed to the modu-
lation of band-gap caused by Cd substitution. This phenomenon suggests that the
cadmium has been successfully incorporated into ZnO and can effectively adjust
the band gap of ZnO. The observed red-shift UV emission peaks was attributed
to the variation of the Fermi level to a lower position of conduction band, which
can be explained by the decrease of free electrons in the bottom of conduction
band caused by Cd atoms entering into ZnO lattice [129]. Fig. shows the
Gaussian deconvoluted room temperature PL spectra of powders with undoped
Zn0O(B), (X=0) and (Zn;_xCdxO for X = 0.45. The spectrum consists of a
narrow and weak ultra-violet(UV) near-band-edge(NBE)emission at 378 nm and
broad blue-green emission at around 463 nm shifted to 468.4 nm. Compared with
that of the undoped ZnO, the UV NBE emission is slightly red-shifted due to the

modulation of band-gap caused by Cd substitution. We note that the full-width
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Figure 6.9: Gaussian deconvoluted room temperature PL spectra of powders with
undoped ZnO(B), (X=0) and (Zn;_xCdxO for X = 0.45, as shown in A

at half-maximum (FWHM) of the NBE emission is slightly broadened. The inho-
mogeneous broadening has frequently been observed in alloy semiconductors and
might be due to variation in Cd concentration or crystallographic defects, and
strain-induced band-gap modification [114] [13§].

The FTIR spectra of Cd doped ZnO samples are recorded in the region of
400 — 4000 em~! as shown in Fig. . A series of absorption peaks from 1000 to
3500 em ™! are observed corresponding to the vibration modes of impurities. The

absorption band in the region of 3426 ¢m™! corresponds to the O-H stretching
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Figure 6.10: FTIR spectra of undoped ZnO and (Zn;_xCdx0O, 0.15 < X < 0.45)
as-synthesized samples

vibrations of water present in the powder sample. The FTIR band around 2900
em ™! belongs to C-H stretching vibrations of the alkane. The band in the region
1600-1500 ¢m ™! corresponds to the vibrations of a carboxyl group(CO). The well
known stretching mode of Cd=0 was observed at 1420 ¢m™!. Clear Zn-O-Zn
stretching modes were observed at 457 em™!, and these stretching modes were in-
dicative of the substitution of heavier C'd** ions into the Zn-O lattice, as previously
confirmed by XRD. The absorption bands observed around 850 ¢m~! and 1000
em™! corresponds to C-OH. The characteristic wurtzite lattice vibrations (Zn-O)
are corresponding to the broadband in the range 400 — 600 cm~!. These Zn-O
lattice vibrations can be assigned to the infrared active phonon modes A1(TO),
E1(TO) and the corresponding surface phonon modes of TO bands [103, 104]. Fig.
illustrates the Commission Internationale de ’Eclairage (CIE) chromaticity
diagram of undoped ZnO and (Zn;_xCdxO, 0.15 < X < 0.45) calculated using
photoluminescence data and color calculator software. The result indicates that

careful choice of dopant play a major role in tuning the emission color of the ZnO.
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Figure 6.11: CIE diagram of undoped ZnO and (Zn;_xCdx0O, 0.15 < X < 0.45)
samples.

6.4 Conclusion

We have synthesized successfully Cd doped ZnO powders by simple and cost ef-
fective sol-gel method. The effects of Cd doping on the structure and optical
properties of ZnO are investigated. XRD, and FTIR spectroscopy confirm the for-
mation of wurtzite structure of ZnO for Cd concentration. The SEM images and
EDX spectra shows that the crystallite size decrease with increase in Cd concen-
tration and there are no foreign element other than Zn, Cd and O in the prepared
samples. The PL spectra shows strong UV emission at 378.8 nm and very wide vis-
ible light emission outspreading from 425 to 600 nm which is frequently observed
in alloy semiconductors. The UV-vis spectroscopy study reveals that the optical
band gap (Zn;_xCdx0O, 0.15 < X < 0.45) alloys show red-shift. Cd-doping can
effectively adjust and tune ZnO for narrow band gap appilications. In summary,
we suggest that the method employed would be efficient to synthesize material
for devices operating in the visible region as well as for developing heterojunction

(Cd:ZnO) structures.
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Chapter 7

Defect-induced room temperature

ferromagnetic properties of the
Al-doped and undoped ZnO

nanostructure

7.1 Introduction

Currently, ZnO presents a great interest for the scientific community due to its
applications like UV light emitters, varistors, transparent high power electronics,
surface acoustic wave devices, piezoelectric transducers, gas sensing and as window
material for display and solar cells [1I, 2, B, 4]. Doping semiconductor with foreign
elements to manipulate their electrical and magnetic properties is an important as-
pect for the realization of various types of advanced nanodevices [11], 12} 13 14 [15].
The most promising dopants for obtaining p-type conductivity are the elements
from the V" group. The group III elements (Al, Ga, and In) are typical shallow
donors in single crystals of ZnO. Aluminum (Al) is among the dopant that can be
used to enhance phonon scattering promoted by Al induced grain reinforcement
and is one of the most intriguing candidates for replacing traditional tin-doped in-
dium oxide(ITO)transparent conducting oxide(TCO) films [111} 112} 113], which
are essential components for a large variety of optoelectronic devices,acting as
transparent electrical contacts or electrodes [114]. Al-doped ZnO based hetero-
junctions were successfully assembled into various kinds of optoelectronic devices
[T15], and also be applied as attachments of gold nanoparticles in nonlinear optical

nanocomposite materials [116].
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The most significant impediment in developing and exploiting zinc oxide based
materials in electronic and photonic applications is the difficulty in carrier doping
(achieving a p-type material); n-type conductivity of ZnO is relatively easy to
realize using excess Zn or by doping zinc oxide with Al, Ga and In [I17, 118 [1T9].
By using electron paramagnetic resonance (EPR) spectroscopy, the In and Ga
shallow donors were identified on the basis of the resolved hyperfine (HF) struc-
ture in EPR spectra [I12]. After the theoretical prediction of room temperature
ferromagnetism (RTFM) in Mn-doped ZnO by Dietl et al.[125], ZnO doped with
magnetic transition metal (TM) ions was intensively studied due to its potential
applications in future spintronic devices, magneto-optics and magnetoelectronics.
Hundreds of experimental and theoretical papers devoted to the research of fer-
romagnetism in doped ZnO, e.g., with Mn, Fe, Co, have been published [123].
It was also reported that even doping with "nonmagnetic” atoms, such as Cu or
Bi, leads to RTFM in ZnO [117, 118, 119]. More recently, ferromagnetism had
been observed in undoped ZnO, which opened an extensive debate on the origin
of ferromagnetism (FM) as discussed in Refs. [121], 122]. Therefore, some re-
searches suggested that induced FM is due to oxygen defects in ZnO, not TM ions
or secondary phases [128].

More importantly the saturation magnetization of ZnO can be dramatically
increased by doping with transition metals. There has been a considerable in-
terest in the fabrication of transition metal-doped ZnO as a promising material
for the discovery of room temperature ferromagnetism (RTFM) in implementing
spintronic devices [123] 124], [125]. Nowadays various methods have been presented
for preparing AZO nanopowders such as solgel, spray pyrolysis, precipitation , and
hydrothermal processes [125]. Among these methods, the solgel process had at-
tracted considerable attention because of its simplicity, inexpensive equipment,
and minimum variables to control the growth of sample with excellent control on
stoichiometry and the crystalline quality of the ZnO prepared by the solgel process
[129, 130, 13T, 132 133].
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In this paper, we therefore report on hyperfine splitting through the param-
agnetic resonance (EPR) measurements, the morphological, magnetic and optical
properties of (Zn;_xAlxO, 0.1 < X < 0.30). Moreover, from EPR signal it is
demonstrated that ZnO nanocrystals can be doped with Al to form shallow sub-
stitutional donors and the underlying mechanism for hyperfine splitting and origin

of ferromagnetism are also presented.

7.2 Experiment

7.2.1 Preparation

AZO were prepared by a facile solgel technique reported elsewhere [18-22]. All
the chemicals used were purchased from Sigma Aldrich and used without fur-
ther purification. Zinc acetate [Zn(CH3C0O)y.2H50] were dissolved in a 2-
methoxyethanol-mono ethanolamine(MEA) deionized water solution at room tem-
perature. The molar ratio of MEA and deionized water to zinc acetate was kept
between 1 and 0.3, respectively, and the concentration of zinc acetate was 0.75
mol/L. Then appropriate amounts of aluminum doping were achieved by adding
AlC'l3.6 H,O to the precursor solution. In order to study an effect of the Al-doped
concentration on magnetic, optical, and structural properties of the AZO samples,
five solutions with doped concentration of Al/Zn = 0.1,0.15,0.2,0.25,0.3 respec-
tively were used. Then these solutions were stirred at 80 °C' for 45 min to yield
clear and homogeneous solutions. Finally,the samples were washed with deionized

water and dried in the air at 90 °C.

7.2.2 Characterization

The crystal structures of the samples were determined with a Bruker AXS D8
ADVANCE Discover diffractometer(XRD), with Cu Ka (1.5418) radiation. Sur-
face morphologies and elemental compositions were studied using a scanning elec-
tron microscope(SEM) (Shimadzu model ZU SSX-550 Superscan) equipped with

EDX. The optical absorption measurements were carried out in the 200 — 600 nm
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wavelength range using a Perkin Elmer UV /Vis Lambda 20 powder Spectropho-
tometer. Luminescence measurements were done using a photoluminescent (PL)
laser system 5.0 (Photon systems, USA), which uses a He-Cd laser with an ex-
citation wavelength of 248.6 nm. The microwave absorption measurements were
carried out using a JEOL electron paramagnetic resonance (EPR) spectrometer
operating at 9.4 GHz (x-band) at room temperature (298 K). The powder were
placed in the cavity centre at a position where the microwave magnetic field is
maximum. The DC static field HDC was slowly swept between 0 and 500 mT.
The microwave power was kept at 5 mW to avoid saturation. The DC field was
modulated with a superposed ac field whose amplitude was varied between 1 mT
and 6 mT at 100 kHz frequency. The microwave response was measured as a

derivative of microwave absorption signal.

7.3 Result and discussions

7.3.1 Structural studies

Fig. shows XRD patterns of undoped and Al doped ZnO nanocrystalline
powders for different Al concentrations in the 20 range 2080. It shows series of
broad diffraction peaks at (20) = 31.63, 34.50, 36.25, 47.50, 56.60, 62.80 and
67.92; which could correspondingly be indexed from (100), (002), (101), (102),
(110), (103) and (112) planes of ZnO (JCPDS card No. 36 — 1451) and were
indexed as a hexagonal wurtzite structure of ZnO. Figure 1B shows w — scan
(rocking curve) for the samples indicating the shifts towards the higher angles.
Here, no other impurity peaks were observed in the XRD patterns which show
the purity of the nanoparticles formation. This result suggested that the nano
powders have a polycrystalline hexagonal wurtzite structure with well developed
crystallinity. The preferred crystal orientation in the sample corresponds to the
(101) plane. The calculated lattice parameter and the shift in peak towards the
larger angle are displayed in Table Increase in crystallite size on Al doping

arises due to reduction in the densities of nucleation centres are observed thus
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to grow resulting in large crystallites this might because of decrease in sintering

rate that occurred during the solgel process [I35]. It was noted that from rocking
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Figure 7.1: A.XRD patterns of undoped and Al doped ZnO nanocrystalline pow-
ders for different Al concentrations B. wge., (rocking curve) for samples having Al
concentration at x=0.15, x=0.20, x=0.25, x=0.30.

curve(Fig. [7.1) B) the shift is indicative of a compressive stress incorporated in the
ZnO lattice which likely shows Al*3 ions incorporated in Zn*? sites.
The morphological and structural studies were investigated using scanning

electron microscopy (SEM) as shown in Fig. [7.2(A, B C, D and E). These mi-

crographs exhibited the formation of rod-like structures having diameters almost
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Table 7.1: The calculated lattice constants of Al doped and undoped ZnO

Al Con- 26 Lattice  Lattice

cent. con- con-
stants, stants, ¢
a(d) (4

0.00% 31.46 3.248 5.299
0.10% 31.47 3.247 5.302
0.15% 31.67 3.245 5.305
0.20% 31.71 3.243 5.307
0.25% 31.77 3.241 5.307
0.30% 31.87 3.240 5.307

ranging from 0.6 to 1 g m. Moreover the randomly oriented and packed rods
become more visible as the concentration of Al increases. This demonstrates that
Al doping would result in ZnO grains growing preferentially with c-axis parallel
to the ZnO host crystal. The EDX pattern shown in Fig. F,G H, I Jand K
confirms the existence of all expected elemental compositions (Zn, O and Al) in
the samples.

Electron Paramagnetic Resonance (EPR) spectroscopy is an effective tool to
investigate the origin and nature of un-paired electrons in an atom. These un-
paired electrons which are 10,000 times lighter than atoms have their intrinsic spin
contributing to some sort of magnetism [153] (154 [I55]. Incorporating transition
metal like Mn, is believed to alter the electron spin (magnetism) of semiconducting
materials hence called diluted magnetic semiconductors (DMS). Fig. A shows
the derivative of microwave absorption as a function of magnetic flux density (DC
field) for the un-doped and Al-doped ZnO nanopowders for different concentration
of Al. The plots display two absorption peaks centred at HDC . 150; and 250
mT which are all assigned to paramagnetism and ferromagnetism resonant field
respectively, at different atomic layers. The observed paramagnetism is due to the
different magnetic clusters of defects situated near the surface and/or inside bulk.
These are coming from electron spin trapped in defected areas. With increasing
APT concentrations, however, the hyperfine lines are overlapped to form a single

broad line due to exchange interactions taking place between Al ions as depicted
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Figure 7.2: SEM micrograph and EDX spectrum of ZnO nanoparticles at:
(A)undoped ZnO. (B)z = 0.1. (C)x = 0.15 (D)x = 0.20 (E)z = 0.30 and F, G,
H, I, J and K are the corresponding EDX spectras of x = 0.0, z = 0.1, x = 0.15,
x = 0.20, x = 0.25 and = = 0.3, respectively.

in Fig. [7.4 B.

In the present work, XRD and EDX analyses clearly demonstrated that the
samples have a single wurtzite phase and there is no formation of secondary phases.
Therefore we speculate that magnetism is from an intrinsic exchange interaction
of magnetic moments in undoped ZnQO. Although the exact mechanism of intrinsic
FM in undoped oxides is still under debate, defects have greatly been suggested
to play an important role in the FM origin in the undoped ZnO system. As it
supported by our PL analysis section such vacancies may very likely carry a net
moment for the origin of ferromagnetism in our observation.

To investigate the presence of defects, the RT photoluminescence (PL) spectra

of ZnO for Al doped and undoped ZnO has been investigated. Fig. shows
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Figure 7.3: PL emission of ZnO nanoparticles synthesized at various temperatures.

room temperature PL spectrum which is enhanced with increase in Al concentra-
tion. In the PL spectra, a strong UV near band edge and two, emission peaks
related to blue and green emissions are observed at around 435, 490 and 520 nm,
respectively, for the undoped ZnO. The 435 nm peak is attributed to the exci-
ton recombination process. the blue luminescence around 450 nm is assigned to
electronic transitions from Zn interstitial levels (Z,;) to valence band [151] [152].
The green emission around 490 nm is generally attributed to the recombination of
electrons trapped in singly ionized oxygen vacancies (V,") with photo generated
holes. The emission at 520 nm is related to the doubly ionized oxygen vacancy
(V,r+) [, 130]. These defects in ZnO have been attributed to be responsible for

room temperature FM observed in un-doped ZnO structures [123].

According to the combination of results from the PL, EDX and EPR measure-
ments, a positive correlation between the FM and the intensity of Zn interstitials
(Z,;) and oxygen vacancies (V') has been observed. PL and EPR analyses re-
vealed that as the emission related to Z,; and V" decreases, then the FM ordering
also decrease with the Al concentration. Hence, one can conclude the observed

FM in un-doped ZnO nanoparticles is due to both the Z,; and V.. However, the
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Figure 7.4: A. EPR measurements for the undoped and Al doped ZnO . B. Shows
the enlarged EPR measurements which is highlighted in between 250-400 mT
role of defects in mediating the FM in undoped ZnO still needs further theoretical

and experimental research.

7.4 Conclusion

We have synthesized successfully undoped ZnO and Al doped ZnO nanostructures
by facile sol-gel approach. The effects of Al concentration on magnetic, optical
and structural morphology are investigated. EPR and PL measurements confirms
defects in particular, zinc interstitials and singly ionized oxygen vacancies, is the

origin of ferromagnetic in undoped ZnO nanostructure. However, in the Al-doped
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ZnO nanostructure, the suppression of FM ordering might be ascribed to the
formation of Al short range orders. The structural analysis done by XRD, SEM
images and EDX spectra reveals the presence of wurzite structure of ZnO, without
any formation of impurities. In addition it is observed that Al3* was successfully
incorporated into the ZnO lattice. The PL spectra also supports the presence of

defects in the synthesized materials.



Chapter 8

Conclusions and future work

8.1 Conclusions

In this thesis, the growth of ZnO nanostructures using a cost-effective, simple and
environmentally friendly synthesis technique (sol-gel and chemical bath deposi-
tion) was studied. Theoretical and experimental study of core-shell structured
Zn0O/ZnS and growth mechanism of un-doped and doped ZnO nanomaterials has
been investigated in detail. The salient results are summarized in this chapter,
followed by suggestions for future work. Nanorods have been successfully synthe-
sized on silicon substrates by a two-step process. ZnS coated ZnO nanorods were
prepared by a simple, cost effective, two-step chemical synthesis process. This
method provides a continuous, uniform ZnS coating on ZnO nanorods at rela-
tively low temperature, by preventing shadowing effects, a significant drawback
in vapour deposition techniques. The structure and morphology of the as-grown
and sensitised nanorods were examined using scanning electron microscope (SEM)
which are systematical related with theoretical calculations.

Our results also highlight prominently the importance of accurate determi-
nation of absorption coefficients and propagation length using effective medium
theory and experimental parameters in WZ ZnO-ZnS hybrid systems. Possible
variation of this parameter appears to affect the tendency of the peak intensity
of the linear absorption coefficient with respect to the shell thickness in the con-
ventional structure and also the threshold energy of the absorption coefficient and

refractive index change in core-shell structures. Despite of this, we believe that
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the present results would be useful not only in the elucidation of the fundamen-
tal physics but also for possible devices application based on ZnO/ZnS hybrid
systems. Our theoretical calculations and numerical simulation demonstrate that
the use of active host (amplifying) medium to compensate absorption at metallic
inclusions plays great role.

Synthesis method of ZnO which is cost effective and rapid has been developed.
The method requires only zinc precursor to produce NPs that can emit visible
emission without external doping. X-ray diffraction (XRD) patterns confirm the
prepared ZnO NPs is polycrystalline structure with wurtzite phase. The observed
variation in scanning electron microscopy (SEM) images showed spherical shape of
the ZnO NPs. It was found that the NPs exhibited the estimated direct bandgap
(Eg) of 3.28 eV, 3.29 €V, 3.33 ¢V and 3.39 eV for a decomposition temperature of
500, 400, 300 and 200 °C'. It has been suggested that ZnO NPs produced using
this method would be ideal for blue light emitting fluorescent application as it is
catalyst free growth, uses simple equipment, less hazardous and easy to control
particle size and morphologies by scalable temperature. The low temperature PL
characteristics were also systematically studied. In the case of as-grown samples
and samples annealed at lower temperatures the dominant bound exciton line (/)
was asymmetrically broadened on the low energy.

Cd doped ZnO has been synthesized by facile sol-gel approach. Importantly,
Cd doping reduces the energy band gap and results in a red-shift of absorption
edge. The observed red-shift UV emission peaks was attributed to the variation
of the Fermi level to a lower position of conduction band, which can be explained
by the decrease of free electrons in the bottom of conduction band caused by Cd
atoms entering into ZnO lattice. In addition Cd-doping can effectively adjust and
tune ZnO for narrow band gap applications. In summary, we suggest that the
method employed would be efficient to synthesize material for devices operating
in the visible region.

ZnO doped with magnetic transition metal (TM) ions was intensively studied



124

due to its potential applications in future spintronic devices, magneto-optics and
magnetoelectronics. In this thesis, the origin of ferromagnetism in undoped ZnO
Al doped ZnO has been investigated in detail using electron paramagnetic reso-
nance. Although the exact mechanism of intrinsic FM in undoped oxides is still
under debate, defects have greatly been suggested to play an important role in
the FM origin in the undoped ZnO system. As it supported by our PL and EPR
analysis section such vacancies may very likely carry a net moment for the origin

of ferromagnetism in our observation.

8.2 Future work

A number of questions regarding ZnO nanomaterials from the point of view of its
synthesis and its characterization have been addressed in this thesis. However,
several topics remain unsolved and further investigations need to be completed in

order to produce device quality material. Future work should include:

e Further studies of the formation of the interfacial layer, and effect of host

amplifying medium

e Better control of the thickness and optimization of the ZnO/ZnS core-shell,

layer studies in order to improve the surface quality and efficiency

e Detailed understanding of the underlying mechanism controlling the ob-

served morphology and electrical properties.

e Studies to establish the formation mechanism of the stacking faults in order

to reduce their density.

e The study related with p-type conduction and ferromagnetic behavior when
doped with other transitions metals and their application in a type I1(ZnS/ZnO)

band alignment has been among the list of future works.
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