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Foreword

New opportunities are opening up for innovative materials research across physics,
electrical sciences, chemistry, surface science, and nanotechnology. Keeping in
line with this, the Department of Physics at IIT Madras organized a two-day
workshop on ZnO nanocrystals and allied materials. This two-day conference was
conducted by Indian collaborators from IIT Madras and Japanese collaborators
from Kyushu University, Japan. Researchers from the academic world of India and
Japan presented their recent results on the development of nanostructured ZnO and
allied materials and their applications in key areas of Applied Physics and Elec-
trical Engineering. The work presented by all the experts during the workshop has
been compiled into this book form with carefully written contributory articles.
This book thus presents complete articles summarizing 17 invited talks and con-
tributions. It is well complemented by research work from various scientists well
known in the field of ZnO and Allied Materials.

Progress in the nano-research based on ZnO, during the last decade, has been
very fast. Various research programs have been renewed and revisited and efforts
are on to remove the deadlocks with the help of accurate research on ZnO
nanostructures and applied materials for routine use in industry worldwide. It was
therefore considered timely to organize an Indo—Japan workshop. It takes a good
collaborative effort to understand and explore the varied physical properties and to
envisage device applications of ZnO in thin films, heterostructures, and nano-
structures. ZnO has been the central theme of research in the past decade due to its
potential as UV/blue light emitting diode material that can replace GaN if only the
p-type doping problem is resolved. In nanostructured form, it offers ample
opportunities to realize tunable optical and optoelectronic properties and it was
also termed as a potential material to realize room temperature ferromagnetism.
ZnO can be easily deposited in high quality thin film form by sputtering, CVD, and
laser ablation methods at low temperatures. It can be easily fabricated into devices
and its lattice is amenable to 3d and 4f element doping. ZnO is biocompatible and
exhibits many interesting applications in textile and biomedical industries. Doping
in ZnO can bring about changes in optical emissivity and by virtue of controlling
the oxygen vacancies, ZnO lattice can be used for light emission in a wide spectral
range. Al doped ZnO competes well with ITO for easy fabrication of conducting
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back electrodes for solar cells. ZnO quantum dots open new technological avenues
for the fabrication of photonic crystal lattices. ZnO heterostructures can play a key
role in band gap engineering. Alloys of MgZnO are useful in tuneable band gap
systems and many of its allied material systems can be used in gas sensing
applications.

The fundamental challenge, however, remains the same: more stable p-type
ZnO and its application to larger systems, and access to new materials properties.
Responding to these challenges will require substantial effort at various levels.

Being the workshop organizers and editors of this book, we would like to thank
all the contributors (especially those who accepted the burden of writing full
chapter articles) and the members of the Advisory Board for helping to organize
such an effective program. We are sure that this book with an assortment of articles
will be quite useful for researchers in this area.

M. S. Ramachandra Rao
Tatsuo Okada



Preface

Functional nanostructures are attracting much interest for use in sensing, energy
harvesting, and flexible electronics. ZnO is a versatile material system that offers
potential applications in high power and high temperature electronics, UV/Visible
light emitting diodes for domestic lighting, and in colour displays. Due to its
radiation hardness property, it also finds application in radiation hard transistors
for high temperature sensors and spaceflight instrumentation. There have been
many recent advances in this field, concerning nanostructure synthesis. ZnO has
also been reported as an active channel material for thin-film transistors because of
its high electron mobility even for room temperature deposition in ZnO (as the
semiconducting active layer)-based field effect transistors. ZnO has also attracted
significant attention as a new candidate for transparent electrodes due to its good
conductivity, high optical transparency, and surface smoothness.
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This book brings together articles contributed by experts working on various
aspects of ZnO and allied materials detailing all the important recent advances.
The topics begin with a brief review of ZnO followed by an important article on
nano-Soldering of ZnO nanowires and GaN thin films for the fabrication of hetero
p-n junction using laser. The book also presents works on photoluminescence
processes of ZnO thin films and quantum structures, Li—Ni co-doped ZnO films
grown by pulsed laser deposition for realizing stable p-type conducting material,
lasing characteristics of an optically pumped single ZnO nanocrystal, and
nanomachining for controlling oscillation wavelength, deposition of Al-doped
ZnO films by ICP-assisted sputtering. Advances in nanoparticle-assisted pulsed
laser deposition, synthesis of silicon carbide (SiC) thin films using pulsed laser
deposition, ZnO-based phosphors, related bio-material applications, experimental

vii
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and theoretical investigations of dopants, and defects in ZnO nanoparticles have
also been discussed. The purpose of the book is to present a summary of the
current state-of-the-art research aspects that can pave the way for new areas for
future research.

M. S. Ramachandra Rao
Tatsuo Okada
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Chapter 1
Zinc Oxide: The Versatile Material
with an Assortment of Physical Properties

E. Senthil Kumar, Shubra Singh and M. S. Ramachandra Rao

Abstract Zinc oxide has the potential to replace GaN as the next-generation white
light emitting diode material. This wide bandgap semiconductor with an excitonic
binding energy of ~60 meV has been researched extensively in the last decade
due to its immense potentiality for blue/UV light emitting devices. ZnO lattice is
amenable to doping with transition metal ions (TM) and 4f-elements. Such a
doping activity in ZnO has been mainly aimed at the realization of n and p-type
conductivity and room temperature diluted magnetic semiconducting behavior.
Several doping studies have been attempted in order to get an insight into the
changes in physical properties with the emphasis on fabricating of all ZnO
p-n junctions for white light/UV emission. The challenge is to obtain highly stable
p-ZnO with doping. Our group has been working on doping studies in ZnO. Ni
doping shows a dramatic decrease in resistivity in polycrystalline ZnO. Stable and
low resistive p-type conduction in ZnO was not possible with monovalent ion
(Li, Ag etc.) doping. Recent work indicated the possibility of inducing shallow
holes into ZnO lattice using co-doping route. We used Li and Ni co-doping to
realize a low resistive, p-type and magnetic ZnO. Aligned 1-dimensional ZnO
nanowires can also be obtained using PLD and other methods. Our research group
at IIT Madras has been working closely with Kyushu University and other partner
universities in Japan to make research in ZnO a worthwhile attempt aimed at
device applications. We will present, in this chapter, overall physical properties of
ZnO with our important results related to the doping aspects in ZnO.
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1.1 Introduction

In the past two decades, optoelectronics research was mainly focused on the
crystal growth and conductivity control of semiconductors such as SiC, II-VI
chalcogenides, III-V compound semiconductors, and II-VI metal oxides [1-3].
Despite the successful fabrication of SiC-based blue light-emitting diodes (LEDs)
and considerable research efforts devoted to the fabrication of p-type ZnSe and
II-VI blue-green lasers, these two semiconductors were rapidly outshined by the
superior electronic properties and light emission efficiency of nitride-based thin-
film devices (Morkoc et al. 1994). Furthermore, the external quantum efficiency of
nitride-based LEDs in the blue region was found to surpass that of SiC LEDs
(41 % for nonpolar InGaN/GaN LEDs vs 0.3 % for SiC LEDs) [4]. The success of
III-V nitrides was due to the achievement of stable p-type behavior and low
resistivity in GaN thin films doped with Mg [5]. These breakthroughs led to the
possible fabrication of small sized and high-brightness blue light emitting devices
and laser diodes [6]. These devices find applications in high-storage capacity
optical recording media (e.g., Blu-ray disks) and optical communication. There is
also a large potential in lighting and illumination such as traffic signals, automobile
interior panel lighting, high-resolution printers, video game consoles, ophtalmics,
and biophotonics [7].

In parallel with nitrides, oxide semiconductors continue to receive considerable
attention due to their low cost of fabrication, chemical robustness, and high
thermal conductance [8]. Transparent conducting oxide thin films such as
Sn-doped In,O5 (ITO), F-doped SnO,, and Al-doped ZnO are usually fabricated on
transparent substrates such as glass or sapphire [9, 10]. These semiconductors
always exhibit n-type conduction with a resistivity of 10*~107> Q cm and are
widely used as transparent electrodes in thin film transistors, organic light emitting
diodes, and solar cells. The lack of transparent p-type oxide material has always
been a major obstacle to the fabrication of oxide-based p—n homo and hetero-
junction devices.

Zinc oxide (ZnO) is a I[I-VI transparent conducting oxide touted as a material of
choice for short wavelength optoelectronics. Similar to GaN, ZnO has a direct
band gap of 3.37 eV at 300 K that can be engineered via dilute alloying with BeO,
MgO, and CdO [11-13], while retaining its wurtzite structure. As shown in
Fig. 1.1, the more tightly bound exciton in ZnO (60 meV) compared with other
compound semiconductors (20 meV for GaN) opens the possibility for ZnO-based
optoelectronic devices to operate well above 300 K. Lasing in optically pumped
ZnO has already been demonstrated at 300 K in high-quality epilayers, poly-
crystalline films (random lasers), quantum well superlattices, and nanowire arrays
[14-16]. Furthermore ZnO, which shows electron and proton radiation hardness
capabilities, can be of potential use in high-irradiation conditions such as space-
based environments.

ZnO and its ternary alloys have the potential to compete with III-V nitrides for
optoelectronic applications. However, fabrication of the ZnO-based optoelectronic
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devices is still a problem to deal with due to the difficulty in obtaining p-type ZnO.
The quest for stable, p-type ZnO is a challenging one because the electrical and
optical properties of ZnO are very sensitive to minute concentrations of dopants,
impurities, and to microscopic perturbations of the lattice [17]. It will be explained
in the subsequent sections that the reasons for the difficulties to achieve p-type
ZnO come from its asymmetric defect chemistry, ionicity, and the complex roles
of impurities and crystal defects.

The observation of ferromagnetism in (Ga, Mn) As has inspired a great deal of
research interest in the field of spintronics [18]. The main challenge for practical
application of the diluted magnetic semiconductor (DMS) materials is the attain-
ment of Curie temperature (7¢) at or preferably above room temperature. Tran-
sition metal (TM) ion-doped ZnO became the most extensively studied topical
material, since the prediction by Dietl et al. [19], as a promising candidate to
realize Curie temperature above room temperature. The particular predictions are
on the assumption that hole mediated exchange interaction is responsible for
magnetic ordering. The additional advantages of ZnO-based DMSs are that they
can be readily incorporated into the existing semiconductor heterostructure sys-
tems, in which a number of optical and electronic devices have been realized, thus
allowing the exploration of the underlying physics and applications based on
previously unavailable combinations of quantum structures and magnetism in
semiconductors.

Low-dimensional self-assembled ZnO nanostructures have shown a great
advantage in fabrication of devices in the nanometer regime. In particular, one-
dimensional (1D) ZnO nanowires/rods have been used to fabricate the field
emission devices, piezoelectric nanogenerators, photonic devices, and light emit-
ting diodes [20]. When the sizes of the ZnO nanostructures are comparable with
that of exciton Bohr radius, excellent quantum confinement effects have been seen
in the optical and electrical properties of ZnO (Song et al. 2007).
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Table 1.1 Comparison of physical properties of some key compound semiconductors

Material ~ Crystal Lattice Band gap Energy Exc. binding Dielectric
structure constants eV) of fusion energy constant
a and ¢ (A) (K) (meV) ¢ (0) and ¢ (o0)
ZnO Waurtzite 3.25 3.37 2,248 60 8.75
5.21 3.75
7ZnS Waurtzite 3.82 3.8 2,103 30 9.6
6.26 5.7
ZnSe Zinc blende 5.66 2.7 1,793 20 9.1
6.3
GaAs Zinc blende 5.65 1.43 4.2 12.9
10.9
GaN Wurtzite 3.19 3.39 1,973 21 8.9
5.19 5.35
SiC Waurtzite 3.18 2.86 >2,100 - 9.66
15.12 6.52

Hence, in this article we have made an effort to explore the electrical, magnetic,
and optical properties of doped and undoped ZnO thin films and nanostructures.

Table 1.1 shows the summary of the physical properties of some key compound
semiconductors used for the optoelectronic applications. It is evident that the ZnO
is the only oxide counterpart to GaN in terms of band gap and exciton binding
energy. In addition, ZnO is one of the promising transparent conducting oxide used
for as transparent electrode in solar cells.

1.2 Physical Properties of ZnO

In this section, crystal structure, electronic band structure, doping studies, transport
properties, magnetic properties, and optical properties of the ZnO will be discussed
in detail.

1.2.1 Crystal Structure

ZnO is a II-VI compound semiconductor, which crystallizes into three different
structures viz., wurtzite (B4), zinc blende (B3), and rocksalt (B1) under different
growth conditions. Where B1, B3, and B4 denote strukturbericht designations for
the three phases [21]. Among these structures, the wurtzite structure is thermo-
dynamically most stable phase under ambient conditions. The zincblende structure
can be stabilized by growing on cubic substrates like MgO and Pt/SiO,/Si [11].
However, the rocksalt (NaCl) structure can be realized only by applying very high
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(a)
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Fig. 1.2 a Waurtzite crystal structure of ZnO showing the tetrahedral coordination of the Zn and
O atoms. b Unit cell of wurtzite structure (figure: courtesy http://www.en.wikipedia.org/wiki/
Zinc_oxide)

pressures [22]. When compared with zincblende and rocksalt structures, wurtzite
ZnO has shown intriguing optical, electrical, and optoelectronic properties in thin
film and nanostructured form. Hence, a lot of research work has been mainly
focused on the study of doped and undoped wurtzite ZnO thin films and
nanostructures.

The wurtzite ZnO belongs to the space group of C¢, in the Schoenflies notation
and P6;mc in Hermann-Mauguin notation [23]. Figure 1.2 shows the crystal
structure and unit cell of the wurtzite ZnO. The structure is composed of two
interpenetrating hexagonal close packed (hcp) sublattices, each of which consists
of one type of atom displaced with respect to each other along the three fold c-axis
by the amount u = 3/8 = 0.375, where the parameter u is defined as the anion—
cation bond length parallel to the c-axis. The measured lattice parameters of the
hexagonal wurtzite ZnO are a = 3.249 A and ¢ = 5.206 A. In the wurtzite ZnO,
each sublattice consists of four atoms per unit cell and each atom of one kind is
surrounded by four atoms of the other kind. In other words, both Zn and O atoms
are tetrahedrally coordinated to each other. This tetrahedral coordination gives rise
to polar symmetry along the c-axis.

The polar nature of the ZnO is responsible for many interesting properties viz.,
piezoelectricity, spontaneous polarization, crystal growth, etching, and defect
generation. In ZnO, both Zn terminated (0001) and O terminated (0001) faces are
polar in nature. The other important faces in the wurtzite ZnO structure are
nonpolar (1120) and (1010). Figure 1.3 gives the important planes and orientations
that are commonly seen in wurtzite structure.
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1.2.2 Electronic Band Structure

Numerous theoretical calculations have been employed to calculate the band
structure of ZnO by a number of groups [24]. Figure 1.4 shows the calculated band
structure of wurtzite crystal of ZnO. Location of the Zn 3d levels was unambig-
uously determined using the local density approximation (LDA) and incorporating
atomic self-interaction corrected pseudo-potentials (SIC-PP). In ZnO, both the
valence band maxima and the conduction band minima occur at the I" point k = 0
indicating that ZnO is a direct band gap semiconductor. The bottom 10 bands,
occurring around —9 eV (not shown in figure), correspond to Zn 3d levels [23].
The next six bands, from —5 to 0 eV, correspond to O 2p levels. The first two
conduction band states are strongly Zn localized and correspond to empty Zn
3s states. The O 2s bands, associated with core-like energy states, occur around
—20 eV. Using the above calculation, the band gap was determined as 3.77 eV. In
addition to theoretical calculations, the electronic band structure was experimen-
tally carried out [25], at the surface of wurtzite ZnO, using the data obtained from
electron energy loss spectroscopy (EELS) and ultraviolet photoelectron spectros-
copy (UPS). It was observed that the Zn face possesses more covalent character,
arising from the Zn 4s — O 2p states, while the O face is more ionic.

Fig. 1.4 Calculated band 10
structure of the wurtzite ZnO 8 \
using HSE hybrid functional
method. Reprinted after 6
permission from IOP 4
publishing group (Rep. Prog. 2
Phys. 72, 126501 (2009))

1]
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1.3 Doping Studies in ZnO

The physical properties of ZnO are strongly affected by the dopant impurities and
defects. ZnO exhibits intriguing electrical, optical, and magnetic properties when
doped with TM ions and other elements [23]. These properties can be tuned by
carefully controlling the defects and concentration of dopant impurities in the
system. The future optoelectronic applications of ZnO will depend on the ability to
dope it into n-type and p-type material. Band gap of the ZnO can be engineered by
doping with Cd and Mg.

1.3.1 Defects in ZnO

The electrical and optical properties of ZnO are still not well understood, which
implies that the role of various extrinsic as well as intrinsic defects have not been
clearly understood yet. In this section, some of the experimental as well as the-
oretical approaches to illustrate the presence of defects will be explained. An old
age saying in materials science goes as, “materials are like people; it is the defects
that make them interesting”. Defects play an important role in determining the
electronic and optoelectronic properties of semiconducting materials. However,
we need to identify and quantify these defects in order to understand the micro-
scopic processes involved. Different types of defects come into effect due to
different growth conditions, doping, and growth techniques. Occurrence of elec-
tronic defects, involved in optical recombination processes, depends on structure,
particle size, composition as well as crystallinity of the sample. A fundamental
understanding of the physics of various defects can help in improving emission
properties of ZnO as well as in achieving p-type conduction in this compound.
Appreciable amount of work have been reported on the intrinsic as well as
extrinsic defect species present in this compound [26-31]. However, most of these
papers present controversial results. Sun et al. studied the intrinsic defects in ZnO
by using full potential linear muffin-tin orbital method, and concluded that zinc
interstitial is the dominant donor owing to its shallower defect level [32-34].
Kohan and Van de Walle [33, 34] seperately studied different possible native point
defects in ZnO by the plane-wave pseudopotential method in the LDA. Kohan
et al. [33] used the first-principles pseudopotential method to determine the
electronic structure, atomic geometry, and formation energy of native point defects
in ZnO and showed that both the Zn and O vacancies are the relevant defects in
ZnO. Zhang et al. [35] also calculated the formation energies of native defects in
ZnO by the plane-wave pseudopotential method in the LDA. Oxygen and zinc
vacancies were found to have the lowest formation energies in their calculations,
but the formation energies of most defects have a considerable difference from
Kohan’s results. Oba et al. [36] calculated the electronic structure of native defects
in ZnO by the plane-wave pseudo potential method in the generalized gradient
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approximation (GGA), and showed that oxygen vacancies and zinc vacancies act
as dominant donor and acceptor defects with deep levels, in agreement with
Kohan’s and Zhang’s LDA studies and that zinc interstitials and zinc antisites are
shallow donors. Other theoretical analyses have also shown that Zn interstitial is
actually a shallow donor [35, 36] which was further supported by electron irra-
diation measurements. Kohan et al. [33] also show that oxygen vacancies have
lower formation energy than the zinc interstitial defects and hence should be more
abundant. Mahan’s [26] interpretation of Hagemark’s [29] experimental mea-
surements agrees well with the results of Kohan et al. [33]. When there is excess
Zn, the native donors are the oxygen vacancies and when there is Zn depletion, Zn
vacancies are present [the formation energy of a Zn interstitial is at least 1.2 eV
higher than that of an oxygen vacancy]. The formation energy of Zn and oxygen
antisites has been found to be higher than that found in the case of Zn and O
vacancy defects and hence the antisites are less likely to form [33]. For ZnO
exposed to hydrogen during growth, it (hydrogen) was considered as the main
donor (as it can ionize easily with low formation energy) [37]. The differences in
concentrations of relevant point defects are determined by differences in formation
energies of intrinsic point defects in wurtzite ZnO [38]. Electronic structure,
formation energies, transition levels, and concentration of intrinsic defects in
wurtzite ZnO were investigated by the projector augmented wave (PAW) method
and it was found that oxygen and zinc vacancies are the dominant intrinsic donor
and acceptor defects in ZnO [38]. Presence of defects can also affect the carrier
concentration in ZnO [38]. In a solid, the defect is a function of the chemical
potential of the species involved. At thermodynamic equilibrium, the concentra-
tion of defects in a crystal is given by the expression:

Cq = Nsilechonﬁg - (Ef/kBT) (11)

Here, E; is the formation energy of the defect. Ng;.s is the number of sites in the
lattice (per unit volume) where the defect can be produced; Nconsg is the number of
equivalent configurations. For a perfect ZnO crystal, the carrier concentration is

Ne = Ny = (Nch)l/zeXp(—Eg/szT) (12)

where n. and ny, are the concentration of free electrons and holes respectively, kg is
the Boltzmann constant and 7T is the temperature. Nc and Ny are the effective
density of states of the conduction and valence band respectively. For a ZnO
crystal with defects, the carrier concentration depends upon the Fermi level in the
following way:

ne = Ncexp [—(E, — Er) /ksT], ny = Ny exp(—Er/kgT) (1.3)
Here, the Fermi level Ef is determined by the overall charge neutrality [39], i.e.

> aliNy(iyexp|~E0 () [ksT| = Neexp[~ (B, — Er) /ksT]
— NV exp(—EF/kBT) (14)
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Here, E%") (i) is the formation energy of defect i at charge state g and Ny(7) is the
number of sites where defect i can be formed per unit volume. In the oxygen
deficient condition, the most abundant native defect in ZnO is the oxygen vacancy,
which acts as the dominant intrinsic donor. In the oxygen rich condition, the zinc
vacancy is the most abundant native defect and serves as the dominant intrinsic
acceptor. Zinc interstitial was also found to act as a dominant intrinsic donor in
some studies [29, 30]. However, calculations by Zhao et al. [38] indicate that the
zinc interstitial is at least 1.0 eV higher in formation energy than the oxygen
vacancy. They also found that the formation energy of the oxygen interstitial is
about 1 eV higher than that of the zinc vacancy. Some of the authors pointed out
Zn interstitials as the dominant defects in ZnO, on the basis of ionic diffusion or
size considerations [29, 40, 41], whereas others indicated that it was oxygen
vacancies, based on the calculation of reaction rates, diffusion experiments, or
electrical conductivity and Hall effect measurements [26].

Bulk ZnO crystals, grown by the seeded vapor phase and melt technique, have
been found to have low concentration of defects, dominant one being the Zn
vacancies Tuomisto and Look (2007). Zn vacancies as well as high concentrations
of O vacancies have been observed in ZnO bulk crystals grown by conventional
chemical vapor transport and hydrothermal methods [31].

The luminescence properties of ZnO have also been related to various crys-
talline lattice defects [42]. The internal absorption is not expected to affect the
visible emission spectrum in wide bandgap semiconductors, hence the intensity of
deep level emission should be roughly proportional to the density of defects
present. Bond lengths associated with the host compounds are affected by the
presence of defects (which can be explained in terms of size and charge effects).
As for example Zn, vacancy defect implies the removal of a small positively
charged Zn ion. Thus, we expect that other positively charged Zn ions will move
closer to the vacant sites because of the availability of space and reduced elec-
trostatic repulsion. Oxygen neighbors are no longer electrostatically attracted to
the vacancy and consequently move farther away [33].

1.3.2 Electrical Properties of ZnO

Defect chemistry plays a very important role in controlling the electrical transport
properties of ZnO [43]. ZnO belongs to a group of transparent conducting oxide
(TCO) materials that show strong doping asymmetry (unipolarity) i.e., inability to
dope both n and p-type carriers into the lattice.

Table 1.2 gives the summary of the electrical properties such as electron
concentration and mobilities of the bulk ZnO and thin films grown by various
techniques. Normally, these samples show n-type conductivity due to various
defects present in the lattice.
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Table 1.2 Summary of the electrical properties of the bulk ZnO and thin films grown by various
techniques

Sample Carrier Electron Reference
concentration mobility
(cm’3) (cm2 v! s’l)

Bulk ZnO grown by 6.0 x 10'® 205 Look et al. [46]
vapor-phase transport

Bulk ZnO grown by 5.05 x 10'7 131 Nause and Nemeth
pressurized melt method et al. [117]

Bulk ZnO grown by 8 x 10" 200 Maeda et al. [118]
hydrothermal method

PLD grown ZnO thin films 2.0 x 10'® 155 Kaidashev et al. [119]
on c-plane sapphire

MBE grown ZnO thin films 1.2 x 10" 130 Kato et al. [44]
on c-plane sapphire

MBE grown ZnO thin films 7.0 x 10'° 120 Iwata et al. [45]
on a-plane sapphire

PLD grown Zny ¢Mng;0/ZnO 8.8 x 10" 130 Edahiro et al. [120]
heterostructure on sapphire

MBE grown ZnO thin film on 1.2 x 10" 145 Miyamoto et al. [121]
ZnO/MgO double buffer layers

ZnO film grown on MgZnO-buffered 1 x 10" 440 Ohtomo and
ScAIMgO4 by PLD Tsukazaki [122]

1.3.2.1 n-Type Doping

Naturally, unintentionally doped ZnO shows n-type conduction with an electron
concentration ~ 10'7-10*' ecm™ [44, 45]. It was believed that the n-type con-
duction originates due to native defects such as oxygen vacancies (O,) and zinc
interstitials (Zn;). Look et al [46] suggested that zinc interstitials (Zn;) are the
dominant shallow donors, rather than O,, with an ionization energy of about
30-50 meV. However, first-principle calculations show that both O, and Zn; have
high formation energies in n-type ZnO, and therefore none of these native defects
are shallow donors [33]. Van de Walle [37] has theoretically shown that H is likely
to be the dominant background shallow donor in ZnO materials that are exposed to
H during growth. Since the H mobility is large, it can easily diffuse into ZnO in
any kind of growth technique. A recent theoretical calculation of Kim and Park
[47] suggests that the columbic attraction between O, and Zn; acts as shallow
donors in ZnO. Nevertheless, the origin of n-type conductivity in unintentionally
doped ZnO is still a controversial and has not been completely understood.
Besides the native defects and H donors, the n-type doping of ZnO can be easily
achieved by group-III elements and group-VII elements. Group-III elements such
as Al, Ga and In can be easily substituted at Zn site with doping concentration
~10% em™ (Makino et al. 2004). Al-doped ZnO thin films grown by metal
organic chemical vapor deposition (MOCVD) and pulsed laser deposition (PLD)
methods have shown a low resistivity of 6.2 x 107* and 8.5 x 107> Q cm
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respectively [48, 49]. Ga-doped ZnO thin films grown by CVD method showed
room temperature resistivity of 1.2 x 10~* Q cm [50]. These films are found to be
transparent to visible light with transparency >90 %. Hence, Al or Ga-doped ZnO
thin films can be an alternative for Indium Tin Oxide (ITO) for commercial
applications in solar cells and flat panel displays due to their low cost, chemical
and thermal stability, and nontoxicity.

1.3.2.2 p-Type Doping

Most of the wide bandgap semiconductors such as GaN, ZnO, ZnS, and ZnSe can
be easily doped into n-type, while p-type doping is difficult [S1]. ZnO has proven
to exhibit strong unipolarity (n-type) i.e., doping asymmetry. The problem of
p-type doping in ZnO can arise for several reasons such as (i) acceptor dopants
may be compensated by the native donors (O, and Zn;) and background H impu-
rities, (i) low solubility of the dopant impurities, and (iii) high activation energy of
acceptors (deep impurity level) [52]. The self compensation problem is the most
challenging phenomenon in ZnO that leads to the instability of p-ZnO and
reverting to n-type within a matter of days.

The possible p-type dopants in ZnO are group-IA and -IB elements (Li, Na, K,
Ag, and Cu), group-V elements (N, P, Sb, and As), and Zn vacancies (Zn,) [53-55].
However, many of these form deep acceptor levels and do not contribute signifi-
cantly to the p-type conduction. It has been believed that the most promising
dopants for p-type ZnO are the group-V elements, although theoretical studies
suggest some difficulty in achieving shallow acceptor levels [56]. In order to
understand the microscopic aspects of p-type doping in ZnO, numerous theoretical
studies have been made using first-principle calculations [57]. It was shown that
group-I elements may be better p-type dopants than group-V elements in terms of
the shallowness of acceptor levels. However, in contrary, group-I elements tend to
occupy interstitial sites rather than substitutional sites because of their small ionic
radii [38]. Doping with K and Na increases the Zn—O bond length that leads to the
formation of compensating donor defects. Similarly, P and As doping in ZnO
increases the bond length and hence they form antisites, Az, which are well-known
donors in ZnO [57]. N substitution at the O site is believed to be the best p-type
doping in ZnO [53, 58]. However, a few theoretical and experimental reports show
that N can form a deep acceptor level in ZnO [56, 56]. Moreover, the stability of N
in ZnO is found to be low [59].

Yamamoto and Yoshida [52] proposed a codoping method to solve the uni-
polarity in ZnO, based on ab-initio electronic band structure calculations. Cod-
oping acceptors (N) with donor impurities (Ga, Al and In) in the 2:1 ratio in ZnO
was suggested to stabilize the N in appropriate lattice site through acceptor—donor—
acceptor (N-Ga—N) formation [60]. The enhancement of solubility limit was
explained in terms of the formation of ionic pairs between donor and acceptor ions
as a consequent reduction in Madelung energy. The calculated differences in
Madelung energy (En.q) between (i) undoped and group-III doped, (ii) undoped
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Table 1.3 Calculated differences in Madelung energy (Ep,q) between undoped and n or p-type
doped ZnO

n-type doping p-type doping Codoping
Element Eraa Element Enad Element Eniad
Al —6.44 N +0.79 (Al, 2 N) -3.95
Ga —13.72 Li +13.56 (Ga, 2 N) —11.27
In —-9.73 As +12.61 - -
Fig. 1.5 Schematics Energy
depicting a change in
acceptor and donor energy .
levels in the band gap due to Conduction band
the strong interaction
between acceptors and / e
reactive donors /, ADA // Donor (D)
Acceptor (A) ,/’ il ,/I alone
alone N / Acceptorlevel
after codoping
Valence band

and group-V doped, and (iii) undoped and Group-III and V codoped ZnO system
are shown in Table 1.3. It is very clear from the table that the Madelung energy
decreases with the group-III elements (Al, Ga, and In) for n-type doping, whereas
it increases with group- I and V elements (Li, N and As) for p-type doping.

Yamamoto [60] have shown that the codoping method causes the formation of the
complexes including acceptors and donors in the crystals, and contributes (i) to
reduce the Madelung energies and enhance the incorporation of acceptors because
the strong acceptor—donor attractive interaction overcomes the repulsive interac-
tions between the acceptors and (ii) to lower the energy levels of the acceptors in the
band gap due to the strong interaction between the acceptors and donors by forming
an acceptor—donor—acceptor complex as shown in Fig. 1.5, and (iii) to increase the
carrier mobility due to the short-range dipole-like scattering mechanism (long-range
Coulomb scattering is dominated in the case of doping of acceptors alone). Thus, the
p-type codoped semiconductors exhibit low resistivity with high carrier density and
high mobility. Numerous experimental results have been successfully reported
based on the codoping theory (Joseph et al. 1999) [9, 61].

Leeetal. [39] have suggested that codoping Li with H will be ideal for getting low
resistive p-ZnO. However formation of the complexes, such as Liz,—Li;, Liz,—H,
and Liz,—AX, will limit the p-type doping concentration [62]. Zeng et al. [38] have
reported a low resistivity of 16.4 Q cm with a carrier mobility of 2.65 cm* V™' s~
by Li monodoping. The same group [63] has tried Li—N dual-acceptor doping in ZnO
(ZnO: Li-N) and achieved a resistivity of 0.93 Q cm and a Hall mobility of
0.75 cm® V™' s7! with an acceptor activation energy of 95 meV. Shubra et al. [64]
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Fig. 1.6 Room temperature electrical transport properties of Li-Ni codoped ZnO thin films
grown at various oxygen partial pressures. Reprinted after permission from American Institute of
Physics (Appl. Phys. Lett. 96, 232504 (2010))

have reported a dramatic decrease in the bulk resistivity of Ni-doped ZnO. This was
attributed to the impurity d-band splitting of Ni ion in the tetrahedral crystal field of
ZnO. Recent experimental and theoretical reports [65, 66] show that incorporation
of Li in TM ion-doped ZnO will stabilize the ferromagnetic ordering thereby
increase the Curie temperature. However, what happens to the stability of p-type
conduction when a TM ion is incorporated in Li-doped ZnO lattice, remains to be
seen. This question has motivated us to examine the codoping of Li—Ni to achieve a
stable and low resistive p-type ZnO. Hence Li-Ni codoped ZnO thin films were
grown on sapphire substrates using PLD technique at a substrate temperature of
400 °C at with different oxygen partial pressures.

Room temperature electrical resistivity (p) of the Li-Ni codoped ZnO thin films
is found to increase with the increase in oxygen growth pressure. The films grown
at 1075, 107%, 1073, 1072 and 10" mbar of oxygen partial pressure showed room
temperature electrical resistivity of 0.044, 0.132, 0.254, 0.281, and 172 Q cm,
respectively. A dramatic jump in the electrical resistivity from 0.281 to 172 Q cm
is observed while increasing the oxygen partial pressure from 1072 to 10" mbar.
This is because at high O, partial pressures, a significant amount of Li occupies the
interstitial sites (Li;) and compensates the acceptors (Liz,), leading to an increase
in the resistivity dramatically [62].

Room temperature Hall effect measurements on the Li-Ni codoped ZnO thin
films grown at various oxygen partial pressures were carried out at a magnetic field
of 8 T. Figure 1.6 shows the room temperature electrical transport properties of
the Li—Ni codoped ZnO thin films as a function of oxygen growth pressure. We
have observed three interesting conductivity regimes. The films grown at oxygen
partial pressure in the range 10~> and 10~* mbar show n-type conductivity and
exhibited electron concentrations of 3.2 x 10'® to 2.4 x 10" cm™. The films
grown at oxygen partial pressures >10"' mbar exhibited insulating nature.
Because of the high resistivity of these films, Hall effect measurements could not
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be performed on these insulating films. However, we observed an interesting
narrow window of growth pressure between 10~ and 10™2 mbar, in which the
films showed stable p-type conduction with a room temperature hole concentration
of 8 x 10" to 2.4 x 10" ecm™ [67].

1.3.3 Magnetic Properties of ZnO

Diluted Magnetic Semiconductors (DMS) are semiconducting materials in which a
fraction of the host cations can be substitutionally replaced by magnetic ions [68].
Much of the attention on DMS materials is due to its potential application in what
is now called spintronic devices, in which both charge and spin can be simulta-
neously controlled [69, 70]. The III-V and II-VI semiconductors can be mag-
netically doped using the 3d TM ions and 4f rare-earth ions [71]. The discovery of
hole mediated ferromagnetism in (Ga, Mn) As has paved the way for a wide range
of possibilities for integrating magnetic and spin-based phenomena in micro-
electronics and optoelectronics [18]. However, the highest Curie temperature, Tc,
reported in (Ga, Mn) As grown by molecular beam epitaxy (MBE), is ~170 K
[72]. In order to realize practical applications of spintronic devices, the DMS
materials must exhibit ferromagnetism with a Curie temperature (7¢) above room
temperature.

ZnO has attracted intense attention in the search for high 7 ferromagnetic DMS
materials, since Dietl et al. [19] predicted that Mn-doped p-type ZnO-based DMSs
could exhibit ferromagnetism above room temperature. This is due to the strong
p—d hybridization between the p-states of the valence band and the Mn 3d levels. The
values of Tc computed by assuming 5 % of Mn and p = 3.5 x 10%° cm ™.

This prediction has stimulated considerable research in wide bandgap semi-
conductors, resulting in the observation of a spontaneous magnetic moment at
room temperature in TM ion-doped nitrides and oxides. The wide bandgap
semiconductors, which tend to have smaller lattice constants, exhibit strong
p—d hybridization and small spin orbit interaction, and hence large Curie tem-
peratures. In addition to the prediction of Dietl et al. [19], ferromagnetism in
magnetic ion (V, Cr, Mn, Fe, Co, and Ni) doped ZnO has been theoretically
investigated using ab-initio calculations based on the LDA by Sato et al. (2000,
2001). Their results suggest that ferromagnetic ordering can be possible even in n-
type TM:ZnO thin films and bulk polycrystalline powders.

1.3.3.1 Origin of Ferromagnetism in TM Ion Doped ZnO

In a DMS material, presence of magnetic ions (TM ions) affects the free carrier
behavior through the sp—d exchange interaction between the localized magnetic
moments and the spins of the itinerant carriers [73]. Generally, 3d transition-metal
ions substitute for the cations of the host semiconductors, i.e., Zn sites in ZnO.
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Fig. 1.7 Electronic configuration of the 3d states and 4s states of TM elements

In ZnO, the particular transition-metal element, for example, Mn, contributes its
4 s* electrons to the sp” bonding, and can therefore substitutionally replace the Zn
in the tetrahedral bonding to form a TM?* charge state. The 3d band of the Mn**
ion is exactly half-filled with five electrons among the 10 available states. For
other TM ions such as Fe, Co and Ni, one of the bands is usually partially filled (up
or down), as shown in Fig. 1.7. The TM-d bands of the TM hybridize with the host
valence bands (O-p bands in ZnO) to form the tetrahedral bonding. This hybrid-
ization gives rise to the exchange interaction between the localized 3d spins and
the carriers in the host valence band. In this simple picture, the s band of the
conduction band does not mix with the TM-d bands, but it is still influenced by the
magnetic ion.

Few mechanisms proposed to understand the ferromagnetic properties of DMS
materials are direct superexchange (antiferromagnetic), indirect superexchange
(ferromagnetic), carrier mediated exchange (ferromagnetic) that include the dou-
ble exchange mechanism and bound magnetic polarons (BMPs). In the Zener
model, the direct interaction (superexchange) between the d shells of the adjacent
Mn ions leads to antiferromagnetic nature. However, the indirect coupling between
the spins of Mn ions and the conduction electrons is ferromagnetic (indirect su-
perexchange) in nature [74]. In Ruderman—Kittel-Kasuya—Yoshida (RKKY)
model, the interaction is based on the coupling between the magnetic ion and the
conduction electron. However, if the electrons are localized, the RKKY interaction
becomes weak and unrealistic. The mean-field Zener model proposed by Dietl
et al. [19] is based on the original Zener model and the RKKY interaction and
takes into account the anisotropy of the carrier mediated exchange interaction
associated with the spin—orbit coupling in the host material. The Curie temperature
(T¢) predicted by the mean-field Zener model in DMS material like (Ga, Mn) As is
given by,

Tc = CNywff*m*p'/? (1.5)
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where Ny, is the concentration of uncompensated Mn spins, f§ is the coupling
constant (p—d coupling), m* is the effective mass of the holes and p is the hole
concentration.

First-principle ab initio calculations of electronic band structure by Sato and
katayama-Yoshida [75] are based on the double exchange mechanism for the
carrier-induced ferromagnetism. In the DMS material, if neighboring TM ions
magnetic moments are in the same direction, the TM-d band is widened by the
hybridization between the up—spin states. Therefore, in the ferromagnetic con-
figuration the band energy can be lowered by introducing carriers in the d band. In
these cases, the 3d electron in the partially occupied 3d-orbitals of the TM is
allowed to hop into the 3d-orbitals of the neighboring TM, if neighboring TM ions
have parallel magnetic moments. As a result, the d-electron lowers its kinetic
energy by hopping in the ferromagnetic state. This is the so-called double
exchange mechanism.

In addition to the above-mentioned models, the most recently proposed
mechanism for the understanding of the ferromagnetic ordering of the TM ion due
to the localized carriers is the BMP model [76]. The BMPs are formed by the
alignment of the spins of many transition-metal ions with that of much lower
number of weakly bound carriers such as excitons within a polaron radius. The
basic idea is schematically illustrated in Fig. 1.8. The localized holes of the
polarons act on the transition-metal impurities surrounding them, thus producing
an effective magnetic field and aligning all spins. As temperature decreases, the
interaction distance (boundary) grows. The neighboring magnetic polarons overlap
and interact via magnetic impurities forming correlated clusters of polarons. One
observes a ferromagnetic transition when the size of such clusters is equal to the
size of the sample.

This model is inherently attractive for low-carrier density systems such as many
of the electronic oxides. The polaron model is applicable to both p- and n-type host
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materials. Even though the direct exchange interaction of the localized holes is
antiferromagnetic, the interaction between BMPs may be ferromagnetic for suf-
ficiently large concentrations of magnetic impurities. The ferromagnetic exchange
is thus mediated by charge carriers in a spin—split impurity band formed by
extending donor states. Coey et al. [76] have showed that for Sc, Ti, and V, the
spinup states are aligned with the impurity levels and for Fe, Co, and Ni doping,
the spindown states are aligned with the impurity levels. Mn and Cr dopings were
said to have a small hybridization thereby leading to a weak magnetization.
Figure 1.9 shows the schematic band structure of an oxide with 3d impurities and a
spin—split donor impurity band.

1.3.3.2 Experimental Results of TM Ion Doped ZnO Thin Films
and Bulk Polycrystalline Powders

Experimental attempts have led to various conflicting reports of room temperature
ferromagnetism in ZnO [77, 78]. Both paramagnetism (Sharma et al. 2003) and
ferromagnetism [79] have been observed in ZnO with TM?** substituted at Zn>*.
Norton et al. [80] have showed the evidence of ferromagnetism with a Curie
temperature around 250 K in Mn implanted n-type ZnO:Sn single crystal. High
saturation magnetic moment of 1.4 uB/Mn is observed at room temperature in
(Mn, N) codoped ZnO thin films grown by inductively coupled plasma enhanced
chemical vapor deposition [81]. Monte Carlo simulation studies of Souza et al.
[82] have showed that the p-type conductivity is essential for observing ferro-
magnetism in Mn-doped ZnO thin films. Hou et al. [83] have observed room
temperature ferromagnetism in n-type Cu-doped ZnO thin films grown by DC
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reactive magnetron sputtering. Sudakar et al. (2008) have shown room ferro-
magnetism in CuO-ZnO multilayers. Room temperature ferromagnetism has been
observed in Co-doped ZnO single crystalline thin films [71, 84], bulk polycrys-
talline powders [86] and nanoparticles [87]. Liu et al. [63, 88] have reported that
the room temperature ferromagnetism can be tuned by controlling the Ni con-
centration in PLD grown thin films. Ni-doped colloidal ZnO nanoparticles showed
above room temperature (~ 350 K) ferromagnetism (Schwartz et al. 2004). V and
Cr-doped ZnO thin films have also shown room temperature ferromagnetism [89,
90]. Room temperature ferromagnetism has been reported in C-doped ZnO thin
films and nanostructures [91, 92] prepared by PLD technique. Room temperature
ferromagnetism has been observed even in nonstoichiometric ZnO thin films and
bulk polycrystalline powders [93, 94]. Moreover, recent theoretical calculations
[66] show that incorporation of acceptor defects in Ni:ZnO lattice will enhance the
ferromagnetic ordering, and hence increase the Curie temperature. Hence we have
made a systematic effort to study the magnetic properties of Li-Ni codoped ZnO
thin films in the n-type, p-type and insulating regimes to understand the origin of
ferromagnetism, if any, in ZnO.

Magnetic measurements were carried out on the Li-Ni-codoped ZnO thin films
grown at different oxygen partial pressures and showed change in carrier type from
n to p and insulating nature. Figure 1.10 shows the magnetization measurements
(M-H) of the films grown at 10~ mbar (n-type), 107> mbar (p-type), 10~> mbar
(p-type) and 10~" mbar (insulating) at 300 K. All the films showed clear saturated
M-H curves at room temperature. Both the n-type and p-type thin films exhibited
hysteresis loops opening with a coercive field of ~45 Oe in the M-H curve
indicating room temperature ferromagnetic nature. However, the insulating film,
grown at 10~' mbar, showed zero coercive field indicating superparamagnetic
nature [67].

Very interestingly, we have observed that the saturation magnetization (M;) of
the Li—Ni-codoped ZnO thin films strongly depends on the oxygen growth pressure
and the carrier concentration and not on the carrier type. The n-type film with an
electron concentration of ~3.3 x 10'® cm™* exhibited a maximum saturation
magnetization (M) ~ 0.12 ug/Ni. The p-type Li—Ni-codoped ZnO thin films with

Fig. 1.10 Room temperature 12 1
M-H curves of the Li-Ni
codoped ZnO thin films after
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a hole concentration of 8.1 x 10'7 and 2.1 x 10'” cm™> showed M, ~ 0.07 and
0.06 up/Ni, respectively. The insulating film that was grown at a high oxygen
partial pressure of 10~ mbar showed M, ~ 0.009 pug/Ni. This clearly shows that
the oxygen vacancies and carrier concentration play a crucial role in determining
ferromagnetic ordering. Hence, the oxygen vacancy (donor defect) related ferro-
magnetism can be more suitably explained using defect mediated mechanism—the
so-called BMP mechanism [76]. Hence, Ni substitution in the zinc cation site and
the oxygen vacancies are jointly responsible for the observed ferromagnetism. This
study clearly reveals that the type of carrier does not influence the ferromagnetic
nature of the films and higher the carrier density (n or p), higher the saturation
magnetization.

We have also investigated the magnetic properties of the polycrystalline TM
ion-doped ZnO. Figure 1.11 illustrates the M-H curves of 1 mol% Co and
Mn-doped ZnO films respectively. For Co-doped thin film hysteresis loops were
observed at 4 and 50 K, though in the presence of some noise because of weak
signal. The coercivity was measured to be about 100 Oe at 4 K. According to our
experimental results, low-temperature hysteresis loops could be realized even for
1 mol% doped samples of Co and Mn-doped ZnO. However, at higher tempera-
tures the M—H curve did not show any sign of saturation. The source of magnetism
of ZnO-doped with Co at low concentration is still not totally understood. In our
view, metal clusters may not be the source of magnetism at low Co concentration,
as this concentration is well below the solid solubility limit of Co in ZnO. It is
known that ferromagnetism is the usual explanation for hysteresis. However, it is
worth noting that spin glass and superparamagnetism below a blocking tempera-
ture can also be the cause of the hysteresis loop. An investigation of magnetization
dependence on temperature can give us a clear idea of the exact nature of the
magnetic behavior. However, due to low signal from the films, the nature of M-T
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Fig. 1.12 M-H plot of

1 mol% Mn doped thin film
at different temperatures.
Inset shows the magnified
plot of hysteresis loops at
different temperatures
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data obtained from VSM was very noisy. So at this point, it was difficult to
determine the nature of magnetization in our sample.

Mn-doped sample hysteresis loops (Fig. 1.12) were observed from 4 to 300 K.
The coercivity was measured to be about 300 Oe. At higher temperatures (>4 K),
the M—H plot did not show saturation. Thin films corresponding to other dopants
(Ni, Ti, V and Cr) were paramagnetic in nature.

The thin films of doped ZnO samples do not show ferromagnetism. Though Co,
Fe, and Mn samples showed hysteresis loops at low temperatures (>50 K), there
were no signs of room temperature ferromagnetism in the samples.

1.4 Optical Properties of ZnO

The application of semiconductors in electro-optical devices relies on their ability
to efficiently emit or detect light. The optical properties of ZnO are heavily
influenced by the energy band structure and lattice dynamics. If photons of energy
greater than or equal to the band gap are incident on a semiconductor, they can
excite an electron from the valence band to the conduction band. In this process,
the photon that is absorbed creating an electron-hole pair. In the reverse process,
an electron in a conduction band may return to the valence band and recombine
with a hole thereby emitting a photon. As the energies of the electron and hole will
be very close to the bottom of the conduction band and the top of the valence band
respectively, the emitted photon energy will be approximately equal to the band
gap energy of the semiconductor.

Optical properties of ZnO have been intensively studied because of its wide and
direct band gap (3.35 eV), high exciton binding energy (60 meV), and efficient
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radiative recombination. The large exciton binding energy paves the way for an
intense near-band-edge (NBE) excitonic emission at room and even higher tem-
peratures, because this value is 2.4 times the room temperature thermal energy
(25 meV) [21, 23]. Hence, laser operation based on excitonic transitions is highly
expected in ZnO. The optical absorption and emission properties of ZnO are
strongly influenced by the excitonic processes (free and bound excitons) and
dopant or impurity states in the band gap. The electronic states of the bound
excitons (BE), which may be bound to neutral or charged donors and acceptors,
strongly depend on the band structure of ZnO. For a shallow neutral donor-bound
exciton (DBE), the two electrons in the bound exciton state are assumed to pair off
into a two electron state with zero spin. The additional hole is then weakly bound
in the net hole attractive Coulomb potential set up by this bound two electron
aggregate [21]. Similarly, neutral shallow acceptor-bound excitons (ABE) are
expected to have a two-hole state derived from the topmost valence band and one
electron interaction. The commonly observed optical spectra are free to bound
(electron—acceptor), bound to bound (donor—acceptor) and the so-called yellow
and green luminescence (Look et al. 2001). The well-known green band observed
around 500-530 nm is related to the singly ionized oxygen vacancies.

Optical transitions in ZnO can be studied using a variety of experimental
techniques such as optical absorption, transmission, reflection, ellipsometry,
photoluminescence (PL), and cathodoluminescence. In general, luminescence
from the bulk ZnO extends from the band edge to green spectral range. The sharp
lines dominating band edge region of the spectra originate from various bound
exciton recombinations (excitons bound to neutral and ionized donors, DX and
D*X) followed by longitudinal optical (LO) phonon replicas with an energy
separation of 72 meV. On the high energy side of the bound excitons, free exciton
transitions appear with the A-valence band (FX,) positioned at 3.377 eV (Teke
et al. 2004). At lower energies from 3.33 to 3.31 eV, two electron satellite (TES)
recombination lines of the neutral DBEs have been reported.

From the transition energies of the intrinsic excitons, the exciton binding
energy, exciton Bohr radius, and the dielectric constant can be calculated.
Assuming the exciton has hydrogen like set of energy levels, the exciton binding
energy (Eg) can be calculated from Kelsall et al. (2005),

Ep
E,=E, —— (1.6)
n
where 7 is the main quantum number and Eg = 4/3 (E,—E)) is the exciton binding
energy. Where E; and E, are energies correspond to n = 1 and n = 2 levels
respectively. Eg can also be expressed in terms of the low frequency dielectric
constant &, and the reduced exciton mass y,, Planck’s constant 7 and electronic
charge e as,
_ g

Ep = — 13.6He

2.2 2
2h*eg &5

(eV) (1.7)



22 E. Senthil Kumar et al.

The exciton Bohr radius can be expressed as,

R?e
502 (1.8)
Hie

ag =

1.4.1 Photoluminescence (PL) of ZnO

In order to reduce the power consumption and increase the brightness of phosphors
used in flat panel displays, we need to optimize the properties of phosphors (light
emitting solids). To achieve this, a basic physical understanding of the lumines-
cence processes of the phosphor materials is essential. ZnO is a well-known
greenish white light emitting phosphor for low-voltage vacuum display devices
with a relatively high luminescent efficiency [95]. A broad defect-related peak
extending from ~1.9 to ~2.8 eV is a common optical feature of ZnO. A typical
PL spectra of ZnO sample are shown in Fig. 1.13. The origin of this green
luminescence band is still not well understood and it has been attributed to the
presence of a variety of different impurities and defects present in the ZnO lattice.
Moreover, ZnO due to its bio-compatible character would be a suitable phosphor
material (by doping) in biological labeling applications [96]. Many researchers
have investigated the emission properties of ZnO films, including ultraviolet and
green emission. Green luminescence of ZnO is the characteristic of phosphors fired
in air or under reducing conditions (H,, ZnS, CO, etc.).

In high-quality bulk ZnO substrates, the neutral shallow defect band emission
often dominates because of the presence of donors due to unintentionally doped
impurities and/or shallow donor-like defects. Lin et al. [97] reported green lumi-
nescent center in undoped zinc oxide films deposited on silicon substrates by DC-
reactive sputtering. The intensity of the green peak depends markedly on annealing
conditions; however, the intensity of the UV peak varies little with annealing

Fig. 1.13 PL emission from
ZnO thin film. Intense
excitonic defect free emission
is desirable from ZnO thin
films for optical pumping,
light emission and
optoelectronic applications
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conditions. Liu et al. [98] investigated the green and yellow luminescence centers
in ZnO and Mn-doped ZnO. It was seen that water vapor enhanced green lumi-
nescence of ZnO in the surface, and causes a two-band luminescence phenomenon
(green and yellow in the bulk). Photoluminescence spectra of the ZnO films
deposited by Fang et al. (2004) showed the blue emission peak centered at 430 nm.

Mordkovich et al. reported the discovery and optimization of ZnO-based
phosphors using a combinatorial method [99]. The efficiency of these phosphors in
low-voltage cathodoluminescence was found to be high and promises their pro-
spective use in advanced flat panel display and lighting applications. ZnO
exhibited luminescence defect centers such as oxygen vacancies, as donors,
located at 50 and 190 meV below the conduction band edge and zinc interstitials
as acceptors located at 2.5 eV below the conduction band edge [100]. The visible
PL of ZnO is related to the defects, such as oxygen vacancies and zinc interstitials
in the films and the green PL comes from oxygen deficient films as reported by
Vanheusden et al. [101, 102]. The emission peak around 375 nm has been
attributed to donor—acceptor pair emission [103]. At room temperature, the bound
exciton emission changes to the free-exciton recombination.

1.4.2 Band Gap Engineering in ZnO

It has been experimentally demonstrated that the band gap of ZnO can be tuned
from 2.1 to 6.0 eV by developing Cd,Zn;_,O and Mg,Zn,_,0 alloys respectively.
The energy gap of the ternary semiconductor A,Zn;_,O (where A = Mg or Cd) is
determined by the following equation [21],

Eg(x) = (1 —x) EZnO + .XEAO — bx(l —)C) (]9)

where b is the bowing parameter and Exp and Ez,o are the bandgap energies of
compounds AO and ZnO, respectively. The bowing parameter b depends on the
difference in electronegativities of the end binaries AO and ZnO.

Ohtomo et al. [104] have reported the growth of Mg,Zn,_,O thin films using
PLD technique with Mg content varying from x = 0 to 0.33. The band gap E,
linearly increases with x up to 4.15 eV. Choopun et al. [11] have shown the phase
diagram for wurtzite and cubic Mg,Zn;_,O thin films while varying x from O to 1.
They have also shown the increase in the band gap up to 6.0 eV. Makino et al. [12]
have demonstrated the single phase Cd,Zn;_,0O alloy thin films grown by PLD on
sapphire (0001) and ScAIMgO, (0001) substrates with Cd content of up to 7 %.
The band gap energy decreases to 3.0 eV as Cd content increases to 7 %. How-
ever, Vigil et al. [105] have shown the decrease in band gap up to 2.51 eV when
y varies from O to 1.
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1.5 Optoelectronic Properties of ZnO

One of the unique properties of direct band gap semiconductors that revolutionized
the optoelectronics field is their ability to produce light emission in response to
excitation mainly by means of electrical or optical injection of minority carriers.
When an external voltage is applied across a forward biased p—n junction, elec-
trons and holes that are injected from their respective ends recombine resulting in
light emission called electroluminescence (EL). The exciton binding energy of
ZnO (60 meV) is three times higher than that of GaN (20 meV) and the band gap
(3.35 eV) is also comparable with that of GaN (3.45 eV) (Pearton et al. 2008).
Hence, ZnO is the ideal-oxide counterpart to III-V group semiconducting LEDs,
in particular GaN-based LED devices.

The first ZnO-based heterostructure LED was fabricated by Drapak (1968)
using Cu,0 as a p-type layer. Numerous heterostructures have been fabricated
using n-ZnO thin films with various possible p-type semiconducting materials
[106, 107]. All ZnO-based light emitting devices have also been reported after the
successful fabrication of N-doped p-type ZnO thin films using temperature mod-
ulation epitaxy method [53]. However, hole concentration of p-ZnO thin films is
relatively low, and hence the injection is dominant from the highly doped n-ZnO
into lightly doped p-ZnO. Hence, the recombination takes place in p-ZnO layer
that degrades the emission efficiency as the quality of p-layer is inferior. Later,
near-band-edge EL has also been reported from ZnO-based homojunction devices
using P, N, As, and Sb as a p-type dopants [4, 84, 85, 108, 109]. Random lasing
action has been observed from the ZnO-based homojunctions and multi quantum
wells [13, 110, 111]. Figure 1.14 shows the random lasing action observed in
Sb:Zn0/MgZn0O/Ga:ZnO heterostructure diode observed by Chu et al. [109].
Recently, Nakahara et al. [58] showed intense UV light output from Mg-doped
ZnO-based heterostructures.

Fig. 1.14 EL spectra at 0.06
higher injection currents 80mA
depicting the random lasing 0.05 | jgzi
action in the near UV region. —_ 30mA
Reprinted after permission =
from American Institute of & 004}
Physics (Appl. Phys. Lett. 93, = l
181106 (2008)) 2 003} N
o sl JLAVY
‘E Mol
T 002} i
ih} 1 pir
0.01 |-
360 370 380 390 400 410

Wavelength (nm)



1 Zinc Oxide: The Versatile Material 25

1.6 ZnO Nanostructures

In recent years, low dimensional self-assembled ZnO nanostructures have received
intense research interest in optoelectronics, piezoelectrics, mechanics, and bio-
medical sciences [112]. Among these ZnO nanostructures, 1D nanorods and
nanowires have shown great advantage in the fabrication of devices in nanometer
regime. Vertically aligned morphology is essential for nanoelectronics and
nanooptoelectronics, such as field emission, light emitting diode-based on crossed
p-type and n-type nanowires, nanosensors, nanowire integrated p—n junctions,
nanowire lasers, and piezoelectric nanogenerators [20]. The lack of center of
symmetry in wurtzite structure resulted in strong piezoelectric and pyroelectric
properties in ZnO. By coupling the piezoelectric and semiconducting properties of
the ZnO nanorods, a new field “nanopiezotronics” has emerged. Since ZnO is a
biocompatible and biosafe material, it can be useful for implantable biosensors
[112]. The higher exciton binding energy (60 meV) of ZnO ensures the room
temperature lasing action. Furthermore, the lasing conditions can be further
improved with low-dimensional 1D ZnO nanostructures, which enhance the
exciton oscillator strength and quantum efficiency. Size of the nanowires and
nanorods is the critical parameter, for achieving quantum confinement effects, and
should be of the order of exciton Bohr radius (ag) of ZnO and is 2.34 nm for bulk
material.

Due to different chemical activities of its polar and nonpolar facets, ZnO is one
of the materials known to exhibit nanostructures with different morphologies viz.
nanorods, nanowires, nanobelts, nanocages, nanocoms, nanosaws, nanospirals,
nanosprings, nanorings and nanohelix etc. (Kong et al. 2004; Gao et al. 2003). ZnO
nanowires/nanorods can be grown using vapor phase transport (VPT) process,
MBE, MOCVD, PLD, hydrothermal method, sol gel, electrodeposition, template-
assisted growth etc. Generally, 1D nanowires/nanorods grow along the c-axis
[0001] of the hexagonal wurtzite structure [21]. Selective area ZnO nanostructures
also can be grown using a patterned substrates [85, 113].

Nanocrystalline diamond (NCD) thin films have always been of great interest
because of their futuristic applications in electronic devices as thermal spreaders
(Thermal conductivity ~2000 W m~' K™'), in mechanical parts as wear resis-
tance coatings and in flat panel displays as field emitters. Hence, realizing ZnO-
based nanostructures on NCD coated substrates (normally Si) are of great interest
(Liu et al. 2008) [114]. For example, realizing ZnO nanostructure-based devices
on NCD substrates will find promising applications in heat free electronics in near
future. In this article, we report on the growth of ZnO nanostructures on NCD thin
films using NAPLD technique. We have investigated various stages and growth
processes of ZnO nanostructures and propose a mechanism of growth of 1D
nanostructures originating from two-dimensional hexagonal stacks.

Unintentionally doped ZnO nanowires were grown on nanocrystalline diamond
(NCD) thin films using nanoparticle-assisted pulsed laser deposition (NAPLD)
technique. A KrF excimer laser was used for the growth of nanowires with an
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Fig. 1.15 HRSEM images of a stacking of ZnO hexagonal base and b—f nanowires with base
diameter to tip diameter ratio ranging from 4 to 5

Fig. 1.16 Schematic representation of the formation of 1D nanowires on the 2D hexagonal
stacking

energy density on the target ~4 J cm 2 and frequency of 20 Hz. During the
growth, the substrate temperature was maintained at 1000 °C with Ar flow of
27.5 sccm, which maintains the chamber pressure of 260 mTorr. The growth
happens over a period of 30 min.

Figure 1.15 shows HRSEM images of ZnO nanostructures with different
morphologies recorded at different places of the substrate. Figure 1.15a clearly
shows formation of the base of the nanowires by the stacking of two-dimensional
hexagons. The nanowires with a length of 1-2 um and a diameter of around
50-70 nm were observed in most of the structures Fig. 1.15b—f. Three kinds of
ZnO nanowires were observed with the ratio of the base height to wire length
varying from 1 to 4.

The growth mechanism of the 1D ZnO nanorods on two-dimensional hexagons
is shown schematically in Fig. 1.16. The six facets of hexagonal ZnO are generally
bounded by the <1010> family of planes and the growth rate of different family
of planes follow the sequence (0001) > (1011) > (1010) > (0001) [63, 115].
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In general, rod or wire like structures, which are bounded by six (1010) facets will
grow along (0001) direction. Also, ZnO is a polar material with a chemically
active positively charged (0001) Zn®* layer and chemically inactive negatively
charged (000T) O*~ layer. Thus, the base is the O>~ layer and top is the Zn>* layer.
A step-by-step growth process of the 1D nanorods on the two-dimensional hex-
agonal stacking can be understood as follows: A two-dimensional hexagon with
(0001) basal plane, bounded by six crystallographic equivalent {0110} faces, is
formed at the beginning of the growth process with a size ~400-500 nm. Then
the next hexagon, with smaller size, starts forming on the first basal hexagon and
hexagons with decreasing size stack up along the [0001] direction. The stacking of
these two-dimensional hexagons happens with decrease in size till the top hexagon
size reaches ~75 nm. Since the surface diffusion is the most important rate
limiting process in the ZnO crystal growth, the (0001) plane easily disappears and
instead it is capped with the lower surface energy facet of {0111} surfaces [116].
After the growth of {0111} facet, the Zn-terminated (0001) plane is the most likely
remaining facet which tends to form a uniformly sized hexagonal nanowire
(~50 nm) on the top hexagon. In general, ZnO grows preferentially along the
[0001] direction because of the faster growth rate in this direction than in other
directions.

1.6.1 Synthesis and Characterization of Nanocrystalline
ZnO Powders

To synthesize nanocrystalline ZnO bulk samples, 10.97 g of zinc acetate was
added to 70 ml of water and kept under constant stirring using a magnetic stirrer.
6 g of urea was then added followed by the addition of 1.39 g of PVP (polyvi-
nylpyrrolidone). The solution was stirred for about 2 h and then stirred under
heating conditions until a gel was obtained. It was then calcined at two different
temperatures (500 and 600 °C). To grow thin films 0.1 mol of zinc acetate solution
was added to 50 ml of diethylene glycol (DEG) and 10 ml of ethanol. Similarly,
0.1 mol of NaOH solution was mixed with 50 ml of DEG and 10 ml of ethanol.
The two solutions were mixed and stirred for 3 h at 60 °C. Two glass substrates
were then dip coated for 5 and 10 times respectively and dried after each coating at
80 °C. The as deposited films were then annealed at 600 °C.

Figure 1.17 shows the XRD patterns of bulk nanocrystalline ZnO samples
prepared from Zn acetate and PVP, and Fig. 1.18 shows the XRD patterns of bulk
nanocrystalline ZnO thin films prepared by Zn acetate and PVP. The as prepared
samples are single phase and do not contain any impurity phase.
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1.6.2 Microstructural and Optical Studies

Figure 1.19 shows SEM images of bulk nanocrystalline ZnO thin films prepared
by Zn acetate and PVP. The sample calcined at 500 °C shows formation of dis-
torted hexagons, while the sample calcined at 600 °C shows formation of perfect
hexagons. Both the samples consist of particles with average diameter of 150 nm.
Few white patches seen in the SEM images are agglomerated ZnO powder.
Figure 1.19c is a magnified image of sample calcined at 600 °C. EDX on the two
samples (Fig. 1.20) show the composition as Zn;_s O, where 6 = 0.2 for the
sample calcined at 500 °C, and 6 = 0.38 for the sample calcined at 600 °C.
Photoluminescence emission from these two samples. For an excitation
wavelength of 365 nm, the UV emission at 395 nm merges along with the defect
emission around 450 nm giving a broad emission. This defect emission around 410
and 450 nm can be attributed to the Zn vacancies in the structure as is also evident
from the EDX spectra. Figure 1.21 shows the diffuse reflectance spectra measured
on nanostructured ZnO powder samples prepared using Zn acetate and PVP and
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Fig. 1.19 SEM images of bulk nanocrystalline ZnO powders prepared from Zn acetate and PVP
and calcined at a 500 °C, b 600 °C. Figure 1.19(c) is a magnified image of sample calcined at
600 °C
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Fig. 1.20 EDX patterns on bulk nanocrystalline ZnO powders prepared from Zn acetate and
PVP and calcined at 500 and 600 °C
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Fig. 1.21 Diffuse reflectance spectra measured on nanostructured ZnO powder samples prepared
using Zn acetate and PVP and calcined at a). 500 °C and b). 600 °C
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Fig. 1.22 SEM images of bulk nanocrystalline ZnO thin films prepared using Zn acetate and
NaOH, with different thickness (annealed at 600 °C)

calcined at (a) 500 and (b) 600 °C. It is observed that the reflectance intensity
decreases as the particle size reduces. This can be attributed to the increased
absorbtion by lower particle sizes for samples calcined at lower temperatures.
Microstructural studies on nanostructured thin films were carried out by SEM.
Figure 1.22 shows the SEM images of nanocrystalline ZnO thin films prepared
from Zn acetate and NaOH with different thickness annealed at 600 °C. EDX on
the two samples (Fig. 1.23) show the composition as Zn;_sO, where 6 = 0.27 for
the sample with particle size of 150 nm, and 6 = 0.4 for the sample with particle
size less than 100 nm.

Photoluminescence of nanocrystalline ZnO thin films (Fig. 1.24) clearly shows
the difference in defect emission from these two samples as surface area increases
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Fig. 1.23 EDX patterns on nanocrystalline ZnO thin films prepared from Zn acetate and NaOH
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for sample with particle size less than 100 nm. Smaller particle size, hence larger
surface area, gives rise to larger bulk density of dangling bands. Thus, the total PL
intensity goes up with the decrease in particle size.

Figure 1.25 shows the HRSEM images of the ZnO nanostructures grown by
vapor phase deposition technique. The size of the nanoparticles varies largely
depending on the synthesis route and the parameters involved and can be con-
trolled by varying any one of the parameters at a time. A variety of micronano-
structures have been synthesized using various techniques. However, the size and
shape of these structures depended on the techniques used and the parameters
involved. To conclude, presumably different growth directions were found to be
favored depending on different experimental conditions. Fabrication of such
micronanostructures of undoped and doped ZnO, using simple methods, leading to
interesting optical properties is important from the view point of a number of
optical applications of ZnO.
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Fig. 1.25 HRSEM images of various other ZnO nanostructures deposited by vapor phase
deposition technique
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Chapter 2

Laser Nano-Soldering of ZnO Nanowires
and GaN Thin Film for Fabrication
of Hetero p-n Junction

Tetsuya Shimogaki, Yuki Ishida, Kota Okazaki,
Mitsuhiro Higashihata, Daisuke Nakamura and Tatsuo Okada

Abstract We have investigated the laser nano soldering between ZnO nanowires
and the p-type GaN thin film for the realization of the hetero p-n junction with low
thermal loading. When the ZnO nanowires were irradiated with 355 nm laser
beam at a fluence of 0.25 J/cm?, only a tip of the nanowires was melted due to the
field enhancement effect near the tip of the nanowires, and a small bead with a
diameter of 40 nm was formed at the tip of each nanowires. This phenomenon was
applied to solder the junction between the ZnO nanowires and a p-type GaN thin
film, by irradiating the junction through the GaN film with 375 nm laser beam
which is transparent for the p-type GaN thin film but opaque for the ZnO nano-
wires. As a result, the improvements of the /-V characteristics of the junction and
the increment of the UV electro-luminescence were clearly observed, demon-
strating the effectiveness of the nano soldering in fabrication of the hetero
p-n junction between the ZnO nanowires and the GaN thin film.

2.1 Introduction

Due to its wide band gap and large exciton-binding energy, ZnO has been
attracting continuous interest for the application to opto-electronic devices such as
ultra-violet (UV) emitters, sensors, TFTs, and so on. Especially, one-dimensional
ZnO nanowires are attractive due to its unique structure [1]. A variety of method
have been reported for the growth of the ZnO nanowires, including catalyst-
assisted chemical vapor deposition, hydrothermal liquid method, high pressure
laser ablation, and so on [2]. The hydrothermal method can grow the ZnO
nanowires at a relatively low temperature around 400 K, but usually their optical
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quality is poor, showing greenish fluorescence due to large oxygen-related defects
[1]. We have also succeeded in growing vertically aligned high-quality ZnO
nanowires without any catalyst by the nano-particle assisted high pressure pulsed
laser deposition [3-5].

ZnO nanowires can be used as the building blocks for UV light emitting diodes.
Unfortunately, the synthesis method of the p-Type ZnO nanowires has not been
well established and is still a challenging subject [6], while the ZnO nanowires
usually show the n-type conduction due to the defect-related states. Therefore, the
realization of the hetero p-n junction has been extensively studied, using already
existing p-type semiconductors, for instance, like p-Si [7], p-GaN [8, 9], p-type
polymer [10], and so on.

In this study, we have firstly investigated the influence of the growth temper-
ature on the direct growth of ZnO nanowires on p-type GaN film. Furthermore, we
have investigated the laser nano soldering of ZnO nanowires and the p-type GaN
thin film for the realization of the hetero p-n junction with low thermal loading.
We also investigated the structural change of the ZnO nanowires irradiated by
laser beam. The electrical and emission characteristics of the hetero junction with
the ZnO nanowires and the p-type GaN film were also investigated with and
without laser nano soldering.

2.2 Growth of ZnO Nanowires on P-GaN
Film for Hetero LED

ZnO nanowires used in this study were prepared by nanoparticles-assisted pulsed
laser deposition methods [11]. A sintered ZnO target was ablated by a KrF excimer
laser at a fluence of 4 J/cm? in a quartz furnace filled with Ar background gas. The
operational conditions are as follows: the temperature of the furnace is 1170-1270 K
and an Ar gas pressure was 35 kPa. ZnO nanowires were grown on a p-GaN film
deposited on a c-cut sapphire substrate placed in front of the target. The vertically
aligned nanocrystals were successfully grown after 20 min. deposition, as shown in
Fig. 2.1. The diameters of the crystals are in the range from 100 to 300 nm.

Fig. 2.1 SEM image
of ZnO crystals grown
on p-GaN film
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Fig. 2.2 AFM image of & ) 20000
p-GaN film heat-treated at /0%
1270 K

25000.00 0.00 [nm]

We have investigated the influence of the growth temperature on the crystal-
linity of the p-GaN film. Figure 2.2 shows an AFM image of the p-GaN surface
heat treated at 1270 K in the atmosphere. It can be seen that the surface became
rough with a root-mean-square roughness of 25 nm.

Figure 2.3 shows the XRD pattern of the p-GaN film heat treated at 1270 K. At
a temperature lower than 1170 K, only the diffraction peaks from (002) and (004)
planes were observed other than that from the sapphire substrate. As can be seen in
Fig. 2.3, however, a new diffraction peak was observed from the p-GaN film heat
treated at 1270 K, as indicated by the arrow in Fig. 2.3. These observations sug-
gest that the p-GaN film is damaged during the growth of the ZnO nanocrystals by
NAPLD, where the process temperature of more than 1170 K is required to obtain
good crystallinity.

Next, we have fabricated the LED structure, in order to evaluate the electrical
properties on the hetero p-n junction between p-GaN film and ZnO nanowires. For
the purpose, the spin on glass was coated on p-GaN film by spin coating as shown
in Fig. 2.4, in order to isolate the p-GaN film from the electrode on the ZnO
nanowires. The measured /-V characteristics using the ZnO nanowires grown at
1170 K are shown in Fig. 2.5 along with the CCD image of the emission shown in
the inset. A rectifying characteristics was obtained with a forward threshold
voltage of 6 V and a reverse breakdown voltage of about 20 V, and the emission
can be seen by naked eyes with a bright spot of about 5 mm in diameter.

2.3 Laser Nano-Soldering

As described in the previous section, the direct growth of ZnO nanowires on
p-GaN films causes the damage in the p-GaN film. In order to solve this problem,
we have investigated the possibility for joining the ZnO nanowires and the p-GaN
films by the laser irradiation on the interface between them with low thermal
loading. Prior to the nano joining, the interaction of the ZnO nanowires and the
laser beam was investigated. ZnO nanowires on a sapphire substrate were irradi-
ated by the third harmonics of a Q-switched Nd:YAG laser. The laser beam was
irradiated in parallel to the nanowires from the top surface of the substrate.
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Fig. 2.3 XRD pattern of
p-GaN film heat treated

at 1270 K. The new
diffraction peak indicated by
the arrow appears after heat
treatment, indication the
damage of p-GaN film

Fig. 2.4 Schematic image of
LED

Fig. 2.5 Measured
1-V characteristics
and CCD image
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The SEM images of ZnO nanowires irradiated with different irradiation fluences of
0.25 J/cmz, 0.38 J/cmz, and 0.72 J/cm? are shown in Fig. 2.6a, b and c. When
irradiation fluence was 0.25 J/cmz, a small bead with a diameter of 40 nm was
observed at the tip of each nanowire. The magnified SEM image of the tips is
shown in the inset of Fig. 2.6a. This indicates that only a tip of the nanowires was
melted and a small bead was formed by the re-solidification. When the influence
was increased to 0.38 J/cm?, the melting zone was extended to an entire region of
the nanowires and the structure of the nanowires was almost disappeared. When
irradiation fluence is further increased up to 0.72 J/cm?, the nanowires completely
have melted and a net-like structure was formed by re-solidification.
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Fig. 2.6 SEM images of ZnO nanowires irradiated with different irradiation fluences of
(a) 0.25 J/cm?, (b) 0.38 J/em? and (c) 0.72 J/em?. The inset of Fig. 2.6(a) is a image magnified of
the tip of nanowires

In order to understand the formation of the bead at the tip of nanowires with a
lower fluence of 0.25 J/cmz, the intensity distribution of the laser beam near the tip
of a nanowire was simulated with a three-dimensional electromagnetic field
simulator. Figure 2.7 shows that intensity distribution of the laser beam near the
tip of nanowires, where the top surface of a nanowire is perpendicular to the laser
beam. It is clearly observed that the intensity distribution of laser beam was
enhanced at the nanowire tip by a factor of two. For the sake of the near field
effect, only the tip of nanowires could be melted.

In order to examine the crystallinity of the re-solidified beads, the nanowire was
observed with a transmission electron microscope (TEM). Figure 2.8 shows an
electron beam diffraction images of a re-solidified bead and a nonmelting part of
the same nanowire. The same diffraction pattern was observed for both parts of the
bead and the nanowires after laser irradiation. It was confirmed that the re-solid-
ified beads were single crystal.

Fig. 2.7 Electric field
distribution around
laser-irradiated ZnO
nanowire simulated by HFFS
code

Zn0O nanowire
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Fig. 2.8 Site selected diffraction images observed by TEM, (a) for the resolidified head after
laser irradiate. (b) for original nanowire

The phenomenon that only the tip of the nanowires can be melted with proper
irradiation fluence was applied to the nano soldering between the ZnO nanowires
and a p-type GaN thin film. Figure 2.9 shows an experimental arrangement for the
laser nano soldering. ZnO nanowires were mechanically contacted onto the GaN
film and a laser beam for the soldering was irradiated through the GaN film on the
sapphire substrate. For this purpose, the selection of the laser wavelength is very
important. Figure 2.10 shows relative transmission spectra of the p-type GaN thin
film and the ZnO nanowires on a sapphire substrate. The p-type GaN thin film has
an absorption band below 370 nm. On the other hand, the ZnO nanowires have an
absorption band below 390 nm. Since the sapphire substrate is transparent down to
200 nm, the transmission spectra reflected those of the p-type GaN and the ZnO
nanowires. Therefore, when the laser beam at a wavelength of 375 nm is irradiated
through the p-type GaN film, the laser beam can be absorbed at the tip of the ZnO
nanowires contacted with the p-type GaN film. In the following experiment, the

Fig. 2.9 Experimental
arrangement for the laser Ti:Sapphire 3756m

nano soldering )

Au

ZnO nanowire array

Al,05(0001) substrate
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laser beam at a wavelength of 375 nm was used for the nano soldering, that was
generated by the second harmonic of a Q-switched Ti:sapphire laser.

The I-V characteristics through the junction between the ZnO nanowires and
the p-type GaN thin film were investigated before and after the laser soldering, as
summarized in Fig. 2.11. In both cases, rectification characteristics were observed.
After soldering, the threshold voltage was reduced from 6 to 3 V and the forward
current was increased by a factor of 1.2 at a bias voltage of 30 V. At the same
time, the electroluminescence form the junction was increased after the soldering,
as shown in Fig. 2.12a and b, which shows the CCD images of the electrolumi-
nescence from the junction before and after the soldering.
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Fig. 2.12 CCD images the electro-luminescence from the junction (a) before and (b) after the
soldering

2.4 Conclusion

The interaction between the ZnO nanowires and the laser beam has been inves-
tigated for the nano soldering between ZnO nanowires and p-type GaN thin film
for the fabrication of hetero LED. When the ZnO nanowires were irradiated with a
355 nm laser beam at a fluence of 0.25 J/cm? only a tip of the nanowires was
melted and a small bead with a diameter of 40 nm was formed at the tip of each
nanowires. This phenomenon can be understood as a result of the near-field effect,
based on a full-wave electro-magnetic simulation code. This phenomenon was
applied to solder the junction between the ZnO nanowires and p-type GaN thin
film, by irradiating the junction through the GaN film with 375 nm laser beam
which is transparent for the p-type GaN thin film but opaque for the ZnO nano-
wires. As a result, the improvements in I-V characteristics of the junction and the
intensity of the UV electroluminescence were clearly observed, demonstrating the
effectiveness of the nano soldering.

This work was supported in part by a Grant-in-Aid for Scientific Research from
the Japan Society of Promotion of Science (No. 24656053) and Special Coordi-
nation Funds for Promoting Science and Technology from Japan Science and
Technology Agency. We also would like to thank Research Laboratory for High
Voltage Electron Microscopy, Kyushu University for TEM observation.
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Chapter 3
Photoluminescence Processes in ZnO Thin
Films and Quantum Structures

L. M. Kukreja and P. Misra

Abstract ZnO, a well-known direct and wide bandgap semiconductor is found to
show intricate photoluminescence (PL) spectra in thin films and quantum struc-
tures such as quantum wells and quantum dots (QDs). In ZnO, thin films grown on
sapphire substrates using pulsed laser deposition (PLD) an intense PL in the UV
region at about 3.35 eV was observed, which corresponded to near band-edge
emission due to the excitonic recombinations. The deep level emission in the
visible spectral region of 2-3 eV, which is found to be due to off stoichiometry of
the ZnO films, i.e., oxygen vacancies, zinc interstitial, and other structural defects,
was almost negligible compared to the near band-edge emission. The strong near
band-edge emission in UV spectral region was found to have fine structures
consisting of various peaks mainly due to donor and acceptor bound excitons and
their phonon replicas, which changed their position and intensity with temperature.
In ZnO/Mg,Zn,_,O multi-quantum wells (MQWs) with well layer thickness in the
range of ~4 to 1 nm on (0001) sapphire substrates also grown using PLD under
the optimized conditions, we observed size-dependent blue shift in ZnO bandgap
due to the quantum confinement effect. The PL spectra of these ZnO MQWs
recorded at 10 K showed that line width of the PL peaks increased with decreasing
well layer thickness, which was attributed to fluctuations in the well layer thick-
ness. The temperature-dependent PL peak positions for the MQWs were found to
shift gradually toward red end of the spectrum with increase in temperature up to
300 K due to the temperature-dependent thermal expansion/dilation of the lattice
and carrier-phonon scattering. This dependance was found to be consistent with
the well-known Varshni’s empirical relation. Ensembles of alumina capped ZnO
quantum dots (ZQDs) also grown using pulsed laser deposition with mean radii
comparable to and smaller than the pertinent excitonic Bohr radius (~2.34 nm),
called ultra-small QDs showed size-dependent optical absorption edges. These
absorption spectra were found to be consistent with the strong confinement model,
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in which the confinement energy and Coulombic interaction energy of the local-
ized electron-hole pairs are taken to be significantly higher than their correlation
energy and the optical transitions are perceived to be non-excitonic in nature. In
PL spectra of such ZQDs of mean radius of ~2.3 nm at temperatures of ~6 K
and above the primary recombinations were found to be due to the surface bound
and Al donor bound electron-hole pairs. The near band-edge recombination peaks
of the PL spectra appeared at the sample temperature of ~70 K and beyond.
These peaks were found to be ~ 166 meV Stoke and/or thermally red shifted with
respect to the experimentally observed absorption edge. Almost all the PL spectra
of the ZQDs at different temperatures showed the LO and 2 LO phonon replicas of
the primary transitions, which suggests strong coupling between the recombining
charge carriers and the LO phonons. The temperature-dependent spectral positions
of the PL peaks for the ZQDs also followed the above stated Varshni’s relation
with fitting parameters close to that of the bulk ZnO. The intensity of the PL peaks
was found to follow the normal mechanism of thermal quenching which could be
fitted with the Arrhenius type of equation having activation energy of ~ 10 meV.
Temperature dependence of FWHM of the PL peaks when fitted with the Hell-
mann and O’Neill models did not result in a close match. Although one could
estimate a value of the carrier-LO phonon coupling coefficient of ~980 meV from
this fit, but this was found to be much higher than that reported earlier for the
ZQDs. These studies are expected to provide deeper insight into the basic optical
processes in ZnO thin films, quantum wells, and QDs.

3.1 Introduction

Currently, wide bandgap semiconductor ZnO and its variants are of substantial
interest for their applications in UV-blue photonic and transparent electronic
devices [1-7]. ZnO is a well-known II-VI oxide semiconductor, which is pyro-
electric, piezoelectric, piezooptic, luminescent, and good thermal conductor. It has
a direct and wide bandgap of ~3.34 eV at room temperature (RT) and hence
transparent in the visible spectral region. It has a large excitonic binding energy of
~60 meV [8] which is more than two times larger than the room temperature
thermal excitation energy of ~26 meV. Therefore excitonic transitions can be
observed in ZnO at temperatures much larger than room temperature. ZnO natu-
rally crystallizes in rugged hexagonal wurtzite structure and is nominally n-type.
The high cohesive energy of ZnO, which is ~1.89 eV makes it highly stable and
perhaps one of the most radiation hard materials among the direct bandgap
semiconductors’ family [9, 10], which ensures a long life and a high degradation
threshold of ZnO-based devices. The high melting point of ZnO (~ 1975 °C)
allows one to explore variety of heat treatments required for alloying purpose and
device formation. Moreover, ZnO is free from the oxidation problem, which can
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severely affect the device performance in the case of oxidation prone
semiconductors.

Conventionally, ZnO has been used for transparent conducting electrodes, sur-
face acoustic wave devices, varistors, oxygen sensors, green phosphor for display
devices, UV screens, and cosmetics etc. [11, 12]. The current spurt in ZnO research
is motivated to develop the futuristic robust and environment friendly technology for
the photonic devices operating in short wavelength regimes, i.e., UV-blue spectral
region such as light-emitting diode (LED), diode laser, solar blind UV photo-
detectors, transparent electronics, and magneto optical devices. These devices could
be based on ZnO epitaxial thin films and/or quantum structures of different
dimensionality [1, 2, 5, 13]. The observation of stimulated emission and laser
oscillations at RT at a low threshold of optical pumping in high-quality ZnO thin
films grown on sapphire substrates indicated that the exciton related-transitions at
room temperature could be utilized for optoelectronic and nonlinear optical devices
[14]. The size-dependent quantum confinement effects in ZnO quantum structures
also result in large oscillator strength, enhanced excitonic binding energy, tunability
of operating wavelength, and low threshold of lasing [15, 16].

The excitonic transitions are very sensitive to the crystalline quality of the
material and therefore growth of thin films and nanostructures with high crystalline
quality and stoichiometry are crucial to observe an efficient and stable light
emission in the UV-blue spectral region due to recombination of free excitons [17].
Since optoelectronic devices such as light-emitting diodes and laser diodes are
based on the fundamental processes of emission, it is imperative to study the
optical emission characteristics of high-quality ZnO thin films and low dimen-
sional structures in detail.

In the following sections, we discuss the basics of various photoluminescence
(PL) processes occurring in ZnO in general such as recombination of free and
bound excitons, LO phonon-assisted recombination of excitons, deep level tran-
sitions and effect of quantum confinement on the PL processes in ZnO. The details
about the experimental setup used for the PL spectroscopy of ZnO will be pre-
sented. This will be followed by a detailed discussion on the results of our studies
on the PL spectroscopy of ZnO thin films, quantum well, and dots. Various
existing theoretical models have been applied to understand the experimental
observations and those will also be presented and discussed in this chapter.

3.2 Fundamentals of Photoluminescence Processes in ZnO

In direct bandgap semiconductors like ZnO, the emission of photon results due to a
process reverse of the absorption [18]. The photons of the incoming light beam are
absorbed in the semiconductor material to produce free electrons and holes in the
conduction and valence band, respectively, which result in the formation of free
excitons. Under equilibrium conditions, excitons make transition to an empty
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ground state and emit electromagnetic radiation of photon energy equal to the
bandgap. This process is commonly known as PL. The energy distribution of
photon (PL) is measured to determine properties of the material, including defect
species, defect concentrations, possible stimulated emission [18], etc. In intrinsic
ZnO, the near band-edge PL process is dominated by excitonic recombination and
their longitudinal optical (LO) phonon-assisted transitions. To understand the PL
processes in ZnO, it is imperative to discuss the physics of excitons in ZnO and
their recombination dynamics. In the following sections, we will give a brief
introduction to the ZnO band structure, free and bound excitons and their phonon
replicas, deep level transitions, and effect of quantum confinement on the PL
processes in ZnO thin films.

3.2.1 Band Structure and Excitons

Since ZnO is a direct bandgap (~ 3.3 eV at room temperature) semiconductor, the
maxima of valence band and the minima of conduction band in ZnO lie at the same
point in the Brillouin zone, namely at K = 0, i.e., at the I'-point. The ZnO con-
duction band (CB) is mainly constructed from the empty 4 s states of Zn*? ions
and has I'; symmetry. The valence band (VB) in ZnO originates from the occupied
2p orbitals of O~ ions and is split into three doubly degenerated bands due to the
influence of crystal-field and spin—orbit interactions [3, 14, 15]. A schematic of the
ZnO band structure is shown in Fig. 3.1a, b. The three valence bands are labeled
from top to bottom suffixes A, B, and C, respectively. The top valence band A has
I'; symmetry while the two lower bands B and C have I'g and I'; symmetries,
respectively [3, 14]. The splitting of the A and B valence bands and B and C
valence bands are of the order of ~6 and ~38 meV, respectively [2, 8, 19, 20].
The transitions from the two upper valence bands VB, (I'7) and VB (I'g) to the
conduction band CB (I';) are allowed only for the light polarized in the orientation
E 1 c and the transitions from the CB (I'7) to VB¢ (I';) is allowed only for the light
polarized in the orientation E//c [2, 20]. These transitions are explicitly shown in
Fig. 3.1a. The effective electron mass m; has value ~(0.28 £ 0.02) mg and is
almost isotropic [21]. The effective hole masses for the A and B valence bands are
also isotropic and have similar value of mj(L,//),z = 0.59 mg, while for C
valence bands the effective hole mass has typical value of mj//c = 0.31m¢ and
mj Lc = 0.55mq [20].

Generally in high-quality ZnO crystals and epitaxial thin films and at low
excitation density, the electrons and holes generated by the absorption of a photon
of suitable energy can pair due to Coulombic attraction to form an exciton [18, 21].
This electron-hole system coupled through Coulumbic interaction is known as free
exciton. The energy of the free excitons can be calculated by introducing
Coulumbic interaction term in the Schrodinger equation and is expressed as
[18, 21]:
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where 7 is an integer and represents different energy states of the excitons and m;
is the reduced mass of exciton, which can be given by the following relation:
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where m} and mj are the effective masses of electron and hole, respectively. The
reduced mass of free exciton is always lower than that of the effective mass of free
electron or free hole.

The exciton energy levels E, are defined with respect to conduction band-edge
and the bottom of the conduction band is treated as continuum (n = c0). A
schematic representation of the free exciton energy levels corresponding to dif-
ferent n and with respect to the E~K diagram is shown in Fig. 3.1b by dotted lines.
The separation E.y (n = o0) — Eox (n = 1) is equal to the binding energy (Ejp) of
free exciton [18]. The binding energy of exciton is the measure of its stability
against temperature. At sufficiently high temperatures, with corresponding thermal
energy larger than that of the free exciton binding energy, the excitons dissociate
into free electrons and holes.
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The free exciton as a pair of opposite charges is free to move in the crystal and
hence posses kinetic energy. The kinetic energy of the free excitons can be rep-
resented as [18, 21]:

K2

Ee==——
K7 2(my + my)

(3.3)
where K is the exciton wavevector associated with the motion of centre of gravity
of excitons. The total energy of exciton including the kinetic energy can be rep-
resented as:

E
Eex = E, — n—f + Ee (3.4)

where E, is the bandgap of the material. Addition of kinetic energy to the exciton
energy results in the broadening of excitonic energy levels [18, 21].

The formation of excitons usually appears as narrow peak in the absorption of
the direct bandgap semiconductors at photon energies [18, 21]:

h = E, — Eg(12) (3.5)

where Ep is the binding energy of free excitons. Similarly the excitons generated
during the optical absorption process recombine, emitting a narrow spectral line at
a photon energy given by Eq. 3.5. Since excitons can have series of excited states,
hence free excitonic absorption or emission spectra consist of series of narrow
lines or peaks occurring at values given by Eq. 3.5. However, the intensity of the
higher order peaks decreases rapidly with increasing n [19]. The excitonic
absorption and luminescence in semiconductors are governed by the fact that
creation or annihilation of exciton is possible only close to K = 0, i.e., at zone
center due to negligible momentum of involved photon, hence at K = 0 it is very
pronounced transition which broadens with temperature. Due to delta function like
density of states and narrow spectral width the excitonic recombination is of
particular importance for the laser diode applications [19].

Besides free excitons, excitons bound to shallow impurities play an important
role for the optical properties close to the band-edge of ZnO at low temperatures
[18, 21]. A free exciton can combine with the impurity or defects to form bound
exciton. For example, a free exciton can combine with a donor or acceptor
impurities (neutral or ionized) to form a donor or acceptor like bound excitons.
The binding energy of the bound exciton is much smaller than that of the free
exciton; therefore, they are observed at very low temperatures. Both the free and
the bound excitons may occur simultaneously in the semiconductor and can be
differentiated by their energy positions and line widths [18, 21]. The energy level
of the bound exciton is below the free exciton energy by an amount equal to the
binding energy of bound exciton and can be given by the following equation:

hy = Eg — EB — ED (36)
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where E,, Eg and Ep are the bandgap and binding energy of free and bound
excitons, respectively. The energy position of the bound excitons is also shown in
Fig. 3.1b. The bound excitonic transitions are characterized by extremely narrow
spectral width and are generally observed at low temperatures [18]. With
increasing temperature, the bound excitons disappear due to thermal dissociation
of excitons from the defect complexes. Like free excitons, the bound excitons can
also recombine by emission of one or more LO phonons, however the interaction
of LO phonons with bound excitons is generally very weak.

3.2.2 LO Phonon Replicas and Deep Level Transitions

In polar semiconductors such as ZnO, one of the channels of the excitonic
recombination is through mediation of optical phonons [2, 18, 21]. In ZnO with
partial ionic bonding, a long-range polarization field is created due to the vibration
of cation and anion against each other in longitudinal mode. This results in strong
scattering of LO phonons with excitons and modifies the optical recombination
and emission characteristics especially at elevated temperatures [21]. In such
cases, the excitons recombine by emission of one or more LO phonons as the LO
phonons are possible at K = 0. Hence the narrow emission spectrum of exciton is
replicated at several lower photon energies represented as [21]:

hv = E; — Eex — mE, (3.7)

where m is the number of optical phonons involved and E, is their energy. Like
free excitons, the bound excitons can also recombine by emission of one or more
LO phonons; however, the interaction of LO phonons with bound excitons is
generally very weak.

Other than band to band transitions of excitons and their phonon replicas, which
are responsible for the VU-Blue PL, there are also mid-gap PL emissions from
ZnO in the visible spectral region. These recombination processes occur due to the
formation of donor, acceptor, or other structural defect related states in ZnO
bandgap. The various downward electron transitions responsible for yellow, blue,
green, and red luminescence observed in ZnO are found to be due to (a) deep
acceptor defect levels (b) shallow Oxygen vacancy induced defect levels, (c)
Singly ionized Oxygen vacancies induced defect levels, and (d) Zn interstitials
induced defect levels. Depending on the defects and other conditions prevailing in
the sample to be investigated and the measurement parameters, PL transition
corresponding to some or all of the above-mentioned mechanisms are observed.
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3.2.3 Effect of Quantum Confinement

The quantum confinement effects in low dimensional ZnO structures modify its
optical properties significantly. A confined structure is the one, which has one or
more of its dimensions reduced to the size of confinement regime, i.e., of the order of
de Broglie wavelength, which is normally in nanometers. If the confinement occurs
in one dimension only (say z direction) and the charge carriers have free motion in
other two directions (x and y), such a structure is known as two dimensional (2D)
quantum structure or a quantum well. In practice, a quantum well consists of a low
bandgap semiconductor layer flanked by two layers of a higher bandgap semicon-
ductor of nearly similar crystal structure on either side. These layers are called the
barrier layers and are invariably thicker than the confinement layer, which is of
thickness in the nanometer regime. In this case, the motion of the charge carries is
restricted along the film thickness (z direction) due to potential barriers created by
high bandgap semiconductor layers and has two degrees of freedom.

The energy states of charge carries in semiconductor quantum structure of
different dimensionality can be calculated by solving the Schrodinger equation
with appropriate boundary conditions. The energy of charge carriers in three
dimensions is the sum of the kinetic energy due to its free motion in all the three
dimensions and can be represented with following expression in usual terms:

hZ

3D 2124 g2

ETotaI = % (kl + k_V + kz> (38)

In case of 2D quantum wells and under infinite potential well approximation,

the total energy of the electron, which is the sum of quantized energy (in confined

direction z) and the kinetic energy due to its (x, y) motion (in unconfined direc-
tions) is given as:

h2
2D 2 g2
E’ = En, + m (ky + k) (3.9)
where En, is the energy of electron in the confinement direction and can be
expressed as:

En, = % (%)2 (3.10)

where 7 is Plank’s constant, a is the size of the well in the confinement direction,
and n, is quantum number having values n, = 1, 2, 3,....

It is obvious from Eq. 3.10 that quantum confinement results in discreteness of
the energy levels, which are dependent on the size of the confinement dimension.
The energies and wave functions for the first two quantized states of a quantum well
are shown in Fig. 3.2. A blue shift in the semiconductor’s bandgap is a natural
consequence of the quantization of energy levels, which increases with decreasing
size. A similar size dependence of the energy states can also be expected for holes in
the valance band.
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If the barrier potential is finite, the wave function decays exponentially into the
barrier region and is a Sine or Cosine function in the quantum well. By matching
the wave function and its derivatives at the boundaries, the energy and wave
function can be obtained by the solution to the following set of transcendental
equations [22, 23] using usual symbols

atan?zﬂ
o (3.11)
occot? =—4

2m3E 2m3(V — E
o= 7 and ﬁ = %

V is the finite barrier height and m is the effective mass of carriers. These equations
can be solved numerically to get the energy and wave function for a 2D quantum
wells with finite barrier heights.

The size confinement also modifies the excitonic behavior discussed in
Sect. 3.2.1. The excitonic binding energy increases significantly with reducing size
of the semiconductor [21-23]. The energy states of free excitons in 2D quantum
well structures can be calculated by solving Schrédinger equation including both
Coulombic interaction between the carriers and confining potential due to the
potential barriers [21, 22], which can be expressed as:

where

Ep
(n—1)°
where Ep is the binding energy of free excitons in three dimensions (Eq. 3.10) and

n is an integer. For n = 1 the binding energy of exciton in 2D structures can be
given as:

EQ = (n>1) (3.12)

E® = 4Ep (3.13)

Hence binding energy of the exciton in two dimensions increases theoretically
~4 times the bulk value. However, experimentally it has been observed that the
binding energy varies between Ep to 3 Eg due to leakage of the electron wave

Fig. 3.2 Schematic of
energy levels and wave 1 n,=2
functions of electron in a .
quantum well w
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function in the barrier region because of finite confining potential. Quantum
confinement also modifies the excitonic Bohr radius [21]. The Bohr radius of the
exciton in two dimensions can be given as:

aZD—“SiD (3.14)
B 2 .

Hence, the exciton Bohr radius in the 2D quantum well decreases compared to
the three dimensional case. Since the relative separation of electron and hole of the
exciton reduces in nanostructured semiconductors due to spatial confinement as
compared to the three dimensional solid, the oscillator strength of the optical
transitions increases significantly in low dimensional semiconductors. However, at
sufficiently low thickness of quantum well layer, i.e., well layer thickness much
lesser than the excitonic Bohr radius, the excitons behave like bulk excitons. The
0D confinement effect on the excitons is still under intense investigation both
theoretically and experimentally. From elementary and also involved theoretical
calculations it has been established that excitonic binding energy should enhance
further with size in case of 0D structures compared to their 2D and 1D counter-
parts. However they exist at interesting size regime in which size of the QDs is
smaller than the excitonic Bohr radius. It is currently a matter of intense inves-
tigation whether the optical transitions in these ultra-small QDs are of excitonic
nature or excitons do not exist at all in such structures. Our investigations in this
area which are presented in subsequent sections below have given a clue that
possibly the optical transitions in such structures are mainly due to unbound
electron-hole pairs which are strongly confined and interacting through columbic
interaction.

3.3 Photoluminescence Spectroscopy Setup

Photoluminescence spectroscopy is a contactless, nondestructive method of
probing the electronic structure of materials and is a useful technique for the
characterization of photoemissive processes occurring in materials [18, 21, 24].
Photoluminescence spectroscopy is based upon the principle of measuring the
energy distribution of emitted photons due to radiative recombination of free
carriers or excitons after optical excitation. In direct bandgap semiconductors, the
emission of photon is a reverse process of the absorption. Figure 3.3 shows
schematic of the experimental setup for PL spectroscopy. The PL is excited with
an intense pump laser beam of photon energy greater than the bandgap of the
semiconductor sample which generates free electrons and holes in the conduction
and valence bands, respectively, or free excitons. The emitted PL is dispersed with
a high-resolution monochromator (MC1) and detected by using suitable detector
such as Charge Couple Device (CCD) or photomultiplier tube (PMT). Normally, a
PMT is used as a detector to get higher gain while CCD is used to get faster
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Fig. 3.3 Schematic of the experimental setup of PL spectroscopy

response. In-phase detection of the PL signal is performed with the help of a lock-
in amplifier and a mechanical chopper capable of chopping the laser light at
desired frequency. A long pass filter is used to block the scattered laser light.

The main strength of the PL spectroscopy technique lies in its sensitivity to detect
very weak signal, i.e., high signal-to-noise ratio, which depends on the quality of the
sample. It provides a direct measure of the optical quality of the samples and the
compositional as well as spatial homogeneity of the epitaxial layers. Its main lim-
itation is a weak or no PL signal for indirect bandgap materials. It provides only the
lowest excited state information for quantum structures and requires low tempera-
tures to suppress the luminescence from defects in case of poor quality samples.
Photoluminescence technique for semiconductor characterization has achieved
significant success and popularity partly due to the simplicity of the technique and
the no requirement of sample processing. Photoluminescence signal from a grown
structure is directly related to its optical quality needed to make the light-emitting
devices. Time-resolved PL spectroscopy provides Information about recombination
kinetics, surface recombination, and transport dynamics. Spatially resolved PL
spectroscopy is sensitive to sample inhomogeneities and transport processes. Pho-
toluminescence spectroscopy is useful in quantifying, (a) optical emission effi-
ciencies, (b) composition of the material (i.e., alloy composition), (c) impurity
content, and (d) quantum size effect etc.

3.4 Photoluminescence Spectroscopy of ZnO Thin Films

We carried out a detailed study of the PL emanating from high-quality ZnO thin
films grown on sapphire substrates in the temperature range of 10-300 K to
understand various recombination mechanisms and their relative weight on the
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light emission from ZnO. Photoluminescence processes due to recombination of
free (Fx) and bound (By) excitons and associated with the LO phonon mediated
transitions were observed and studied as a function of temperature. The results of
these studies are presented and discussed in this chapter.

The ZnO thin films, multiple quantum wells, and multilayer matrices of Alu-
mina capped ZnO quantum dots used in this study were grown on epi-polished
(0001) Sapphire substrates having rms surface roughness <0.5 nm using pulsed
laser deposition (PLD). A third harmonic Q-switched Nd:YAG laser (355 nm,
6 ns, and 10 Hz) was used at a fluence of ~2 J/cm? to ablate the ZnO target which
was prepared by palletization and sintering of its high purity (99.9995 %) powder.
The growth was carried out in high purity (99.999 %) Oxygen ambient at a partial
pressure of ~1 x 107> Torr and at a substrate temperature of ~ 750 °C. Thick-
ness of these films as measured by step profiler was ~ 500 nm. Details of the
growth process have been described elsewhere [25, 26]. Crystalline quality of the
grown films was studied using Phillips make high-resolution X-ray diffractometer
(HRXRD) with a resolution of 0.05° which revealed highly crystalline and c-axis
oriented growth [25, 26] with c-axis lattice parameter of ~5.209 A in close
agreement with the reported bulk value of 5.20661 A [27], indicating nearly strain-
free films. The full width at half maxima (FWHM) of w-rocking curve of (0002)
ZnO peak was ~0.11° which compared favorably with the value of ~0.13°
reported earlier by Ohtomo et al. [28]. The ®-scans of HRXRD revealed 30°
in-plane rotated growth of ZnO lattice on Sapphire when grown at 750 °C in
conformity to the strain free nature of the films [25, 26].

The temperature-dependent PL. measurements were carried out in the range of
10-300 K using a 20 mW He-Cd laser operating at 325 nm as an excitation
source [27]. The PL signals were recorded by a photomultiplier tube in photon
counting mode after dispersing it through a 1 m long monochromator. Figure 3.4
shows the PL spectrum from ZnO film in broad spectral energy range of 1 to 4 eV
at 10 K. A strong luminescence in the UV region at around 3.35 eV, corresponds
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Fig. 3.5 PL spectra of ZnO
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to ZnO bandgap due to excitonic recombination. It is interesting to note that the
deep level emission in the visible spectral region, which is considered to be due to
off stoichiometry, i.e., oxygen vacancies, zinc interstitial, and other structural
defects is almost negligible, indicating nearly defect free and stoichiometric
growth of ZnO on sapphire. However, the strong near band-edge emission in UV
spectral region has fine structures containing various peaks which changed their
position and intensity with temperature. To get deeper insight of the PL processes
occurring in ZnO, we have carried out the PL measurements at different temper-
atures in the broad temperature range from 10 to 300 K.

Photoluminescence spectra of a ZnO film recorded at different temperatures in
the range of 10 to 300 K are shown in Fig. 3.5. As can be seen in this figure, the PL
spectra contained various emission features, corresponding to different recombi-
nation mechanisms of excitons. To determine the individual peak positions and its
intensity within a spectrum, we reconstructed the spectrum using multiple standard
Gaussian profiles. It can be seen that at low temperatures the near band-edge
emission was dominated by radiative decay of donor bound excitons (By) that
peaked at ~3.357 eV at 10 K with a line width of ~6 meV as commonly observed
in the low temperature PL of ZnO [1, 21, 29-31]. The PL spectral feature from the
free exciton recombination (F'y) at ~3.374 eV appeared as a shoulder with intensity
almost two orders of magnitude smaller than that of the bound exciton emission. It is
also evident that the intensity of the Fy peak increases at the expense of By peak with
increase in temperature and finally disappears.

To understand the temperature dependence of the F'y and By peaks, the respective
PL peak intensities were plotted as a function of temperature which is shown in
Fig. 3.6. As seen in this figure, the By peak intensity decreases rapidly with
increasing temperature and disappears completely at ~ 130 K in the background of
Fy; however, the Fy peak intensity initially increases steadily with temperature from
10 to ~110 K and then gradually decreases up to 300 K. The rapid decrease in the
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Fig. 3.6 PL peak intensity
of bound excitons (By) and Z
free excitons (Fy) as a | a
function of temperature. The - o "
inset shows the variation of i = Bx o
the ratio (Fy/By) with 3 3 " ;o A
temperature g ] - o A

s

'Bi ™ o 2’0 Jlﬂ o) H’O HIIO Iill Iiil 160

fé * Temperature (K)

% Fx » * 1 .

- " "

- 7 - *

o * *

*
*
4 *
*
*
———T— T
0 50 100 150 200 250 300

Temperature (K)

intensity of By and monotonic increase in the intensity of Fy with temperature up to
130 K can be attributed to the enhanced thermal dissociation of bound excitons into
free excitons with increasing temperature [21, 30, 31]. Accordingly, the ratio of PL
peak intensity of F'y and By increased monotonically with increasing temperature in
the range of 10-300 K. This is explicitly shown in the inset of Fig. 3.6. The tem-
perature-dependent quenching of By and F intensity can be used to estimate their
activation energy using the following equation:

I(T) =1p/[1 + Aexp(—E,/kgT)] (3.15)

where E,, is the activation energy of the thermal quenching process, kg is Boltzman
constant, T is temperature, I, is the integrated intensity of By at 0 K, and A is a
constant.

Figure 3.7a, b shows the natural logarithm of the integrated intensity of By and
Fx as a function of 1000/7. From a fit to the experimental data as shown by solid
line in Fig. 3.7a, E, for bound exciton was estimated to be ~ 17 meV, consistent
with the binding energy obtained from the difference in the By and Fx peak
positions at 10 K and reported values of binding energy (10-20 meV) of donor-
bound exciton complexes in case of bulk ZnO [29-31]. Similarly, the binding
energy of the exciton was estimated to be ~59 meV closely matching with the
theoretical value.

In addition to the near band-edge excitonic emissions at 10 K, two other weak
features in the PL spectrum shown in Fig. 3.5 are at ~3.284 and ~3.214 eV.
These peaks are ~72 and 144 meV away, respectively, from the By peak as can be
seen in Fig. 3.5. These approximately equidistant PL features could be attributed
to the 1 and 2-LO phonon-mediated recombination of the bound excitons [21] and
are represented by B'x and By, respectively. However, the PL peak intensities of
B'x and B”x quenched more rapidly with temperature compared to that of the By
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and they disappeared at ~70 K. The broad emission feature at ~3.32 eV located
between the bound exciton emission and its 1-LO phonon replica at 10 K which
quenched rapidly with temperature and disappeared at ~50 K, has been attributed
to the recombination arising from the donor-to-acceptor pair transitions [27, 30,
32]. However with increasing temperature beyond 50 K, two other PL peaks due
to 1 and 2 LO phonon-mediated recombination of free excitons represented by F'x
and F"'x, respectively appeared. The intensity of these PL peaks increased grad-
ually relative to Fy with increasing temperature as seen in Fig. 3.5.

Figure 3.8 shows the variation of the ratio of the PL peak intensity of F'y and
Fyx. It can be seen that this ratio increases monotonically close to unit with
increasing temperature up to RT.

At RT, the dominant transitions were found to be due to Fy and F”x. The line
width of the Fx at RT was found to be ~93 meV which is lower than the reported
value of ~ 117 meV for ZnO grown on Sapphire by MBE [33] and ~ 120 meV by
MOCVD [34]. The deep level emission in ZnO, which has been attributed to the
crystal defects [35] such as oxygen vacancies, zinc interstitials, and oxygen anti-
sites was negligible in our case, both at low and room temperatures. Narrow width
of the free excitonic PL peak at RT along with the negligible deep level emissions
are clear indications of high structural and optical qualities of the ZnO films grown
by PLD.
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Temperature dependence of the spectral position of various PL peaks from the
ZnO film is shown in Fig. 3.9. It can be seen that peaks corresponding to By and
Fx and their associated phonon replicas are monotonically red shifted with
increasing temperature at different rates. The shift in the exciton energy essentially
results from the bandgap shrinkag and thermal dissociation of bound excitons
assuming that exciton binding energy is independent of temperature. The depen-
dence of the bandgap on temperature can be explained using the well-known
Varshni’s empirical relationship [27] as follows:

oT?

(3.16)
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where E(0) is the bandgap of the material at 0 K, « and f are the fitting parameters,
and f is related to the Debye temperature 0p. If we assume binding energy of the
exciton to be independent of temperature, then the same Eq. 3.16 can be used to
explain the temperature-dependence of energy state of the free excitons. The best
fit to the experimental data for the F, peak of ZnO film, as shown by the solid lines
in Fig. 3.9 was obtained for « =82 x 107*eV/K and S = 1070 K and
E©) ~ 3.38 eV [28].

However, the By peak position is red shifted gradually with temperature
compared to Fy and hence the separation (Fx—By) reduced from ~17 to
~ 11 meV with increasing temperature from 10 to 130 K. The observed decrease
in the separation (Fx—By) with temperature can be explained considering the
excitonic fine structure in bulk single crystals of ZnO [36]. According to this
finding, the emission band due to recombination of bound excitons in bulk ZnO is
composed of many closely spaced transitions associated with various uninten-
tionally introduced donors and/or donor like defects. The relative intensities of
these emission peaks depend upon the temperature and nature of defects [37]. We
suggest that with increase in temperature from 10 to 130 K the bound excitons at
10 K with activation energy of ~ 17 meV dissociate and transform into bound
excitons associated with shallow donor defects. This leads to the successive
population of shallow donor bound exciton states with comparatively less binding
energy as the temperature is increased. Therefore, a decrease in the separation
(Fx—Bx) with increasing temperature is observed. The observed values of the
separation (Fx—By) at different temperatures in the range of 10-130 K are in good
agreement with the reported values of binding energies of donor bound exciton
complexes which lie in the range of ~10-20 meV [30, 36].

The energy separation between the PL peaks Fx and it’s LO phonon replica F',
which is the characteristic energy of the LO phonon in ZnO (~72 meV) showed
an unusual temperature dependence. It can be seen from Fig. 3.9 that the PL
energy position of F'y (first phonon replica of F) show much stronger temperature
dependence than F"’x (second phonon replica of Fyx) and Fy in the range of
50-300 K and the separation between the Fx and F'x, i.e., (Fx-F'x) was found to
decrease more rapidly than the separation between the Fy and F'', i.e., (Fx—F"x).
The strong temperature dependence of energy separation between the Fy and its
LO phonon replicas could be attributed to following two mechanisms (i) shift in
the energy of phonon with either temperature [38] and/or stress [39] and (ii) due to
the increase in kinetic energy of the free excitons with temperature [21].

The phonon energy in solids is known to decreases with increasing temperature
due to thermal expansion of the lattice and can contribute to the observed tem-
perature dependence of the energy separations in the present case [38]. The change
in the energy of the LO phonons in ZnO films with increasing temperature up to
RT was calculated using the formulation of Alim et al. [38] taking into account the
thermal expansion and anharmonic coupling effects. All the required parameters
were taken from the same Ref. [28]. The estimated shift of LO phonon energy due
to change in the temperature from 10 to 300 K was as small as ~1.7 meV and
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hence inadequate to explain the observed temperature dependence of energy
separation. Similarly the change in the LO phonon energy in ZnO film due to
residual strain is also negligible as the HRXRD measurements revealed nearly
strain free ZnO films on sapphire.

The other possible factor responsible for the observed behavior is the exciton-
phonon coupling mechanism. According to the paradigms of Permogorov’s [40]
and Klingshirn [21], which deal with the asymmetric spectral shape of the phonon-
assisted luminescence in polar semiconductors taking into account the kinetic
energy of the free excitons, a general relationship for the energies of the emission
lines involving phonons and excitons could be written as:

F;ZFx—ntho—i-AE (317)

where F% is the energy position of the spectral peak corresponding to the nth
phonon replica, Fy is the free exciton energy at K = 0, & is the Planck’s constant,
and wy g is the LO phonon energy which is ~72 meV. The term AFE is related to
the kinetic energy of the gas like free excitons in the crystal [21]. Since the
excitons with kinetic energy AE move away from K = 0 in E-K space, therefore
they require mediation of phonons of suitable energy and momentum to recom-
bine. The transition probability of excitons with kinetic energy AE is proportional
to (AE)" where L is an integer and hence the kinetic energy of excitons can be
approximated to (L 4+ 1/2)KT where the integer L is O or 1 [21]. Therefore the
energy separation between the free exciton peak and its nth LO phonon replica can
be represented in terms of usual and predefined symbols as:

Fy = Fx — nhoro + (L+%>KT (3.18)

The best fit to the observed temperature dependence of the energy position of
F'x peak was obtained for L = 1 resulting in a slope of ~—3/2 KT, which is
shown by the dashed line in Fig. 3.9. For F"’x, a reasonable fitting of the experi-
mental data, as shown by the dotted line in Fig. 3.9, was obtained for L = 0
indicating that the transition probability was independent of the excitonic kinetic
energy in this case. The insignificant variation with temperature in the energy of
B'x and By compared to that of F'x and F”x seen in Fig. 3.9 indicates that there is
a significant difference in the scattering mechanisms between free excitons—
phonons and bound excitons—phonons.

3.5 Photoluminescence Processes in ZnO Quantum Wells

Research and studies on ZnO quantum wells is important for the development of
next generation nanophotonic and electronic devices [41, 42]. In general, quantum
structures exhibit fascinating size-dependent physical properties such as large
oscillator strength of optical transitions, enhanced excitonic binding
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energy, tunability of operating wavelength, very low threshold of lasing, and
quantum transport properties. The ZnO quantum structures are also ideal systems
for studying the effect of dimensionality on the excitonic recombination mecha-
nisms. The nonlinear optical response such as third-order nonlinear susceptibility
can be enhanced significantly in ZnO nanostructures compared to that of bulk due
to confinement effects [2].

We carried out studies on the PL processes in one dimensional confined
structure of ZnO such as multiple quantum wells (MQWs), which are important for
the development of modern optoelectronic devices based on quantum confinement
effects. Since the excitonic Bohr radius for ZnO is ~2.1 nm, the size-dependent
quantum confinement effects in ZnO nanostructures can be observed only if the
size of structures is less than ~4.2 nm. We have accomplished the growth of high-
quality ZnO/Mg,Zn;_,O MQWs with well layer thickness in the range of ~4 to
1 nm on (0001) on sapphire substrates by using PLD under optimized conditions
and observed size-dependent blue shift in ZnO bandgap due to the quantum
confinement effect. To the best of our knowledge, we have observed for the first
time, efficient luminescence at room temperature (RT) from these MQWs grown
on sapphire substrates [43].

Growth of ZnO multiple quantum wells was carried out on sapphire substrates
using pulsed laser deposition technique. It is well known that the ZnO/Mg,Zn,_,O
hetero interfaces are stable below 650 °C [44]. However the high crystalline
quality of ZnO and its alloys can be achieved at high growth temperature of
750 °C and above due to 30° rotated growth with respect to sapphire through
domain epitaxy as discussed in Refs. [26, 27, 45]. To accomplish these contra-
dictory growth requirements, we evolved a buffer-assisted growth methodology
[26] wherein a ZnO buffer layer of ~50 nm thickness was first grown on Sapphire
substrate at 750 °C and the subsequent growth of barrier and well layers was
carried out on this ZnO template at a lower temperature of ~600 °C. This ensured
a high crystalline quality of the barrier and well layers along with the physically
and chemically sharp interfaces. Ternary alloy Mg 34Zn ¢¢O film with bandgap of
~4.1 eV at room temperature was deposited using sintered pellet of MgZnO as
barrier layer. Depositions were carried out at a laser fluence of ~0.6 J/cm? by
sequentially ablating the ZnO and MgZnO targets mounted on a multi-target
carousal in the PLD chamber. The growth chamber was initially evacuated to a
base pressure of ~1 x 1077 Torr using a Turbo Molecular Pump and depositions
were carried out in high purity (99.9995 %). Oxygen ambient at a partial pressure
of ~1 x 107> Torr. The typical growth rate at this fluence, which was measured
in separate experiments, was found to be ~0.1 nm/s for ZnO and ~0.08 nm/s for
MgZnO targets, respectively. These growth rates were subsequently used to
determine the barrier and well layer thicknesses. Ten periods of ZnO/Mg,Zn;_,O
layers were grown with a constant Mg,Zn;_,O barrier layer thickness of ~8 nm
and variable thickness of ZnO well layer in the range of ~1 to 4 nm in separate
MQWSs. The schematic of the ZnO MQWs grown by us is shown in Fig. 3.10. The
Mg concentration in the Mg, Zn;_,O barrier layer was found to be ~ 34 % using
Energy Depressive X-ray Analysis.
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The optical properties of the ZnO multiple quantum wells were studied using an
absorption photo-spectrometer (SHMADZU, UV-3101PC) at room temperature
and temperature dependent PL spectroscopy. For PL measurements a 5 mW
He-Cd laser operating at 325 nm was used as an excitation source and the
resulting luminescence was collected through a ¥4 m monochromator with a band
pass of ~0.5 nm in the temperature range of 10 K to RT.

All the MQW samples appeared highly transparent and shining to the naked
eyes with an average transmission ~80 % in the visible spectral region.
Figure 3.11 shows the room temperature optical absorption spectra of these
MQWs in the photon energy range of ~2 to 5eV. Absorption spectra of
~200 nm thick ZnO and MgZnO thin films directly grown on Sapphire substrate
are also shown in the same figure for reference. The latter two spectra show the
band-edge of ZnO and Mgy 34Zng O bulk at ~3.3 and 4.1 eV, respectively,
along with conspicuous excitonic humps. It can be seen from Fig. 3.11 that each
absorption spectrum of the MQWs consists of three well resolved features. The
broad shoulder at ~3.3 eV obviously corresponds to the ZnO buffer layer grown
prior to every multiple quantum wells. The shoulder at ~4.1 eV corresponds to
the absorption due to Mg 34Zng 66O barrier layers. It is noteworthy here that the
constant position of the absorption edge corresponding to the barrier layers of
Mg34Znp 660 in all the MQW samples is indicative of negligibly small inter-
diffusion of chemical species at the ZnO/Mg 34Zng6cO interfaces. The central
peak in these absorption spectra is found to correspond to the n = 1 excitonic
transition of the ZnO quantum wells. It can be seen that this peak undergoes
monotonic blue shift with decreasing well layer thickness from ~4 to 1 nm as
expected from the size-dependent quantum confinement effect. The band-edge of
Zn0O/Mg 34Zn¢ 660 MQWs at different well layer thicknesses was estimated from
their first derivative absorption spectra. The first derivatives of the absorption
spectra of the ZnO MQws with different well layer thicknesses are shown in the
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inset of Fig. 3.11. The spectra show clear peaks corresponding to the n = 1
excitonic transitions, which shift toward shorter wavelength on decreasing the well
layer thickness. The bandgap energy of the MQWs of different well layer thick-
nesses can be obtained from the peak positions in the corresponding first derivative
absorbance spectrum.

The PL spectroscopy of ZnO MQWs of different well layer thickness was
carried out at different temperatures in the range of 10-300 K to study the optical
emission processes in ZnO MQWs. A 5 mW He—Cd laser operating at 325 nm was
used as an excitation source. The sample was kept in a close cycle optical cryostat
for temperature-dependent measurements. The PL signal was collected through a
Y4 m monochromator with a band pass of ~0.5 nm and was detected by a pho-
tomultiplier tube.

Figure 3.12 shows 10 K PL spectra of ZnO MQWs grown on sapphire with
different well layer thickness along with 200 nm thick ZnO layer. The PL from
Mg, Zn;_,O barrier layers and 1 nm thick ZnO MQW could not be observed because
their bandgap which was estimated to be ~4.1 and 3.8 eV, respectively, at room
temperature from their absorption spectra exceeded the energy of the excitation
photons from the He-Cd laser. A weak PL from the underlying ZnO buffer layer was
indeed observed at ~3.37 eV in each sample but not shown in the graph. It can be
seen that as the well layer thickness was decreased from ~4 to 1.5 nm the PL peak
shifted from ~3.41 to ~3.78 eV in line with size-dependent quantum confine
effects. It can also be seen that the line width of the PL peaks increases with
decreasing well layer thickness. The broadening of PL peak with decreasing well
layer thickness was attributed to fluctuations in well layer thickness within the
MQW structures, which increased as the well layer thickness was decreased.

To measure the PL spectra of ZnO MQWs having well layer thickness less that
1.5 nm, we have used an ArF excimer laser operating at 193 nm. Figure 3.13
shows the 10 K PL spectra of ZnO MQW having well layer thickness 1, 1.2, and
1.8 nm respectively [45]. The 1.2 and 1.8 nm thick MQWSs were also grown by us
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but not included in absorption spectra shown in Fig. 3.11 for the sake of clarity in
the graph. It can be seen from Figs. 3.12 and 3.13 that bandgap of ZnO MQWs
shifts toward blue with decreasing well layer thickness up to 1 nm due to quantum
confinement effect.

The dependence of bandgap on the well layer thickness of ZnO MQWs is
explicitly shown in Fig. 3.14, wherein the bandgap values obtained from 10 K PL
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Fig. 3.13 10 K PL from ZnO MQWs with well layer thicknesses down to 1 nm



3 Photoluminescence Processes in ZnO Thin Films
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spectra of different MQWs excited using either He—Cd or ArF lasers are plotted as
a function of active layer thickness. To understand this dependence, we calculated
the QW bandgap at different well layer thicknesses at 10 K by solving the time-
independent Schrodinger equation using finite square potential well approximation
as discussed in previous Sect. 3.2.3. The binding energy of excitons was assumed
to be constant with respect to temperature and well layer thickness. The calculated
values are shown by the continuous curve in Fig. 3.14, which shows a reasonable
agreement with the experimental values obtained from PL measurements.

Fig. 3.15 PL spectra of ZnO
MQWs at a constant well
layer thickness ~2.5 nm at
four different temperatures up
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The temperature dependence of PL spectra from ZnO MQWs with a particular
well layer thickness of ~2.5 nm is shown in Fig. 3.15 for four different temper-
atures down to RT. It can be seen that the PL peak position shifts toward red and
its line width increases gradually with increase in temperature up to RT. The
temperature dependence of the FWHM of the excitonic emission peak for a 2.5 nm
thick ZnO MQW is shown in Fig. 3.16. It can be seen from Fig. 3.16 that the line
width of the PL peak increases gradually up to ~ 120 K and then exponentially up
to RT. The temperature-dependent broadening of the PL peak has been interpreted
in terms exciton-phonon scattering in different temperature regimes using theo-
retical formulation developed by Hellmann et al. [46] and O’Neill et al. [47],
which is as follows:

I'o

(T) = iy + 90T + ——0
( ) h /ph exp(}%)_l

(3.19)
where hwy ¢ is the LO phonon energy, I';,, is the inhomogeneous line width at 0 K,
Vph 18 the coupling strength of exciton-acoustic phonon interaction [46], I'; ¢ is the
parameter related to the strength of exciton-LO phonon coupling [47], and exp
[(heopo/kT)—1]"" is the population of LO phonons of energy hwy o at temperature
T. The dotted line in Fig. 3.16 shows the fitted result based on the O’Neill and
Hellmann formulations. The best fit was obtained for the parameter values of
I'iph = 39 meV, I'tp = 450 meV and yp, = 160 peV/K. As explained through
the Hellmann’s formulation [46], the gradual increase of the line width in the low
temperature regime up to ~ 120 K is attributed to the exciton scattering with the
acoustic phonons while the exponential rise at higher temperatures to that with the
LO phonons [46]. Because the temperature dependence of the line width in the
present case could be explained using O’Neill and Hellmann formulations, meant
exclusively for the excitonic transitions, it indicates that all the PL transitions
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observed in MQWs of different well layer thicknesses up to RT were excitonic in
nature [46, 47].

The temperature-dependent PL peak positions for the MQWs with three dif-
ferent active layer thicknesses along with that of ~200 nm thick ZnO film are
shown in Fig. 3.17. The PL peak positions were found to shift gradually toward
red with increase in temperature up to 300 K. The red shift in the semiconductor
bandgap with temperature results from the temperature-dependent thermal
expansion/dilation of lattice and carrier-phonon scattering. The variation of the
bandgap of ZnO MQWs with temperature was studied using Varshni’s empirical
relation [48] discussed in Eq. 3.16. The best fit to the experimental data for dif-
ferent MQWs, as shown by the solid lines in Fig. 3.17, were obtained for
o =282 x 107*eV/K and § = 1070 K where o and f are the fitting parameters
[49]. It can be seen from Fig. 3.17 that the MQWs with different well layer
thicknesses and 200 nm thick ZnO film show similar functional form of the
temperature dependence. The fact that all the MQW:s followed the same functional
form of the temperature dependence of bandgap, which also matched with that of
the 200 nm thick ZnO film, indicates that the strain effects are minimal in these
MQWs [50]. The negligible strain effects in these MQWs can be attributed to our
optimized high temperature buffer assisted growth scheme which provided 30°
in-plane rotated, highly crystalline, smooth, and relaxed ZnO template layers even
on the mismatched sapphire substrate [26] for the growth of ZnO quantum
structures. The successive low temperature growth of ZnO MQWs over this high
temperature grown template layer not only ensured chemically and physically
sharp interfaces and smooth surfaces of multilayer structures but also the high
structural characteristics.

The room temperature PL spectra of the ZnO MQWs with different well layer
thicknesses down to ~ 2 and about 200 nm thick ZnO film are shown in Fig. 3.18.
The PL peak intensity for the ZnO MQWs with active layer thickness bellow 2 nm
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was negligibly small at RT and hence could not be recorded with the present PL
setup. A feeble PL from the underlying ZnO buffer layer was observed (not shown
in the figure) at ~3.3 eV in each sample. It can be seen in Fig. 3.18 that as the
well layer thickness was decreased from ~4 to 2 nm, the PL peak shifted from
~3.36 to 3.52 eV in line with size-dependent quantum confinement effects.
Although there are some reports on the observation of room temperature PL from
ZnO MQW:s but in these reports lattice match ScMgAlO, substrates were used
instead of sapphire. To the best of our knowledge, this is for the first time that
efficient PL has been observed at room temperature from ZnO MQWs grown on
commonly used sapphire substrates [47]. The reduced interface roughness, high
crystalline quality along with the minimal strain effects obtained by using high
temperature buffer assisted PLD methodology adopted by us appear to be
responsible for the observation of an efficient room temperature PL and well
resolved absorption edges in RT absorption spectra in these MQWs.

The size-dependence of bandgap obtained from the room temperature absorp-
tion and PL measurements of the ZnO MQWs are shown in Fig. 3.19. The
bandgap was calculated theoretically at each well layer thickness by solving
Schrodinger equation using one dimensional square potential well approximation
with finite well depth as discussed in Sect. 3.2.3. The calculated values are shown
by the continuous curve in the same figure, which shows a reasonable agreement
with the experimental values obtained from absorption spectra as already dis-
cussed above. However, the corresponding PL data showed some stoke shift
compared to the values obtained from absorption spectra which increased with
decreasing well layer thickness. In our views, a clear understanding for such a
Stoke shift in ZnO MQWs is not yet well established although some authors have
earlier attributed it to the local physical and compositional fluctuations in the
barrier layers of ZnO and GaAs [51] MQWs.
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3.6 Photoluminescence from Quantum Dots of ZnO

The evolution of next generation photonic devices and sensors etc. necessitated
research on ZnO quantum structures. Although a significant amount of research on
ZnO-based quantum wells has been reported in the literature; the work on ZnO
Quantum Dots (ZQDs) grown on solid substrates is quite scanty. A study on ZQDs
grown on solid substrate is important not only to understand the three dimensional
quantum confinement effects on the excitonic transitions but also to create new
forms of this material which could open more frontiers for its applications. As an
example, by growing quantum dots (QDs) one can enhance the linear and non-
linear responses in ZnO significantly.

Earlier the ZQDs were grown mainly using wet chemical methods [52-56].
About a decade ago, Ohkubo et al. [57] reported a study on the growth and
characteristics of a single layer of ZQDs on atomically flat alumina substrates
using PLD technique. To the best of our knowledge, we have grown for the first
time, multilayer of ZQDs of varying size by PLD embedded in alumina matrix on
optically polished c-axis oriented Sapphire substrates [58—60] and observed size-
dependent blue shift in the ZnO bandgap due to OD quantum confinement effect in
line with theoretically calculated values. Recently, there have been a few reports
on the PL spectroscopy studies on ZQDs; however, exact details of underlying
optical transitions responsible for PL, especially if the dot’s size is less than the
excitonic Bohr radius, are not yet discussed in detail. We have recently found that
some of the PL processes in ZnO dot’s size less than the excitonic Bohr radius
hereafter called ultra-small QDs show anomalous behaviors compared to their
larger counterpart [59]. The basic question which arises from these studies that if
at all the excitons exist in such ultra-small QDs? Our experiments suggests that the
bandgaps of ultra-small QDs deviate significantly from the excitonic model and
the LO phonon coupling with the recombining electron-hole pairs enhances.
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These findings make us propose that excitons may not exist in ultra-small ZQDs
and the optical transitions originate from the localized electron-hole pairs. The
results of these studies are presented and discussed in the following sections.

Alternate ablation of the sintered targets of ZnO and Al,O3; was used to grow a
multilayer matrix of alumina capped ZnO nanoparticles. Followed by the depo-
sition of a base layer of alumina on the (0001) Sapphire substrates, 10-layer
structure of alternate ZnO nanoparticles and alumina layer was grown at room
temperature. While the alumina layer was grown for 120 s in all the samples, the
deposition time of ZnO in different samples was varied in the range of ~ 10 to
120 s to grow the nanoparticles of different mean sizes [59]. The deposition of
both these materials was carried out at a fluence of ~0.6 J/cm? in oxygen ambient
at a pressure of about 10~ Torr for good stoichiometry. The optical characteristics
of ZQDs were studied using the optical absorption and PL spectroscopy studies of
the multilayer structures at room temperature. Size and shape of these QDs were
studied using Transmission Electron Microscopy and Atomic Force Microscopy.
The size-dependent quantum confinement energy was calculated using the effec-
tive mass approximation (EMA) to understand the experimentally observed vari-
ation of the bandgap with in-plane quantum dot size. Results of these studies are
discussed in following sections.

Figure 3.20a shows typical TEM viewgraph of ensemble of the ZQDs wherein
it can be seen that these ZQDs are polydisperse and mostly of irregular shape with
density of the order of ~10'* cm™2. While most of the ZQDs are isolated but at a
few locations those are also coalesced. The inset of Fig. 3.20a shows the selected
area electron diffraction (SAED) pattern which confirmed that the QDs were
composed of ZnO. The presence of speckles in the SAED pattern indicate growth
of certain specific planes in the ZQDs which were identified to be (0002), (1120),
(0004), and (2023) from the observed SAED patterns. Although these ZQDs are of
irregular shape, we approximated those to be somewhat circular at the base and
hemispherical in three dimensions [60] to work out their theory. The size distri-
bution of these ZQDs is shown in the histogram of Fig. 3.20b. From such histo-
grams the mean radii of the ZQDs were calculated. These mean radii were used for
correlating the average band-edges of the ensembles of ZQDs with their corre-
sponding mean sizes, which is presented and discussed later.

The normal 0-20 X-ray diffraction pattern of the ZQDs of mean radius of
~2.3 nm is shown in Fig. 3.21. One can see in this figure the presence of (0002),
(0004), and (2053) peaks of ZnO with dominant (0002) ZnO peak indicating most
of the ZQDs are c-axis oriented hexagonal wurtzite structures. Presence of these
peaks and their narrow line width are indicative of good crystalline quality of these
ZQDs. Since this XRD pattern is of polydisperse ZQDs, the peak line width is
contributed not only by the size of the particles which in present case in the nm
regime but also by the large size distribution and crystalline defects of the particles
as shown TEM measurements in Fig. 3.20b. Further it is expected that the larger
sized ZQDs will contribute more intensity of the diffracted X-rays than their
smaller counterparts and hence the peak line width is weighted more in favor of
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Fig. 3.20 a TEM viewgraph
of a typical ensemble of the
polydisperse ZQDs grown by
pulsed laser deposition. Inset
shows the selected area
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larger ZQDs. The calculated mean radius of the ZQDs using Debye—Scherrer
formula for the dominant (0002) peak of Fig. 3.21 is ~5 nm, which is not very off
from the mean radius of ~2.3 nm measured from the TEM data.

Figure 3.22 shows the room temperature absorption spectra of the multilayer
matrices of alumina capped ZQDs of different mean radii. As can be seen these
absorbance spectra do not show a series of isolated absorption peaks rather each
spectrum, corresponding to a particular growth time and hence a mean size
exhibits a broad absorption feature which is expected due to the broad distribution
of ZQD sizes and is found to be due to the 1s.—1s, transition. Average values of
the band-edges were obtained from the first derivative of these spectra and plotted
as function of mean size of the ZQDs as shown in the inset of Fig. 3.22. It can be
clearly seen from these spectra that the band-edge undergoes a monotonic blue
shift with decreasing mean size of the ZQDs as expected from the quantum
confinement effects [60, 61]. The bandgap of bulk ZnO at room temperature was
taken to be ~3.3 eV, which is also shown in this figure for comparison. In this
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figure, one can clearly see a drastic increase in the bandgap with decreasing size of
the ZQDs in the range smaller than the excitonic Bohr radius (ag) for ZnO which
is calculated to be ~2.3 nm. In the size range greater than the excitonic Bohr
radius, the variation of the bandgap is rather subdued as can be seen in this figure.

To understand these observations in two size-domains, i.e., the dot size shorter
than the excitonic Bohr radius and other one with the dot size larger than the
excitonic Bohr radius; we have used the effective mass approximation with strong
confinement and weak confinement, respectively. In the size domain where the dot
size is smaller than the excitonic Bohr radius, it is plausible that the exciton may
not exist and therefore holes and electrons will experience a strong confinement
with a characteristic reduced mass and a Coulombic interaction term. Therefore,
the bandgap under these circumstances was calculated using the following
expression [62-64]:
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where E is the bandgap of the dots, E, the bulk bandgap, R the dot size, m, and m;,
the effective masses of electron and hole, respectively. The last term, i.e., 0.248
E.x represents the correlation energy, which can be expressed in terms of the
excitonic binding energy E.. [62]. We took m, = 0.24 mg, m;, = 0.45 my,
E, = 3.359 eV, E;x = 59 meV, and ¢, = 6.01 for ZnO [54-56]. The plot of the
Eq. 3.20 is shown in Fig. 3.23 by solid lines. It can be seen that the match between
the theoretical curve and the experimental data is reasonably good except for the
case of 1.8 nm dots. This is attributed to the extremely low dot density at this
deposition time and therefore a large scatter in the experimental data.
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In case of the dot size greater than the excitonic Bohr radius, the excitons can
exist and therefore the Coulombic interaction term is replaced by the excitonic
binding energy. Further, since the exciton is free to move in the dot, we need to
take the translational mass in place of the reduced mass in Eq. 3.21. Thus in weak
confinement region, the bandgap of the ensemble of the dots is calculated using the
following expression [62]:

K2

E=bets e~ b

(3.21)
where M is the translational mass of the exciton, which is the algebraic sum of the
electron and hole effective masses, and R is the mean dot size. As can be seen here
that the blue shift in the bandgap as a function of R in this case is much weaker
than in the previous case of the strong confinement. A plot of the Eq. 3.21 is also
shown in Fig. 3.23. Thus it can be seen in Fig. 3.23 that while the measured band-
edge of the ZQDs of mean size of ~2.7 nm lies on this curve, the band-edges for
ZQDs of sizes ~2.3 nm and shorter which we call ultra-small ZQDs tend to
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Fig. 3.24 PL spectra of the
ZQDs’ ensemble of mean
radius of about 2.3 nm at
different temperatures.
[Reprinted with permission
from Kukreja et al. [59].
Copyright 2011 American
Vacuum Society]
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deviate from this curve toward the curve for the strong confinement. It may be
noted here that the in case of strong confinement it was assumed that the electrons
and holes are not in the form of excitons as in case of bulk ZnO or QZDs of larger
sizes but rather they are in the unbound state though interacting strongly through
Coulomb forces and localized in the QDs. Although one can find a number of
models in the literature [62, 63, 65—67] to understand the bandgap versus size
behavior of the dots, but we find that the classic model of the effective mass
approximation as seen separately in strong and weak confinement regimes
explained our experimental data rather satisfactorily.

Figure 3.24 shows the temperature-dependent PL spectra from the multilayer
matrix of ZQDs of mean radius of about 2.3 nm in a broad range of 6-300 K. It
can be seen that the PL spectra of ZQDs exhibit various spectral features which
conspicuously broaden and shift toward red with increasing temperature. As can be
seen in Fig. 3.24, the PL spectra were dominated by two sharp peaks at ~3.368
(SP) and ~3.360 eV (D°P) in the temperature range of 6-50 K.

Adjacent to these peaks one can see a weak PL feature (A’P) peaking at
~3.333 eV. Beyond these primary PL peaks there are prominent LO phonon
replicas of SP and D’P peaks seen at ~3.296 and 3.288 eV, respectively, and the
corresponding 2L.O phonon replicas at ~3.224 and 3.216 eV, respectively, which
are which are ~72 and 144 meV away, respectively, from the parent PL peaks.
Presence of LO and 2LO phonon replicas of the primary PL transitions is a
noteworthy observation. As the sample temperature was increased, the primary PL
peaks of SP, D°P, and A°P diminished, broadened, merged, and shifted to lower
energies and at about 70 K a new feature appeared at ~3.376 eV. At temperatures
beyond 70 K, this new feature started dominating over the merged feature of SP
and D°P as can be seen in Fig. 3.24.

In literature one can find number of reports on the PL spectroscopy of ZQDs but
most of them are for ZQDs with mean size larger than the excitonic Bohr radius
[68-70]. To the best of our knowledge, there is no detailed report on the
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temperature-dependent PL characteristics of alumina capped ultra-small ZQDs
grown by PLD whose mean size is smaller than the excitonic Bohr radius. Hence
an assignment of various PL spectral features to understand their thermal dynamics
shown in Fig. 3.24 of the present experiments is based on the existing literature on
PL from the ZQDs grown mostly by wet chemical methods or bulk ZnO. It may
also be noted here that the PL spectral features in case of ultra-small ZQDs are
expected to be blue shifted compared to those in the larger ZQDs and that of the
bulk ZnO but this blue shift might be mostly counterbalanced by the red shift due
to the significant Stoke shift [59, 68] and/or the heating of the ZQDs by the laser
beam used as excitation source. Hence the spectral positions of the PL features of
the ultra-small ZQDs may not be very different from their larger counterparts.
Another important point to be illustrated here is that the optical transitions in the
ultra-small ZQDs are expected to be non-excitonic in nature while in case of ZQDs
of larger sizes, the PL features are described and interpreted in terms of excitonic
transitions. Hence in the present case of ultra-small QDs, the emanating PL has
been considered as those due to the electron-hole pairs which are localized in the
QDs and hence strongly interacting with each other but unbound. The PL peak SP
at ~3.368 eV in the temperature range of 6-50 K could be attributed to the
recombination due to surface Oy donor-bound electron-hole pairs [71, 72], while
the peak D?P at ~3.360 eV could be due to the recombination of electron-hole
pairs bound to the Al donors [73]. The presence of aluminum donors in the ZQDs
is expected as Al,O5 has been used as capping as well as buffer layer in the ZQD
multilayer structures. The PL peak AP at ~3.333 eV in the literature has been
attributed to the stacking faults bound electron-hole pair recombinations [73]. The
PL feature at ~3.376 eV, which appeared at ~70 K and red shifted with
increasing sample temperature could be assigned to the band-edge transition (BT)
of the ZQDs’ ensemble. The spectral position of the band-edge measured from the
pertinent experimental photo-absorption spectrum shown in Fig. 3.23 for the
ZQDs of mean radius 2.3 nm was at ~3.45eV. It may be noted here that
the energy difference between the location of BET at low temperature and the
experimentally measured absorption band-edge at room temperature is about
166 meV, which has been attributed mainly to the Stoke shift of the BET in the
ZQDs expected in the ultra-small ZQDs due to the large electrostatic attractive
field between the confined electron and holes [68]. As also discussed above, the
other possibility for this red shift of BET compared to absorption band-edge at
room temperature could be the rise in local temperature of the ZQDs due to the
absorption of the excitation light from the He—Cd laser. Alim et al. have shown
that the local temperature of ZnO can significantly rise at this power level [38]
which can correspondingly contribute to the red shift of the PL band-edge of the
ZQDs’ also.

To ascertain the origin of these spectral features, the chemical state of different
elemental constituents of the ZQDs was studied using XPS. The XPS profiles of
the 4 nm thick layer of ZnO originally sandwiched between the buffer and the
capping layers of alumina is shown in Fig. 3.25. For this measurement, the cap-
ping layer of alumina was completely removed in situ by etching the sample
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Fig. 3.25 X-ray (a)
photoelectron spectra of Zn Zn 2pg;;
2p3/2a 0l sandband Al2 s
c¢ levels from 4 nm thick layer
of ZnO originally sandwiched
between buffer and capping
layers of alumina. The
capping layer was removed
by in situ etching before
recording these spectra. ;
[Reprinted with permission 525

from Kukreja et al. [59]. Al 2s
Copyright 2011 American
Vacuum Society]
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surface before measurements. The elemental presence of Zn, O, and Al in the ZnO
layer can clearly be seen in Fig. 3.25 through the observed Zn 2ps/,, O 1 s, and Al
2 s XPS peaks at binding energies ~ 1022, 531.5, and 119.5 eV, respectively
[74, 75]. Incorporation of Al in ZnO is possible due to interdiffusion and mixing of
constituents at the interfaces of the buffer/capping layer and the ZnO layers during
the PLD [25]. The spectrum corresponding to O1S has been deconvoluted accu-
rately when fitted with two peaks of Lorentzian mixed with Gaussian. The peak at
~530.15 eV designated as O; has been attributed to O>~ jons on the lattice sites
of hexagonal Zn** ion array and the peak at ~531.25 eV designated as (Oy) is
associated with O%-ions in the oxygen deficient regions within the matrix of ZnO
[76]. As can be seen in Fig. 3.25, the peak corresponding to Oy which is the
measure of the O~ vacancies dominates over the peak corresponding to O;. It has
been reported in the literature that the oxygen vacancies which act as donors in
ZnO are abundantly concentrated in the surface region [74, 76] and hence sig-
nificant presence of donor-bound charge carriers in the surface region of the ZQDs
is expected. In addition, the large surface to volume ratio of QDs supports the
surface related recombination features further in the PL of ultra-small ZQDs.

The spectral positions of various PL peaks as a function of temperature are
shown in Fig. 3.26. As can be seen at low temperatures, the PL. recombinations are
dominated by the SP peak and beyond ~ 125 K this peak merged with the higher
energy feature corresponding to BET as mentioned earlier. The spectral position of
the D°P transition as a function of temperature is shown in limited temperature
range in which this transition was conspicuously observed. Spectral positions of
the phonon replicas of SP and BET transitions are also shown in Fig. 3.26.

The variation of these spectral PL features can be fitted using the Varshni
relation discussed in Eq. 3.16. The best fit with the experimental values, shown by
the dotted curve in Fig. 3.26, was obtained with the fitting parameters
o =282 x 107* eV/K and f§ = 1070 K. These values of fitting parameters mat-
ched well with those for bulk ZnO reported in the literature [68]. It can also be
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Fig. 3.26  Spectral positions a5
of different PL peaks from | mop-2e... BET
ZQDs as a function of 3354 pp O
temperature. The points are =Y ek
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perimental values and the = i BET-LO o
dotted curve is a theoretical S 3304 a A * y ’
fit based on Varshni’s 'g ) . .
equation (Eq. 3.16). S
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seen in Fig. 3.26 that the energy gap between the spectral positions of SP and BET
PL peaks and that for their LO phonon replicas slightly decreased with the increase
in the sample temperature. This can be attributed to the existence of bound exciton
complexes in which the electron-hole pairs are bound to the surface defects and the
transition shifts from one complex to another as the temperature increases. This
possibility has been discussed in detail by Teke et al. for the single crystalline bulk
ZnO [36].

The activation energy of SP transition at ~3.368 eV was estimated by plotting
the integrated intensity of SP peak as a function of inverse temperature of the
sample as shown in Fig. 3.27a. It can be clearly seen in this figure that the peak
intensity follows the Arrhenius type of dependence on temperature given by the
Eq. 3.15. The plot of the above equation is theoretical fit to data shown by the solid
curve in Fig. 3.27a and from this fitting the activation energy E, was found to be
~ 10 meV. This value of the activation energy corresponds to binding energy of
electron-hole pairs with the donor type surface defects of the QDs and is com-
parable to the one reported in the literature [72].

The line width (FWHM) of the PL peaks as a function of temperature corre-
sponding to the SP and BET recombinations is shown in Fig. 3.27b. The observed
FWHM of these PL peaks is attributed to three broadening mechanisms which
have been described by Hellmann and O’Neill formulation [46, 47] discussed in
Eq. 3.19. In case of ZQDs, the I';,;, is the inhomogeneous broadening due to the
size variation of the ZQDs [60]. The second term in Eq. 3.19 is linear in tem-
perature and is governed by the corresponding phonon scattering coefficient ypp
and represents broadening due to scattering with acoustic phonons. The third term
corresponds to the broadening due to scattering of charge carriers with LO pho-
nons. In the original formulation of Hellmann and O’Neill [46, 47], they took
excitons as recombining charge carriers and the third term actually corresponds to
the coupling of LO phonons with excitons as per their formulation [46, 47].
However, since in the present case we think that optical transitions are
non-excitonic in the ultra-small ZQDs, the coupling of LO phonons with the
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Fig. 3.27 a Variation of peak (@)

intensity of the PL originating . L .
from the surface bound
electron-hole pairs’
recombination (SP) with
inverse of temperature 7.

b Line width (FWHM) of the
SP (up to 100 K) and band-edge
transition BET (beyond 100 K)
as a function of temperature.
Discrete points are
experimental values and
continuous curves are i ; ; i . i
theoretical fits. [Reprinted with 0 20 40 60 80 100
permission from Kukreja et al. 1000/T (K*)

[59]. Copyright 2011 American
Vacuum Society]
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electron-hole pairs is expected to be different from that with the excitons as
proposed by Hellmann and O’Neill in their formulations mainly due to the fact that
excitons are bosons and unbound electrons and holes being Fermions will not
follow the Bose statistics. To the best of our knowledge, the formulation of LO
phonon coupling with the unbound electron-hole pairs does not exist in the lit-
erature. In the absence of any such model, we used the Hellmann and O’Neill
model based on excitons. The best fit of the above equation with the FWHM
shown in Fig. 3.27b was obtained for y,, = 12 pV/K and I' o = 980 meV. Two
points are worth noting here. First that the LO phonon coupling coefficient I'} g is
significantly large and comparable to that of bulk ZnO [69]. The value of I'; o for
isolated free standing ZQDs of ~4 nm diameter prepared by wet chemical method
reported by Fonoberov is much lower than this [69]. Second, despite our best
efforts to get a good fit, the calculated curve did not match very well with most of
the experimental points in the intermediate range as can be seen in Fig. 3.27b.
These observations lead to important conclusions for the ultra-small ZQDs. One is
that the coupling of LO phonons with the recombining electron-hole pairs is
significantly strong in the ultra-small ZQDs grown in the alumina host compared
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to free standing ZQDs grown by wet chemical methods. This is contrary to the
prevailing understanding that with decreasing size, the LO phonon coupling
decreases [69, 71]. The strong coupling of the recombining electron-hole pairs
with LO phonons is also clear from the presence of LO phonon replicas of SP and
BET transitions seen in Fig. 3.24. This strong coupling of LO phonons with the
recombining electron-hole pairs might be attributed to the quantum confinement
effect, strain, and/or enhanced Coulombic interaction between the localized
electrons and holes and the resulting Frohlich interactions etc. In case of self-
organized InAs/GaAs, Heitz et al. have shown that the interaction of LO phonon
with excitons increased for such strained low-symmetry QDs because of the
quantum confinement and piezoelectric effect [77]. Richters et al. have shown that
coating of ZnO nanowire core with alumina shell strongly reduced the defects and
enhanced the phonon interaction of the charged deep centers with the surrounding
crystal lattice [78]. The other reason for this mismatch between the theoretical
curve and the experimental points shown in Fig. 3.27b might be that the PL
recombinations are non-excitonic in the present case. Since the theoretical for-
mulation described by Hellmann and O’Neill is meant for the coupling of free
excitons with LO phonons [46, 47], it may not match with the experimental points
of the present experiment.

3.7 Conclusions

In conclusion, the temperature-dependent PL processes of the ZnO thin films
grown on sapphire by PLD in the broad temperature range of 10-300 K gives
insight into the various mechanisms and their relative influence on light emission,
which in turn are related to the structural and crystalline quality of the films. In the
present case since the dynamics of the PL processes was similar to that observed in
bulk crystals of ZnO, it means reasonably good crystalline and structural quality of
the PLD grown films on sapphire substrates. At low temperatures, the prominent
PL peaks were due to neutral donor bound exciton and it is LO phonon-assisted
transitions. With increasing temperatures, the free excitonic PL and associated
phonon replicas dominated the PL spectra. The unusual temperature dependence
of 1 and 2 LO phonon-assisted transitions of the Fy PL was explained by taking
into account the kinetic energy of the gas like free excitons.

Photo luminescence spectroscopic investigation of ZnO MQWs of different
well layer thicknesses grown on (0001) sapphire using an in-house developed
buffer-assisted PLD scheme in the broad temperature range of 10 K to RT. Growth
of ZnO/MgZnO MQWs was carried out on sapphire substrates using in-house
developed buffer assisted PLD scheme. The 8 nm thick Mg 34Zn¢ ¢cO alloy films
with bandgap of ~4.1 eV was used as barrier layer and ZnO well layer thickness
was varied in the range from ~1 to 4 nm. Efficient room temperature PL was
achieved on these MQWs which blue shifted with decreasing ZnO well layer
thickness due to putative quantum confinement effects. The optical absorption
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spectra of MQW structures showed monotonic blue shift in ZnO absorption edge
and excitonic features entwined with the band-edges, which pointed to the exci-
tonic nature of the PL transitions. At room temperature, the band-edge of these
MQWs shifted from ~3.36 to 3.78 eV on decreasing the well layer thickness from
~4 to 1 nm in agreement with theoretically calculated values. In the range from
10 K to RT, the PL spectral line width increased and the peak shifted monoton-
ically toward red with increasing temperature. The red shift of the PL peak with
increasing temperature was attributed to the bandgap shrinkage in accordance with
the Varshni’s empirical relation. The increase in spectral line width with tem-
perature was explained by considering the scattering of excitons with acoustic and
optical phonons in different temperature regimes.

PL processes occurring in ensembles of alumina capped ZQDs grown using
pulsed laser deposition were studied using temperature-dependent PL spectros-
copy. The PL processes in alumina capped ultra-small ZQDs are different than
those observed in their uncapped smaller or larger counterparts grown mostly by
wet chemical routes. One basic difference is that the PL in alumina capped ultra-
small ZQDs appears to be due to the localized electron-hole pairs instead of
excitons. Therefore it is expected that the PL recombinations would be due to the
electron-hole pairs and not through the excitonic recombinations. At low tem-
peratures the PL spectra were dominated by the surface bound electron-hole pairs’
recombinations mainly because of large surface to volume ratio and presence of
oxygen vacancies in the surface region of the ultra-small ZQDs. The Al donor
bound electron-hole pair recombinations are also observed because of the sput-
tering based mixing at the interfaces during the PLD and the diffusion of Al from
the capping and/or buffer layers of alumina into the ZQDs. The band-edge PL
transitions, red shifted by ~ 166 meV with respect to the experimentally observed
absorption band-edge due to Stokes shift and/or local heating of the ZQDs was
observed only when the sample temperature was 70 K and higher. A small PL peak
due to the defect bound recombination at ~3.333 eV was also observed. The LO
phonon coupling with the electron-hole pairs responsible for the PL emission is
significantly large in the alumina capped ultra-small ZQDs. This is also evident
from the presence of LO and 2LO phonon replicas in the PL spectra and the
FWHM of the PL peak as a function of temperature. This is in contrast to the
popular thought that LO phonon coupling with excitons deceases with decreasing
size of the ZQDs.
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Chapter 4

Effect of Oxygen Pressure

on Photoluminescence Spectra and Hall
Coefficients of Li-Ni Co-Doped ZnO Films
Grown by a Pulsed Laser Deposition

K. Sakai, K. Ishikura, D. Ohori, D. Nakamura, A. Fukuyama,
T. Okada, M. S. Ramachandra Rao and T. Ikari

Abstract Since the co-doping method is a key technique for the realization of
p-type ZnO films, we grew samples by the co-doping of Li and Ni impurities using
a pulsed laser deposition technique to investigate the formation of a possible
acceptor level. The effect of the oxygen gas pressure on the physical properties is
discussed. The electrical and optical properties of the films were investigated
through Hall and photoluminescence (PL) measurements. Although p-type con-
duction was not observed, we were able to observe the change in conduction type
from n-type to insulating upon increasing the oxygen pressure. PL spectra of
co-doped samples were investigated at 10 K by comparison with those of mono-
doped samples. Co-doping drastically changes the PL spectral shape and reveals
additional peaks at 2.4 and 3.0 eV, which could not be observed in the spectra of
mono-doped samples. The experimental results showed that the acceptor level was
indeed formed by the co-doping of Li and Ni.
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4.1 Introduction

Zinc oxide (ZnO) semiconductors are promising materials for application to
ultraviolet (UV) emitting and sensing devices. ZnO is a direct bandgap semi-
conductor with a bandgap energy of 3.37 eV at room temperature (RT) [1]. The
large exciton binding energy of about 60 meV promises efficient exciton emission
even at RT [1]. It is known that the conventionally grown ZnO crystal shows
n-type conduction, probably due to the presence of donors caused by oxygen
vacancies. Therefore, the fabrication of p-type ZnO semiconductors has been
motivated by the need for the development of semiconductor devices such as
homo-polar ZnO light-emitting diodes (LEDs). There is a co-doping method that is
a key technique for the realization of p-type doping in ZnO semiconductors. It has
been shown that p-type conduction can only be realized by the co-doping of group
I or group V elements with a reactive donor [2—4]. At the same time, intriguing
results of room-temperature ferromagnetism have been shown by doping with
transition metal (TM) ions in ZnO [2—4]. More recent reports have also shown that
oxygen vacancies play a key role in controlling p-type conductivity and ferro-
magnetism in ZnO [5-7]. Kumar et al. successfully grew p-type Li and Ni (Li—Ni)
co-doped ZnO thin films by using pulsed laser deposition (PLD), and reported the
appearance of ferromagnetism [8]. They grew thin-film samples with a thickness of
300 nm on c-sapphire substrates at 400 °C with an oxygen pressure between 3.5 X
107% and 10~> mbar by PLD. The contents of Li-Ni impurities were fixed to
2 mol%. These ZnO thin films exhibited p-type conduction in a narrow region of
the oxygen growth pressure (107°—1072 mbar). Electrical, magnetic, and mag-
netotransport studies of these Li—Ni co-doped ZnO materials suggested that both
p-type conductivity and ferromagnetic ordering could be tuned by carefully con-
trolling the oxygen vacancies. Moreover, they clearly showed that the observed
room-temperature ferromagnetism did not depend on the charge carrier type, but
on the oxygen vacancies and carrier density [8].

However, reports on the systematic characterization of the optical properties
were very scarce for Li-Ni co-doped ZnO thin films. It is usually important to
study the electronic structures of semiconductors for a discussion of both the
electrical and optical properties. Since the conductivity is strongly affected by
impurities and/or defect levels formed in the bandgap, the PL technique, with its
high sensitivity and high spatial resolution, is a powerful tool for investigation of
the electronic states in the semiconductors. In this paper, we report on the pho-
toluminescence properties of Li—Ni co-doped ZnO films grown under various O,
background gas pressures. The relation between the conduction type and induced
impurity levels formed in the bandgap region of ZnO by the co-doping of Li and
Ni are discussed.
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4.2 Experimental Procedures

Li—Ni co-doped ZnO films were grown on c-sapphire substrates at 400 °C with
various O, background gas pressures (0.32, 0.5, 1, 2, 3, 5, and 10 Pa) using PLD.
Following that reported by Kumar et al. [8], a p-type ZnO film was expected to be
formed in this region. The pulsed laser used was a neodymium-doped yttrium
aluminum garnet (Nd:YAG) laser (A = 355 nm) operated at a repetition rate of
10 Hz with a laser fluency of 2.7 J/cm® The contents of Li-Ni impurities in the
ZnO ablation target were fixed to 2 mol%. At the same time, Li-Ni mono-doped
samples were also grown with a doping level of 2 mol% to allow a discussion of
the effect of co-doping.

We estimated the carrier concentrations of our Li—Ni co-doped ZnO film by the
Van der Pauw method at RT. Hall measurements were performed under a mag-
netic field of 0.5 T. The electrodes for the ohmic contact with the ZnO film were
obtained from indium or gold.

For the PL measurements, a He—Cd laser (325 nm) was used as the excitation
light source. The laser beam was focused on the sample through a light chopper.
The sample was placed in a cryostat for the low-temperature measurements. The
PL signal dispersed by a monochromator was detected by a photomultiplier and a
lock-in amplifier. The PL measurements were performed at 10 K.

4.3 Results and Discussion

The electron carrier concentration, resistivity, mobility, and conduction type of
these films were determined by Hall measurements. The results are shown in
Table 4.1. Above 2 Pa, we could not observe the Hall measurement data because
of the high resistivity of the sample. Therefore, we considered that the conduction
type was insulating in this region. Below 1 Pa, Hall measurements could be carried
out, and we found that the conduction types of the samples were n-type, and the
carrier concentrations were of the order of 10'®. The p-type conduction could not
be obtained in this O, pressure region for any of the samples. For the Ni mono-
doped ZnO film, n-type conduction appeared, and the electron carrier concentra-
tions were 3.0 x 10'7 em™. However, for the Li mono-doped ZnO film, the
resistivity was too high for the Hall voltage to be observed. We considered this
Li-doped sample to be insulating.

Figure 4.1 shows the PL spectrum of the Ni mono-doped ZnO film at 10 K. A
broad peak was observed at around 3.35 eV. The PL peak at 3.376 eV of the
nondoped ZnO nanowire single crystal observed in our previous measurements at
10 K, and we considered this to be due to the free exciton recombination [1].
Donor and acceptor bound excitons were also observed in the PL spectra at around
3.36 eV [1]. Therefore, we considered that this broad peak observed at 3.35 eV in
Fig. 4.1 was due to a group of donor- or acceptor-bound excitons caused by Ni and
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Table 4.1 Electrical properties of Li—-Ni co-doped ZnO films at room temperature

O, pressure Carrier concentration Resistivity Mobility
(Pa) (em™) (Q cm) (cm®/Vs)
0.32 2.0 x 10" (n) 44 %1077 7.4

0.5 1.9 x 10" (n) 8.1 x 1072 4.1

1 7.9 x 10" (n) 1.9 x 107" 4.0

2 Insulating - -

3 Insulating - -

5 Insulating - -

10 Insulating - -

unintentionally incorporated impurities. Hereafter, we refer to this as the near-
band-edge (NBE) transition. Moreover, note that the observed PL peak intensities
of the NBE transition were very weak compared with those for the single crystal
[1]. This is because the present ZnO film samples were grown at a lower tem-
perature (400 °C) than before, and were polycrystalline. Since the photoexcited
carriers are scattered or recombined at the crystal grain boundary and the lifetime
became small, the PL intensity gets weaker. We could not observe the PL spec-
trum at RT because of the rapid thermal quenching of the PL signal.

It is especially noted in Fig. 4.1 that the PL signal related to defect levels such
as oxygen vacancies was not observed. Qui et al. [9] reported the PL spectra of
5 % Ni-doped ZnO films at RT. They observed a broad peak that was decomposed
into two Gaussian curves centered at 3.23 (384 nm) and 2.64 eV (470 nm), which
were attributed to the emissions from free excitons and from Ni**-related and/or
interstitial-oxygen-related impurity transitions, respectively [9]. Our PL spectral
shape obtained for Ni-doped ZnO film in Fig. 4.1 is similar to the PL spectra of
these materials. The temperature shift of the bandgap energy of the nondoped ZnO
crystal was estimated to be 65 meV from 300 to 10 K, as determined from our PL

Fig. 4.1 PL spectra of 10K T T T T

2 mol% Ni mono-doped ZnO 2 mol% Ni mono-doped

film. Near-band-edge (NBE) R i
is indicated by the arrows in

the figure

PL Signal Intensity (arb. unit)

1.5 2.0 25 3.0 35 4.0

Photon Energy (eV)
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data of nondoped ZnO nanowire single-crystal samples grown by the nano-parti-
cle-assisted pulsed-laser deposition (NAPLD) technique [1]. This indicates that
our NBE peak should appear at around 3.29 eV at RT, and is about 60 meV higher
than that observed by Qui et al. Although there is a large tail on the lower energy
side of the NBE transition, as shown in Fig. 4.1, the Ni**-related peak at 2.64 eV
(RT) reported by Qui et al. was not observed. This may be because of the small Ni
concentration in our ZnO crystal.

We next discuss why the conduction of the Ni mono-doped sample is n-type
despite the fact that there is no PL peak related to defect levels such as oxygen
vacancies, known to be a dominant source of donors, for our Ni-doped ZnO film.
X-ray photoelectron spectroscopy (XPS) measurements confirmed the existence of
Ni** and Ni** bonds in the Ni mono-doped ZnO film. When the Zn atom is
substituted by the Ni atom and ionized to Ni** by the interaction between other
atoms or vacancies in the ZnO lattice, this Ni atom can release an electron. This is
because the Ni** ion behaves as a source of free electrons for n-type conduction.

From PL observations, Tong et al. [10] reported that Ni doping leads to a
decrease in the concentration of intrinsic defects such as oxygen vacancies.
Another report showed that oxygen vacancies played an important role in the
magnetic origin for oxide diluted magnetic semiconductors (DMSs) [11]. Oxygen
vacancies can result in a considerable change in of the band structure of host
oxides and the formation of bound magnetic polarons (BMPs), which explain the
origin of the ferromagnetism [8, 12]. When BMPs are formed by the interaction of
a Ni atom and an oxygen vacancy, the PL peak related to the oxygen vacancy
should be observed more strongly in Ni-doped ZnO than that in the nondoped
material [12]. However, we considered that this was not the case. The oxygen
vacancy may not act as a donor because it releases an electron to form the BMPs.
Therefore, the PL peak related to defect levels such as oxygen vacancies is not
observed in the present case.

Figure 4.2 shows the PL spectrum of the Li mono-doped ZnO sample. The
broad peak around 3.35 eV is considered to be the NBE transition, as in the case of
the Ni-doped sample. In addition to this, a broad luminescence band was observed
below the NBE transition. Although the green luminescence (GL) around 2.5 eV
caused by oxygen vacancies is well-known [13], the peak position in the present
spectrum was centered at 2.1 eV. This may be yellow luminescence (YL) due to
the deep Li acceptor level [13]. According to the results reported by Schirmer
et al.,, the YL is polarized at low temperatures and is explained by the two
metastable orientations of the Liy, center in the ZnO lattice [14]. Ozgur et al. [13]
also reported that the YL band is quenched at temperatures above 200 K with an
activation energy of about 0.5 eV. This may be the case in our sample. Since the
observed PL intensity of the Li mono-doped sample became very weak at higher
temperatures, the activation energy of the YL could not be estimated for this
sample.

According to the electronic band-structure calculations by Yamamoto and
Katayama-Yoshida [15], the acceptor impurity states introduced by Li doping are
considerably delocalized and form a shallow acceptor level. However, the increase
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Fig. 4.2 PL spectra of 10K T T T T

2 mol% Li mono-doped ZnO | 2 mol% Li mono-doped i
film. Near-band-edge (NBE)

and yellow band emissions
(YL) are indicated by the
arrows in the figure

PL Signal Intensity (arb. unit)

1.5 2.0 25 3.0 3.5 4.0

Photon Energy (eV)

in Madelung energy upon doping with Li causes the formation of oxygen
vacancies at the same time [15]. The oxygen vacancies, acting as donors, are
located near the Li sites [15]. Although the PL related to the acceptor-bound
excitons could not be resolved owing to the broadening of the emission line of the
NBE transition, our PL results could be explained by the above discussion. Thus,
the conductivity of this sample showed insulating behavior because of the self-
compensation between the Li acceptors and the donors originating from the
oxygen vacancies.

Figure 4.3 shows some PL spectra measured from different irradiation positions
on the sample surface for the Li-Ni co-doped ZnO sample grown at 0.32 Pa. The
numbers labeled on each spectrum in Fig. 4.3 show the measurement times for
each irradiation position. Three PL peaks were observed between 1.5 and 3.8 eV,
as shown by the arrows in Fig. 4.3. However, it was found that the intensity ratios
of these three PL peaks were different for different irradiation positions, indicating
that the ZnO film was not homogeneous. To investigate the origin of these peaks,
we decomposed the PL spectrum into three components by the Gaussian fitting
procedure. Then, the ratio of each PL peak was compared with the samples
deposited under various O, background gas pressures.

It was found that the PL signal observed in Fig. 4.3 decomposes into three PL
peaks at 2.4, 3.0, and 3.32 eV. An example of these Gaussian fitting simulations is
shown in Fig. 4.4 with the curves drawn as dashed lines. The sum of the three PL
peaks is shown by the open circles. As shown in Fig. 4.4, the experimental PL data
and the sum of the simulated peaks were in good agreement. Moreover, the PL
integrated intensity ratio of each peak was estimated, so that the sum of the three
peak intensities became one. The dependence of the observed PL peak intensities
of the co-doped samples on the oxygen background gas pressure is shown in
Fig. 4.5. The regions for the conduction types are also shown in Fig. 4.5, with
n-type and insulating conductions observed below and above 1 Pa, respectively.
The PL intensity ratio of the 3.32 eV peak as a function of O, pressure has a
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Fig. 4.3 Some PL spectra 1.2
measured by changing the
irradiation position of the
excited laser for the Li—Ni co-
doped ZnO sample grown at
0.32 Pa
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maximum at around 1 or 2 Pa. This peak was due to the bound exciton lumi-
nescence near the bandgap of ZnO. This indicates that there was a suitable O,
background gas pressure for ZnO crystal growth. The bound exciton, which has a
low binding energy, is dissociated in the crystal when the crystallinity is poor.

On the other hand, we observed a new dominant PL peak at 3.0 eV for the
co-doped samples, which was not observed for the (Fig. 4.1) Li—Ni mono-doped
(Fig. 4.2) samples in the present study. This PL peak intensity was dominant for
all O, background gas pressures as shown in Fig. 4.5. The conduction type
changed from n-type to insulating in this O, pressure region. However, the PL
peak at 3.0 eV was always observed for the samples that showed n-type con-
duction. Thus, it is reasonable to consider that this peak is due to the donor level
formed by the co-doping of Li and Ni.

Fig. 4.4 Gaussian curve 1.2
fitting results for PL spectrum
of Li-Ni co-doped ZnO
sample grown at 0.32 Pa

—— experimental data

10f O sum of 3 peaks

PL Signal Intensity (arb. unit)

15 20 25 30 35
Photon Energy (eV)
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The observed PL peak at 2.4 eV, or the so-called GL, may be caused by defect
levels such as oxygen vacancies [13]. Since the GL peak could not be observed in
the Ni mono-doped sample, the appearance of the GL peak in Fig. 4.1 is due to the
effect of co-doping of Li and Ni. However, this assignment is not reasonable in the
case of the co-doped sample, because the PL signal intensity ratio of the 2.4 eV
peak increases drastically above 2 Pa. The Hall measurements showed that in this
region, the conduction type changed from n-type to insulating. Moreover, the
donor level at 3.0 eV existed for all O, background gas pressures. Therefore, it is
reasonable to consider that this peak is due to the acceptor level caused by the
co-doping of Li and Ni. Although the deep acceptor level around 2.1 eV is formed
in the bandgap of ZnO in the case of Li mono-doping [13], the formation of donors
due to oxygen vacancies is drastically reduced by Ni mono-doping through the
formation of BMPs, and a new deep acceptor level is formed at around 2.4 eV by
the co-doping of Li and Ni. Consequently, the conduction shows insulating
behavior because of the self-compensation between the acceptor and donor levels.

4.4 Conclusion

We tried to use PLD to develop Li—-Ni co-doped ZnO films with p-type conduction
under various O, background gas pressures. We also investigated the electrical and
luminescence properties of these films to clarify the mechanism for the materi-
alization of p-type conduction. In the present study, we could not observe the
p-type behavior of ZnO thin films from Hall measurements. However, we
observed a change in the conduction type from n-type to insulating upon
increasing the oxygen pressure. Moreover, we observed a drastic change in the PL
spectra of co-doped ZnO films by comparing them with those of mono-doped ZnO
films. The additional PL peaks observed at 2.4 and 3.0 eV are due to the acceptor
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d donor levels formed upon co-doping, and come from the relations between the

electrical and optical properties, respectively. It is concluded that these impurity
levels determine the conduction type of co-doped ZnO films.
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Chapter 5

Lasing Characteristics of an Optically-
Pumped Single ZnO Nanocrystal

and Nanomachining for Controlling
Oscillation Wavelength

K. Okazaki, T. Shimogaki, 1. A. Palani, M. Higashihata,
D. Nakamura and T. Okada

Abstract Lasing characteristics from a single ZnO nanocrystal excited by third
harmonic of a Q-switched Nd: YAG laser beam (355 nm, 5 ns) were investigated for
the application to ultraviolet (UV) laser diode (LD) by using ZnO nanocrystals as
building blocks. Those ZnO nanocrystals were synthesized on a silicon substrate
with a catalyst of gold by a carbothermal chemical vapor deposition (CVD) method.
ZnO nanowires and ZnO nanosheets were synthesized by changing the synthesis
conditions and the dependence of lasing characteristics on the different forms were
investigated. The emission spectra observed from a single ZnO nanowire and ZnO
nanosheet showed the obvious lasing characteristics having mode structure and a
threshold for lasing on the input—output characteristics. The threshold power density
of a ZnO nanowire and a ZnO nanosheet was measured to be about 150 and 50 kW/
cmz, respectively. Then, the oscillation mechanisms were discussed on those ZnO
nanocrystals, and it was concluded that each lasing mechanism was attributed to the
microcavity effect due to the strong UV light confinement caused by the high
refractive index of ZnO (&x2.4) for UV light. ZnO can be a superior UV laser
medium and an UV nano-laser source also can be expected. However, the observed
lasing spectra from both ZnO nanocrystals had mode structure, and a single longi-
tudinal mode lasing would be required for the stabilization of the output power and
the prevention of light dispersion. Therefore, we considered the possibilities of the
single longitudinal mode lasing from a single ZnO nanowire using distributed Bragg
reflector lasing machined by focused ion beam with Ga ions focused up to 7 nm and
a single ZnO nanosheet using subwavelength machining by Fresnel diffraction for
2D photonic crystal. We also observed the laser-induced motions (LIM) of ZnO
nanocrystals dispersed on a substrate in the air when they were excited by the UV
laser beam at high excitation power over several MW/cm? which could be attributed
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to the electromotive force due to piezo effects of ZnO nanocrystals, and a simple
alignment method of ZnO nanocrystals was considered by the use of the LIM and
voltage-applied electrodes on a substrate.

5.1 Introduction

Zinc oxide (ZnO) is one of the most promising semiconductor materials in
ultraviolet (UV) region. ZnO belonging to compound II-VI semiconductor has a
wide band gap of approximately 3.37 eV at room temperature and a large exciton
binding energy of approximately 60 meV that is significantly larger than the
thermal energy at room temperature which corresponds to 26 meV. It can ensure
an efficient exciton emission at room temperature with a low excitation energy.
Gallium nitride (GaN) with the band gap of 3.44 eV at room temperature has
already been used for UV devices such as light emitting diode (LED), laser diode
(LD). ZnO and GaN have remarkably similar characteristics each other. Both ZnO
and GaN are hexagonal wurtzite crystals. In addition, the lattice constants of ZnO
are a = 0.325 nm and ¢ = 0.521 nm, and the ones of GaN are a = 0.312 nm and
¢ = 0.519 nm. However, ZnO has some superior conditions to GaN, including the
larger exciton binding energy of ZnO than the exciton binding energy of GaN
which is 24 meV and a great deal of resources of ZnO. From these advantages,
ZnO is a promising material replacing GaN for UV applications.

Nanostructured ZnO has attracted a great interest due to their importance in
both scientific research and potential technological applications. Considerable
efforts have been made on the synthesis and study of nanostructured ZnO. For
example, various nanostructured ZnO crystals have been synthesized by various
approaches, such as nanowires by nanoparticle-assisted pulsed-laser deposition
(NAPLD) [1-5] and physical vapor deposition [6], nanorods by chemical vapor
deposition (CVD) [7] and molecular beam epitaxy [8], nanosheets by CVD [9],
electrodeposition method [10, 11] and soft-solution route [12]. Those ZnO nano-
crystals have an excellent crystalline due to the small volume.

Due to the excellent crystalline, UV-stimulated emission at room temperature
from optically pumped ZnO nanocrystals has been reported. A lot of investigations
on the lasing from a ZnO nanowire and nanorod have been reported, which is
responsible for a microcavity effect of the nanowire itself [13—15]. The lasing from
a number of optically pumped ZnO nanosheets was also reported [11, 12]. In
addition, there is a different lasing mechanism on a random lasing from ZnO
nanorods [16] or nanoparticles [17], where closed loops between a number of
nanocrystals were formed and the random laser oscillation took place in the closed
loop. In the case of random lasing, relatively higher excitation power around
several MW/cm?® ~ is needed for laser oscillation than the excitation power of the
microcavity lasing. Recently, a lasing from electrically pumped ZnO nanocrystals
has also been reported [17—-19]. Those reports indicate that ZnO nanocrystals can
be candidates for excellent UV laser mediums.
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However, there are some major challenges to be solved for a practical UV LD
application, including comparison of microcavity lasing characteristics on the
different forms of the nanocrystals, a multi-longitudinal mode lasing from those
ZnO nanocrystals, an alignment method of ZnO nanocrystals on a substrate and
unstable output from an electrically pumped ZnO nanocrystals.

In this study, we report on the further investigations of the lasing characteristics
such as oscillation spectra and a threshold power density from a single ZnO
nanocrystal excited by an UV laser beam. In concrete terms, two different forms of
a ZnO nanowire and a ZnO nanosheet synthesized by a carbothermal CVD method
were examined. Even though the lasing spectra form both of ZnO nanocrystals
were observed, the spectra had a modal structure due to the microcavity effect.
Since the practical application to UV LD will require a single longitudinal mode
lasing, the realization was considered by the use of distributed Bragg reflector
(DBR) laser on a ZnO nanowire which can be machined by a focused ion beam
focused up to 10 nm below. The DBR laser for a ZnO nanowire is 1D photonic
crystal, and 2D photonic crystal would be required for a ZnO nanosheet. From the
calculation, the machining resolution below 100 nm will be needed, and therefore
subwavelength machining method was considered by the use of an electrical field
propagation simulator. As a demonstration, a silica glass substrate was machined
at the subwavelength resolution by a CO, laser beam (1 = 10.6 pum), and a simple
and high-throughput method with a laser processing was suggested. If the tech-
nique is applied to an UV excimer laser, the nanomachining below 100 nm can be
realized. Finally, alignment methods of ZnO nanocrystals on a substrate were
considered by the use of laser-induced motions (LIM) of ZnO nanocrystals and
voltage-applied electrodes.

5.2 Synthesis of ZnO Nanocrystals with a Carbothermal
CVD Method

ZnO nanocrystals were synthesized by a carbothermal CVD method. The mixed
powder of ZnO and graphite was used, in which graphite worked as a promoter of
evaporation of ZnO. A silicon substrate was used for the deposition of ZnO, and a
gold layer of 1 nm thickness, as a catalyst, was evaporated on the silicon surface in
advance. The mixed source of ZnO and graphite was placed in an alumina boat, and
then the silicon substrate was located about 1 cm above the sample where the gold-
evaporated surface was facing the sample. After the prepared alumina boat was
inserted to the center of a silica glass vacuum chamber, the air in the chamber was
evacuated up to several Torr by a vacuum pump. Mixed gas of argon (Ar) and
oxygen (O,) were allowed to pass with the fixed flow rate of 100 and 3 sccm,
respectively. Various ZnO nanocrystals are easily synthesized on the silicon sub-
strate by changing the synthesis conditions. ZnO nanowires were synthesized at the
temperature of 1,000 °C, the ambient gas pressure of 100 Torr and the synthesis
time of 30 min.
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Fig. 5.1 ZnO nanowires synthesized on a silicon substrate with the gold catalyst by a CVD
method. A large quantity of nanowires were synthesized just only on gold-evaporated side (a),
and ZnO nuclei from which ZnO nanowires grew were obviously formed by the help of a gold
catalyst (b), and the ZnO nanowires have the length of several dozen um, and the width of about
230 nm (c)

Figure 5.1 shows a scanning electron microscope (SEM) (KEYENCE, VE-
7800S) image of the silicon substrate where ZnO nanowires were synthesized
specifically on the gold-evaporated side and did not grow without gold catalyst.
Figure 5.1b shows the ZnO nuclei formation at the boundary of the area with and
without gold and the nanowires seem to grow from those nuclei. Since the nuclei
were only formed on the gold-evaporated side, it can be assumed that they are
formed with the help of gold catalyst. Figure 5.1c shows the magnified image of
the ZnO nanowires in Fig. 5.1a. The length of the nanowires synthesized by a
CVD method was relatively long, and those were several dozen pm in length, and
the diameter of the nanowire was about 200 nm as shown in Fig. 5.1c.

ZnO nanosheets were synthesized when the synthesis conditions of the tem-
perature and the ambient gas pressure were changed into 1,100 °C and 300 Torr,
respectively. Figure 5.2 shows SEM images of the ZnO nanosheets. ZnO nano-
sheets were synthesized in a form of an island as shown in Fig. 5.2a, and the
magnified image was shown in Fig. 5.2b, and it seems that the nanosheets require
several steps to grow. First, the nanowire grows as a principal axis. Next, the
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Fig. 5.2 a Mixed ZnO nanosheets and ZnO nanowires were synthesized on a silicon substrate in
a form of islands. b A magnified image of a single nanosheet which has frameworks of parallel
nanowires of about 200 nm

multi-parallel nanowires grow perpendicular to the main nanowire, and the con-
figuration like a comb is formed. Finally, the spaces between the parallel nano-
wires are filled with ZnO nanoparticles. Thus, the ZnO nanosheets are formed by a
framework of ZnO nanowires. The thickness of the nanosheets in Fig. 5.2b was
almost same as that in the framework (200 nm).

In addition, relatively thick nanosheets were also synthesized on the same
substrate as shown in Fig. 5.3a, b, where the thickness was about 570 nm. The
ZnO nanosheet was observed by a transmission electron microscopy (TEM)
(JEOL, JEM-1300NEF) as shown in Fig. 5.4. The ZnO nanosheet was single
crystalline and the lattice spacing in the planar direction was 0.26 nm corre-
sponding to the distance between (0002) planes.

Fig. 5.3 a Thick ZnO nanosheets synthesized on the same silicon substrate as Fig. 5.2. b A
magnified image of the nanosheet which has a thickness of about 570 nm
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Fig. 5.4 Transmission electron microscope (TEM) image and selected area electron diffraction
(SAED) pattern of a ZnO nanosheet

5.3 Experimental Arrangement for Observation of Lasing
Characteristics from a Single ZnO Nanocrystal

Lasing characteristics of the ZnO nanocrystals were examined by an observation
of emission spectra from a single ZnO nanocrystal excited by an UV laser beam. In
advance, ZnO nanocrystals on a silicon substrate were dispersed into ethanol
solution with an ultrasonic cleaner method and a few drops were put on a silica
glass substrate. After the ethanol solution dried, the ZnO nanocrystals on the
substrate were observed by a conventional optical microscope as shown in Fig. 5.5
which was applied for a detailed observation of the emission light from a single
ZnO nanocrystal and positioned with the micrometers under the optical micro-
scope. The ZnO nanocrystals were excited by third harmonic of a Q-switched
Nd:YAG laser beam (355 nm, 5 ns). The excitation laser was injected through the
silica glass substrate, and then the emission light from a ZnO nanocrystal was

I—) PC and Spectrometer

Optical microscope -
(x100)

_,Silica glass

Third-harmonic of

a Q-switched Nd:YAG laser i
(355 nm, 5 ns) Movable base with micrometers

Fig. 5.5 An experimental configuration for an observation of emission spectra from a single
ZnO nanocrystal
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collected by the optical microscope with a magnification factor of 100 and
transferred to a spectrometer with a coupled light fiber. The light-collected area by
the optical microscope was approximately 15 pm in diameter, and therefore the
emission light from a single ZnO nanocrystal could be observed by adjusting the
position with the micrometers in this setup.

5.3.1 Lasing Characteristics of a Single ZnO Nanowire

First, lasing on a single ZnO nanowire was examined. Figure 5.6a shows an optical
microscope image of a single ZnO nanowire on a silica glass substrate. Figure 5.6b
shows the nanowire excited by the third-harmonic of the Q-switched Nd:YAG
laser beam when the excitation power density was 450 kW/cm? The emission
light from one end of the excited nanowire, as marked with a red-dotted circle in
Fig. 5.6b, was observed by the spectrometer. The nanowire was observed by an
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Fig. 5.6 a A CCD image of a single ZnO nanowire on silica glass substrate. b A CCD image of
a single ZnO nanowire excited by a third harmonic of a Q-switched Nd:YAG laser (355 nm,
5 ns). ¢ AFM image of the nanowire, and emission light from the red-dotted circle was observed
by the spectrometer. d Emission spectra from the single ZnO nanowire for the different excitation
power densities. e Input—output characteristics as a function of the excitation power density at
389.3 nm in Fig. 5.2d. The lasing threshold was estimated to be about 150 kW/cm?
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atomic force microscope (AFM) (KEYENCE, VN-8000 M/8010 M) as shown in
Fig. 5.6¢c. The diameter and the length were 400 nm and 15 pm, respectively.

The observed spectra were plotted in Fig. 5.6d for different excitation power
densities. Upon increasing the excitation power density, the model structure could
be observed. The spectral width of each mode was limited by the spectral reso-
lution of the detection system, which was 0.34 nm. The mode spacing was
observed to be about 0.78 nm. The peak intensities for the mode at 389.3 nm in
Fig. 5.6d were plotted as a function of the excitation power density as shown in
Fig. 5.6e, where the threshold behavior was clearly observed. The threshold power
density for lasing was estimated to be about 150 kW/cm?. The peaks due to lasing
at the longer wavelength appeared as the excitation power densities were
increased. This is probably due to the band-gap renormalization caused by the
interaction between the high-density electrons and holes created by the optical
excitation [20].

These observations clearly indicate that the lasing took place within the single
ZnO nanowire, due to its microcavity effect. The mode spacing in a FP cavity is
given by AL = J*[2L(n — / - dn/d2)]™", where L is the cavity length, n is the
refractive index at the wavelength of 4, and dn/d/ indicates the dispersion of light
[21]. The refractive index and the length of the ZnO nanowire are n = 2.4 at
A =389 nm and L = 15 um, respectively. With A4 = 0.78 nm as shown in
Fig. 5.6d, the dispersion of light is calculated to be dn/dA =~ —0.010 nm_l, which
is in reasonable agreement with the value of dn/d/. ~ —0.012 nm™' reported by
Zimmler et al. [15]. Therefore, it is concluded that the cavity is formed by the FP
cavity formed by two ends of the nanowire in the present experiment.

From the AFM result, the diameter of the nanowire was about 400 nm. When
the nanowire is regarded as a cylindrical waveguide surrounded by air for sim-
plicity, the normalized frequency V, which is an indicator to determine the
propagation modes, inside the nanowire is given by V = 2na(n§no — nii,)” 2/,
where a is the radius of the nanowire. The refractive indices of air and ZnO at
A =389 nm are n,;, = 1.0 and nyz,o = 2.4 [22], respectively. Thus, the normal-
ized frequency of the ZnO nanowire in Fig. 5.6b is calculated to be V = 7.0, and it
indicates that a number of modes exist inside the nanowire [13, 15]. However,
since the mode structure in Fig. 5.6d was regular, the lasing took place only on the
fundamental mode, and the effective refractive index (n.g) is close to the refractive
index of the material.

5.3.2 Lasing Characteristics of a Single ZnO Nanosheet

Next, lasing in a single ZnO nanosheet was examined as well. The optical
microscope image of the tested single nanosheet on a silica glass is shown in
Fig. 5.7a, and the corresponding AFM image is shown in Fig. 5.7b. As a result, the
size of the nanosheet with a triangular shape was about 150 nm in thickness and
15 pm in length. The CCD image of the nanosheet excited by the third harmonic
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Fig. 5.7 a A CCD image of a single ZnO nanosheet on silica glass substrate. b A CCD image of
the single ZnO nanosheet excited by third harmonic of a Q-switched Nd:YAG laser (355 nm,
5 ns). ¢ AFM image of the nanosheet, and emission light from the red-dotted circle was observed
by the spectrometer. d Emission spectra from the single ZnO nanosheet in changing the excitation
power densities. e Plotted-peak intensities as a function of the excitation power density at red-
broken line in d. The lasing threshold was estimated to be about 50 kW/cm?

of the Q-switched Nd:YAG laser beam at 450 kW/cm? is shown in Fig. 5.7c. PL
from the red-dotted circle in Fig. 5.7c was observed by the spectrometer. The
observed PL spectra are shown in Fig. 5.7d for different excitation power densi-
ties. The spectra showed the modal structure as well as the spectra from a single
ZnO nanowire at a higher excitation power of 60 kW/cm? indicating, the onset of
lasing. The red shift of the peak wavelength was also observed in this case, due to
the band-gap renormalization under high excitation power density. The peak
intensities at the red-broken line in Fig. 5.7d were plotted as a function of the
excitation power density, as shown in Fig. 5.7e. The threshold power density for
lasing was estimated to be about 50 kW/cm?.

For the sake of simplicity, the nanosheet can be regarded as a slab waveguide
with a thickness of ¢ = 150 nm surrounded by air due to a gap between the
nanosheet and the substrate, because the nanosheet was simply dispersed without
any adhesions. In the slab waveguide, the relation between #/4 and n.g is expressed
as /). = [2tan™ "(ox/oty) + mm)/(2maty), where m is an integer, oy = (20 — n2p)'?
and oy = (n2¢ — n2,)"%. TE,, and TM,, modes exist inside the slab where the mode
number corresponds to the integer m in the above equation. When the wavelength
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was regarded as 4 = 390 nm, the relationship of the thickness and the mode was
shown in Fig. 5.8. From the result, multi-mode oscillation of TE,, TE;, TM,, and
TM, can propagate inside the nanosheet.

Concerning ZnO nanosheets, there are only a few reports on lasing. Wang et al.
[11] reported the stimulated emission based on the narrowing of PL spectra from
ZnO nanosheets excited by a laser beam excitation with a Ti: Sapphire laser
(4 = 266 nm, T = 120 fs). Those ZnO nanosheets were grown by cathodic elec-
trodeposition. In addition, Jang et al. [12] have also reported that lasing based on the
narrowing of PL spectra from ZnO nanosheets excited by a Q-switched YAG laser
(4 = 355 nm, t = 6 ns) was observed. Those ZnO nanosheets were synthesized by
a solution process, and the oscillation mechanism of a WGM type phenomenon
inside the nanosheet was suggested. In these studies, a large number of ZnO
nanosheets on a substrate were totally examined by the PL method. However, we
investigated detailed PL characteristics from a single ZnO nanosheet, and then the
obviously clearer lasing spectra due to modal structure were obtained as well as the
lasing spectra from a single ZnO nanowire. The threshold power density for lasing of
the ZnO nanosheet (50 kW/cm?) was lower than that of the ZnO nanowire (150 kW/
sz) as well as the above report (25 kW/cmz) [12]. It indicates that a ZnO nanosheet
can be a superior laser medium compared to a ZnO nanowire.

For further consideration, electrical-field propagations inside the nanosheet
were simulated by a high-frequency structure simulator (Ansoft, HFSS ver. 11). A
single ZnO nanosheet was prepared on the x—y plane as shown in Fig. 5.9, which
corresponded to the nanosheet in Fig. 5.7. The nanosheet has the size of 150 nm in
thickness and 100 nm at the tip according to the AFM result. Incident light was
planar wave with the wavelength of 385 nm linearly polarized in the z-axis, and
those were injected from the bottom side to the tip side of the nanosheet. The
absorption of the light was neglected for the observation of the propagation inside
the nanosheet surrounded by air.

According to the simulation results, the incident light propagates inside the
nanosheet by the total reflection at the boundary of ZnO and air, and then the
reflection at the tip due to the narrow waveguide behavior was also observed.
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Fig. 5.9 Simulation on electrical-field propagation inside a ZnO nanosheet placed on the x—y
plane. The nanosheet has a thickness of 150 nm and the tip size of 100 nm. Incident light was
planar wave with a wavelength of 385 nm being linearly polarized in the z-axis. The light
absorption was neglected for the observation of the propagation

Therefore, it is considered that oscillation routes inside the nanosheet would be
intricately formed by a FP type resonator between both ends with the help of total
reflection at the lateral sides. It is also worthwhile noting that the present trian-
gular-shaped nanosheet will be very useful as a UV nano-light source, which can
be coupled from the tip.

5.4 Consideration on a Nanomachining of DBR Structure
for a Single Longitudinal Mode Lasing

ZnO nanocrystals can be excellent UV laser mediums as discussed above. However,
the lasing spectra had mode structure due to its microcavity effect, and the single
longitudinal mode lasing would be required for the practical application to the UV
LD. Therefore, the possibilities of the single longitudinal mode lasing from a ZnO
nanocrystal were considered by a DBR laser machined on a ZnO nanocrystal surface.
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In the case of ZnO nanowire, oscillation mechanism can be regarded as a
Fabry—Perot cavity and both the tips of the nanowire play the role of mirrors.
Therefore, periodic structure with adequate pitch on the ZnO nanowire surface will
serve as a grating and regulate the propagation wavelength inside the nanowire in
accordance with a DBR laser. The DBR periodic cycle pitch L is expressed as
L = A2n.g, where 4 is the wavelength propagating inside the nanocrystal, and n.g
is effective refractive index of the ZnO nanowire. When the propagating wave-
length 4 = 390 nm, the minimum periodic cycle L.;, = 81 nm supposing
ner = 2.4 which is a refractive index of a bulk ZnO. The nanostructure can be
machined by the use of focused ion beam (FIB) (Quanta 3D 200i, FEI) in which
Ga ion beam can be focused up to 7 nm in minimum.

As a demonstration, periodic structure with L = 81 nm was machined on a
single ZnO nanowire by the FIB as shown in Fig. 5.10. Figure 5.10a shows a
typical FIB image of a machined ZnO nanowire in which one side of a nanowire
lying on an ITO thin film were shown, and 20 lines were machined on the surface
by the Ga ion irradiation accelerated by the voltage of 30 kV. However, the
emission intensity from the nanowire considerably decreased after the FIB
machining due to the ion-irradiation damage. Figure 5.10b shows an emission
intensity from a single ZnO nanowire before and after FIB machining. However,
the observed nanowire in Fig. 5.10b was different from the nanowire in Fig. 5.10a,
and the dose amount of Ga ions in Fig. 5.10b were too small to confirm the
machined area. The emission intensity decreased after the FIB machining even
though the excitation intensity was very high at 3.3 MW/cm?.

So far, the single longitudinal mode lasing was not realized after the FIB
machining, which would be attributed to the inadequate DBR pitch of 81 nm, the
large damage due to the ion irradiation and the less number of repetitions of the
periodic structure. In this case, the effective refractive index was regarded as a
refractive index of a bulk ZnO, and therefore more considerations on the different
value of n.g will be required. Furthermore, the damage was too large, because the

(b) Before FIB machining
excited at 140 kW/cm?
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} excited at 3.3 MW/cm?
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Fig. 5.10 a FIB image of a nanowire lying on a ITO thin film. DBR periodic structure with a
pitch of 81 nm and 20 lines were machined on the surface. b Lasing spectra before and after FIB
machining. The single longitudinal mode lasing could not be realized after the DBR machining
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heavy ion of Ga was used for the machining. If a light ion or electrons are used for
the machining, the damage can be suppressed. In order to make the interference
effect strong, the number of repetitions of DBR should be increased and distributed
feedback (DFB) lasing would be effective, which meant that the entire surface of
the nanowire should be machined to realize the single longitudinal mode lasing. In
principle, the machining resolution was sufficiently small to machine the nano-
periodic structure, the single longitudinal mode lasing could be realized if the
above conditions were optimized.

5.4.1 Consideration on Nanomachining of a 2D Photonic
Crystal for Controlled Laser Action

In the case of ZnO nanowire, DBR or DFB lasing for a single longitudinal mode
would be effective as discussed above. However, two-dimensional periodic structure
would be needed for a single longitudinal mode lasing from a ZnO nanosheet. In
order to realize a nanomachining below 100 nm, subwavelength nanomachining
will be required when a ZnO nanosheet is machined by a laser processing which has
some advantages of low cost and a high throughput. However, it is difficult to
process at a subwavelength resolution because of the diffraction limit.

Even though the subwavelength nanomachining would be difficult by the use of
an optical lens, the nanomachining could be realized by the use of Fresnel dif-
fraction of a laser beam using a mask with apertures about the size of the irra-
diation wavelength. Electrical field propagation of Fresnel diffraction at UV light
was simulated by the use of Ansoft, HFSS Ver.11 which is a commercial full-wave
electromagnetic solver. Figure 5.11 shows a simulation of electrical field propa-
gation of a planar wave with a wavelength of 243 nm and a polarization in x-axis,
and the planar wave was entered in the direction of z-axis through a copper mask
with square apertures having the size of 486 nm. The incident light was focused
just below the mask apertures due to the Fresnel diffraction of the light at the
apertures as shown in Fig. 5.11. It is considered that subwavelength nanoma-
chining with the metal mask can be realized by the use of the hot spots generated
by the interferences of the Fresnel diffraction light.

In order to confirm the possibilities of subwavelength machining, we demon-
strated the subwavelength machining with infrared light of CO, laser beam
(2 =10.6 pm) and a copper grid mask with apertures of several tens pm in size
which is used for a typical TEM observation. A silica glass substrate was used for
the observation of the machining, because the absorption coefficient of silica glass
for infrared light was very high.
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Fig. 5.11 Electrical field distribution of UV light through a metal mask for subwavelength
machining using the intense points below the mask generated by the Fresnel diffraction. The
incident light was planar wave with the wavelength of 243 nm linearly polarized in x-axis and
propagated along z-axis

5.4.2 Demonstration of Sub-Wavelength Machining
by Using Fresnel Diffraction of Infrared Laser Beam

Figure 5.12 shows the experimental configuration for the machining of a silica
glass. A TEA CO; laser (A = 10.6 um) (Lambda Physik, EMG201MSC) was used
as an ablation laser. The TEA CO, laser has a gain-switched peak pulse with a
duration of 50 ns and a tail part of 1 ps. A silica glass substrate was placed on an
Al plate holder, and a metal grid mask was attached to the silica glass surface. The
mask was a copper grid mask which has the aperture size of 20 x 20 um? and bar
of 5 um where the aperture (A) and bar (B) were indicated in Fig. 5.12. The
second layer was a copper grid mask with the aperture size of 12 x 12 pum?
apertures and bar of 5 um. These masks have the same thickness of 2 pum. The
silica glass substrate was irradiated by the TEA CO, laser through the mask
aperture. The silica glass surface machined by the laser irradiation through the
mask was observed by a conventional optical microscope, an AFM (KEYENCE,
VN-8000 M/8010 M).

First, the copper grid mask with the apertures of 20 x 20 pm and bar of 5 pm
was attached to the silica glass and the silica glass was irradiated by the CO, laser
beam at the fluence of 0.96 J/cm®. Figure 5.13a shows an optical microscope
image of the irradiated surface after single-shot irradiation. Circular holes were
formed on silica glass surface after the laser beam irradiation where every hole
was located at the center of apertures. Figure 5.13b shows the cross-sectional
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Fig. 5.12 An experimental configuration for a sub-wavelength machining of silica glass
substrate by the use of Fresnel diffraction of an infrared laser beam through a metal grid mask

profile of the machined surface along the red-dashed line in Fig. 5.13a. The
diameter and depth of the hole were about 7.3 pum and 600 nm, respectively. The
machined diameter of the hole was smaller than the wavelength of 10.6 pm, and
the subwavelength micromachining was realized by the Fresnel diffraction of the
laser beam. It was also observed that there were swellings around the holes with a
height of about 50 nm as shown in Fig. 5.13b.

The machined forms were different from place to place under the mask. The
minimum diameter of the machined holes were shown in Fig. 5.14. The diameter
and depth of the machined hole were 3.4 pm and 60 nm, respectively. The
micromachining of the holes with a diameter less than one-third of the wavelength
of 10.6 um was succeeded in this technique.
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Fig. 5.13 a An optical microscope image of a silica glass surface ablated by the TEA CO, laser
beam (4 = 10.6 pm) through the copper grid mask of the apertures of 20 x 20 pm? at a single
shot. b The cross-sectional profile along red-dashed line in a



116 K. Okazaki et al.

G

) —s] —3.4um
O -

=20 4

-40 4

Depth [nm]

-60 o

-80 v —r T— v T— v
0 10 20 30 40 50 60 70 80 90

Distance [um]

Fig. 5.14 a An optical microscope image of the silica glass surface with the minimum diameter
ablated by the TEA CO, laser beam (4 = 10.6 pum) through the copper grid mask of the apertures
of 20 x 20 pm? at a single shot. b The cross-sectional profile along red-dashed line in a where
the diameter of 3.4 um is below the one-third of the wavelength of CO, laser (1 = 10.6 pum)

Next, the effects of several shots irradiation were investigated using the same
copper mask of 20 x 20 pm?. Figure 5.15a, b show the optical microscope image
of the irradiated surface and the cross-sectional profile of the surface after 10 shots
irradiation at the fluence of 0.96 J/cm?, respectively. Circular holes without
swellings were formed on the silica glass surface. The diameter and depth of the
hole were about 9.4 um and 500 nm, respectively. The diameter of the holes after
10 shots irradiation is broader than that of single shot. The depth of the holes is,
however, almost the same as the depth of single-shot irradiation, indicating that the
depth does not depend on the number of laser irradiation. With regard to the
disappearance of the swellings around the machined holes, it is considered that the
swellings are gradually ablated by the irradiation of 10 times.

Figure 5.16 shows the different area on the same sample as Fig. 5.15, there are
also small ablated points between the broader holes which would be covered by the
grid mask’s bar. The diameter and the depth of the broader hole were about
10.8 pm and 400 nm, respectively, and the diameter and the depth of the small

(b) «— 9.4 um
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Fig. 5.15 a An optical microscope image of a silica glass surface ablated by the TEA CO, laser
beam (/. = 10.6 pm) through the copper grid mask of the apertures of 20 x 20 pm? at 10 shots.
b The cross-sectional profile along red-dashed line in a
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Fig. 5.16 a An optical microscope image of a silica glass surface at a different area from
Fig. 5.15 where small holes were formed between big holes. b The cross-sectional profile along
red-dashed line in a

machined point were about 4.3 pm and 400 nm, respectively. The formation of
small ablated points is attributed to the laser light intensities through the mask at
silica glass surface, which vary from point to point because of the distortion of the
mask. Since the laser light through the neighboring apertures interfere with one
another, small intense points appear under the grid mask’s bar.

The electric field distributions of the CO, laser light through a copper mask
were simulated as well as the simulation in Fig. 5.11 as shown in Fig. 5.17. The
copper mask has square apertures of 20 x 20 pum?, bars of 5 pm and a thickness of
2 pum. The incident light was supposed to be a planar wave at the wavelength of
10.6 um propagating along z-axis and linearly polarized in x-axis. This simulation
result indicates that hot spots appear 9.0 um below the mask at the center of every

x-z plane Y Weak hot épots

Fig. 5.17 The electric field distributions of CO, laser light (10.6 pm) through the copper grid
mask with the apertures of 20 x 20 pm?, bars of 5 um and thickness of 2 pm. Incident light
conditions are planar wave propagating along the z-axis and linearly polarized in the x-axis
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aperture. The circular machined holes on the silica glass beyond the diffraction
limit were formed by the Fresnel diffraction. Furthermore, weak hot spots also
appear under the mask bars in y—z plane due to the interference with the lights
through the neighboring apertures. However, these interferences cannot be seen in
x—z plane. It would depend on the polarization state. These results correspond to
the experimental result as shown in Fig. 5.16 where small ablated holes were
formed at the middle of the large holes. In the experiment, small holes were
formed not only along y-axis but also x-axis, because the CO, laser light has a
random polarization.

Next, the copper grid mask with the apertures of 12 x 12 pum? and bars of 5 pm
was used to investigate the dependence of the aperture size. However, even though
the laser irradiation is at the same conditions as shown in Fig. 5.11, no holes were
formed on the silica glass surface. At a high fluence about 1.0 x 10 J/cm?, no
holes were formed and the mask was deformed due to melting. This result indi-
cates the CO, laser light did not penetrate the mask aperture, because the aperture
was too small and comparable size with its wavelength.

The simulation was performed using the copper grid mask with a thickness of
2 um, the apertures of 12 x 12 pm? and bars of 5 pum, and the other conditions
were the same as Fig. 5.17. The results are shown in Fig. 5.18, and the hot spots
using the mask apertures of 12 x 12 pm? are considerably weaker than the hot
spots using the mask apertures of 20 x 20 um?. Furthermore, the hot spots
appeared at 2.6 um below the mask. It seems that the smaller the mask aperture
size is, the closer to the mask the hot spots are. Therefore, it would be difficult to
machine the silica glass by the use of apertures of 12 x 12 pm? because the hot
spots were weaker and closer to the mask. These simulation results have a good
agreement with the experimental results, and therefore it is important that the mask
should be correctly designed based on the simulation.

Subwavelength machining of silica glass was achieved by the Fresnel diffrac-
tion of infrared laser light using a metal grid mask. The minimum diameter was

y-zplane copper mask

=

Fig. 5.18 The electric field distributions of CO, laser light (10.6 pm) through the copper grid
mask with the apertures of 12 x 12 pmz, bars of 5 um and thickness of 2 pm. Incident light
conditions are planar wave propagating along the z-axis and linearly polarized in the x-axis

X-Z plane
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about 3.4 pm as shown in Fig. 5.14, which was about one-third of the wavelength
of 10.6 pm. From this result, subwavelength nanomachining of ZnO nanosheet
below 100 nm for 2D photonic crystal can be realized by the use of a mask and an
UV laser beam. When a laser beam with the wavelength of 243 nm is used as the
machining laser beam as shown in Fig. 5.11, one-third of 243 nm, estimated to be
about 81 nm, can be realized. Furthermore, if a vacuum UV laser beam such as a
F, excimer laser with the wavelength of 157 nm is used, the resolution of 52 nm
may be achieved. However, since the machined patterns depend on the mask
pattern, the mask pattern should be well designed and the mask positions including
the distortion of the mask and the distance between the mask and the target should
be well controlled.

In this technique, a subwavelength machining was demonstrated by the Fresnel
diffraction of infrared radiation with a mask, and the technique might have a
potential for the application to a machining of ZnO nanosheet for 2D photonic
crystal because of the machining resolution below 100 nm.

5.5 Laser-Induced Motions of ZnO Nanocrystals

During the lasing observation of ZnO nanocrystals, we have observed motions of
nanocrystals irradiated by the excitation laser beam at relatively high excitation
power density over several MW/cm?. The observed examples are shown in
Figs. 5.19 and 5.20, which are the snapshots during the LIM in the air. In
Fig. 5.19, a nanosheet horizontally placed on a silica glass substrate stood up
vertically by the excitation laser irradiation, where the snapshots were taken every
0.5 s. In Fig. 5.20, a ZnO nanocrystal was rotated by the laser irradiation, where
the snapshots were taken every 1 s.

Fig. 5.19 Time course images of a ZnO nanosheet stood up by a laser irradiation on a silica
glass. The motion would be attributed to piezo effects of the nanosheet and a resultant
electrostatic force
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Fig. 5.20 Time course images of a ZnO nanosheet rotated by a laser irradiation on a silica glass.
The motion also would be attributed to piezo effects of the nanosheet and a resultant electrostatic
force

The detailed mechanism of these motions is not clear, but we believe that they
are related to the laser-induced piezo (Zn2+/02_) effects [23] and a resultant
electrostatic force plays a major role in the motion. When the ZnO nanocrystal was
irradiated by the UV laser beam, ZnO nanocrystal absorbed the light which results
in thermal expansion. Then, the expansion would induce the following electro-
motive force due to the piezo effect, and therefore the nanocrystal would be moved
because of the electrostatic force against the silica glass substrate.

In a previous study, we have demonstrated an electrical trap of a ZnO nanowire
between voltage-applied gold electrodes, where the ZnO nanowires were dispersed
in ethanol solution with an ultrasonic cleaning method and trapped between the
electrodes with a dielectrophoretic method [5]. Since ZnO nanocrystals can be
moved with a laser irradiation by an electrostatic force, more accurate alignment
of ZnO nanowires will be expected with the LIM. Therefore, we demonstrated the
alignment method by LIM and the gold-evaporated silica glass substrate as shown
in Fig. 5.21. The voltage of 30 V was applied between the gold electrodes with a
gap of 7 um as shown in Fig. 5.21a, and then the excitation laser was irradiated to
the ZnO nanocrystal thorough the silica glass substrate. A single ZnO nanowire as
marked by red-dotted line in Fig. 5.21b was moved by the LIM and trapped
between the gap of electrodes, and immediately after being trapped, electrical

Fig. 5.21 Before applying a voltage (a), and a single ZnO nanowire was moved by the LIM and
trapped between the gap of electrodes (b), and immediately after being trapped, electrical current
was discharged (c), as the result, the electrodes were broken because of high current (d)
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Zn0 nanowire Gold electrodes

LN LT

Fig. 5.22 A schematic image of an alignment method by voltage-applied electrodes and LIM of
ZnO nanocrystals

current was discharged as shown in Fig. 5.21c. As the result, the electrodes were
broken because of high current.

If the technique of trapping ZnO nanocrystals as demonstrated above is well
controlled, a simple alignment method can be expected as shown in Fig. 5.22, and
it will be useful for the fabrication of ZnO nanocrystal devices for UV applications
such as UV LD, UV LED, UV sensor, and etc.

5.6 Conclusion

The lasing characteristics of a single ZnO nanowire and a single ZnO nanosheet
were investigated by an optical pumping with third harmonic of a Q-switched
Nd:YAG laser (355 nm, 5 ns). These ZnO nanocrystals were synthesized by a
carbothermal CVD method. Laser oscillation spectra from both the ZnO nanowire
and the ZnO nanosheet were observed, and the threshold power density were
150 and 50 kW/cm?, respectively. It indicated that the ZnO nanocrystals have an
excellent crystalline quality, and especially, a ZnO nanosheet can be a superior
laser medium to a ZnO nanowire because of the low lasing threshold. For the
practical application to UV LD, a single longitudinal mode lasing with the DBR
laser for a ZnO nanowire was considered, and then the DBR structure with the
pitch of 81 nm was machined by the use of focused ion beam with Ga ions.
However, since the single longitudinal mode lasing could not observed so far,
optimization of experimental conditions was necessary. In addition, subwave-
length machining with the Fresnel diffraction was considered based on electrical
field simulation for 2D photonic crystal of ZnO nanosheet, and the demonstration
of subwavelength machining with a TEA CO, laser beam (4 = 10.6 pm) was
performed. As the result, the minimum resolution below one-third of the wave-
length, the nanomachining below 100 nm can be realized by the use of an UV laser
beam such as F, excimer laser beam (4 = 157 nm). Finally, an alignment method
of ZnO nanocrystals lying on a substrate was proposed using a combination of
voltage-applied electrodes and LIM which would be related to an electrostatic
force between the ZnO nanocrystals and the substrate. According to those results
discussed above, a simple and useful method making UV devices such as UV
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LED, UV LD without any cumbersome procedures in lithographic processes can
be expected by the use of those ZnO nanocrystals as building blocks of UV laser
mediums.
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Chapter 6
Deposition of Aluminum-Doped ZnO
Films by ICP-Assisted Sputtering

Yoshinobu Matsuda, Akinori Hirashima, Kenji Mine,
Takuhiro Hashimoto, Daichi Matsuoka, Masanori Shinohara
and Tatsuo Okada

Abstract Inductively coupled plasma (ICP) assisted DC sputter deposition was
used for the deposition of Al-doped ZnO (AZO or ZnO:Al) thin films. With
increasing ICP RF power, film properties including deposition rate, crystallinity,
transparency, and resistivity were improved. To understand the plasma-surface
interaction, several plasma diagnostics were performed. Heat fluxes to the sub-
strate were measured by thermal probes, number densities of sputtered metallic
atom species were measured by absorption spectroscopy using hollow cathode
lamps (HCL) and light emitting diodes (LEDs), and neutral gas temperatures were
measured by external cavity diode laser (ECDL) absorption spectroscopy. As a
result, it was revealed that the high-density ICP heated the substrate through a high
heat flux to the substrate, resulting in a high-quality film deposition without the
need for intentional substrate heating. The heat flux to the substrate was pre-
dominantly contributed by the plasma charged species, not by the neutral Ar atoms
which were also significantly heated in the ICP. The substrate position where the
highest quality films were obtained was found to coincide with the position where
the substrate heat flux took the maximum value.
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6.1 Introduction

Transparent conducting oxide (TCO) thin films with high transparency in the
visible and near-infrared spectral region and low resistivity [1, 2] have been widely
used as transparent conducting electrodes for various optoelectronic devices such
as solar cells, flat panel displays, etc. Some TCO materials such as SnO, and In,0;
have already been put to practical use in industry. In particular, Sn-doped In,O;
(ITO) has been widely used so far due to its high transparency in the visible region,
high chemical stability and low resistivity. Metal-doped ZnO which first appeared
around 1980 has recently received attention as one of the alternatives to the ITO.
Doped ZnO thin films with In (IZO), Ga (GZO), and/or Al (AZO) have high
carrier densities of 10°-10*' cm™ and low electric resistivity of 1072-10~*
Q cm. The origin of conductivity, nonstoichiometry, and coloration for TCOs has
recently been gradually understood [3—5]. We focus here on AZO thin films, since
the AZO has advantages over ITO and other doped ZnO in environment resistance
and resource cost. To actually replace the ITO with the AZO, however, repro-
ducible and highly reliable fabrication processes of good quality polycrystalline
AZO thin films have to be developed.

The polycrystalline AZO films have been prepared by a variety of techniques
such as reactive and nonreactive magnetron sputtering [6], high-density plasma
assisted (or superimposed) magnetron sputtering [7-12], chemical vapor deposi-
tion [13], pulsed-laser deposition [14], evaporation [15], spray pyrolysis [16], Sol—
gel preparation [17], and electrochemical deposition [18]. Among them, magne-
tron sputtering is one of the dominant deposition techniques for the deposition of
good quality, large area coating with relatively low substrate temperature [6].

High-density ICP-assisted magnetron sputtering [19-23] is also a promising
technique, because it requires no intentional substrate heating due to high plasma
density. The advantages of ICP-assisted sputtering are summarized as follows: (1)
the target is sputtered with low target voltage and high target current, (2) the usage
efficiency of the target is significantly improved due to the expansion of erosion
area, (3) ionization and excitation of the sputtered particles are enhanced in the
ICP and the enhanced ion fluxes to the substrate promote the crystallinity of thin
films without intentional substrate heating, (4) lateral homogeneity of the depos-
ited film is greatly improved, and (5) abnormal discharge (arcing) [24, 25] is
drastically suppressed. However, previous research showed the lowest resistivity
of AZO films prepared by the ICP-assisted sputtering is limited around 107> Q cm
[9-12]. To understand the ICP-assisted sputter-deposition mechanism and to
improve the AZO film quality, we have investigated AZO film deposition process
by using ICP-assisted DC magnetron sputtering [26—30].

This paper summarizes the experimental results on the basic discharge char-
acteristics, heat flux to the substrate, sputtered atom densities and the neutral gas
temperatures in the bulk plasma, and the film properties (deposition rate, resis-
tivity, transparency, crystallinity, and elemental ratio) of prepared AZO films in
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the ICP-assisted sputter-deposition process. The effect of ICP superimposing on
the bulk plasma and the film properties is discussed.

6.2 Experimental Setup and Procedure of ICP-Assisted
Magnetron Sputtering

Figure 6.1 shows the experimental setup for the ICP sputter-deposition of Al
doped ZnO thin films [26-30]. A 3 inch DC planar magnetron, an Ar gas supply
system, and a pumping system (turbo molecular pump and rotary pump combi-
nation) were attached to the vacuum chamber (300 mm in diameter and 300 mm
in height). After the base pressure of around 10 Torr was attained, Ar was
introduced by a mass flow controller. Then, the working pressure was set at 4 Pa
by tuning the conductance of the main valve. A disk target of ZnO:Al,O5 (2 wt%)
of 60 mm diameter and 6 mm thick was used as a target, and a glass substrate was
set on an earthed substrate holder with a gap length of 80 mm. Between the target
and the substrate, a single turn coil antenna of 100 mm diameter was installed and
used for producing 13.56 MHz ICP. The antenna was covered with insulator and
water cooled. The distance from the target to the RF coil (T-C distance) and the
distance from the RF coil to the substrate (C-S distance) were both 40 mm. The
magnetron plasma was generated by applying negative DC voltage to the target
electrode, and the ICP was generated by applying 13.56 MHz RF power to the coil
antenna through a matching circuit. After the thin film deposition, the substrate
was taken out from the vacuum chamber and cut to several pieces. Characteristic
of each thin film (film thickness, resistivity, transmission, crystallinity, and ele-
mental ratio) and their lateral distribution on the substrate were evaluated.

Fig. 6.1 Experimental setup
for ICP-assisted DC
magnetron sputter deposition
and for hollow cathode
absorption measurement
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The film thickness was measured by a stylus profilemeter (Mitsutoyo, SV-400).
The electric conductivity was measured by a four point probe and the film resis-
tivity was evaluated by multiplying the experimental surface resistance by a
geometrical correction factor determined by the film thickness, substrate shape and
size, and distance between the probe tips. The optical transmission was measured
by a spectral photometer consisting of a halogen lamp and an optical fiber spec-
trometer (Ocean Optics, HR4000CG). In this work, we evaluated the optical
transmittance of AZO films by using “the overall transmittance” that was aver-
aged over visible wavelength range (380-780 nm) and further averaged over
lateral spatial distribution. However, since the overall transmittance mentioned
above depends on the film thickness, we judged the optical property utilizing the
absorption coefficient oo (absorbance per unit thickness) by o = In(1/7T)/d, where
T is the overall averaged transmittance, and d is the film thickness. For example,
let d = 300 nm and T = 90 %; it gives o = 0.4 um~'. The crystallinity of thin
films was investigated by X-ray diffraction (RINGAKU, RINT2000). The ele-
mental ratio in the film was measured by X-ray photoemission spectroscopy
(SHIMADZU-KRATOS, AXIS-HS). Details of the plasma diagnostics will be
explained in Sect. 6.4.

6.3 ICP Assisted Sputter Deposition of Aluminum Doped
Zinc Oxide Thin Films

6.3.1 Influence of Distance Between Target, ICP Coil,
and Substrate on Film Properties

First, the optimum geometry conditions concerning (a) target voltage, (b) target
current, (c) deposition rate, (d) resistivity, and (e) transmittance were investigated
by varying the T-C distance from 10 to 50 mm and the C-S distance from 30 to
70 mm, respectively. Figure 6.2 shows the results of the investigation for the
condition of 4 Pa Ar discharges with a DC target power of 40 W and ICP-RF
power of 200 W. As can be seen from (a) and (b) in Fig. 6.2, the target voltage
decreases and the target current increases with increasing T-C distance; i.e., the
impedance of the discharge increases with increasing the gap length between the
target and the ICP coil. This is predominantly explained by the fact that the
diffusion loss of charged particles in the plasma is enhanced by decreasing the T-C
distance, because the ground shield of the magnetron target works as a sink of
plasma particles. The T-C distance dependence of the target discharge impedance
shown in Fig. 6.2a, b does not hold for the larger T-C distances. For the larger T-C
distances, the target discharge impedance will decrease and get closer to that for
the planar magnetron discharge because the magnetron plasma is isolated from the
ICP. The C-S distance dependence of the target voltage and the target current is
minimal compared with the T-C distance dependence. From a view point of thin
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film deposition, low discharge impedance is favorable because of low bombarding
damage of the films. Thus, longer T-C and C-S are favorable. As can be seen from
Fig. 6.2c, however, the deposition rate decreases with increasing T-C and C-S
distances, i.e., the deposition rate and the discharge impedance have a “trade-off”
relationship. In addition, we can see there is a trade-off between the film resistivity
and the transmittance. Thus, as a result of compromise between the trade-offs, we
determined the optimal values for both the T-C distance and the C-S distance to be
4 cm. We confirmed that the AZO film with a resistivity of 2 x 107> Q cm and a

transmittance of more than

80 % can be obtained with good reproducibility under

this condition at ICP RF power of 200-300 W.
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6.3.2 Effect of ICP RF Assist Power

Figure 6.3 shows the ICP RF power dependence of the target discharge voltage
and the target discharge current for the constant target input power at 45 W. The
target discharge voltage decreases and the discharge current increases with
increasing ICP RF power. Therefore, the impedance for the sputtering discharge
decreases with the increase in ICP RF power. This is because the plasma density
near the planar magnetron target is increased by the presence of ICP, whose
density almost increases linearly with the ICP RF power. The decrease in the target
discharge impedance under the ICP-assisted sputtering is extremely effective,
because the low voltage sputtering is directly connected to the reduction of film
damage on the substrate. Moreover, the low voltage sputtering is very effective for
suppressing arcing. ICP-assisted sputtering is effective for the improvement in the
usage efficiency of the target and the uniformity of thin film characteristics,
because the sputtering area expands to the whole target surface.

The change in the plasma emission intensity with and without ICP superim-
posing was investigated. It was found that predominant optical emission lines are
only due to the electron impact excitation of sputtered Zn atoms within the
wavelength range from 200 to 400 nm without ICP assist. In the case of ICP-
assisted magnetron discharges, optical emission intensities for the Zn I lines are
significantly increased, and additional optical emission lines from much higher
excited states of Zn atoms and from excited states of Al atoms were identified.
Thus, the ICP-assisted sputter deposition with promoted excitation and ionization
is effective for enhancing the crystallinity of deposited AZO films.

Figure 6.4 shows the ICP RF power dependence of the spatial distribution of
deposition rate. It is found that the deposition rate increases by 20-30 % with
increasing ICP RF power from 0 to 300 W. This tendency can be explained by the
increased sputtered particle flux due to self sputtering effect. With increasing ICP
RF power, ionized degree of sputtered Al and Zn atoms is increased and the Al and
Zn ions bombard the target as well as the substrate, resulting in self sputtering that
enhances the sputtered flux. However, since the increase in the deposition rate with
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increasing ICP RF power is much smaller than that of sputtered Zn atom density
that will be described in the Sect. 6.4.2, we can consider that a re-evaporation of
Zn atoms from the substrate likely occurred during the deposition process.

Figure 6.5 shows the ICP RF power dependence of the spatial distribution of
film resistivity. The resistivity is very high about 2 x 107! Q cm for the planar
magnetron discharge without ICP at the pressure 4 Pa. However, the resistivity is
drastically decreased and the uniformity is improved with increasing ICP RF
power. It is well-known that for DC magnetron sputtering operating at below 1 Pa
the resistivity of the film is comparatively low at both the center and peripheries,
while the resistivity is high at the substrate positions facing the target erosion.
However, in the ICP-assisted sputtering with operating pressures at around 4 Pa,
the spatial profile of resistivity is more uniform. The drastic decrease in the
resistivity due to the ICP assist is explained as follows. When the ICP RF power
increases, the film damage decreases because the target voltage decreases, and the
energies of charged and neutral species incident to the substrate decrease. In
addition to this effect, total ion flux to the substrate with moderate energies of
about 10-20 electron volts increases due to the increase in plasma density with
increasing ICP RF power. The increased energy flux to the substrate heats the
substrate surface up to a temperature around 200 °C or more and the film crys-
tallinity is improved. In this research, conductive AZO films with resistivity of
2 x 107 Q cm were obtained with good spatial uniformity. Hall measurement
result showed the carrier density and carrier mobility were typically
5 x 10*® cm™> and 6-7 cm?/(Vs) for the AZO films deposited at ICP RF power of
300 W. To decrease more the resistivity of AZO films deposited in this scheme,
further increase in the mobility is needed.

Assisting ICP RF power is effective for increasing film transparency. Figure 6.6
shows the ICP RF power dependence of the absorption coefficient of deposited
AZO films. The vertical axis of Fig. 6.6 is the averaged absorption coefficient « as
explained in the Sect. 6.2. We judged the films with absorption coefficients less
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than 0.5 pm~" have excellent optical transparency. Though the optical transmit-
tance of deposited films is satisfactory for any ICP RF power, the transparency is
much improved for ICP RF power more than 100 W as is shown in Fig. 6.6.
Figure 6.7 shows the change in the X-ray diffraction pattern of AZO films with
the same thickness of about 300 nm obtained at 5.33 Pa for the ICP RF power of 0,
100, 200, and 300 W. The strong (002) diffraction peak indicates that the films are
highly texturized with the c-axis perpendicular to the substrate surface, which is
well-known structure for good quality polycrystalline ZnO [3]. The intensity and
the width of this peak indicate the fraction of crystallization and the grain size.
From Fig. 6.7, we find that the intensity of (002) peak is enhanced with increasing
ICP RF power, but the grain size depends weakly on the ICP RF power. The
crystallinity of film is promoted with increasing ICP RF power, since the sputtered
particles are more excited and ionized and ion fluxes to the substrate are increased
in the ICP, resulting in the elevation of substrate surface temperature. However,
the number of initial nucleation is already determined at the early deposition stage,
resulting in a weak ICP RF power dependence of the grain size. It suggests that the
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control of initial nucleation density is important to get large grain sizes that will be
effective for increasing carrier mobility.

Figure 6.8 shows the ICP RF power dependence of the elemental ratio of Al
and resistivity in the AZO films. The elemental ratio of Al was obtained from the
XPS analysis of Al 2p signal. With increasing ICP RF power, the elemental ratio
of Al in the film increases and the resistivity decreases. Since the ZnO:Al,O;
(2 wt%) target contained 1.56 at% Al, it is found that the fraction of Al in the
deposited AZO films changed depending on the ICP RF power. The ICP RF power
dependence of the elemental ratio of Al in the film is in agreement with the ICP RF
power dependence of the relative gas-phase density of Al to Zn atoms. This will be
shown in the later Sect. 6.4.2, which is understood by a large evaporation pressure
of Zn. The carrier density of AZO depends on the number densities of donor Al
ions and O vacancies, while the carrier mobility depends on the crystallinity of thin
films. Thus, it is considered that a rapid decrease in the resistivity is caused not
only by the increase in carrier density due to the increase in content of Al atom, but
also by the increases in the number density of O vacancies and carrier mobility due
to the promotion of crystallinity of thin film as shown in Fig. 6.8. We have also
investigated on an AZO target containing 4 wt% Al,O5 (or 3.1 at% Al), but the
resistivity of AZO (4 wt% Al,O3) was several times larger than that of AZO
(2 wt% Al,05) for the same ICP RF power range. It is reported that the excess Al
fraction in the film causes a decrease in mobility possibly due to the increase in
ionized impurity scattering [3].

6.3.3 Effect of Hydrogen Addition

In conventional RF sputtering, it is well-known that the electric conductivity of the
AZO film is increased when hydrogen gas is added to Ar [31]. Thus, we have
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investigated the effect of hydrogen addition on the electric conductivity, optical
transmittance, and deposition rate of the AZO thin films deposited by ICP-assisted
sputter deposition. A small amount of hydrogen was mixed with Ar and the total
gas pressure was fixed at 4 Pa. The amount of hydrogen addition was changed by
setting the preset partial pressure of hydrogen before each deposition. The fraction
of hydrogen defined by Cy (=[H,]/([Ar] 4+ [H,])) was varied in steps 0, 0.25, 0.5
and 1 %. The ultimate pressure in the chamber was 3 x 10~° Torr or less. The
flow rate of Ar was adjusted to 50 sccm. The sputtering power (target power) and
the ICP RF power were fixed at 44 and 200 W, respectively. Deposition time was
30 min for all samples.

Figures 6.9 and 6.10 show the change in resistivity, transmittance, and depo-
sition rate of ZnO films against the hydrogen mixture fraction. From Fig. 6.9, it is
found that the film conductivity is slightly improved; the minimum resistivity of
1.8 x 107° Q cm was obtained at Cy = 0.25 %. Excess addition of hydrogen
over than 0.5 %, however, decreased the film conductivity. The decrease in film
resistivity at Cy = 0.25 % is explained by the increase in the carrier density, i.e.,
free electron density due to the increased production of oxygen vacancy. On the
other hand, the increase in film resistivity at Cy = 0.5 and 1.0 % is explained by
the decrease in the carrier mobility due to the degraded crystallinity owing to the
excess subtraction of oxygen atoms by the hydrogen atoms. The dependence of the
resistivity on hydrogen mixture ratio directly correlates with those of the trans-
mittance and the deposition rate shown in Fig. 6.9. A drastic decrease in the
optical transmittance and the deposition rate at Cy = 1.0 % is considered to be
due to the influence of the excess hydrogen atom density in the AZO thin films as
well as in the plasma.

It is reported that the lowest resistivity of 2.8 x 10™* Q cm, which is a half or a
thirds of the value without hydrogen addition, was obtained when the partial
pressure ratio of hydrogen is Cy = 10 % [31]. In Ref. [31], a conventional 4 inch
RF magnetron was used and the optimum working pressure and RF power were
0.4 Pa and 100 W. However, our experimental condition is very different from that
of Ref. [31] in that the sputter deposition was done at much higher pressure around
4 Pa, with lower sputtering power and with additional ICP RF power of 200 W.
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In the ICP, hydrogen molecules are efficiently dissociated and the flux ratio of
atomic hydrogen atoms to the sputter-deposited species would be much higher
compared with the CCP case of Ref. [31]. This is the reason why the effect of
hydrogen addition appeared at much smaller amount of hydrogen addition than
that reported in Ref. [31].

6.4 Diagnostics of ICP-Assisted Sputter-Deposition
Processes

As mentioned in the Sect. 6.3.2, crystallization with high orientation along (002) is
promoted without intentional substrate heating in the ICP-assisted sputter depo-
sition with increasing ICP RF power. To understand the sputter-deposition
mechanism and to improve the film quality further, it is important to reveal the
reactions in the gas phase and on the surface. Thus, we have developed several
plasma diagnostic systems and applied them as follows: (6.4.1) heat flux
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measurement by home-made thermal probes (TPs), (6.4.2) density measurement of
sputtered Al and Zn atoms by absorption spectroscopy with hollow cathode lamps
(HCLs) and light emitting diodes (LEDs), and (6.4.3) gas temperature measure-
ment by absorption spectroscopy with a tunable external cavity diode laser
(ECDL). These are explained below.

6.4.1 Measurement of Spatial Distribution of Heat Flux
to the Substrate

Energy flux to a substrate was measured by many researchers using variety of TPs
in the past in the RF plasma [32-37], RF magnetron plasma [38, 39], and DC grow
discharge plasma [40]. However, no measurement of the energy flux to the sub-
strate during the ICP-assisted sputtering has been done to our knowledge. Thus, we
have made several TPs with the help of many references [32-40] to grasp the
energy flux onto a substrate during the ICP-assisted sputtering.

The energy flux (energy per unit area per second) J to a substrate can be
measured with a TP via two different ways: steady-state operation or pulse
operation depending on the “plasma on” time duration. In the steady-state oper-
ation, plasma is turned on much longer than the thermal relaxation time of the TP,
and the temperature gradient (A7/Ax) on the TP is measured after the TP is
thermally equilibrated. Then, the equilibrium J is simply evaluated by the equation

AT
J=—k Ar (6.1)
where k[W/(m K)] is thermal conductivity. Thus, absolute value of J is measured,
even though it takes a long time. Conversely, in the case of the pulse operation,
plasma is turned on in a short period of time (shorter than the thermal time
constant) and then turned off. From a transient change of the probe tip temperature,
J is evaluated by the following equation [32-35]:

mc | (dT; dT;
_me _ 2
! N |:<dt)on (dt>0ff:|Ts7 (6 )

where mc is the thermal capacity (m: mass of probe head, c: specific heat), S is the
probe surface area, and [(d7y/df),,—(dT/df)og] is the difference in temperature
gradient at common substrate temperature 7, during heating and cooling period.

6.4.1.1 Development of a Thermal Probe for Absolute Energy Flux
Measurement

Figure 6.11 shows a schematic of a TP made in this work [41-43]. The TP is
composed of a Cu plate (10 mm in diameter, 0.1 mm in thickness) facing to the
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plasma, a ceramics rod (6 mm in diameter, 10 mm in length) producing temper-
ature gradient, an Al rod (6 mm in diameter, 350 mm in length) connected to the
outer heat sink, and outer tubes (Teflon and stainless steel tubes) for thermal and
electric insulation, which prevents the energy flux coming in from the side of the
TP. The Cu plate, ceramic rod, and Al rod were tightly bonded. The first ther-
mocouple was attached to the ceramic rod at the distance of 6 mm from the joint
plane between the ceramic and the Al rod, and the second thermocouple was
attached on the Al rod with a distance of 10 mm from the joint plane. The other
end of the Al rod was water cooled outside the vacuum vessel. The outer stainless
steel tube for heat insulation was grounded to cut the electrical coupling between
the TP and plasmas. The greatest thermal gradient appears on the ceramic rod that
has a thermal conductivity of 1.6 W/(m K). The length of the ceramics rod was
determined by the trade-off between the requirements of a smaller thermal time
constant of the ceramic rod and a larger temperature difference at the both ends of
the ceramic rod. The thermal time constant is expressed as follows:
L pc,

r—CR—pchS—kL, (6.3)
where C is thermal capacity, R is thermal resistance, p[kg/m’] is mass density, ¢ [J/
(kg K)] is specific heat, k[W/(m K)] is thermal conductivity, V [m3] is volume,
S [mz] is cross-section area, and L [m] is length of the TP body. The shorter the
length of ceramic rod, the smaller the thermal time constant. The copper plate of
TP was biased by connecting a lead wire. As a result of investigation of the
influence of film deposition on probe surface, we confirmed that the measured
value decreased 4 % by a film deposition thickness of 100 nm. To clean the copper
plate surface, the bias voltage of —100 V was applied for 15 min before each
experiment.

The TP was set 8 cm from the target surface in the axial direction, and 3 cm
from the center axis of magnetron. Figure 6.12 shows a temporal change of dif-
ference in temperature measured by the two thermocouples on the TP for the ICP
RF power 100 and 200 W when plasma on period was 60 s (pulse operation) and
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Fig. 6.11 Schematic of a TP that can measure the absolute heat flux
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700 s (steady-state operation). The data in Fig. 6.12 indicate that the difference in
temperature is mostly saturated with a time constant 7 of 160 s and the thermal
equilibrium condition is reached at the time after 3—4 7 seconds. In the steady-state
operation, the energy flux was evaluated by Eq. (6.1), however, it should be
considered that the time interval between each measurement took about 1-2 h,
because the heating time of 3—4 7 and the cooling time of several tens of T were
required. In the pulse operation, the energy flux was estimated by Eq. (6.2) by
calibrating mc/S with the absolute value of energy flux measured in the steady-
state operation. Thus, the time interval between each measurement was reduced by
one order of magnitude.

To evaluate the validity of the energy flux measurement in the pulse operation,
we compared the variation of the term [(d7/df)o,—(dT/df)og] against common
substrate temperature difference 7. As a result, it was found that the term [(dT/
df)on—(dT/df)og] in Eq. (6.2) was almost constant within the error of £5 % when
the T, was taken in the range of 30-100 % of the maximum temperature differ-
ence. Thus, the mc/S of the TP was correctly calibrated by dividing the absolute
energy flux measured at the same sampling point in the steady-state operation by
the constant value of [(d7/dt)o,—(dT/df)og].

Figure 6.13 shows ICP RF power dependence of energy flux for different target
(sputtering) power of 0 W (only ICP discharge) and 40 W (ICP-assisted magne-
tron discharge). The energy flux to the TP for the 40 W planar magnetron dis-
charge (ICP RF power 0 W) is only 70 W/m”. The energy flux increases with
increasing ICP RF power, and it reaches 3000 W/m? for the ICP RF power 200 W
and target power 40 W. The contribution of the target (sputtering) power to the
total heat flux to the substrate is less than 5 %; i.e., the energy flux in the ICP-
assisted sputtering is predominantly determined by the ICP RF power.

The change in energy flux against substrate bias was investigated experimen-
tally and theoretically. The experimental values for the ICP RF power 200 W are
plotted with white circles in Fig. 6.14. According to Kersten et al. [35], the total
energy influx to a substrate J is the sum of the fluxes due to electrons (J,,), ions (J;),
neutrals (J,), and photons (Jp). In our case, the contributions due to the neutrals
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and photons were ignored because of high-density ICP at 4 Pa. Thus, the total
energy influx to a substrate J was simply assumed as the sum of J; due to the
kinetic energy of positive ions, J. due to the kinetic energy of electrons, and Jy.
due to the recombination of positive ions and electrons at the substrate surface as
shown in Eq. (6.4). Here, the contribution of hot neutral species is considered to be
negligible. Each contribution is expressed in Egs. (6.5)—(6.7).

J:Ji+Je+Jrec, (64)

. . [kT,
Ji :]iEi :]ieo(vpl — VS) = Ne iexp(fO.S)eo(Vpl — Vs), (65)
i

kT, e Vi .
Jo = ney/ er exp (- "k]‘j:*> 2kT., (6.6)

Jrec :jiErec :ji (Eionization - ¢) (67)

Here, n, is the electron density, k7 the electron temperature, m; the mass of ion,
m, the mass of electron, e, the base of natural logarithm, j; the particle flux of ions,
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Vpi the plasma space potential, V the substrate potential, Vii,s (=Vp—Vs) the
potential fall from plasma to the substrate that also equals the ion kinetic energy
E;, Erec (=Eionization—¢) the recombination energy of a positive ion, Ejqpization the
ionization energy of Ar ions, and ¢ the work function of the substrate material.

Theoretical energy flux onto a substrate J was calculated for the pure ICP by
using the experimental data on n., kT., and Vp,. Electron temperature, electronic
density, floating potential and plasma potential were measured by a Langmuir
probe respectively 2.5 eV, 2.58 x 10'" m™, 4.2 eV and 16.8 V for the condition
of ICP RF power 200 W at 4 Pa. Thus, we obtained J by substituting the measured
values and the physical constants such as m, m;, E. (=15.7 eV for argon ion) into
Egs. (6.5)—(6.7). Thus, the theoretical energy fluxes of J;, J., J. and the total J for
200 W ICP were calculated against Vi,;,s, which are shown by colored four curves
in Fig. 6.14. The experimental substrate bias dependence of the energy flux shown
by open circles is in good agreement with the calculated total J. The result indi-
cates that J;, J., and J.. dominantly contribute to the energy flux onto the sub-
strate. It is noted that the heat flux has a minimum of 2,800 W/m? at a floating
potential of 4 V.

6.4.1.2 Spatial Distribution of Heat Flux to the Substrate in ICP
Assisted Sputter-Deposition

To enable space resolved measurements of a directional energy flux in a short
time, a new TP was developed. The new TP had a compact and simple structure of
a small sampling Cu plate directly soldered to a small K type thermocouple wire
with a stainless steel crank tube (6.35 mm diameter) behind it. The lead wire of the
thermocouple was covered with alumina tubes for the radial thermal insulation in
the crank tube, and connected to a digital multi-meter to monitor temperature. The
TP with crank tube was inserted from the substrate side, and the collecting elec-
trode surface was directed to the target and ICP. Spatial distributions of directional
heat fluxes were measured with the TP by rotating and transferring the crank tube.
Figure 6.15a shows a time response of this TP during plasma on (ICP RF power
200 W for 10 s) and off then after. The decay curve is composed of fast and slow
components. Although the slow decay indicates that the thermal protection of the
TP is imperfect, it does not affect the determination of the heat flux.

The experimental results for the spatial profile of the directional heat flux in the
ICP are shown in Fig. 6.15b. Here, the target and ICP coil are located in the left at
x = —5 and 0 cm. Figure 6.15b shows that the high heat flux region is at distances
3-5 cm from the coil, which is the same as the empirically optimized substrate
positions to get high transparent and high conductive AZO films. Spatial distri-
butions of plasma parameters such as electron density, electron temperature,
plasma, and floating potentials were also measured by a movable Langmuir probe.
As a result, it was confirmed that the spatial profile of heat flux is similar to that of
ion saturation current, and agrees rather well with the calculated heat flux profile
by using these plasma parameters.
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6.4.2 Measurement of Al and Zn Atom Density Using
a Hollow Cathode Lamp and UV-LEDs

The behavior of sputtered particles in the gas phase was investigated via optical
emission spectroscopy and absorption spectroscopy [44]. The optical emission
spectra from the excited species were monitored by employing an optical fiber
spectrometer (Ocean Optics, HR4000CG-UV-NIR). For the purpose of estimating
the sputtered neutral particle flux to the substrate, sputtered Al and Zn atom
densities were investigated by the absorption spectroscopy using two different
absorption systems: one consisting of a HCL [45-49], monochromator and pho-
tomultiplier tube (HCL-M-PMT) and the other of a LED [50, 51], spectrometer,
and a multichannel CCD detector (LED-S-CCD).
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6.4.2.1 Measurement of Sputtered Atom Density with HCL-M-PMT
System

Ground-state densities of Al and Zn atoms sputtered from the AZO target were
measured by the absorption spectroscopy using HCL-M-PMT [47-49]. Optical
emission from a HCL (Hamamatsu Photonics, 1.233-30NQ (Zn) or L233-13NB
(Al)) was passed through an optical chopper (NF, 5584A), and guided to a
monochromator (JASCO, CT25) through the ICP-assisted sputtering chamber by
lens, prism, and optical fiber optics. The time modulated output signal from the
PMT was monitored and averaged for 1,024 times on a digital oscilloscope. By
comparing the difference in the modulated amplitude of PMT output between
plasma ON and OFF phases, absorbance was measured. The sputtered atom
density was obtained by comparing the experimental absorbance and the theo-
retical absorbance that was calculated using assumed gas temperatures (400 K) in
light source and plasma reactor and assumed optical path length (0.3 m). The
absorption measurements were done for Zn with 307.6 nm (4s> 'S, —4sdp *P9)
and for Al with 396.15 nm (3323p 2P§,2 —3s%4s 281 12), respectively. It is noted here
that the Zn 307.6 nm line used in the experiment is a forbidden line. The use of
absorption at the resonant line of Zn (213.856 nm, 4s° 1SO —4s4p lP‘f) was
impossible in this experiment due to too strong an absorption.

Figure 6.16 shows the ICP RF power dependence of metal atom densities in gas
phase. Both Zn and Al atom densities increase with increasing ICP RF power, but
there is a difference in the ICP RF power dependence between Zn and Al atom
densities. Al atom density linearly increases with increasing ICP RF power, while
Zn atom density increases four times with increasing ICP RF power from 0 to
100 W, then saturates for ICP RF power more than 100 W. The ICP RF power
dependence of the ratio of Al to Zn density in the gas-phase correlates well with
that of the elemental ratio in the AZO films. The measured Al density is reliable,
because the Al atom flux to the substrate was estimated 3-5 x 10'* cm™2 57!
from the measured Ar density and these values were very close to those calculated
from the deposition rate of AZO. Conversely, the measured Zn density was at least
two orders of magnitude greater than the expected one; i.e., the Zn atom flux of
2-8 x 10" cm™2 s was deduced from the measured Zn density and the Zn atom
flux of ~10"° cm™ s™! was estimated from the deposition rate. We have not yet
identified the cause of this behavior, but we believe that it is due to the large
evaporation pressure of Zn, re-evaporation of ZnO due to small formation energy
compared to Al,O5 [52], blending of absorption by another species such as OH
with Zn absorption, or another unknown factor.

6.4.2.2 Measurement of Sputtered Atom Density with LED-S-CCD
System

Absorption measurement of Al atoms was also performed using a LED-S-CCD in
a DC planar magnetron discharge with Al target [51]. An example of the result is
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shown in Fig. 6.17, indicating clear absorption lines at 394.40 and 396.15 nm of
Al The experimental absorbance using LED-S-CCD was two orders of magnitude
smaller than that using HCL-M-PMT under the same conditions as expected from
the theoretical estimation, but absorption limit of 2 x 10~* could be detected
owing to the stable operation of LED and CCD. Figure 6.18 shows the discharge
power dependence of sputtered Al atom density measured by HCL-M-PMT and
LED-S-CCD during magnetron sputtering. Both Al densities agreed well, indi-
cating the Al density was measured with high reliability.

6.4.3 Measurement of Gas Temperature Using an Extra
Cavity Diode Laser Absorption

High-resolution diode laser absorption spectroscopy is a powerful tool to diagnose
particle density and temperature in plasmas [44, 53]. With the progress in diode
laser technology, inexpensive tunable single mode diode lasers with external
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Al 394.40nm Al 396.15nm
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cavity which are also called as ECDLs [54-58] have recently been applied for the
measurements of velocity distributions of In [59], He [60], Ar [61], Al [62], and O
[63], etc. To grasp the neutral Ar gas temperature in the ICP-assisted sputtering,
we have measured the distribution functions of metastable Ar by using a home-
made ECDL with Littrow configuration. The ECDL was composed of a diode laser
(Opnext HL6738MG), a grating (1800 grooves/mm) for rough tuning and a piezo
element for fine tuning. The ECDL delivered a single mode output power of
~5mW at 696.735 nm of the metastable Ar absorption transition (4s *[3/
213 — 4p ?[1/2],). The wavelength was monitored by a 25 cm spectrometer and
the spectral scanning was monitored by a scanning Fabry—Perot interferometer
(THORLABS SA200-6A). The power of the diode laser beam was attenuated
below 10 pW to avoid saturation. The spectral bandwidth of the laser was less than
25 MHz. The laser beam path was set at a position of 3 from the target.

Space average gas temperature (T,,) and metastable Ar density (N, ") were
obtained by a curve fitting of the experimental data with the theoretically calcu-
lated absorption line profile function taking into account the saturation of
absorption. It is noted that the temperature of metastable Ar (T,™) is the same as
that of the ground state Ar (T4,) because the translational motion is the same in
both species. An example of the experimental absorption line profile (obtained at a
pressure of 10 mTorr, at a sputtering power of 40 W and ICP RF power of 300 W)
is shown in Fig. 6.19 with a calculated fitting line profile, where Ts, and Nu,™
were estimated to be 410 K and 4.7 x 10" cm™, respectively. The T, was in
proportion to ICP RF power, and the T,, and N™ were 320 K and
4.5 x 10° cm ™, respectively for the 10 mTorr Ar ICP without the magnetron
discharge. The detection limit of N, was about 10° cm 3.

Figure 6.20 shows the ICP RF power dependence of Ar gas temperature
measured by the homemade ECDL using the 4s 2[3/2](2) — 4p 2[1/2]1 transition of
metastable Ar at a pressure of 30 mTorr with a magnetron power of 0 W (closed
triangle) and 40 W (closed circle). For the 30 mTorr magnetron discharge with the
AZO target at a sputtering power of 40 W, T, and N4 ™ were measured to be
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440 K and 4 x 10° cm™>. With superimposing the ICP RF power from 0 to
300 W on the magnetron discharge, T, monotonically increased from 440 to
620 K with increasing ICP RF power as shown in Fig. 6.20; however, Na™
increased from 4 x 10° cm™> to 8 x 10'® ecm™ for increasing ICP RF power
from O to 100 W then saturated for the further increase in ICP RF power. The
increase in T, is due to the gas heating effect in high-density plasmas [64, 65].
ICP RF power dependence of T, for the sole ICP without magnetron discharge is
also shown in Fig. 6.20 for comparison. We find that T, is increased by 80 K with
the mixing of sputtered metal atoms. Since the Ty, and Na,™ were observed to
increase considerably in the ICP-assisted sputter deposition, we have estimated the
heat flux to the substrate by the neutral Ar atoms. As a result, we found that the
contribution of the ground state and metastable Ar atoms to the total heat flux to
the substrate was negligible.

As described above, our understanding of the ICP-assisted sputter deposition
has been gradually increasing. For the moment, however, the film resistivity of our
AZO films deposited with ICP-assisted sputter deposition is several times higher
than those obtained with other deposition techniques. However, novel ideas to
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improve film quality such as the solid-phase crystallization from amorphous phase
[66] have been reported. By employing and combining these new ideas with ICP-
assisted sputtering, we expect to further improve the film conductivity of AZO, as
the ionized sputter deposition has not been fully cultivated.

6.5 Summary

ICP-assisted DC sputter deposition was used for the deposition of Al-doped ZnO
(AZO or ZnO:Al) thin films. With increasing ICP RF power, film properties such
as deposition rate, crystallinity, transparency, and resistivity were improved. To
understand the plasma-surface interaction, several electrical and optical plasma
diagnostics were carried out. It was revealed that the high-density ICP heated the
substrate through a high heat flux to the substrate, resulting in a high-quality film
deposition without the need for intentional substrate heating. The heat flux to the
substrate was predominantly contributed by the plasma ions and electrons, not by
the neutral Ar atoms which were also significantly heated up in the ICP. The
substrate position where the highest quality films were obtained was found to
coincide with the position where the substrate heat flux took the maximum of
about 3000 W m™>.
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Chapter 7

Control of ZnO Nano-Crystals
Synthesized by Nanoparticle-Assisted
Pulsed Laser Deposition Using Buffer
Layer and Laser Irradiation

Daisuke Nakamura, Tetsuya Shimogaki, Kota Okazaki, I. A. Palani,
Mitsuhiro Higashihata and Tatsuo Okada

Abstract Various ZnO nanocrystals, such as nanowires, nanorods, and nanowalls,
have been successfully synthesized by a nanoparticle-assisted pulsed laser depo-
sition (NAPLD). In this study, we have succeeded in controlling the growth
density and position of the ZnO nano crystals with a ZnO buffer layer and a buffer
layer patterned by interference laser irradiation, respectively. Vertically aligned
ZnO nanowires with low lateral density were grown on the ZnO buffer layer, and
each nanowire was grown at the tip of the hexagonal cone-shape ZnO core formed
on the layer. The lateral density of the ZnO nanowires can be controlled by the
buffer layer thickness. In addition, laser irradiation to the buffer layer can also
control the density, because the density of the nanowire grown on the laser-
irradiated layer was clearly decreased as compared with no-irradiated layer. Fur-
thermore, patterned growth of ZnO nano crystals was demonstrated using four
beam interference patterning. The buffer layer and interference laser irradiation
can be used as one of the effective additives to control the growth of the ZnO nano
crystals synthesized by NAPLD.

7.1 Introduction

Zinc oxide (ZnO) is an attractive material for many different kinds of applications
because of piezoelectric [1, 2], spintronic [3], catalytic, electronic, and optoelec-
tronic properties. In addition, one-dimensional ZnO nanostructure has been
attracting a lot of attention as building blocks for nanodevices such as ultraviolet

D. Nakamura (P<) - T. Shimogaki - K. Okazaki - M. Higashihata - T. Okada

Graduate School of Information Science and Electrical Engineering, Kyushu University,
744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan

e-mail: dnakamura@ees.kyushu-u.ac.jp

1. A. Palani
Indian Institute of Technology, Indore, India

M. S. R. Rao and T. Okada (eds.), ZnO Nanocrystals and Allied Materials, 149
Springer Series in Materials Science 180, DOI: 10.1007/978-81-322-1160-0_7,
© Springer India 2014



150 D. Nakamura et al.

(a) (b)

Substrate Substrate

Fig. 7.1 Schematic of the layer-structured ZnO nanowires, a core/shell structure and b film-wire
structure

(UV) lasers [4], laser diodes [5], light emitting diodes (LEDs) [6—12], gas sensor
[13], strain sensors [14], and UV photodetectors [15, 16] because of their unique
properties. Especially, ZnO nanowire has attracted a great attention, because it has
not only superior crystalline quality, but also freedom to choose substrate and large
surface area to volume ratio.

For the practical optoelectronic applications based on the ZnO nanowires;
however, fabrication of layered structures for p—n junction and control of nanowire
growth direction, shape, density, and position are essentially required. In our study,
we have succeeded in synthesizing various nanostructures, nanorods [17, 18],
nanowalls [19], and the vertically and horizontally aligned ZnO nanowires [20-24]
by a nanoparticle-assisted pulsed laser deposition (NAPLD) without any catalyst.
Besides, the density-controlled growth of vertically aligned ZnO nanowires has
been successfully achieved by varying substrate—target distance, repetition rate,
and laser energy [25]. Recently, we realized the growth of layer-structured
nanowires in a simple step process by changing the growth pressure. Typically,
ZnO nanowires are grown at a pressure of 20-40 kPa by NAPLD. On the other
hand, a ZnO thin film is also deposited with decreasing the pressure to several Pa
in a conventional PLD process using the same vacuum chamber. For instance,
core/shell ZnO nanowires, as shown in Fig. 7.1a, can be fabricated by deposition
of the film after growth of the nanowires. When a thin film is deposited as a buffer
layer before growth of the nanowires, film-wire layered structure can be obtained,
as shown in Fig. 7.1b. In addition, we demonstrated the periodic growth of ZnO
nano crystals in a two-step process, which combines interference laser irradiation
to the buffer layer and NAPLD. In this paper, we describe influence of the buffer
layer and laser irradiation on ZnO nanocrystals synthesized by NAPLD.

7.2 Experiments
7.2.1 Experimental Setup

Figure 7.2 shows the schematic of the experimental setup for synthesis of laser
structured ZnO nanowire by NAPLD. In this experiment, sintered targets of pure
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ZnO target

Gas '
= =
Vacuum
Q SiC heater
Nd:YAG

Laser (355 nm) Sapphire substrate

(f=400 mm)

Fig. 7.2 Experimental setup for synthesis of layer structured ZnO nanowire by NAPLD

Zn0O, Sb-doped ZnO, and Li-Ni codoped ZnO were prepared in synthesizing ZnO
nano crystals. A c-plane or an a-plane sapphire substrate (10 mm x 10 mm) was
put on a SiC heater in a vacuum chamber and the target—substrate distance was set
to be 40 mm. The substrate was heated to 400-800 °C in the vacuum chamber
filled with a background gas of argon or oxygen. The ZnO target was ablated with
the third harmonics of a Q-switched Nd:YAG laser at 355 nm with a repetition rate
of 10 Hz and a fluence of about 0.5-1.0 J/cm?.

In this experimental setup, various ZnO nanostructures could be synthesized by
just changing the growth conditions. Table 7.1 shows the typical parameters for
synthesis of ZnO nanostructures by NAPLD. In addition, we introduced a multi-
target changer, as shown in Fig. 7.3, in the experimental setup. Four kinds of
targets could be fixed on it. Since targets can be changed without disturbing
ambient growth condition during synthesis of ZnO nanowires, it is expected to be
fabricated layer-structured ZnO nanocrystals consisting of different material
layers.

The morphology of the as deposited products was analyzed by scanning elec-
tron microscopy (SEM). The optical properties of the ZnO nanowires were
investigated by observing the room temperature photoluminescence (PL) using a
He-Cd laser as the excitation light source.

Table. 7.1 Typical parameters for synthesis of ZnO nanostructures by NAPLD

ZnO Film Zn0O nanowire Zn0O nanorod
Temprature (°C) ~650 700-800 600-800
Gas (20 sccm) 0, Ar 0,

Pressure ~3 Pa ~40 kPa ~2 kPa
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Fig. 7.3 Photograph of the
multi-target changer

7.3 Results and Discussion

7.3.1 Influence of ZnO Buffer Layer on Growth of ZnO
Nanowires

At first, a difference between ZnO nanowires with and without a ZnO buffer layer
was investigated using a pure ZnO target. Figure 7.4 shows the SEM image of
pure ZnO nanowires synthesized on bare c-plane sapphire substrate. ZnO nano-
wires were grown at a background argon pressure of 26.7 kPa and a substrate
temperature of 800 °C for 20 min. Vertically aligned ZnO nanowires with high
lateral density were grown on the substrate. The lengths of the nanowires are
around 2 um and the diameters are about 100 nm.

By contrast, the low-density ZnO nanowires were synthesized on the ZnO
buffer layer, as shown in Fig. 7.5. A ZnO buffer layer of about 400 nm thickness
was deposited on a sapphire substrate at a background oxygen pressure of 3.3 Pa
and a substrate temperature of 650 °C for 5 min before growth of ZnO nanowires.
Subsequently, the background gas was changed from oxygen to argon and ZnO
nanowires were grown on the ZnO buffer layer at a pressure of 26.7 kPa and a
substrate temperature of 800 °C for 15 min without breaking vacuum.

Almost all nanowires were vertically well aligned and grown on hexagonal
cone-shape ZnO cores. The size of the cores formed at the bottom of the nanowires
was not uniform and the nanowires having no cores also exist. Achievement of the
density decrease by introducing a ZnO buffer layer has been reported by Cao et al.
[26]. They say that ZnO buffer layer seems to prevent nanowire nucleation and
growth, since the incoming ZnO incorporates much more effectively into the ZnO
buffer layer. A similar tendency was observed in our experiment.
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Fig. 7.4 SEM image (45°
tilted view) of ZnO
nanowires grown on the
substrate

Fig. 7.5 SEM image of ZnO
nanowires synthesized on the
ZnO buffer layer, a 45° tilted
view and b top view

Regarding alignment of the nanowires, previously we have been succeeded in
synthesizing the vertically and horizontally aligned ZnO nanowires using a pre-
annealed sapphire substrate [20-22]. The pre-annealing process greatly improves
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the substrate surface morphology, so that drastic change in surface morphology is
obtained from the irregularly roughened surface to the atomically flat surfaces with
atomic steps. On the other hand, the introduction of the buffer layer may increase
surface roughness. However, vertically aligned ZnO nanowires are grown on the
buffer layer.

Next, in order to investigate the influence of the ZnO buffer layer thickness on
growth of the ZnO nanowires, four samples were prepared with different thickness
of the buffer layer. The buffer layers were deposited on the sapphire substrates with
the deposition times of 1, 3, 5, and 10 min at a background oxygen pressure of
3.3 Pa and a substrate temperature of 650 °C. After deposition of the buffer layer,
ZnO nanowires were subsequently grown on the buffer layer at a background
argon gas of 26.7 kPa and a substrate temperature of 750 °C for 30 min.

Figure 7.6 shows the SEM images of ZnO nanowires synthesized on the buffer
layer with a deposition time of 1 min. Vertically aligned ZnO nanowires with high
density are grown on the buffer layer. The lengths and diameters of the nanowires
were about 1 pm and 100 nm, respectively. Figure 7.7 shows the SEM images of
ZnO nanowires synthesized on the buffer layer with a deposition time of 3 min.
The density of the nanowires decreased with increasing the deposition time of the
buffer layer. Figure 7.8 shows the SEM images of ZnO nanowires synthesized on
the buffer layer deposited for 5 min. Very low density nanowires are grown on the
thicker buffer layer. The hexagonal cone-shape cores at the bottom of the nano-
wires were formed. It is found that the hexagonal cores also exist in Figs. 7.6b and
7.7b, though it is hard to distinguish the cores due to the high density. When the
deposition time of the buffer layer was 10 min, the nanowire density was further
decreased, as shown in Fig. 7.9.

Figure 7.10 shows the surface profiles of the buffer layers with different
deposition times. The surface roughness increased with increasing the deposition
time. Table 7.2 shows the surface roughness (rms) of the buffer layers. In general,
the grain size increases with increasing the film growth time [27, 28]. These large
grains probably prevent the nucleation of the nanowire, because the incoming ZnO
nanoparticles may be incorporated effectively into the large grains. Though the
growth mechanism of the nanowire on the ZnO layer by NAPLD have been under
investigation, the buffer layer can be used as one of the effective additives to
control the growth density of the ZnO nanowires synthesized by NAPLD.

The optical property of the ZnO nanowires was characterized with PL spectra
measurement at room temperature by a spectrometer (multi-channel analyzer
C10027, HAMAMATSU photonics). Figure 7.11 shows the PL spectra from the
ZnO nanowires grown on the buffer layer. The spectra are normalized to the UV
peak centered at 380 nm. Not only the UV emission but also broad visible
emission was observed from the ZnO nanowires. The UV emission band is due to a
near-band-edge (NBE) recombination of ZnO, which is the emission of excitons
through an electron-hole recombination process. The broad visible emission peak
of ZnO is a typical defect-related emission, which is usually attributed to the deep-
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Fig. 7.6 SEM images of
ZnO nanowires synthesized
on the ZnO film with a
deposition time of 1 min,
a 45° tilted view and b top
view

level oxygen vacancy in the surface and subsurface lattices of ZnO materials. A
red-shift in the visible emission peak is observed by increasing the buffer layer
thickness. The visible emission may be attributed to the defects in the buffer layer
because an intensity ratio of visible emission to NBE from the ZnO nanowires
increases with increasing the layer thickness.

7.3.2 Crystal Quality of the ZnO Nanowire

Crystal quality of the synthesized ZnO nanowires was analyzed with TEM.
Figure 7.12 shows a high-magnification TEM image of the ZnO nanowire. ZnO
nanowires are single crystalline with the wurzite hexagonal phase and grown along
the (0001) direction. In addition, the nanowires are preferentially oriented in the
(0002) direction from the XRD analysis, as shown in Fig. 7.13.
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Fig. 7.7 SEM images of
ZnO nanowires synthesized
on the ZnO film with a
deposition time of 3 min,
a 45° tilted view and b top
view

7.3.3 Synthesis of Core/Shell-Structured ZnO Nanowire

It is important to fabricate layered structure in not only the nanowire axial
direction but also the radial direction, because core/shell nanowires are expected to
be more efficient in emitting due to low thermal quenching and large surface effect
[26]. Figure 7.14a shows the SEM image of the ZnO nanowires grown on the ZnO
buffer layer at the same deposition condition as that of Fig. 7.5. Figure 7.14b, c
shows the top view and 45° tilted view SEM images of ZnO nanowires after
growth of the shell for 5 min at the temperature of 650 °C and an oxygen gas
pressure of 3.3 Pa. The ZnO nanowires grew uniformly in the radial direction,
indicating that ZnO shell coats homogeneously the entire nanowire. Figure 7.14d
shows the SEM image of the ZnO nanowires after growth of the ZnO shell for
20 min. The diameter of the ZnO nanowire was further increased uniformly with
increasing the deposition time. Thus, it was found that thickness of the shell could
be controlled by the deposition time and expected that core/shell structure con-
sisting of different material layers could be fabricated using different kinds of
targets [29].
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Fig. 7.8 SEM images of
ZnO nanowires synthesized
on the ZnO film with a
deposition time of 5 min,
a 45° tilted view and b top
view

7.3.4 Synthesis of Layer-Structured ZnO Nanowires
Consisting of Different Material Layers Using Doped
Zn0O Target

The layer-structured ZnO nanowires, which are a film-wire structure and a core/
shell structure, consisting of different material layers also could be synthesized
using a pure and a Li—Ni codoped ZnO targets. Li—Ni codoped ZnO is one of the
promising targets for p-type ZnO thin film [30-32]. Figure 7.15 shows the SEM
images of the ZnO nanowires synthesized on the Li-Ni codoped ZnO buffer layer.
The Li-Ni codoped ZnO film was deposited on a c-plane sapphire substrate at a
temperature of 400 °C and an oxygen gas pressure of 3.3 Pa. After deposition of
the film for 5 min, the nanowires were subsequently synthesized on the buffer
layer at a temperature of 750 °C and an argon gas pressure of 26.7 kPa in the same
chamber without breaking vacuum. The growth time of the ZnO nanowires was
15 min. The vertically aligned ZnO nanowires with a diameter of 50—100 nm and
a length of around 2 um were formed.
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Fig. 7.9 SEM images of
ZnO nanowires synthesized
on the ZnO film with a
deposition time of 10 min,
a 45° tilted view and b top
view

Fig. 7.10 Surface profiles of
the buffer layers with
different deposition times of
1, 3, 5, and 10 min
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The core/shell-structured ZnO nanowires consisting of different materials also
could be synthesized. Figure 7.16a shows the SEM image of the pure ZnO
nanowires synthesized after deposition of the ZnO film. Figure 7.16b shows the
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Table 7.2 The surface roughness rms of the ZnO buffer layer with different deposition times

Deposition time (min) 1 3 5 10
RMS (nm) 04 1.5 43 8.1
4 —— 1min

L —— 3min
3f ——— 5min

PL Intensity [a.u.]

350 400 450 500 550 600 650 700 750 800
Wavelength [nm]

Fig. 7.11 PL spectra from the ZnO nanowires on the buffer layer deposited with different

deposition times

Fig. 7.12 High-magnification TEM image of the ZnO nanowire taken from the side part of the
nanowire grown on the a-plane sapphire substrate

SEM image of the ZnO/Li—Ni codoped ZnO core/shell-structured ZnO nanowires
after growth the shell for 10 min at a temperature of 400 °C and an oxygen gas

pressure of 3.3 Pa.
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Fig. 7.13 XRD results of the ZnO nanowires grown on the a-plane sapphire substrate

L

Fig. 7.14 SEM images of a ZnO nanowires on the buffer layer and core/shell-structured ZnO
nanowires, where the growth time of the shell layer were 5 min (b top view, ¢ 45° tilted view),
and d 20 min
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2 um

Fig. 7.15 SEM images of the ZnO nanowires synthesized on the Li-Ni codoped ZnO buffer
layer

Figure 7.16c, d shows the 45° tilted view and top view SEM images of the ZnO
nanowires after growth of the ZnO shell for 20 min. The diameter of the ZnO
nanowires increased uniformly with increasing the deposition time of the shell. On
the other hand, the hexagonal cone-shape cores were buried in the Li—Ni codoped
ZnO film as shown in Fig. 7.16b, c. Thus, the incoming Li—Ni codoped ZnO seems
to incorporate much more effectively into the ZnO buffer film layer than the
nanowires. These results show that the core/shell structure consisting of different
materials is also able to be fabricated by the multi-target changer system.

The optical property of the layer-structured ZnO nanowires was investigated at
room temperature. Figure 7.17 shows the PL spectra from the ZnO nanowires
synthesized on the Li—Ni codoped ZnO and the pure ZnO buffer layer. The spectra
are normalized at the UV peak for easy comparison. A strong UV peak centered at
380 nm and a weak broad visible emission with a peak at about 500 nm were
observed from the ZnO nanowires of the pure ZnO film. The UV emission band is
due to a NBE recombination of ZnO, which is the emission of excitons through an
electron-hole recombination process [33]. The broad green emission peak of ZnO
is a typical defect-related emission, which is usually attributed to the deep-level
oxygen vacancy in the surface and subsurface lattices of ZnO materials [34]. The
intensity of the broad visible emission from the nanowires grown on the Li—Ni
codoped ZnO film is higher than that on the pure ZnO film. The results show that
the Li-Ni thin film might cause an increase of deep-level defects inside ZnO
lattices [35]. However, as an intensity ratio of green emission to NBE from the
ZnO nanowires is less than 0.4, the fact that the UV emission is strong and the
defect emission is weaker shows the good crystal quality both of ZnO nanowires
on the pure and Li-Ni codoped films.
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Fig. 7.16 SEM images of (a) ZnO nanowires on the film and the ZnO/Li-Ni codoped ZnO core/
shell-structured ZnO nanowires, where the growth time of the Li-Ni codoped ZnO shell layer
were (b) 10 and 20 min (c 45° tilted view, d top view)

The PL characteristic of the core/shell-structured ZnO nanowires, as shown in
Fig. 7.16, was also investigated. The PL was measured in two different configu-
rations, as shown in Fig. 7.18. Figure 7.19 shows the PL spectra of the core/shell-
structured ZnO nanowires. A visible light emission at green emission band and
very low UV emission were observed. On the other hand, no emission was
detected under excitation from the nanowire side, as shown in Fig. 7.18b. The
results indicate that the Li-Ni codoped ZnO film would absorb UV emission. To
fabricate a ZnO-based homo-junction LED using the Li—Ni codoped ZnO as a
p-type material, an intrinsic layer would be inevitably required between the
p-n junction, which is a PIN (p-type-Intrinsic-n-type) diode structure, in order to
prevent absorption of the UV emission around the Li-Ni codoped ZnO.
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Fig. 7.17 PL spectrum of the ZnO nanowires on the ZnO and the Li-Ni codoped ZnO thin film
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Fig. 7.20 SEM images of
ZnO nanowires synthesized
on the ZnO layer using Sb,O3
ZnO target, a tilted view and
b top view

Next, influence of Sb on growth of the ZnO nanowires in NAPLD was
investigated using a ZnO target doped with 5 wt % Sb,Oj3 [36]. Sb is attracted as a
one of the promising p-type dopant in ZnO. Recently, Sb-doped ZnO film [37, 38]
and ZnO nanostructures have been reported [39, 40]. In addition, Sb can be used as
an effective additive to control the morphology of ZnO nanostructure [41] and
grain [42]. Figure 7.20 shows the SEM images of the Sb-doped ZnO nanowires.
A ZnO buffer layer was deposited on an a-plane sapphire substrate at a background
oxygen pressure of 3.3 Pa and a substrate temperature of 650 °C for 1 min before
growth of ZnO nanowires. Subsequently, the background gas was changed from
oxygen to argon and ZnO nanowires were continuously grown on the ZnO buffer
layer at a pressure of 40 kPa and a substrate temperature of 750 °C for 30 min.
Vertically well-aligned ZnO nanowires with low density were grown on the
substrate.

The core size was more uniform than that of the pure ZnO target, as shown in
Fig. 7.20b. Figure 7.21b shows size histograms of the hexagonal cone-shape core
shown in Fig. 7.20 and that of pure ZnO is also shown in Fig. 7.21a for com-
parison. While the core sizes of the pure ZnO nanowires are broadly distributed in
the range of 0-600 nm, the size distribution of Sb-induced ZnO nanowires is
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Fig. 7.21 The size histograms of hexagonal cone-shape cores grown with a pure ZnO and
b Sb,0; ZnO

sharpened at 400 nm, namely more than 90 % of the cone-shape cores are formed
in the same size of 400 nm using the Sb-doped ZnO target. Li et al. report the
tapered ZnO nanocone arrays synthesized by thermal evaporation with Sb,0s.
They show that the tapering of the ZnO nanocones is related to the doping of
Sb,O3 [41]. In our experiment, the taper angles of the cone-shape cores does not
seem to be uniform in the case of pure ZnO nanowires. On the other hand, since
the cone-shape cores have almost the same taper angles of about 60° as in the case
of Sb-doped ZnO nanowires (Fig. 7.20a), Sb seems to affect the nucleation pro-
cess. Hence, Sb,O5 can be used as one of the effective additives to control the
morphology and alignment of ZnO nanowires from this result.

Further, crystal quality of the synthesized ZnO nanowires was analyzed with
TEM. It is found that the Sb-induced ZnO nanowires are also single crystalline
with the wurzite hexagonal phase and grown along the (0001) direction. Fig-
ure 7.22 shows the XRD results of the ZnO nanowires grown with pure and Sb,0;
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Fig. 7.23 Room temperature
PL spectra of the ZnO

nanowires with pure and 1F
Sb,05 doped ZnO target
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doped ZnO targets, indicating the nanowires are preferentially oriented in the
(0002) direction. In addition, Sb doping concentration in the nanowire is not so
high, because no shift in the XRD diffraction angles was observed for the pure and
Sb-induced ZnO nanowires.

PL spectra of the Sb-induced ZnO nanowires were also measured at room
temperature. Figure 7.23 shows the PL spectra from pure and Sb-induced ZnO
nanowires. A strong UV emission centered at 380 nm and a weak, broad visible
emission with a peak at about 504 nm was observed from the nanowires. No
broadening and shifting of the NBE peak and green emission was observed
between the PL spectra of pure and Sb-induced ZnO. The broadening and red-shift
of the NBE peak from Sb-doped ZnO nanobelts and nanocones should be due to
the narrowing of E, and the band tailing induced by doping [41, 43]. It is regarded
that the ZnO nanowires is slightly doped with Sb in our experiments, corre-
sponding to the TEM and XRD analysis. However, an intensity ratio of green
emission to NBE of Sb-doped ZnO nanowires is slightly higher than that of pure
ZnO nanowires [44]. Here, the fact that UV emission is strong and the defect
emission is weaker shows the good crystal quality both of pure and Sb-induced
ZnO nanowires.

7.3.5 Introduction of Laser Irradiation to ZnO Buffer Layer
(Treatment of Buffer Layer by Laser Irradiation)

It was demonstrated that the buffer layer affects the nucleation and the alignment of
the nanowires. As another approach to control the nanowire density, laser irradiation
to the buffer layer was introduced. A ZnO buffer layer was deposited on the sapphire
substrate at a background oxygen pressure of 3.3 Pa and a substrate temperature of
650 °C for 2 min. After deposition of the buffer layer, the sample was taken out from
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Fig. 7.24 SEM images of ZnO nanowires on a the buffer layer and b the laser-irradiated buffer
layer

the chamber and irradiated by a single Nd: YAG laser pulse of 355 nm with a fluence
of 120 mJ/cm?. Subsequently, the irradiated sample was placed in the chamber
again, and then ZnO nanowires were grown on the buffer layer at background argon
gas of 26.7 kPa and a substrate temperature of 750 °C for 20 min. Figure 7.24
shows the SEM images of ZnO nanowires on the buffer layer and the laser-irradiated
buffer layer. The nanowire density was clearly decreased by laser irradiation to the
buffer layer. The surface roughness of the laser irradiated buffer layer decreases with
increasing the laser fluence, as shown in Fig. 7.25. On the other hand, there was no
modification of the surface roughness after thermal annealing at 800 °C using an
electric furnace. It is considered that the ZnO grains constituting the buffer layer
connected each other due to transient melting and re-solidification by the laser
irradiation. The enlarged ZnO grains might prevent the nucleation of the nanowires,
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Fig. 7.26 SEM images of 400
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corresponding to the former results. Thus, ZnO nanowire density can be controlled
by laser irradiation to the buffer layer.

The optical properties of the laser-irradiated buffer layer were investigated at
room temperature. Figure 7.26 shows the PL spectra from as-grown and the laser-
irradiated ZnO buffer layer. A very weak NBE and a relatively high visible
emission are observed from as-grown layer. On the other hand, intense NBE
emission was observed with low visible emission from the laser-irradiated layer.
Since dramatic improvement of optical properties has been achieved by the laser
irradiation, the laser irradiation can be one of the effective techniques for fabri-
cation of ZnO-based optoelectronic materials.

Based on the results of laser irradiation to the buffer layer, we applied four-
beam interference irradiation [45, 46] to control the growth position of the ZnO
nano-crystals. Figure 7.27 shows the schematic of the experimental setup for four-
beam interference irradiation. A TEM grid (400 mesh, 63.5 um pitch) was used as
a transmission beam splitter. Four beams were correlated on the surface of the
buffer layer through two lenses configuring a demagnification system. The pitch of
the interference pattern can be calculated by (f>/f;)d 1/\/ 2, where f1, f> are the focal
lengths of the lenses and d; is the period of the transmission beam splitter.

) Lens1 Lens2 ZnO
TEM grid (f;=400) (f,=50)  bpuffer layer
~N

Nd:YAG
Laser (355nm)

f; \\, f; J f, J f, J

Fig. 7.27 Schematic of four-beam laser interference irradiation
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Fig. 7.28 The calculated 4-
beam interference pattern

Fig. 7.29 SEM image of
ZnO nanowires synthesized
on the ZnO film with a
deposition time of 10 min,
a 45° tilted view and b top
view
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Fig. 7.30 SEM images of
the nano crystals grown on
the patterned buffer layer by
the interfering laser beams,
a low-magnification and

b high-magnification

Figure 7.28 shows a calculated interference pattern by four beam. In the experi-
ment, since the lenses of f; = 400 mm and f>, = 50 mm were used, the pitch of the
pattern was estimated to be 5.6 pm.

After the interference irradiation to the buffer layer, the periodic pattern was formed
on the buffer layer, as shown in Fig. 7.29. In this case, the buffer layer was ablated at a
center of the irradiated spot due to the high laser fluence of more than 800 mJ/cm? and
re-solidified ZnO was formed around each spot. The pitch of periodic pattern formed
on the buffer is almost the same as the calculated pitch of 5.6 pm.

The ZnO nanocrystals were grown on the periodically patterned buffer layer for
20 min. Figure 7.30 shows the SEM images of the nano crystals grown on the
patterned buffer layer by the interfering laser beams. Periodic structures were
formed on the laser-irradiated buffer layer. ZnO nanowalls were synthesized on the
edge of each irradiation spot. At different area of the same sample, dense nano-
wires were grown along the edge of the laser-irradiation spot. Though we need to
investigate the relation between the laser fluence and growth of the ZnO nano
crystals, interference laser irradiation can be used as one of the effective technique
to control the growth position and morphology of the ZnO nano crystals synthe-
sized by NAPLD.
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7.4 Conclusions

To summarize, we have succeeded in synthesizing vertically aligned ZnO nano-
wires on the ZnO buffer layer by NAPLD. The influence of the buffer layer on ZnO
nanowire growth was investigated. The nanowire density decreases with increas-
ing the deposition time of the buffer layer. Layer-structured ZnO nanowires, such
as the film-wire structure and the core/shell structure, consisting of different
materials were realized in the simple step process by changing the growth pres-
sure. In the case of Sb-induced ZnO nanowire, vertically well-aligned ZnO
nanowires were grown on the uniform hexagonal cone-shape cores, namely more
than 90 % of the pyramid cores were formed in the same size of 400 nm. Thus, Sb
seems to affect the nucleation process and can be used as one of the effective
additives to control the morphology and alignment of ZnO nanowires from this
result. In addition, laser irradiation to the buffer layer was introduced to control the
growth of ZnO nanowires. The lateral density of the nanowire grown on the laser-
irradiated layer was clearly decreased as compared with no-irradiated layer. Fur-
thermore, we demonstrated the patterned growth of the ZnO nano-crystals by four-
beam interference irradiation. Though the growth mechanism of the nanowire on
the ZnO buffer layer by NAPLD has been under investigation, the buffer layer and
interference laser irradiation can be used as one of the effective technique to
control the growth position and morphology of the ZnO nano crystals synthesized
by NAPLD.
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Chapter 8

Influence of Sb as a Catalyst in Synthesize
of Sb Doped ZnO Nanostructures Using
Nanoparticle Assisted Pulsed Laser
Deposition for UV LED Applications

I. A. Palani, D. Nakamura, K. Okazaki, M. Highasiata and T. Okada

Abstract The paper deals with synthesis of Sb and Sb—Al co-doped ZnO nanowires
using nanoparticle assisted pulsed laser deposition (NAPLD) by considering Sb as a
catalyst. The mechanism of the growth initiation of nanostructures from the Sb
droplets is analyzed at varying growth temperature. Nanowires and nanosheets of
different orientation were synthesized. With ZnO:Al target and Sb coated Si as
substrates, at a growth temperature of 750 °C, random oriented high density nano-
wires with a diameter of about 1 pum and alength up to a few tens of micrometer were
synthesized. The suppression of A;T modes and E;(L0) modes from Raman spec-
troscopy confirming that depletion of oxygen vacancies. XPS analysis confirming
that the Sb would substitute for Zn(Sb,,) instead of oxygen Al-O bonds, leading to
excess of oxygen, neutralizing the oxygen vacancies. The Sb—Al co-doped nano-
wires annealed at 650 °C showed a strong UV emission and reduction in visible
emission as compared to the Sb—Al co-doped nanowires annealed at 450 °C. This
confirms that the Sb—Al co-doped posses high stoichiometric nature, good structural
and optical properties. To investigate the p-type conductivity of the Sb—Al co-doped
nanowires, a homo p—n junction was prepared by synthesizing Sb—Al co-doped ZnO
nanowires on the pure ZnO surface. The I-V characteristics of the homo
P-N junction were investigated and a rectifying behavior was observed confirming
the formation of p-type. Hence the Sb mono-doped and co-doped ZnO nanowires
synthesized by using Sb as catalyst posses good structural and optical properties with
good crystallization quality and high stoichiometry nature, hence it is highly suitable
for light emitting device applications.

1. A. Palani (X))

Department of Mechanical Engineering, Indian Institute of Technology,
Indore, India

e-mail: palaniia@iiti.ac.in

I. A. Palani - D. Nakamura - K. Okazaki - M. Highasiata - T. Okada
Graduate School of Information Science and Electrical Engineering,
Kyushu University, Fukuoka, Japan

e-mail: okada@ees.kyushu-u.ac.jp

M. S. R. Rao and T. Okada (eds.), ZnO Nanocrystals and Allied Materials, 175
Springer Series in Materials Science 180, DOI: 10.1007/978-81-322-1160-0_8,
© Springer India 2014



176 I. A. Palani et al.

8.1 Introduction

Quasi-one-dimensional ZnO nanomaterials such as nanowires, nanorods, and
nanobelts have attracted much attention due to their remarkable morphology
dependent properties and potential applications in nano-optoelectronic devices.
One-dimensional ZnO nanostructures posses a wide band gap (3.37 eV) and large
exciton binding energy (60 meV) at room temperature [1-3]. This makes ZnO an
ideal material for studying the transport processes in one-dimensionally confined
object, which are important for the development of high performance nanodevices,
including sensors, ultra violet/blue emission devices, field emission devices, and so
on. P-type doping of ZnO nanostructures can be tailored for specific desired
applications which is of particular interest [4, 5].

It is well-known that the most suitable dopant for p-type doping in ZnO are the
group-V atoms (N, P, As, and Sb) substituting for O [9, 10]. Among them there are
few reports in the literature which demonstrate the growth of Sb doped ZnO nano-
wires [6, 7], synthesized by molecular beam epitaxy (MBE), nanoparticle assisted
pulsed laser deposition (NAPLD), and Carbothermal evaporation methods [8—12].

In addition to single element doping, a donor—acceptor co-doping method has
been also proposed to realize heavy p-type doping [13-15]. The co-doping
methods simultaneously using group-V acceptors (N and P) and group-III reactive
donors (Al and In) was also proposed to increase the solubility of acceptors in ZnO
[16-18]. Al-As co-doped ZnO thin film synthesized using magnetron sputtering
and Sb—Al co-doped ZnO thin films synthesized using sol-gel also confirms the
p-type doping of the samples [19, 20].

However, in all these studies the dopant is introduced either in gaseous state or
as a source target. But as an alternative approach dopant can also be used as a
catalyst. Since these catalyst has high affinity toward occupying the space lattice.
The solid metallic Sb dopant powders can be easily coated on the substrate using
thermal evaporation method, these Sb particles can act as a dopant source to
synthesize Sb doped ZnO nanostructures [21]. Hence Sb coated substrate can be
used to synthesize Sb doped ZnO nanostructures from Carbothermal evaporation
method and also by NAPLD. This Sb catalyst/dopant will act as a seed layer to
control the growth of nanostructures. In addition it can also be used to develop
Sb:Al co-doped ZnO nanostructures, to realize stable p-type characteristics. So as
to develop omo P-N junction for UV LED applications.

8.2 Mechanism of Sb Doping of ZnO Nanostructures
from Catalyst Through Vapour-Liquid—Solid
Technique

Basically, Sb doped ZnO nanowires are developed using Carbothermal evapora-
tion method by introducing Sb as a precursor [22], but during growth at high
temperature the Sb particle may get evaporated, and may fail to diffuse into the
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Zn sites. Hence an alternative approach employing solid metallic Sb dopant
powders coated on the substrate can also act as a dopant source to synthesize Sb
doped nanostructures.

The catalyst Sb coated on the silicon forms a droplet during processing and
starts to initiate the growth process by the VLS mechanism. Figure 8.1 shows the
mechanism of growth initiation of the nanowires synthesized in Carbothermal
evaporation method by considering Sb coated Si as the substrate and ZnO mixed
with graphite and Sb as a precursor.

Figure 8.1 shows the representative morphologies of as synthesized samples
grown at different temperature conditions as revealed by SEM images. To
investigate the mechanism of growth initiation of the nanowires on the sandwich
type substrate, the experiments were performed at different temperature conditions
ranging from 700 to 900 °C which is slightly higher than the melting point of Sb.
Figure 8.1a shows the droplet formation of Sb and Au on the surface of Si, when
the samples are kept at a growth temperature of 700 °C. This droplet acts as a seed
to initiate the growth of nanowires. When the growth temperature was increased to
800 °C, initiation of nanowires from the droplets was observed in Fig. 8.2b. When
the growth temperature was increased to 900 °C random-oriented nanowires with
a diameter of about 1 pm and a length up to a few tens of micrometer were
observed, as shown in Fig. 8.2c. Figure 8.2d shows the SEM morphology of the

Fig. 8.1 SEM micrograph representing a formation of droplets from sandwich substrate at
700 °C; b growth initiation of Sb doped ZnO nanowires from sandwich type substrate at 800 °C;
¢ synthesis of Sb doped ZnO nanowires with sandwich type substrate at 900 °C; and d pure ZnO
nanowires synthesized from Si coated with Au substrate at 900 °C
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Fig. 8.2 EDX analysis of
the Sb doped nanowires
at higher magnification
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pure ZnO nanowires synthesized without the influence of Sb and by using only Au
as catalyst. The synthesis was carried out at similar growth conditions as of
Fig. 8.2c. The size of the nanowire generated in absence of Sb ranged from 100 to
200 nm which is thinner as compared to the nanowires synthesized on the sand-
wich type substrate in presence of Sb.

Figure 8.2 shows the EDX analysis of the nanowires at different positions.
Position 1 and 2 refers to the tip of the nanowire and position 3 refers to the stem of the
nanowire. The Sb wt% measured from the tips is quite high as compared to the EDX
analysis from the stem. This confirms that the growth process of these nanowires is
through VLS mechanism [23, 24]. Thus by controlling the growth condition, the
structure and properties of the nanostructures can be varied. This concept has been
investigated though a NAPLD setup, where Si coated with Sb is used a Substrate.

8.3 Influence of Catalyst Sb on Development
of Horizontally Grown ZnO Nanowires
and Nanosheets Using NAPLD

Figure 8.3 shows the schematic layout of NAPLD experimental setup. In these
experiments, a sintered intrinsic ZnO target with 99.99 % in purity was used as
source material to synthesis nanowires and nanosheets. Intrinsic Si wafer
(~15 x 15 mm) coated with Sb to thickness of 100-200 nm using thermal
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Fig. 8.3 Schematic layout of NAPLD experimental setup

evaporation method was used as a substrate. The substrate was mounted on a layer
of SiC and inserted into the horizontal quartz tube chamber. The target to substrate
distance was 15 mm. For one growth run 36,000 KrF excimer laser pulses with
20 Hz repetition frequency were applied. The laser energy density on the target
was about 3 J/cm? in the presence of argon gas at a pressure of 100 Torr and a
constant flow rate of 27.5 sccm. The temperature conditions were optimized for
efficient growth of nanowires and nanosheets. The nanowires were synthesis at a
growth temperature varying from 680 to 880 °C with growth duration for period of
20 min and at a growth temperature of more than 750 °C, nanosheets were
observed along with the nanowires.

8.3.1 Temperature Dependent Sb Cataltyzed ZnO
Nanostructures

As discussed in the previous section, the catalyst Sb coated on the silicon forms a
droplet during processing and starts to initiate the growth process by the VLS
mechanism. This droplet is highly sensitive to temperature conditions.

Figure 8.4 shows the formation of Sb catalyzed ZnO nanowires synthesized by
raising the temperature from 680 to 880 °C for a period of 20 min. However,
maintaining a temperature of 750 °C for a period of 20 min resulted in the for-
mation of nanosheets among the nanowires (Fig. 8.4c). When the processing
temperature exceeds the melting temperature of Sb, island like formation are
observed as shown in Fig. 8.4b, d.

8.3.2 Nanowire Versus Nanosheets

Figure 8.5 shows the Raman spectroscopic analysis of the nanowires and nano-
sheets. From Fig. 8.5a, in the case of nanowires, dominant peaks were at 101, 439,
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Fig. 8.4 SEM micrograph of a Sb doped ZnO nanowires grown at a range of 680-880 °C;
b nanowires grown at a range of 750-950 °C; ¢ Sb doped ZnO nanosheets at 750 °C; and d Sb
doped ZnO nanosheets at 850 °C
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Fig. 8.5 Raman spectra of Sb catalyzed/doped ZnO. a Nanowires. b Nanosheets

and 522 cm ™. The 522 cm™' corresponds to the crystalline silicon substrate peak.
The first peak 101 cm™" is related to the E,(low) phonon frequency and 439 cm™"
corresponds to the E»(High) mode of nonpolar optical phonon. These two peaks
from Raman spectroscopy indicate that the ZnO nanostructures are crystals with
hexagonal wurtzite structures [25, 26]. A small peak suppressed at 556 cm ™!
attributes to the E£,(L0) mode which is associated with the structural defects related
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to oxygen vacancies [27, 28]. Similar standard peaks at 101 and 439 cm™' were
also observed in nanosheets as shown in Fig. 8.5(b). In addition to the standard
peaks, some other peaks were observed at 310, 615, 665, and 812 cm~ . The
310 cm ™! peak corresponds to the lattice deformation induced by the presence of
Sb in the ZnO lattice. The peaks at 615, 665, and 812 cm™! represents the classical
second order Raman modes of ZnO TA+TO, TA+LO, LA+LO. Generally, this
second order Raman modes are not very obvious and not observed even in stan-
dard ZnO structures.

Figure 8.6 shows the optical spectra measured by room temperature PL spec-
troscopy. In the case of nanowires, as shown in Fig. 8.6a, a near band edge (NBE)
emission at 380 nm and sharp deep level emission at 490 nm were observed. The
deep level emission (DLE) peak is dominant than the near band edge emission. In
the case of nanosheets, however, as shown in Fig. 8.6b, the PL spectrum of the
samples exhibit a dominant peak at 390 nm and a weak DLE with a broad peak
located between 450 and 700 nm

From Fig 8.6, the origin of DLE, that is the green emission, appeared due to the
radial recombination of a photogenerated hole with electron of the ionized oxygen
vacancies in the surface lattice of the ZnO. It is also considered that the radiative
transitions between shallow donors (related to oxygen vacancies) and deep
acceptor (zinc vacancies) can create defect in the luminescence spectra [29, 30].
Thus the PL green emission peak at 520 nm originates from the single ionized
oxygen vacancies. This is due to the increase of layer defect during nucleation
processes [31]. Whereas in the case of nanosheets, a sharp UV emission is
observed and no visible luminescence was observed. This has also been confirmed
with Raman spectroscopic analysis in Fig. 8.5a that an oxygen deficient peak is
observed at 556 cm™!, and this peak is absent in case of nanosheets.

From the above discussion, it is clear that the nanostructures synthesized from
catalyst Sb possess UV emission. But due to the lattice and thermal mismatches
from the substrate, the nanostructures possess lattice defects as pointed from Raman
spectroscopic analysis (Fig. 8.5). These can be rectified by introducing a pure ZnO
buffer layer instead of Si so as to improve the structural and optical properties.
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Fig. 8.6 PI spectra of Sb catalyzed/doped ZnO. a Nanowires. b Nanosheets
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8.4 Influence of Buffer Layer Thickness on Generation
of Vertically Aligned ZnO Nanowires

Figure 8.7 shows the stages in synthesis of Sb catalyzed/doped ZnO nanowires on
ZnO buffer layer using NAPLD. In this experiment, a sintered source target of pure
Zn0O with 99.99 % in purity (Kojundo Chemical Laboratory, Japan) was used for
synthesizing buffer layer and nanowires. A silicon substrate (1 cm x 1 cm) was
put on a SiC heater in a vacuum chamber and the target—substrate distance was set
to be 40 mm. The ZnO target was ablated with the third harmonics of a
Q-switched Nd:YAG laser (Spectra Physics, Quanta-Ray, GCR-290) at 355 nm
with a repetition rate of 10 Hz and a fluence of about 1.3 J/ocm®. A ZnO buffer
layer was deposited at a background oxygen pressure of 3.3 Pa with a substrate
temperature of 650 °C for 1.5 min, for the growth of 100 nm, 10 min for 800 nm
thick, and 20 min for 1600 nm thick layer. The Si deposited ZnO buffer layer was
coated with Sb (99.999 % pure (Nilaco corporation, Japan)) to a thickness of
80-100 nm using thermal evaporation method. ZnO nanowires were continuously
grown on the Sb coated ZnO buffer layer at 40 kPa with a substrate temperature of
750 °C for 30 min.

8.4.1 Change in Surface Morphology at Different Buffer
Layer Thickness

The influence of ZnO buffer layer at varying thickness in generation of Sb doped
ZnO nanowires. Horizontally grown nanowires combined with vertically aligned
nanowires were observed in the samples grown on the ZnO buffer layer as
observed in Fig. 8.8. Figure 8.8 shows the Sb catalyzed doped nanowires syn-
thesized on a buffer layer of 100 nm thickness. The vertically aligned ZnO
nanowire with a length of 200 nm and a core diameter of around 100 nm was
observed. With increase in buffer layer thickness to 800 nm, there is a slight
increase in length and diameter of nanowires to about 0.5 pm and 400 nm,
respectively. With further increase in buffer layer to thickness of 1600 nm,
increase in core diameter of the nanowires of around 800 nm was observed.

Stage 1: - Stage 2; Stage 3:
f_nO f'_‘ﬁ";; ‘dgposmon Coating of Sb <100 Nano wire deposition from
OIS St nm thick pure ZnO target ;
20 CCM Zn0O:Sb
+ Sb ‘nanowire
E— 20— e e M
Si * Si " Si

Fig. 8.7 Stages in synthesis of Sb catalyzed/doped ZnO nanowires using nano particle assisted
pulsed laser deposition (NAPLD)



8 Influence of Sb as a Catalyst 183

WY S A T
¥ 5000 '%;} , -’"‘,“_? 15,5
*ﬂ\t&. L g; e
s e SV R A

W

Fig. 8.8 Surface morphology of ZnO nano structures synthesized at different buffer layer with a
thickness of a 100 nm, b 800 nm, ¢ 1600 nm

The structural characteristics of the Sb catalyzed/doped ZnO nanowire coated
on a ZnO buffer layer of 1,600 nm thick were investigated through XRD. The
phases of the as-grown nanowires were identified by XRD. The XRD results of the
pure ZnO and Sb doped ZnO are shown in Fig. 8.9 for comparison. The XRD
pattern of the Sb doped ZnO indicates that the nanowires have the wurtzite
structure and no secondary phase was found as compared to the XRD spectrum of
pure ZnO. The Sb doping in ZnO causes significant change in the lattice constants,
resulting in measurable lower angle shift of about 0.06° in the (100) and (101)
peaks as compared to the pure ZnO nanowires [32, 33].

Figure 8.10 shows low and high magnification TEM images of the Sb doped
ZnO nanowire and the corresponding fast Fourier transform (FFT) patterns as in
the insets. It was observed that the nanowires are structurally uniform with a lattice
fringe spacing of 0.54 nm, which confirms that the grown nanostructure is pref-
erentially oriented in the [0001] (c-axis) direction [34]. The wider lattice fringe
spacing is due to the incorporation of Sb in ZnO lattice.
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Fig. 8.9 X-Ray diffraction analysis of the pure and Sb catalyzed/doped ZnO nanowires

Fig. 8.10 TEM analysis of Sb catalyzed/doped ZnO nano wire on 1600 nm buffer layer. a Low-
magnification and b high resolution taken from the side of the nanowire. The inset is the
corresponding fast fourier transform (FFT pattern)

8.4.2 Improvement in UV Emission with Increase
in Thickness of Buffer Layer

Figure 8.11a shows the room temperature PL spectrum of the pure ZnO thin film
which acts as a buffer layer The PL spectra of the ZnO film exhibit UV peak
emission i.e., the NBE emission at around 380 nm and a broad DLE corresponding
to the visible emission is observed. Figure 8.11b shows the Pl spectrum of the Sb
catalyzed/doped ZnO layer synthesized on buffer layers with different thickness.
A sharp UV emission with absence of visible emission peak was observed from the
Sb catalyzed/doped ZnO samples. The intensity of UV emission increases with
respect to the buffer layer thickness. This confirms that the layer defects are
considerably reduced with increase in buffer layer thickness [35].
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Fig. 8.11 Room temperature PL Spectroscopic analysis of a Sb catalyzed/doped ZnO nano wire
at different size of the buffer layer, b pure ZnO

In addition to single element doping, the technique of Sb catalyst/doping can
also be extended in fabrication of Sb:Al co-doped ZnO nanostructures to realize
p-type characteristics.

8.5 Synthesis Sb—Al Co-doped ZnO Nanowires Using Sb
as Catalyst

The deliberate co-doping of donors with acceptors is essential for the enhancement
of the solubility of the acceptors with the stabilization of the ionic charge and
distributions and the reduction of acceptor binding energies. The co-doping
methods simultaneously use group-V acceptor (Sb) and group-III reactive donors
(Al) to increase the solubility of the acceptor in ZnO [36]. However, development
of co-doped ZnO nanostructures is highly complex. Hence dopant Sb is introduced
from the substrate and the dopant Al is introduced from the target [37].

Sb:Al co-doped ZnO nanostructures were synthesized by using sintered
intrinsic ZnO:Al target. Intrinsic Si wafer (~ 15 x 15 mm) coated with Sb to a
thickness of 60—100 nm using thermal evaporation method was used as a substrate.
The substrate was mounted on a layer of SiC and inserted into the horizontal
quartz tube chamber. The target to substrate distance was 15 mm. For one growth
run 36,000 KrF excimer laser pulses with 20 Hz repetition frequency was applied.
The laser energy density on the target was about 3 J/cm? in the presence of argon
gas at a pressure of 100 Torr and a constant flow rate of 27.5 sccm. The Sb—Al
co-doped ZnO nanowires were synthesized at a growth temperature of 750 °C with
growth duration for period of 20 min. After synthesis, to activate the dopant, the
samples were post annealed for a period of 30 min at different temperatures in the
ambient condition.

To investigate the mechanism of growth initiation of the nanowires from the Sb
coated substrate, the experiments were performed at different temperature conditions
ranging from 550 to 750 °C which is slightly higher than the melting point of Sb.
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Fig. 8.12 SEM micrograph representing a formation of droplets from Sb coated substrate at
550 °C, b Growth initiation of Sb—Al co-doped ZnO nanowebs from Sb coated substrate at
650 °C, ¢ Synthesize of high density Sb—Al co-doped ZnO nanowebs at 750 °C

The representative morphologies of as synthesized samples grown at different
temperature conditions are revealed by SEM images. Figure 8.12 (a) shows the
cluster formation of Sb on the surface of Si, when the samples are kept at a growth
temperature of 550 °C. These clusters act as a seed to initiate the growth of nano-
wires. When the growth temperature was increased to 650 °C, growth of nanowires
from the clusters was observed as shown in Fig 8.13b. When the growth temperature
was increased to 750 °C, randomly oriented high density nanowires with a diameter
of about 0.75 pum and a length up to a few tens of micrometers were observed as
shown in Fig. 8.14c. When the growth temperature was increased beyond 850 °C
density of the nanowires were considerably decreased.

8.5.1 Mechanism of Sb-Al Co-doping in ZnO Nanowires

Figure 8.13a shows the XPS analysis on the content of Sb. Two Sb343/, bands are
observed at a binding energy of 536.9 and 539.5 eV, respectively. The 536.9 eV is
close to binding energy of metal Sb, and the 539.5 eV is the near binding energy of
Sb—O bond. From XPS it is clear that the deducted Sb possesses two kinds of
chemical environment, one is metal Sb, which is located at grain boundaries of the
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ZnO and another substitution of Sb at Zn site (Sb,,). Based on Fig. 8.13a, the Sb
content is estimated to be 0.9 % in a form of Sb and 4.5 % in the form of Sb,,.
Thus it is proposed that Sb would substitute for Zn(Sb,,) instead of oxygen in the
Sb doped ZnO and then produce two corresponding Zn vacancies(V,,), which
forms a Sb,,—2V,, complex acceptor [38].

Figure 8.13b corresponds to the Al,y3, core level and the fraction of Al is
estimated to be around 0.56 %. The Al3/, peaks at 76.2 eV are possibly related to
Al-O bonds, supporting the fact that Al-Induced donors are presented in the
co-doped films [39]. In order to investigate the secondary phase segregation and
the influence of impurity doping on the lattice fringe property of the Sb—Al
co-doped ZnO nanowires, Raman spectroscopic analysis was performed on the
Sb—Al co-doped ZnO nanowires annealed at 450 and 650 °C.

Figure 8.14a shows the Raman spectroscopic analysis of the Sb-Al co-doped
ZnO nanowires annealed at 450 °C. Dominant peak at 332, 380, and 556 cm™!
was observed. Figure 8.14b, shows the Raman spectroscopic analysis annealed at
650 °C and the dominant peaks are observed at 310 and 439 cm™'. The 522 cm ™
corresponds to the crystalline silicon substrate peak. The peak at 332 cm™' in
Fig. 8.14a and 439 cm~in Fig. 8.14b corresponds to E>y-E;; and EoH modes of
nonpolar optical phonon, respectively. These two peaks confirm that the Sb-Al
co-doped ZnO nanowires possess good crystal structure. The peak at 380 cm ™
corresponds to the A;T modes. This is not observed on Sb—Al co-doped samples
annealed at 650 °C, However, we observe a peak at 310 cm ™" peak corresponding
to the lattice deformation induced by the presence of Sb in the ZnO lattice. A small
peak suppressed at 556 cm™ ! attributes to the E;(L0) modes which are associated
with the structural defects related to oxygen vacancies. The optical properties of
the Sb-Al co-doped ZnO nanowires were investigated for different annealed
samples using Room temperature PL.

8.5.2 Optical Properties of Sb—Al Co-doped ZnO Nanowires

Figure 8.15 shows the room temperature PL spectrum of Sb—Al co-doped ZnO
nanowires. The PL spectra of the ZnO nanowires annealed at 450 °C exhibit weak
UV peak emission i.e., the NBE emission at around 380 nm and a broad DLE
corresponding to the visible emission is observed. With increase in annealing
temperature to 650 °C, increase in intensity of the UV emission was observed.
Thus the formation of the single ionized oxygen vacancies has been considerably
reduced [40].

From the XPS analysis it is clear that the presence of Sb 539.5 eV is near
binding energy of Sb—O bond, confirming that the Sb would substitute Zn(Sb,,)
instead of oxygen in the Sb doped ZnO and then produce two corresponding Zn
vacancies (V,,), which forms a Sb,,—2V,, complex acceptor [33]. The presence of
Aly,3, peaks at 76.2 eV is possibly related to Al-O bonds leading to excess of
oxygen neutralizing the oxygen vacancies [34].
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The annealing of these Sb—Al co-doped samples also has their own influence in
the depletion of oxygen vaccines. This has been confirmed from the Raman
spectroscopic analysis. The suppression of A;T modes at 380 cm™' and E(L0)
modes at 556 cm™' is observed in the Sb—Al co-doped nanowires annealed at
650 °C as compared to the samples annealed at 450 °C. The A1T modes corre-
sponds to lattice irregularities such as oxygen defect or the dopant atom along the
c-axis and E;(LO) modes are associated with the structural defects related to
oxygen vacancies [41]. The suppression of these modes will lead to reduction in
visible emission and improvement in UV emission as observed in room temper-
ature PL [42]. This confirms that the Sb—Al co-doped samples possess high
stoichiometric nature, good structural and optical properties. The p-type conduc-
tivity of the Sb—Al co-doped ZnO nanowires can be investigated by fabricating
Zn0/ZnO:Sb—Al (co-doped) homo p—n Junction.

8.6 ZnO/ZnO:Sh-Al (co-doped) Homo p—n Junction

To fabricate homo p-n junction pure ZnO was deposited on silicon surface using
PLD. A sintered source target of pure ZnO target with 99.99 % in purity (Kojundo
Chemical Laboratory, Japan) was used for synthesizing the buffer layer. The ZnO
target was ablated with the third harmonics of a Q-switched Nd:YAG laser
(Spectra Physics, Quanta-Ray, GCR-290) at 355 nm with a repetition rate of
10 Hz and a fluence of about 1.3 J/cm®. A ZnO buffer layer was deposited at a
background oxygen pressure of 3.3 Pa with a substrate temperature of 650 °C for
1.5 min for the growth of 100 nm, 10 min for 800 nm thick, and 20 min for
1,600 nm thick sample. The Si deposited ZnO buffer layer was coated with Sb
(99.999 % pure (Nilaco corporation, Japan)) to a thickness of 80-100 nm using
thermal evaporation method. The ZnO nanowires were continuously grown on the
Sb coated ZnO buffer layer at 40 kPa with a substrate temperature of 750 °C for
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30 min. Sb:Al co-doped ZnO nanostructures were synthesized by using Sintered
intrinsic ZnO:Al target.

The target to substrate distance was 15 mm. For one growth run 36000 KrF
excimer laser pulses with 20 Hz repetition frequency were applied. The laser energy
density on the target was about 3 J/cm? in the presence of argon gas at a pressure of
100 Torr and a constant flow rate of 27.5 sccm. The Sb—Al co-doped ZnO nanowires
were synthesized at a growth temperature of 750 °C with growth duration for period
of 20 min. After synthesis, to activate the dopant, the samples were post annealed for
a period of 30 min at different temperatures in the ambient condition.

Figure 8.16a shows the SEM micrograph of the ZnO buffer layer were granules
of microdots are observed. Due to the influence of the ZnO buffer layer a vertically
aligned layer along with horizontally grown argon Sb:Al co-doped nanowires were
observed as shown in Fig. 8.16b. The diameter of the nanowires synthesized on the
ZnO buffer layer is quite high as compared to the nanowires synthesized on the Si
surface.

To investigate the electrical properties I-V characteristics were performed. The
contacts were taken from the silver paste deposited on the pure ZnO buffer layer
and gold paste on the Sb:Al co-doped nanowires.
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Fig. 8.17 Room temperature PL spectroscopic analysis of Sb—Al co-doped ZnO nanowires
annealed at 450 and 650 °C

Figure 8.17 shows the current voltage characteristics showing a diode behavior
with large amount of leakage current, which might be due to the improper diffu-
sion of Sb from. However, the rectifying diode behavior confirms the formation of
p-type characteristics in the Sb—Al co-doped nanowires

8.7 Summary

The methodology on usage of Sb as catalyst to initiate the growth of ZnO nano-
structures has been proposed and demonstrated. The mechanism of the growth
initiation of nanostructures from the Sb droplets and the growth is through VLS
mechanism. The catalyst Sb is highly sensitive to temperature conditions, thus
resulting in synthesis of Sb doped ZnO nanowires and nanosheets at different
temperature condition. The Sb catalyzed nanowires showed a strong green emis-
sion due to the defect state of ZnO interstitial as oxygen vacancies. This has been
confirmed by the Raman peak at 556 cm ™. In the case of Sb catalyzed nanosheets,
the formation of oxygen vacancies decreases; resulting in improved UV emission
and absence of visible emission as observed from room temperature PL, thus
confirming that the nanosheets synthesized possess good structural and optical
properties as compared to the nanowires.

In order to rectify the structural defects, Sb doped ZnO nanowires were syn-
thesized on ZnO buffer layer at varying thickness using Sb as catalyst. Vertically
grown with horizontally grown Sb doped ZnO nanowires were observed. The Sb
doped ZnO nanowires showed a significant change in the lattice constant of about
0.06° from XRD, widening of lattice fringe spacing of 0.054 nm from TEM,
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confirms the diffusion of Sb in ZnO lattice. With the increase in buffer layer
thickness of 1600 nm, a strong intensity of UV emission with absence of visible
emission was observed. This confirms that the defects during the nucleation pro-
cess is completely rectified resulting in generation of high quality Sb doped ZnO
nanowires.

In addition to single element doping, the technique of dopant diffusion form the
substrate can be used to develop co-doped ZnO structures. Sb-Al co-doped ZnO
nanowires have been successfully synthesized using Nanoparticle Assisted Pulsed
Laser Deposition (NAPLD), by using ZnO:Al target and Sb coated Si as substrates.
At a growth temperature of 750 °C, random-oriented high density nanowires with
a diameter of about 1 pm and a length up to a few tens of micrometer were
synthesized. The suppression of A;T modes and E;(L0O) modes from Raman
spectroscopy confirming that depletion of oxygen vacancies. XPS analysis con-
firming that the Sb would substitute for Zn(Sb,,) instead of oxygen Al-O bonds
leading to excess of oxygen, neutralizing the oxygen vacancies. Thus Sb-Al
co-doped nanowires annealed at 650 °C showed a strong UV emission and
reduction in visible emission as compared to the Sb-Al co-doped nanowires
annealed at 450 °C. This confirms that the Sb—Al co-doped possess high stoichi-
ometric nature, good structural and optical properties. To investigate the p-type
conductivity of the Sb—Al co-doped nanowire, a homo p-n junction was prepared
by synthesizing Sb—Al co-doped ZnO nanowires on the pure ZnO surface. The I-V
characteristics of the homo P-N junction were investigated and a rectifying
behavior was observed confirming the formation of p-type.

In conclusion the Sb mono-doped and co-doped ZnO nanowires synthesized by
using Sb as catalyst possess good structural and optical properties with good
crystallization quality and high stoichiometry nature, hence it is highly suitable for
light emitting device applications.
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Chapter 9

Time and Spatially Resolved
Luminescence Spectroscopy of ZnO
Nanostructures

Hideaki Murotani, Yoichi Yamada, Daisuke Nakamura
and Tatsuo Okada

Abstract The optical properties of undoped, P-doped, and Sb-doped ZnO
nanostructures (NSs) have been studied by means of photoluminescence (PL),
time-resolved PL, and spatially resolved cathodoluminescence (CL) spectroscopy.
The temperature dependence of the PL spectra of the P-doped and Sb-doped ZnO
NSs was analyzed, and the binding energies of the P-acceptor- and the Sb-
acceptor-bound excitons were estimated to be 15 and 11 meV, respectively. This
indicated that the Sb impurities formed a shallower acceptor level than the P
impurities in ZnO. PL lines due to the radiative recombination of biexcitons and
the inelastic scattering processes of excitons were clearly observed in the undoped
ZnO NSs, which enabled us to evaluate the binding energies of the excitons and
biexcitons as 60 and 15 meV, respectively. These values were identical to the
values in bulk ZnO. The radiative and nonradiative recombination lifetimes were
estimated from the temperature dependence of the PL lifetime and the time-
integrated PL intensity. Although the radiative recombination lifetimes for the
undoped and P-doped ZnO NSs were almost equal, the nonradiative recombination
lifetime for the P-doped ZnO NSs was longer than that for the undoped ZnO NSs.
This suggested that the P doping suppressed the thermal activation of the nonra-
diative recombination processes. CL images revealed that the intensity of the side
surface was much stronger than that of the interior in the P-doped ZnO NSs. On
the other hand, the CL intensity was distributed almost uniformly in the Sb-doped
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ZnO NSs. These observations suggested that the P impurities were distributed
around the surface of the NSs and that the Sb impurities were distributed almost
uniformly over the NSs.

9.1 Introduction

Among wide-gap II-VI compound semiconductors, ZnO has a large band gap
energy of about 3.37 eV at room temperature, which makes it one of the key
materials for applications in light-emitting devices operating in the ultraviolet
spectral range [1]. So far, there have been several reports on the development of
ZnO-based light-emitting devices. Recently, ZnO-based light-emitting diodes with
a high output power of 70 uW were demonstrated [2]. However, the output power
and the luminescence efficiency of these devices are still too low for commercial
applications. The development of highly efficient devices based on ZnO has been
impeded by the difficulty of achieving p-type conductivity. Many dopants such as
nitrogen [3], phosphorous (P) [4], arsenic [5], antimony (Sb) [6, 7], and lithium [8]
have been employed to obtain p-type ZnO. However, a p-type ZnO with a suffi-
cient carrier concentration has not yet been obtained. Therefore, further study is
necessary to achieve highly efficient ZnO-based light-emitting devices.

ZnO also has a small exciton Bohr radius (ag = 1.5 nm) and a large exciton
binding energy of about 60 meV, which is much larger than the thermal energy at
room temperature (kg7 = 26 meV) and ensures that excitonic emissions are sig-
nificant at room temperature. Therefore, ZnO is one of the most fruitful candidates
for exploring the intrinsic recombination processes of high-density excitons. So far,
there have been a number of reports on the radiative transition processes of high-
density excitons, including the radiative recombination of biexcitons, and the
inelastic scattering of excitons. Koch et al. reported optical gain due to the biexciton
decay process in bulk ZnO [9]. Bagnall et al. suggested that inelastic exciton—exciton
scattering contributed to stimulated emission at room temperature [10]. Therefore,
ZnO is an ideal material for realizing room temperature excitonic devices.

In recent years, ZnO-based nanostructures (NSs) such as nanowires, nanorods,
and nanobelts have attracted much interest owing to their numerous advantages,
which include an increase in the radiative recombination rate, enhancement of
excitonic effects, and the possibility to obtain high-quality crystals with extremely
low defect densities. ZnO-based NSs also have potential applications in multi-
functional nanodevices such as solar cells [11], nanolasers [12], and nanosensors
[13]. There has been much work on the synthesis and the optical properties of
ZnO-based NSs. ZnO-based NSs have been synthesized using several techniques,
such as chemical vapor deposition (CVD) [14], physical vapor deposition (PVD)
[15], molecular beam epitaxy [16], and nanoparticle-assisted pulsed laser depo-
sition (NAPLD) [17-20]. The optical properties of ZnO NSs have been studied
using a variety of methods such as photoluminescence (PL) [21-26], time resolved
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PL [27-29], spatially resolved cathodoluminescence (CL) spectroscopy [30-33],
and scanning near-field optical microscopy [34-36]. These studies have provided
experimental insight into the optical properties of ZnO-based NSs. However, the
optical properties of ZnO NSs are not fully understood. In particular, there are few
studies on the effects of impurity doping on the optical properties of ZnO NSs.

In this chapter, we summarize our experimental studies on the optical properties
of undoped, P-doped, and Sb-doped ZnO NSs by means of PL, time-resolved PL,
and spatially resolved CL spectroscopy. First, we evaluate the binding energies of
P-acceptor- and Sb-acceptor-bound excitons based on temperature-dependent PL
measurements and discuss the ionization energies of P and Sb acceptors. Then, we
study the excitonic optical properties of undoped ZnO NSs under high-density
excitation and discuss the luminescence properties of the biexciton-exciton tran-
sition and exciton—exciton scattering processes. Moreover, the effects of impurity
doping on the radiative and nonradiative recombination dynamics of excitons are
studied by means of temperature-dependent time-resolved PL measurements.
Finally, we analyze the CL intensity images of P-doped and Sb-doped ZnO NSs
and discuss the spatial distribution of P and Sb impurities in ZnO NSs.

9.2 Experimental Procedure

The samples mainly used in the present work were undoped, P-doped, and
Sb-doped ZnO NSs synthesized by the NAPLD technique. The undoped ZnO NSs
were synthesized on a sapphire substrate using a pure ceramic ZnO target as the
source material. The P-doped ZnO NSs were also synthesized on a sapphire
substrate using a sintered ZnO:P,0Os5 target as the source material. The Sb-doped
ZnO NSs were synthesized on a sapphire substrate after the deposition of a 1 pm
thick ZnO buffer layer coated with a 100 nm thick Sb layer. A pure ceramic ZnO
target was used as the target material for the synthesis of the Sb-doped ZnO NSs.
Figure 9.1 shows the scanning electron microscopy (SEM) images of a undoped,
b P-doped ZnO, and ¢ Sb-doped NSs. As seen in Fig. 9.1, the undoped and
P-doped ZnO NSs have pillar structures with diameters of 300-400 nm, and the
Sb-doped ZnO NSs have pillar structures with diameters of 200-300 nm. The
details of the growth procedure have been reported elsewhere [17-20, 37—41].
PL measurements were performed using the 325 nm line of a continuous-wave
He-Cd laser and a Xe—Cl excimer laser (A = 308 nm) as an excitation source. The
pulse width and the repetition rate of the Xe—Cl excimer laser were 2.5 ns and
100 Hz, respectively. PL signals were detected by a liquid-nitrogen-cooled charge-
coupled device camera in conjunction with a 50 cm single-grating monochromator
with a 2400 groove/mm grating. The spectral resolution was better than 0.04 nm
(i.e., better than 0.4 meV around 3.3500 eV). Time-resolved PL measurements
were carried out by employing a synchroscan streak camera in conjunction with a
25 cm single-grating monochromator with a 1200 groove/mm grating. The exci-
tation source was the third harmonic light (267 nm) of amplified Ti:sapphire laser
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Fig. 9.1 Plan-view SEM images of a undoped, b P-doped, ¢ Sb-doped ZnO NSs synthesized by
NAPLD on sapphire substrates

pulses. The pulse duration and the repetition rate were 200 fs and 250 kHz,
respectively. The instrumental response of our system was better than 5 ps. The
spectral resolution was better than 0.12 nm (i.e., better than 1.1 meV around
3.3500 eV). Spatially resolved CL measurements were carried out in a field-
emission scanning electron microscope operating at an accelerating voltage of
3 kV. The CL signals were detected by a photomultiplier tube in conjunction with
a 30 cm single-grating monochromator with a 1200 groove/mm grating.

9.3 Temperature Dependence of PL Spectra

Figure 9.2 shows the temperature dependence of the PL spectra of the undoped
ZnO NSs taken under an excitation power density of 32 W/cm?. In this case, the
325 nm line of the continuous-wave He-Cd laser was used as an excitation source.
The spectra were normalized by the maximum intensity of each spectrum. At the
lowest temperature of 7 K, the spectrum is dominated by the PL line denoted by
M. The M line is quenched with increasing temperature, and it cannot be resolved
at temperatures above 140 K. The origin of the M line will be discussed later. In
contrast to the quenching of the M line, the X line becomes prominent with
increasing temperature, and it is predominant above 120 K. The 1LO and 2LO
phonon replicas of the X line, which are denoted by X-1LO and X-2LO, respec-
tively, are clearly observed at temperatures above 60 K. On the basis of these
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observations, we attribute the X line to the radiative recombination of free exci-
tons. Then, the PL peak energy of free exciton luminescence, Ey, is estimated to be
3.3752 eV at 7 K. This value is almost consistent with the transition energy of free
excitons in bulk ZnO at low temperatures [43—45]. This indicates that the ZnO NSs
used in the present work are almost strain-free.

In order to confirm our assignment, we analyzed the temperature dependence of
the PL peak energies of the X and X-1LO lines. Figure 9.3 shows the PL peak
energies of the X and X-1LO lines taken from the undoped ZnO NSs as functions
of temperature. The closed and open circles indicate the PL peak energies of the X
line and the X-1LO line, respectively. The PL peak energy of the X line decreases
gradually with increasing temperature from 7 to 150 K, and then a rapid decrease
occurs above 160 K. Since the binding energy of excitons in ZnO is much larger
than the thermal energy at room temperature, the temperature dependence of the
transition energy of free excitons up to room temperature mainly reflects the
temperature-dependent change in the band gap energy. Varshni’s empirical model
has often been used to describe the temperature-dependent variation of the band
gap energy for a variety of semiconductors [46]:

oT?
B+T’

where o and f represent the Varshni coefficients and Ex(0) is the transition energy
at 0 K. The solid line shows the result of a least squares fit using the Varshni
equation, where the obtained values are « = 3.6 meV/K and f = 3110 K.

As seen in Fig. 9.3, the energy separation between the X line and the X-1LO
line decreases with increasing temperature. According to Permogorov’s theory, the

Ex(T) = Ex(0)

(9.1)
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spectral peak energy of the 1LO phonon replica of the free excitons can be
described as follows:

3
Ex_1.0(T) = Ex(T) — horo + EkBT7 (9.2)

where fiwy o and Ex(T) are the LO phonon energy and the transition energy of free
excitons, respectively [47]. Thus, the energy separation between the free exciton
luminescence and the 1LO phonon replica should decrease with increasing tem-
perature. The dashed line in Fig. 9.3 represents the peak energy of the 1LO phonon
replica of the free excitons predicted from Eq. (9.2), where the result of least
squares fit using the Varshni equation (shown as the solid line) is used as the
Ex(T) value and the value of Ziw; o = 72 meV is used as the LO phonon energy of
ZnO [1]. The PL peak energy of the X-1LO line coincides well with the predicted
peak energy of the 1LO phonon replica of the free excitons. These observations
support our assignment of the X line to the free exciton luminescence.

Next, we analyze the temperature dependence of the PL spectra of the P-doped
and Sb-doped ZnO NSs in order to evaluate the binding energies of P-acceptor-
and Sb-acceptor-bound excitons. Figures 9.4a, b show the temperature dependence
of the PL spectra taken from the P-doped ZnO NSs and the Sb-doped ZnO NSs,
respectively. These spectra were taken under an excitation power density of
32 W/em?. The spectra are normalized by the maximum intensity of each spec-
trum. At 7 K, the PL spectra of both the P-doped and the Sb-doped NSs are
dominated by the radiative recombination of excitons bound to neutral acceptors
[denoted by (A°, X)]. With increasing temperature, the free exciton luminescence
line (denoted X) is clearly observed in both NSs. The PL lines of the LO and 2LO
phonon replicas of the line X are also observed at the lower energy side of line X
in both ZnO NSs (denoted by X-1LO and X-2LO, respectively). Figures 9.5a, b
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show the temperature dependence of the PL peak energy of the X, (A°, X), and
X-1LO lines taken from the P-doped and Sb-doped ZnO NSs, respectively. The
closed and open circles indicate the PL peak energies of the X and the X-1LO
lines, respectively, and the closed squares indicate the PL peak energies of the (A°,
X) line. The solid lines represent the results of a least squares fit to the experi-
mental data using Eq. (9.1), and the dashed lines represent the peak energy of the
ILO phonon replica of the X line predicted from Eq. (9.2). Except for a slight
deviation observed above 180 K for the X-1LO line in the P-doped ZnO NSs, the
solid and the dashed lines are in good agreement with the experimental data. At
7 K, the PL peak energies of the (A, X) lines in the P-doped and the Sb-doped
ZnO NSs are estimated to be 3.3600 and 3.3646 eV, respectively. The PL peak
energy of the free exciton luminescence line at 7 K is also estimated to be
3.3756 eV for both NSs. Thus, the binding energies of the P-acceptor-bound
exciton and the Sb-acceptor-bound exciton are estimated to be 15 and 11 meV,
respectively. These observations suggest that the Sb impurity forms a shallower
acceptor level than the P impurity in ZnO.

In order to confirm the value of the binding energy of the neutral-acceptor-
bound excitons, we analyzed the PL intensity ratio of the (AO, X) line relative to
the X line as a function of temperature. Figures 9.6a, b show an Arrhenius plot of
the relative PL intensity of the (A°, X) line to the X line taken from the a P-doped
and b Sb-doped ZnO NSs. The relative PL intensities of the (AO, X) line to the X
line in both ZnO NSs decrease with increasing temperature. These decreases in the
relative PL intensity reflect the thermal dissociation of the neutral-acceptor-bound
exciton into a neutral acceptor and free exciton. To estimate the activation energy,
we perform a least squares fit using the following equation:

: —
ZnO:P NS A’x)
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Fig. 9.4 Temperature dependence of PL spectra taken from a P-doped and b Sb-doped ZnO NSs
under an excitation power density of 32 W/cm?
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Fig. 9.5 Temperature dependence of PL peak energies of X, (A% X), and X-1LO lines taken
from a P-doped and b Sb-doped ZnO NSs under an excitation power density of 32 W/cm?. The
closed circles, closed squares, and open circles indicate the PL peak energies of the X, (AO, X),
and X-1LO lines, respectively

Iax/rx (0)

Inxpx(T) = T Aexp(_E,/kyT) (9.3)

where Iax/rx(0) represents relative PL intensity of the (A° X) line to the X line at
0 K, A is a constant, and E,, is the activation energy. The dashed lines in Fig. 9.6a,
b indicate the results of the fitting, where the obtained values are E, = 15 meV for
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Table 9.1 Ionization P (meV) Sb (meV)
energies of P and Sb
acceptors in ZnO Present work 150 £ 20 110
Allenic et al. [49] 120 + 30
Hwang et al. [50] 127
Allenic et al. [51] 150
Xiu et al. [52] 180
Qin et al. [53] 113
Lopatiuk-Tirpak et al. [54] 135
Mandalapu et al. [55] 160

the P-doped ZnO NSs and E, = 11 meV for the Sb-doped ZnO NSs. These values
agree with the binding energy of the neutral-acceptor-bound excitons estimated
from the energy separation between the (A%, X) and X lines. Thus, these results
confirm the acceptor-bound exciton binding energy of Exx = 15 meV for the P
acceptor and of Exx = 11 meV for Sb acceptor. According to the Haynes rule
[48], the ionization energies of P acceptors and Sb acceptors in ZnO NSs are
estimated to be about 150 meV and 110 meV, respectively. The reported values of
the ionization energies of P and Sb acceptors in ZnO are summarized in Table 9.1.
The obtained value of the ionization energy of the P acceptor almost agrees with
the value reported by Allenic et al. [51], and the obtained value of the ionization
energy of the Sb acceptor almost agrees with the value reported by Qin et al. [53].

9.4 Excitonic Optical Properties Under High Density
Excitation

The excitonic optical properties of the undoped ZnO NSs have been studied by
means of PL and time-resolved PL spectroscopy. Figure 9.7 shows the PL spectra
taken at 7 K from the undoped ZnO NSs under excitation power densities of
a 0.045, b 0.21, ¢ 0.35,d 1.9, e 3.6, f 17, and g 32 W/cm?. Each spectrum is
normalized by the peak height of the (A°, X) line. At the excitation power density
of 0.045 W/cm?, the PL spectrum mainly consists of the PL lines observed at
3.3647 eV [denoted by (DO, X)], 3.3605 eV (denoted by M), 3.3597 eV [denoted
by (D9, X)], and 3.3566 eV [denoted by (A°, X)]. The (D2, X) and (A°, X) lines are
attributed to the radiative recombination of excitons bound to neutral donors and
acceptors, respectively. With increasing excitation power density, the M line
grows rapidly compared to the other lines. The M line becomes predominant at
excitation power densities above 1.9 W/cm?”. Based on this behavior, we attribute
the M line to the radiative recombination of biexcitons. The binding energy of
biexcitons, By, should correspond to the energy separation between the free
exciton luminescence line and the biexciton luminescence line (Byy = Ex — Ey).
Thus, the binding energy of biexcitons is estimated to be 14.7 meV. This value is
consistent with the binding energy of biexcitons in bulk ZnO [56].
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Figure 9.8 shows the excitation power density dependence of the PL spectrum
taken at 7 K from the undoped ZnO NSs under excitation power densities of
2 0.056, b 0.25, ¢ 0.51,d 1.2, ¢ 2.3, £ 4.6, g 11, h 21, and i 42 MW/cm?. In this
case, the Xe—Cl excimer laser was used as an excitation source. The spectra are
normalized by the maximum intensity of each spectrum. At the excitation power
density of 0.056 MW/cm?, the spectrum is dominated by the radiative recombi-
nation of biexcitons (denoted by M). With increasing excitation power density, the
line width of the M line broadens, and the P line appears suddenly around
Ep, = 3332 eV under the excitation power density of 4.6 MW/cm?® The PL
intensity of the P line increases superlinearly with further increases in the exci-
tation power density. The energy separation between Ex and Ep, is estimated to be
about 43 meV. This value is consistent with the energy difference between the
ground (n = 1) state and the first excited (n = 2) state of free excitons in bulk
7Zn0. Based on these characteristics, the P line is attributed to the PL line due to
exciton—exciton scattering processes.

As seen in Fig. 9.8, the PL peak energy of the P line shifts toward the higher
energy side with increasing excitation power density. The PL peak energy of the
exciton—exciton scattering process in which one of the excitons is scattered into
the nth exciton state can be described by

1 3
Eg :EX —Bx<l —n_z) _EkBTeffy (94)

where By represents the binding energy of free excitons and T.g represents the
effective temperature of the excitonic system [57]. Thus, blue shift of the PL peak
energy of the P line reflects the filling of the excited states of free excitons (n > 2)
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as well as the increase in the effective temperature with increasing excitation
power density.

In order to discuss the dynamics of exciton—exciton scattering processes, we
performed time-resolved PL measurements. Figure 9.9 shows the time-integrated
PL spectra taken at 7 K from the undoped ZnO NSs under excitation energy
densities of a 0.7, b 1.3, ¢ 2.9,d 5.9, e 7.2, f 14, g 33, and h 66 uJ/cmz. In this
case, the third harmonic light (267 nm) of amplified Ti:sapphire laser pulses was
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used as an excitation source. The sweep range was about 800 ps. Each spectrum is
normalized by the peak height. At the excitation energy density of 0.7 pJ/cm?, the
spectrum was dominated by the radiative recombination of biexcitons (denoted M).
With increasing excitation energy density, the PL line due to exciton—exciton
scattering processes (denoted by P) is clearly observed under excitation energy
densities above 14 pJ/cm?®. Similar to the result under the Xe—Cl excimer laser
excitation, the PL peak energy of the P line shifts toward the lower energy side
with increasing excitation energy density.

Figure 9.10a shows the time-resolved PL spectra taken at 7 K from the
undoped ZnO NSs under an excitation energy density of 66 pJ/cm”. The spectra
are recorded at different delay times from 6 to 48 ps in steps of 6 ps after arrival of
the excitation pulse. The P line appears at a delay time within 6 ps and then shifts
toward the higher energy side with increasing delay time. Figure 9.10b shows the
PL peak energy of the P line as a function of delay time. At the delay time of 6 ps,
the PL peak energy is estimated to be 3.309 eV. With increasing delay time, the
PL peak energy shifts toward the higher energy side and approaches Ep,. The PL
blue shift with increasing delay time reflects the cooling process of the excitonic
system. The PL peak energy converges to Ep, at the delay time of 48 ps. This
observation indicates that the exciton—exciton scattering process reaches equilib-
rium with the lattice temperature after 48 ps.

Figure 9.11a shows the PL decay of the P line taken from the undoped ZnO
NSs under an excitation energy density of 66 pJ/cm?. The closed circles indicate
the PL intensity at 3.315 eV. The open circles indicate the system response
measured under the same conditions. The PL decay curve of the P line can be well
described by a single exponential function with a decay time of 6 ps, as shown by
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Fig. 9.10 a Time-resolved PL spectra taken at 7 K from the undoped ZnO NSs under an
excitation energy density of 66 mJ/cm?®. b Temporal evolution of the PL peak energy of exciton—
exciton scattering processes
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Fig. 9.11 a PL decay of exciton—exciton scattering processes taken at 7 K from the undoped
ZnO NSs under an excitation energy density of 66 pJ/cmz. b Excitation energy density
dependence of the PL decay time of biexciton luminescence (open circles) and exciton—exciton
scattering processes (closed circles) taken at 7 K from the undoped ZnO NSs

the solid line. The PL decay times of the M and the P lines are shown in Fig. 9.11b
as functions of the excitation energy density. The PL decay time of the M line
ranges from 175 to 238 ps. On the other hand, the PL decay time of the P line
decreases from 14 to 6 ps with increasing excitation energy density. These values
are one order of magnitude smaller than that of the M line, which ranges from 175
to 238 ps. In the exciton—exciton scattering process, one of the excitons is scat-
tered into a higher excited state (n > 2) while the other is scattered into a bot-
tleneck region of the lower polariton branch. Thus, the short PL decay time of the
P line reflects the photon-like nature of the lower polariton branch.

9.5 Effects of Phosphorous Doping on Radiative
and Nonradiative Recombination Dynamics of Excitons

The effects of the P doping on the recombination dynamics of free excitons have
been studied by means of time-resolved PL. measurements. Figure 9.12 shows the
PL decay of the (a) undoped and (b) P-doped ZnO NSs taken at 60 K under an
excitation energy density of 85 nJ/cm”. The PL decays of both ZnO NSs can be
well described by a double exponential function as

1) = A, exp(—i> A exp(—%), 9.5)

T 2
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where A| and A, are adjustable constants and t; and 1, are the fast and slow decay
times, respectively. The solid lines show the results of a fit using Eq. (9.5). Based
on the fitting, the fast and slow decay times are estimated to be 65 and 208 ps for
the undoped ZnO NSs and 91 ps and 451 ps for the P-doped ZnO NSs, respec-
tively. Figure 9.13 shows the temperature dependence of the PL decay time of the
undoped and P-doped ZnO NSs under an excitation energy density of 85 nJ/cm?.
The closed and open circles in Fig. 9.13 indicate the fast decay times 7, of the
undoped and P-doped samples, respectively. The PL lifetime of the P-doped
sample is longer than that of the undoped sample at all temperatures. The PL
lifetimes of both the undoped and P-doped samples first increase and then decrease
with increasing temperature. These temperature-dependent behaviors reflect the
increase in the radiative recombination lifetime and the decrease in the nonradi-
ative recombination lifetime with increasing temperature.

In order to discuss the temperature dependence of radiative and nonradiative
recombination processes, we estimated the radiative and nonradiative recombi-
nation lifetimes of free excitons. The measured PL decay time [tp (T)] can be
expressed by the following equation:

1 1 1
= —+ s
TPL(T) Trad(T) an(T)
where 7.,4(7) and t,(T) represent the radiative and nonradiative recombination

lifetimes, respectively. The internal quantum efficiency #;,(7) can also be
described by

(9.6)
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B Trad(T) + an(T) .

Thus, the radiative and the nonradiative recombination lifetimes can be
obtained from the internal quantum efficiency and the PL decay time by

(1) = . 93)
o TPL(T)
wr(T) =1 Min(T) )

To evaluate the values of 7,,4(7) and 1,(7), the internal quantum efficiency
Nind(T) is defined as the ratio of the time-integrated PL intensity at each temper-
ature relative to that at low temperature, #;,(7) = I(T)/I.t [58].

Figure 9.14 shows the temperature dependence of 7.4 and t,, taken from the
aundoped and b P-doped ZnO NSs under an excitation energy density of 85 nJ/cm?.
The closed and open circles indicate 7,4 and t,,, respectively. With increasing
temperature from 60 to 300 K, 1,,4 for the undoped ZnO NSs increases from 221 to
1.78 ns, and that for the P-doped ZnO NSs increases from 236 to 2.99 ns. The solid
lines in Fig. 9.14 indicate the results of a linear least squares fit to the radiative
recombination lifetime. Based on the fitting lines, the 7.,4 of both samples increases
superlinearly with increasing temperature, and the exponent values for the undoped
and the P-doped samples are estimated to be 1.4 and 1.5, respectively (T,,q < T '4’1'5).
The temperature dependence of the radiative recombination lifetime is known to
reflect the dimensionality of the excitons [59, 60]. For one-dimensional (1D) exci-
tons, the radiative recombination lifetime is proportional to the square root of the
temperature (T ,q < T'2). On the other hand, the radiative recombination lifetime of
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three-dimensional (3D) excitons increases as the 1.5th power of the temperature
(Traq o< % 2). Therefore, we conclude that the excitons in both samples are nearly 3D
excitons. This is consistent with the fact that the diameters of both samples
(300400 nm) are much larger than the Bohr radius of excitons in ZnO
(ag = 1.5 nm).

Next, we discuss the nonradiative recombination lifetime of free excitons as a
function of temperature. With increasing temperature from 60 to 300 K, t,,, for the
undoped ZnO NSs decreases from 79 to 46 ps, and that for the P-doped ZnO NSs
decreases from 149 to 85 ps. The decrease in the 7, reflects the thermal activation
of nonradiative recombination processes with increasing temperature. The
important point is that although the 7,4 values for the undoped and P-doped ZnO
NSs are almost equal in the whole temperature range, 7, for the P-doped sample is
about two times longer than that for the undoped sample. These observations
suggest that the P doping suppresses the thermal activation of the nonradiative
recombination processes. In fact, the PL intensity of the P-doped ZnO NSs is about
20 times stronger than that of the undoped ZnO NSs at room temperature.

9.6 Spatially Resolved Cathodoluminescence

In order to discuss the spatial distribution of impurities in ZnO NSs, we performed
spatially resolved CL spectroscopy. Figure 9.15 shows the panchromatic CL
intensity images of the a undoped, b P-doped, and ¢ Sb-doped ZnO NSs (hereafter
called sample Sbl) at 77 K. The CL intensity is distributed uniformly over both
the sides and the top surfaces of the NSs in the undoped ZnO NSs, as shown in
Fig. 9.15a. In contrast, the CL intensity from the side surface of the NSs is much
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Fig. 9.15 Panchromatic CL intensity images of a undoped, b P-doped, and ¢ Sb-doped ZnO NSs
at 77 K (after [42])

stronger than that from the interior of the NSs in the P-doped ZnO NSs
[Fig. 9.15b]. Since the PL spectrum of the P-doped sample taken at 77 K is
dominated by the P-acceptor-bound exciton luminescence, as shown in Fig. 9.4a,
we conclude that the CL from the side surface is due to the P-acceptor-bound
exciton luminescence. Therefore, these observations indicate that the P impurities
are mainly distributed on the side surface of the NSs. A similar distribution of
impurities was observed in manganese-doped ZnO nanorods [61]. As seen in
Fig. 9.15¢c, the CL intensity of the Sb-doped ZnO NSs is distributed uniformly
over the pillar structures. Since the PL spectrum of the Sb-doped ZnO NSs is also
dominated by the Sb-acceptor-bound exciton luminescence, as shown in Fig. 9.4b,
this observation indicates that the Sb impurities are distributed almost uniformly
over the NSs.

Next, we performed spatially resolved CL measurements of Sb-doped ZnO NSs
produced under different synthesis conditions in order to discuss the spatial dis-
tribution of Sb impurities in detail. Figure 9.16 shows SEM images and CL images
of Sb-doped ZnO NSs taken at room temperature. Figures 9.16a—c show the plan-
view SEM images of samples Sb2—-Sb4, respectively, and Figs. 9.16e—g show the
panchromatic CL intensity images of samples Sb2—-Sb4, respectively. Samples Sb2
and Sb3 were synthesized by NAPLD on a Si substrate coated with a 100-200 nm
thick Sb layer using a sintered ZnO target as the source material [62]. The growth
temperature was varied from 680 to 880 °C during the growth of sample Sb2. On
the other hand, the growth temperature was constant at 750 °C during the growth
of Sb3. Sample Sb4 was synthesized by NAPLD on a Si substrate using a sintered
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Fig. 9.16 Plan-view SEM images of samples a Sb2, b Sb3, ¢ Sb4, and d Sb5. Panchromatic CL
intensity images of samples e Sb2, f Sb3, g Sb4, and h Sb5 taken at room temperature

Zn0:Sb,05:Al,0; target as the source material [63]. The growth temperature was
constant at 750 °C during the growth of Sb4. As seen in Figs. 9.16e—g, the CL
intensity is distributed almost uniformly over the NSs in the three samples. Such a
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CL intensity distribution has been observed for all the Sb-doped ZnO NSs, even at
77 K. Since the neutral-acceptor-bound exciton luminescence is dominant at 77 K
in all three Sb-doped ZnO NSs, these observations suggest that the Sb impurities
are distributed almost uniformly in all samples. Therefore, the difference in the
spatial distribution of impurities between the P-doped and the Sb-doped ZnO NSs
is not caused by a difference in the growth conditions.

Finally, we discuss the difference in the CL distribution between the Sb-doped
ZnO NSs synthesized by NAPLD and CVD. Figures 9.16d-h shows the plan-view
SEM image and the panchromatic CL intensity image of the Sb-doped ZnO NSs
synthesized by CVD (Sb5). Sample Sb5 was synthesized by CVD on a Si substrate
coated with a 10 nm thick Sb layer and a 1 nm thick Au layer [64]. As shown in
Fig. 9.16h, the CL intensity from the NSs is weak and luminescence from the area
surrounding the NSs is observed in sample Sb5. A similar tendency has been
observed at 77 K. To clarify the origin of the difference in the CL distribution
between sample Sb5 and the other samples (Sb1-Sb4), we compare the CL spectra
of these Sb-doped ZnO NSs. Figure 9.17 shows the CL spectra taken at room
temperature from samples a Sb1, b Sb2, ¢ Sb3, d Sb4, and e Sb5. The spectra were
normalized by the maximum intensity of each spectrum. The near-band-edge
luminescence at around 380 nm is clearly observed in all the Sb-doped ZnO NSs.
In addition to the near-band-edge luminescence, a broad luminescence band at
around 450-600 nm was observed in sample Sb5. Such a broad luminescence band
(a so-called green luminescence band) has been frequently observed in ZnO and is
attributed to oxygen-vacancy-related emission [65]. Therefore, we attribute the
luminescence from the area surrounding the NSs in sample Sb5 to the green
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luminescence band. This observation suggests that the density of oxygen vacancies
in the Sb-doped ZnO NSs synthesized by NAPLD is much lower than that in the
NSs synthesized by CVD.

9.7 Conclusion

The optical properties of the undoped, P-doped, and Sb-doped ZnO NSs have been
studied by means of PL, time-resolved PL, and spatially resolved CL spectroscopy.
The temperature dependence of the PL spectra of the P-doped and Sb-doped ZnO
NSs was analyzed, and the binding energies of the P-acceptor- and the
Sb-acceptor-bound excitons were estimated to be 15 and 11 meV, respectively.
This indicated that the Sb impurities formed a shallower acceptor level than the P
impurities in ZnO. We observed the luminescence lines due to the radiative
recombination of biexcitons and the exciton—exciton scattering processes and
estimated the binding energies of excitons and biexcitons to be 60 and 15 meV,
respectively. These values were almost identical to the values reported in bulk
ZnO single crystals. The radiative and nonradiative recombination lifetimes were
estimated from the temperature dependence of the PL lifetime and the time-
integrated PL intensity. Although the radiative recombination lifetimes for each
ZnO NSs were almost equal, the nonradiative recombination lifetime for the
P-doped ZnO NSs was longer than that for the undoped ZnO NSs. We concluded
that the P doping suppressed the thermal activation of the nonradiative recombi-
nation processes. CL images revealed that the intensity of the side surface was
much stronger than that of the interior in the P-doped ZnO NSs. On the other hand,
the CL intensity was distributed almost uniformly in the Sb-doped ZnO NSs.
These observations suggested that the P impurities were distributed around the
surface of the NSs, while the Sb impurities were distributed almost uniformly over
the NSs.
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Chapter 10

Synthesis of Polycrystalline Silicon
Carbide (SiC) Thin Films Using Pulsed
Laser Deposition

B. Venkataramesh and Nilesh J. Vasa

Abstract Silicon carbide (SiC), similar to diamond and other ceramic materials,
is a material with excellent functional properties. SiC films based devices can be
used for various applications ranging from automobile, aerospace industry, power
delivery systems, photovoltaic, and microelectromechanical systems. The growth
of bulk single crystals of SiC is difficult, but several techniques, such as chemical
vapor deposition (CVD), electron beam CVD (EB-CVD), pulsed laser deposition
(PLD), are used to produce SiC thin films for various functional applications.
In the PLD technique, high substrate temperature (>600 °C) is required to produce
crystalline SiC thin films and the onset of the large-scale crystallization has been
detected above 800 °C. The PLD technique has been extended for SiC film
deposition on various substrates, such as Si (100), alkali-free glass materials.
A review on PLD of SiC thin film clearly show that it is possible to deposit 3C-SiC
(p-SiC) and 4H-SiC (-SiC) thin films by controlling various process parameters,
such as laser fluence and substrate temperature. Recent advances in the PLD
technique combined with the surface annealing can improve the characteristics of
SiC thin films for photovoltaic and electronic device-related applications.

10.1 Introduction

Silicon carbide (SiC), similar to diamond and other ceramic materials, is a material
with excellent physical, chemical, and mechanical properties. SiC possesses high
hardness, resistance to thermal shock, high thermal conductivity (3.2-4.9 W/
cm °C), wide band gap (2.4-3.3 eV), high breakdown field (2.1-2.5 MV/cm), and
high electron mobility. As a result, crystalline SiC is of great importance in
manufacturing of electronic components, photovoltaic cells, image sensors,
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abrasion tooling, and microelectromechanical systems (MEMS) [1]. SiC also
possesses high hardness, wear resistance, melting point (2,830 °C), oxidation
resistance at high temperature, resistance to chemical and radiation exposure, and
relatively low thermal coefficient of expansion. Hence, SiC film is also considered
as a protective coating for metallic components under severe working environment
in terms of tribological behavior (sliding friction or wear resistance) and high
temperature applications [2]. SiC has large microhardness value (2,700 kg mm™2)
and can be applied to films, as protective surface for architectural, automotive and
aircraft glass windows, as well as for transparent heating panels and anti-reflection
coatings for solar arrays [3]. Technological fields ranging from the automobile and
aerospace industry, to power delivery systems, microwave communications, and
MEMS can use SiC-based devices as they can withstand harsh environments.

The above properties make SiC interesting for the fabrication of microelec-
tronic, photovoltaic, and optoelectronic devices. It is also attractive for sensors
working in adverse environments. In comparison to diamond, SiC can be doped
with both p- and n-type and it allows a natural oxide to be grown on its surface.
Further, some of the limitations of the current Si technology, such as relatively
small band gap (E, = 1.1 eV), Si possesses an indirect band gap, limited operating
temperature (below 350 °C) due to the generation of thermal carriers, requirement
of active cooling systems, moderate stability against chemical attack due to the
small band gap etc., can be overcome by appropriately employing SiC material.
One of the potential applications of SiC thin film is photovoltaics or in manu-
facturing of solar cells. The primary aim is to develop a solar cell which can
overcome loss mechanisms, such as lattice thermalization of generated carriers
that have energy greater than the bandgap of the semiconductor, and for sub-
bandgap photons that are not absorbed. The reasons for an interest in SiC for a
future semiconducting material for the photovoltaic industry include: both carbon
and silicon are abundant, as with silicon-based technology, SiO, passivation layers
can be thermally grown, and tandem cell can provide multi-wavelength photon
absorption. Figure 10.1 shows a schematic diagram of a photovoltaic device
consisting of p-type SiC thin film deposited on c—Si wafer.

The growth of bulk single crystals of SiC is difficult as SiC single crystals can
exist in numerous prototypes and SiC cannot be grown from stoichiometric melt.
In the past, various favorable properties of SiC were difficult to realize because of the

Fig. 10.1 Schematic Blue/Green Red/Near IR

diagram of a (p) SiC/(n) c-Si

tandem photovoltaic cell Al-grid I 0 1 I I I
Y SiC(p-type)

Crystalline Si (n-type)

Al/Ti contact
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Table 10.1 Physical properties of SiC polytypes

SiC Polytype 3C-SiC (or) f-SiC  4H-SiC 6H-SiC (or) o-SiC
Crystal structure Zinc blend (cubic) Hexagonal Hexagonal
Lattice constants (A) a = 4.3596 a = 3.0730; a = 3.0730;
b = 10.053 b =15.11
Band gap (eV) 2.36 3.23 3.05
Density (g/cm’®) 3.21 3.21 3.21
Thermal conductivity (W/(cm-K)) 3.6 3.7 4.9

polytypism supported by the SiC, difficulties in material preparation and problems in
processing of devices made from SiC. The polytypes have the same chemical
composition but exhibit different crystallographic structures and stacking sequences
along the principal crystal axis. All SiC prototypes consist of carbon atoms cova-
lently bonded with equal numbers of Si atoms. However, all SiC polytype has its
own distinct set of electrical semiconductor properties. Several important polytypes
of SiC are hexagonal (4H- and 6H-SiC) (a-SiC) and cubic (3C-SiC or f-SiC)
polytypes. Typical characteristics of SiC polytypes are described in Table 10.1. The
hexagonal polytype 4H-SiC exhibits large band gap energy of 3.23 eV, while
possessing a large critical breakdown field and high thermal conductivity. However,
the 4H-SiC and 6H-SiC-based metal-oxide—semiconductor field-effect transistor
(MOSEFT) devices have exhibited low channel mobility, which is attributed to the
high density of interface traps. In contrast, 3C—SiC possesses high effective channel
mobility (165-229 cm?/V s). In comparison with 4H-SiC, the 3C-SiC (f-SiC)
prototype has the advantages, such as isotropic properties (cubic structure), isotropic
electron mobility of 1,000 cm?/V s, low mass density and thermal expansion, high
thermal conductivity and flexural strength, thermal shock resistance, oxidation, and
rain erosion resistance potential. An application of an p-type 3C-SiC thin film on a
n-type Si wafer has been considered for a hetero-junction solar cell where 3C-SiC is
used as an emitter [4].

One of the factors that have inhibited the development of SiC device tech-
nology is the absence of low-cost SiC substrates. To provide relatively inexpensive
and large-area substrate of SiC for electronic devices, growth of SiC film on Si
substrates has been considered. However, there is a considerable scope for
improving the growth techniques of appropriate SiC film and device fabrication
technologies. The use of Si substrates for SiC thin film growth is challenged by the
large lattice mismatch (20 %) between SiC and Si, which leads to strain and poor
film adhesion.

Several techniques, such as chemical vapor deposition (CVD), electron beam
CVD (EB-CVD), and pulsed laser deposition (PLD), are used to produce SiC thin
films for various functional applications. The PLD technique, which has been used
for deposition of various types of functional thin films, has various advantages,
such as low substrate temperature, production of stoichiometric films, and multi-
ple-layer deposition. In this chapter, advances in SiC film deposition techniques
for various applications is described.
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10.2 SiC Thin Film Deposition Techniques

There are various deposition techniques for producing SiC thin films on different
substrates. These techniques are basically categorized into two types: namely
physical vapor deposition (PVD) and CVD.

10.2.1 Chemical Vapor Deposition Technique

The CVD technique involves formation of thin films via chemical reactions from
gaseous precursors. The action of the chemical reaction is initiated by thermal or
electrical discharge plasma treatment. CVD technique is commonly used for SiC
thin film synthesis, which forms epitaxial SiC layers [5-8]. CVD method is used to
produce SiC by thermal decomposition and chemical reaction of gaseous precursor
compounds. It involves convective heat and mass transfer as well as diffusion, with
which chemical reactions occur at the substrate surface. The CVD technique and
its modified techniques, such as metal organic CVD (MOCVD), plasma enhanced
CVD (PECVD), and hot-filament CVD (HFCVD) produce crystalline SiC thin
films. However, the process temperature is above 1,400 °C. Further, mixture of
silane and hydrocarbons or various organo-silicon compounds are used in
hydrogen flow for an epitaxial growth of the film. The films deposited by the CVD
technique usually contain hydrogen and stoichiometric yield is difficult to obtain.
Studies have reported that, the hydrogenated a-SiC: H films deposited by various
CVD techniques results in reduction of the Si—C bond density, and lowering of
mechanical properties such as hardness and Young modulus of the thin film.

10.2.2 Physical Vapor Deposition Techniques

The most important characteristic feature of the PVD technique is that the trans-
port of vapor from the source to the substrate takes place by physical means and it
can be achieved by carrying out the deposition essentially in a vacuum of such
magnitude that the mean free path of the ambient gas molecule is greater than the
dimensions of the deposition chamber and the source to substrate distance. By
thermal evaporation or by using energetic particles mechanically knocking out the
atoms or molecule from the surface, the vapor species of a solid material can be
created. Recently, electron beam-physical vapour deposition (EB-PVD), direction
deposition, and combined metal vapor vacuum arc (MEVVA) ion-source
implantation with ion beam-assisted deposition technique are also considered for
SiC deposition [9].

On the other hand, PLD is a potential technique for deposition of amorphous
and crystalline SiC films on various substrates. It offers several advantages over
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other techniques, such as simple experimental setup with flexibility and control,
stoichiometric film deposition, wide deposition parameter control, such as
temperature, ambient pressure; multiple layer deposition with different target
material is possible. In PLD, both neutral and ionized species within the vapor
plume can have kinetic energies in the range of 10-100 eV, which is several orders
of magnitude larger than other methods, such as the molecular beam epitaxy
technique. As a result, a smoother surface morphology at low substrate tempera-
tures is expected by PLD, in comparison to other thin film deposition techniques.
PLD technique can also be used to achieve composite materials in several ways,
which include the ablation of composite target material, deposition in a reactive
gas atmosphere, or by using two or more targets. Different research groups have
demonstrated the PLD technique for SiC thin film deposition [9-14].

10.2.3 PLD of SIC Films

In recent years, PLD has emerged laser fluence, frequency, substrate material, the
chemical composition of the buffer gas, and finally the substrate temperature
and the distance between the target and the substrate influence the PLD technique
and the properties of the deposited SiC films. Studies show that the pulse energy
and substrate temperature are the main parameters which influence the deposition
process [15, 16]. In most reports, it has been found that substrate temperature
during film growth is the main parameter that influences the crystallinity of films.
Typically, high substrate temperature (>600 °C) is required to produce crystalline
SiC thin films. It has been found that, around a temperature bandwidth
600-650 °C, the nanostructure of the films undergoes significant modifications
resulting in a reduced disorder Si—C bonds. The onset of the large-scale crystal-
lization has been detected above 800 °C. Some attempts have also been made for a
furnace annealing of PLD SiC films. The annealing at high temperature above
1,100 °C in high vacuum has resulted in stress relief in the crystalline SiC films,
reduced disorder in the layers and increased SiC bonding. Hence, PLD technique
can be utilized to grow epitaxial, polycrystalline, and hydrogen-free SiC films.
In PLD experiments, SiC films have been deposited using SiC targets or silicon—
carbon alloy film and two-component targets [12] onto heated substrates in a
controlled ambient condition.

10.2.3.1 Experimental Studies

Most of research groups have employed experimental apparatus as shown in
Fig. 10.2. Different types of pulsed lasers, such as excimer lasers (XeCl 308 nm,
KrF 248 nm, ArF 193 nm), and Nd**:YAG laser with different output wavelength
via harmonic conversion (1,064, 532, 355 nm), have been used. In most of the
studies reported, the nanosecond (ns) pulsed laser beam is focused on a rotating
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Fig. 10.2 Experimental setup for PLD of SiC thin film

SiC target with the laser fluence ranging from 1 to 4 J/cm®. As a substrate,
crystalline-silicon (100) is placed parallel to the SiC target surface and the target-
to-substrate distance ranges from 30 to 50 mm. In some cases, both the target and
the substrate are rotated during the PLD process in order to obtain uniform film
thickness. The substrates are heated to the deposition temperature ranging from
400 to 1,000 °C. As an ambient gas Ar, N, has been introduced with the chamber
pressure at around 1.3 x 1072 Pa. The duration of deposition ranges from 20 to
60 min. Various parameters generally employed during the PLD of SiC film are
described in Table 10.2.

We have also attempted PLD studies for SiC film deposition on different
substrates, such as Si(100), and alkali-free glass (AFG). SiC target used in the PLD
studies was prepared by compacting SiC powder (Carborundum Universal Ltd.,
Grit Size 120) using a hydraulic press with a binder. Subsequently, pellets were
sintered to attain a required handling strength and remove the binder, which might
interfere with the PLD process.

Figure 10.2 shows the schematic of the experimental setup of the PLD process.
A pulsed Nd**:YAG laser with a repetition rate of 10 Hz and pulse width of 8 ns

Table 10.2 Pulsed laser deposition of SiC thin film: parameter description

Parameter Range

Target SiC compound in pellet form

Substrate ¢—Si (100) or (111), Sapphire (0001), Glass

Substrate-to-target distance 30-50 mm

Substrate temperature Room temperature to 1200 °C

Laser beam Excimer lasers (XeCl: 308 nm; KrF: 248 nm, ArF 193 nm),
Nd*:YAG laser (1,064, 532, 355 nm)

Laser fluence 1-5 J/em? (0.5-1 J/em? in [9])

Laser pulse width 10-25 ns

Laser repetition rate 10-30 Hz

Ambient gas Ar, N,, High vacuum (=~ 107 Pa)

Ambient gas pressure ~107° Pa
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Table 10.3 Experimental parameters used for SiC PLD on different substrates

Parameters Specifications

Laser used Nd>*:YAG (355 nm)

Pulse duration 8 ns

Pulse frequency 10 Hz

Laser fluence 2 Jem?

Target diameter 30 mm

Target thickness 5 mm

Target density 1.475 pgm/mm3

Base pressure 9.9 x 107> Pa

Chamber pressure Varied from 2 to 2 x 1072 Pa
Substrates Alkali free glass, c—Si
Substrate area 10 x 10 mm

Inert atmosphere He

Target-to-substrate distance 40 mm

Substrate temperature Varied from 400 to 800 °C
Duration of deposition 30 min, 1 h

was used. The output wavelength and the energy were 355 nm and around 54 mJ,
respectively. The Nd**:YAG laser was focused using a plano-convex lens (focal
length = 300 mm) in a vacuum chamber. SiC pellets prepared by compacting and
sintering processes were mounted on a target holder. The laser irradiation intensity
was estimated to be ~2 x 10® W/cm?, considering a laser focused spot size of
1 mm. The PLD process was performed at substrate temperature ranging from 400
to 800 °C in He ambience with a chamber pressure varying from 2 to 2 x 1072 Pa.
Table 10.3 shows experimental parameters used for the PLD of SiC thin films on
different substrates.

The influence of deposition conditions on the morphology and the structural
changes in thin films was studied by various techniques, such as X-ray diffraction
(XRD), scanning electron microscopy (SEM), Raman spectroscopy, surface
profilometry, and nano-indentation techniques.

10.2.3.2 Results and Discussion

Figure 10.3 shows surface profile of SiC thin films deposited on c—Si at 650 °C at
different pressure level. Surface profiles of as deposited SiC thin film along with
substrate edge were measured by using an optical surface profilometer (Veeco,
Vision 32-[Dataset 2:2D Analysis], North America) which is a noncontact type
profilometer. Based on Fig. 10.3, an average thickness of SiC thin films was
estimated to be 35 and 110 nm for the deposition time of 30 and 60 min,
respectively, at the substrate temperature of 650 °C and at different pressure
values.

Figures 10.4(a), (b), and (c) shows the typical SEM (Quanta FEG 200, FEI)
microphotograph of film at different c—Si substrate temperatures, ranging from 400
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Fig. 10.3 Surface profile of SiC deposited on c—Si

SiC Micro Droplets

Fig. 10.4 SEM image of SiC deposited on c—Si substrate at different deposition temperature
ranging from 400 to 800 °C

to 800 °C with the laser irradiation fluence of 2.0 J/cm? (irradiation intensity of
2 x 10® W/cm?). The formation of microdroplets is observed when SiC deposited
on c-Si at 400 °C. Gradual increase of temperature resulted nucleation growth of
SiC particles. The microdroplets formed on the c—Si substrates with different
temperatures were smooth and spherical in shape [11]. The size distribution of SiC
particles was estimated to be around 100-900 nm based on the SEM analysis.
According to EDS analysis, the percentage weights of Si and C were maintained
equal up to the substrate temperature of 400 °C. However, with increase in the
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Clusters of SiC Micro-cracks

Fig. 10.5 SEM images of SiC deposited on alkali-free glass (AFG) at different deposition
temperatures

substrate temperature, the carbon percentage was decreased. This observation was in
accordance with the XRD analysis. Figure 10.5 shows SEM analysis of SiC thin
films deposited on AFG substrates at different substrate temperatures (a) 500 °C,
(b) 600 °C, and (c) 800 °C, respectively. As shown in Fig. 10.5(a), clusters of SiC
were observed at lower substrate temperature values. When the temperature was
increased to 600 °C and higher, microcracks were also observed on the thin-film
surface. This might be due to amorphous nature of the AFG substrates and different
expansion coefficient of the substrate and the thin film. The elemental distribution
was also disturbed at substrate temperatures of 500 °C and above. Urban et al. have
also reported on excimer laser deposition of SiC thin film on glass near a soft point of
600 °C followed by laser annealing of SiC film. The pulsed laser energy and laser
fluence play a significant role in controlling the film thickness. Based on experi-
mental studies reported by Elgazzar et al. it was shown that as the KrF laser (248 nm)
with a pulse width of 25 ns, pulse repetition rate of 50 Hz and with the laser spot of
2 mm?, as the laser fluence increased from 0.5 to 1 J/cm?, the thickness of the as
deposited SiC film also increased from 50 to 170 nm [10]. In the study, the laser
fluence values used were much lower than those used in similar PLD elsewhere and
the target-to-substrate distance of 33 mm was also less. Higher laser beam energy
was absorbed for a longer length. As a result, the ablation propagated deeper in the
target, and hence the ablated amount from the target was increased. Further, based
on Elgazzar et al., at the lowest laser fluence the film thickness was nonuniform as
compared to the films deposited with higher laser fluence values. Further, the surface
morphology studies based on SEM indicated that lower laser fluence value
0.5 J/cmz) lead to the lack of good adherence of the ablated particles at the film—
substrate interface, which resulted in the formation of voids. On the other hand, at the
higher laser fluence value of 1 J/cm?, higher temperature of the deposited particles
on the substrate was expected. Due to Ar ambience aiding to the cooling effect, high
thermal stresses and hence cracking of the film were resulted. In the case of the lower
energy fluence, although the thermal stresses produced at the film-substrate interface
were expected to be lower, the lack of adhesion of the ablated particles, due to low
temperature, to the surface results in the void structure.
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Fig. 10.6 X-ray diffraction patterns of SiC thin films obtained with different substrates a c-Si
and b alkali-free glass (AFG) at different temperatures

Figure 10.6 shows the XRD patterns of SiC thin films deposited on both c-Si
and AFG. The XRD peak of 20 = 33.46° corresponding to SiC (100) along with
peaks corresponding to c—Si were obtained. In contrast, in the case of SiC
deposited on AFG, no diffraction peaks were observed. As shown in Fig. 10.6, the
characteristic diffraction peak corresponding to SiC thin film around 20 = 33.46°
at the c—Si substrate temperature ranging from 600 to 700 °C. When the substrate
temperature was either higher or lower than the above range, the characteristic
X-ray diffraction peak corresponding to SiC thin film was not observed. At lower
substrate temperature, the surface energy might not be sufficient for SiC to form
crystalline film.

Influence of pressure on the crystalline structure of SiC thin films was studied at
with c—Si substrates at different temperatures from 600 to 700 °C. The chamber
pressure was varied from 2 x 1072 to 2 Pa. Figure 10.7 shows the XRD analysis
results at different pressure and deposition duration with the substrate temperature of
600 °C. SiC (100) peak was observed at 20 = 33.46°. Further, Confocal Raman
spectroscopy technique was used to measure the Raman scattering spectra from the
as deposited SiC thin film. Based on the spectroscopy studies with an Nd**:YAG
laser (532 nm), Raman scattering peaks around 308, 433 , 521, 610, 675, 817,
and 978 cm ™! band were observed. The Raman scattering peaks at 308, 521, and
978 cm~! band were correspond to c¢—Si substrate, 433 and 675 cm_l, broadband
were correspond to amorphous Si and impurity, respectively. Raman scattering
peaks at610and 817 cm ™' correspond to 4H-SiC and 3C-SiC, respectively [17, 18].

Wang et al. [17] have reported on single-crystal 4H-SiC film by pulsed XeCl
laser deposition. In the work, by ablating ceramic SiC target with pulsed XeCl
laser, SiC films were prepared on Si (100) substrate at temperature 850 °C and
post deposition annealing at high temperature above 1,100 °C in high vacuum
(1.5 % 1077 Pa) [19]. The XRD peak at 20 = 33.2° was observed. Based on the
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Fig. 10.7 X-ray diffraction patterns of SiC thin films deposited on c-Si at different deposition
time

analysis, the films consisted of polycrystal 4H-SiC structure before annealing and
of oriented single-crystal epitaxial 4H-SiC after annealing. Further, when the films
were excited by the 290 nm laser at room temperature, the films give out two
emissions peak at 377 and 560 nm. The emission at 377 nm was assigned to the
combination of the transmission between the valence band and conductor band,
and the other at 560 nm was assigned to the exciton emission.

Figure 10.8 shows the typical SEM microphotograph of SiC deposited on c—Si
for 30 min deposition at different pressures ranging from 2 x 10~ to 2 Pa at the
temperature 600 °C. All samples show spherical particles (laser droplets) that were
in-homogeneously dispersed on the surface of the thin film. When the ambient
pressure was decreased from 2 to 2 x 1072 Pa, the particle density also
decreased. The same observation made at the substrate temperature ranging from
600 to 700 °C. The influence of the SiC grit size may also be studied to reduce the
droplet formation.

To minimize the number of the droplets, a reduction of the laser repetition rate
was also tried by Elgazzar et al. [10]. The number of droplets was reduced when
the laser repletion rate was reduced from 50 to 25 Hz. This was attributed to the
decrease in the deposition rate, diminished plasma effect, and possible travel of the
deposited species to the just right sites.

The mechanical properties, such as Young’s modulus and hardness of SiC thin
films, were estimated using the nano-indentation technique. To eliminate the
influence of the substrate on the produced results the film’s modulus and hardness
were measured at 30-50 % of the total film thickness for each sample. The
experimental study was performed using the nanoindenter (TI950, Hysitron).
The peak load was chosen as 10 mN and the pattern of loading was chosen to be
trapezoidal. The force versus displacement curves as obtained by nano-indentation
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Fig. 10.8 SEM image of SiC deposited on c-Si for 30 min deposition at different ambient
pressure values ranging from 2 to 2 x 1072 Pa

equipment are shown in Fig. 10.9. Based on the above experimental study, the
average elastic modulus of the thin films deposited on the substrate c—Si wafer is
found to be 300 GPa and average Hardness value of 45 GPa, the experiment was
conducted at constant pressure of 2 x 10~2 Pa for 1h deposition time and different
substrate temperatures 600, 650, and 700 °C as shown in Fig. 10.9. The
mechanical characteristics of the SiC films were indicative of low porosity
structure.

10.3 Recent Advances in PLD of SiC Thin Film

There are no suitable substrates in order to grow epitaxial SiC films. Various
attempts have been made to grow epitaxial 3C-SiC (f-SiC, a = 4.3596 A) on Si
(100) substrates, although the mismatch lattice constant is around 20 % and
mismatch of thermal expansion coefficient is around 8 %. Most of the early reports
on PLD of 3C-SiC (f-SiC) on Si (100) substrates have used the substrate
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Fig. 10.9 Typical load versus displacement curves

temperature around 1,000 °C. Recently, a Ti:sapphire (4 = 800 nm, pulse
width & 50 fs) laser source is used to ablate the SiC pellet. The pulsed laser beam
with a repetition rate of 1 kHz and an energy per pulse in the range 20-60 pJ, was
focused in spots of 0.02 mm?, corresponding to a laser fluence in the range
100-300 mJ/cm?. The target-to-substrate distance was maintained at 40 mm and
the deposition was carried out in vacuum (10~* Pa) at 500-800 °C substrate
temperature for 20-25 min. Based on the structural investigation, the films were
not fully crystallized. With this approach, crystalline grains with elongated shapes
were obtained at the substrate temperature around 750 °C [20]. In an another
study, a Ti:sapphire pulsed laser (120 fs) was used to ablate a SiC target in an high
vacuum (7 x 107> Pa) chamber. The laser-induced plasma species were then
driven and grown to form 3C-SiC films of about 1 pm thick on c-Si wafer at 20
and 500 °C [21]. The distinctive features of fs-PLD films are their extremely
smooth surfaces, stoichiometry, amorphous structure, and low defect density
compared to CVD films, along with higher growth rates than ns-PLD films.
Other study involves PLD at medium substrate temperature around 400 °C and
post-annealing under inert environment [22]. Nano structured SiC films with
nanoholes, nanowires of SiC can be synthesized and controlled by varying the
substrate temperatures from 1,000 to 1,200 °C and the substrate material [23]. The
variation of nanostructure was explained based on the large strain from the misfit
in lattices between the SiC films and the substrate. An application of SiC film as a
buffer layer has also been considered. The films of ZnO/SiC/Si (111) were grown
by the PLD technique [24]. A compliant SiC buffer layer can relax partial stress
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induced by large lattice and thermal mismatch between ZnO and Si which can
improve the crystalline quality of ZnO thin film grown on Si substrate. The results
show that the SiC buffer not only leads to better crystalline quality and higher
intensity of luminescence at 380 nm of ZnO thin film, but induces lower leakage
current and improved photoresponse of UV detectors. PLD of SiC films followed
by high temperature thermal annealing in Ar ambience around 800 °C resulted in
the growth of 3C-SiC precipitates. Recently, to avoid the particulate problems
usually met in the PLD, an application of an off-axis PLD method by placing the
sample at 90° and 45° with respect to the target has been reported using an
Nd**:YAG laser at the fundamental wavelength [25]. The study was performed
using a pure 3C-SiC target and Si (100) at a moderate temperature of around
650 °C. It was possible to grow well adherent, particulate free 3C—SiC thin film.

10.4 Summary

SiC possesses excellent physical and electrical properties. Hence, it is a promising
material for use in high-temperature, high-power, and high-radiation environment
conditions under which devices made from conventional semiconductors cannot
perform adequately. PLD technique can be considered for a growth of SiC film on Si
or sapphire substrate with a moderate temperature. PLD is also a high vacuum
process and therefore contamination is almost nonexistent. SiC thin films were
grown on Si (100) and AFG substrates by PLD technique in vacuum. The influence
of substrate temperature and laser fluence on both structure and morphology of SiC
thin film was studied by different characterization techniques. SiC deposited on c—Si
film, thickness is varying 35 nm for 30 min and 110 nm for 1 h deposition when
substrate temperature at 650 °C. XRD analysis of the characteristic crystalline peak
corresponding to SiC thin film was obtained in the temperature range from 600 to
700 °C at constant pressure 5.5 x 107> Pa. SEM analysis of micro droplets
observed when SiC deposited on c—Si, and microcracks are observed at higher
temperatures when SiC deposited on AFG. The particle density and size of the
particle are decreasing when the pressure is decreasing from 2 to 2 x 1072 Pa.
Based on nano-indentation analysis, the average hardness of the SiC thin film
decreased with increase in the substrate temperature. The PLD technique for SiC
thin film deposition promises its use in smaller devices which operate at high power
and temperature than standard silicon components. A review on PLD of SiC thin film
clearly show that it is possible to deposit 3C-SiC (f-SiC) and 4H-SiC («-SiC) thin
films by controlling various process parameters, such as laser fluence and substrate
temperature. Recent advances in the PLD technique combined with the surface
annealing can improve the characteristics of SiC thin films for photovoltaic
applications.
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Chapter 11
Preparation and Characterization of ZnO
Nanorods, Nanowalls, and Nanochains

T. Premkumar, Y. F. Lu and K. Baskar

Abstract The vertically aligned zinc oxide (ZnO) nanorods were synthesized on
silicon (Si) substrate using high-pressure pulsed laser deposition (HPPLD). The
aligned ZnO nanorods were obtained at the substrate temperature of 650 °C,
oxygen partial pressure of 7 Torr, and the target—substrate distance of 25 mm. The
influence of substrate lattice mismatch including gallium nitride (GaN-2 %),
sapphire (Al,O3-18 %), and Si (40 %) on the growth of ZnO nanowalls was
examined. The interlinked ZnO nanowalls were obtained on GaN substrate,
whereas ZnO nanorods were obtained on Al,O5 and Si substrates. The magnesium
(Mg) doping has influenced the morphological transition of ZnO from nanorods to
nanochains. The chain-like structures were obtained for Mg-doped ZnO target.
The growth mechanism has been proposed for the formation of ZnO nanorods,
nanowalls, and nanochains. The strong (0002) peak and E,y mode confirmed that
the ZnO nanorods, nanowalls, and nanochains are preferentially oriented along
c-axis and have good crystalline quality. The near band edge emission (NBE) at
3.27 eV revealed the good optical properties of ZnO nanorods, nanowalls, and
nanochains.

11.1 Introduction

Recently, ZnO has attracted great interest because of its strong potential applica-
tions in nano-electronics, nano-optoelectronics, nano-piezotronics, gas/chemical
sensing, and field emission displays. ZnO has a direct band gap of 3.4 eV in the
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near-UV region and a large exciton binding energy of 60 meV, so that exciton
related emission processes could persist at or even above room temperature [1].
ZnO is available as large bulk single crystals in contrast to III-nitride materials such
as GaN, aluminum nitride (AIN), and indium nitride (InN). Hence, the epitaxy of
ZnO films on native substrates can result in reduced defects and, consequently
better performance in electronic and photonic devices. In addition to this, low
symmetry of the ZnO crystal structure combined with a large electromechanical
coupling gives rise to strong piezoelectric and pyroelectric properties [2].

All these excellent properties together with new synthesis approaches, e.g.,
control over synthesis of ZnO nanostructures, led to substantial interest in the
fabrication of ZnO nanodevices. Novel ZnO nanostructures including nanorods,
nanowires, nanowalls, nanobelts, nanohelix, nanotubes, and nanonails have been
reported using various physical and chemical methods [2]. Among them, one of
the versatile approaches to grow oxide thin film is PLD. It has several attractive
features, including stoichiometric transfer of material from the target, strong
interaction between the cation and molecular oxygen in the ablated plasma, and
good compatibility with background pressures ranging from UHV to 100 Torr.
The primary advantages of high-pressure PLD growth are; (i) the high oxygen
background pressure enhances the oxidation of material (ii) reduces the kinetic
energy of ablated species and improves the controllability [3]. In the present
investigation, ZnO nanostructures of various morphologies have been synthesized
using HPPLD. The vertically well-aligned ZnO nanorods were grown on the Si
substrate. The effect of substrate lattice mismatch on the growth ZnO nanowalls
was examined using GaN, Al,O3, and Si substrates. Finally, the influence of Mg
(4 %) doping on the growth ZnO nanochains was discussed in detail.

11.2 Experimental Implementation

ZnO nanostructures were grown on GaN (0001), Al,O5; (0001), and Si (100)
substrates using a HPPLD. The chamber was evacuated to a base pressure of
8 x 107° Torr, after loading the ZnO target and substrates. A KrF excimer laser
(A = 248 nm, laser fluence of 3 J/cmz, pulse duration of 30 ns, and repetition rate
of 10 Hz) was used to irradiate the ZnO target, through a quartz window at an
incidence angle of 45°. The substrate temperature (Tg,,) was varied from 500 to
700 °C. The substrates were placed at 25 mm away from the target. The chamber
was maintained at an oxygen pressure (PO,) of 7 Torr during the deposition. The
growth was terminated at 30 min, unless/otherwise mentioned. A 4 % of Mg was
doped into ZnO to study the influence of Mg doping on the morphology of ZnO.
The surface morphology, structural, and optical properties of the ZnO nanowalls
and nanorods were investigated using field emission scanning electron microscope
(FESEM), high-resolution transmission electron microscope (HRTEM), X-ray
diffraction, micro-Raman and fluorescence spectroscope. The composition of ZnO
was analyzed using laser-induced breakdown spectroscopy (LIBS).
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11.3 Results and Discussion

11.3.1 Synthesis of Vertically Aligned ZnO Nanorods on Si
Substrate

The surface of ZnO film was imaged through FESEM. Figure 11.1(a—e) shows the
top view of ZnO grown on Si at the Ty, of 500, 550, 600, 650, and 700 °C,
respectively. The film deposited at 500 °C shows a sheet-like structure. The
morphology turned into grain-like structures with the average diameter of ~1 pm
at 550 °C. As the T, increased to 600 °C, the films were covered by randomly
aligned hexagonal grains, which have a diameter of ~400 nm. ZnO films
deposited at 650 °C show the well-separated vertically aligned hexagonal nano-
rods with tapered tip at the top. The tapered tip can be clearly seen in the cross-
sectional view of ZnO nanorods in Fig. 11.1f. The average diameter of ZnO
nanorods was around 300 nm. As the T, increased to 700 °C, the nanorods
diameter further increased and started to touch the neighboring nanorods. The ZnO
nanorods lost its ordered alignment and led to the formation of continuous ZnO
film at 700 °C. The cross-sectional images clearly show the vertically aligned
growth of ZnO nanorods.

11.3.1.1 Growth Mechanism of Aligned ZnO Nanorods

The schematic diagram for ZnO nanorod’s growth mechanism is shown in
Fig. 11.2. A high-power laser beam interacts with ZnO target (Step-I), during laser
ablation. The strong laser—material interaction leads to the evaporation of Zn, O
and neutrals atoms from the target. The background gas pressure determines the
number of collision between the ablated species and gaseous atoms. At a high

Fig. 11.1 FESEM images of ZnO grown at a 500 b 550 ¢ 600 d 650, e 700 °C and f cross-
sectional view of ZnO grown at 650 °C
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Fig. 11.2 Schematic diagram represents the growth mechanism of ZnO nanorods

oxygen pressure, above 1 Torr, the increased collisions lead to the condensation of
ablated species, which results the formation of nanoparticles (Step-II). The
nanoparticles which reach the Si substrate acts as a nucleation site for the growth
of ZnO nanorods [4, 5] (Step-1II). The nucleation can occur at any possible site on
the substrate. Since ZnO nanoparticles are thermodynamically favorable site for
the growth of ZnO nanostructures, the nanorods growth can be attributed to the
formation of nanoparticles in the gas phase at high pressure (Step-VI).

The nanoparticles formed in the gas phase play an important role in the growth
of vertically aligned nanorods. Figure 11.3a, b shows the XRD pattern and micro-
Raman spectrum of ZnO nanorods grown at 650 °C. The strong (0002) peak and
Eoy mode at 439 cm ™! confirmed that the preferred orientation of nanorods along
c-axis and it is highly crystalline wurtzite ZnO.

11.3.2 Effect of Substrate Lattice Mismatch on the Growth
of ZnO Nanowalls

The lattice mismatch between the substrate and the film has strong influence on the
alignment of nanostructures [6]. The GaN (a = 3.18 A, ¢ =5.18 A) and ALO;
(a=475A, ¢c=12.99 A) substrates have close lattice match with ZnO
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Fig. 11.3 a XRD pattern and b Raman spectra of ZnO nanorods



11 Preparation and Characterization of ZnO Nanorods, Nanowalls, and Nanochains 237

(a=324A, ¢c=520A) than Si substrate. The lattice constant of Si is
a = 5.43 A [1]. The alignment/orientation of the nanostructures can be tuned by
utilizing the lattice mismatch. In comparison with the growth of ZnO nanorods/
wires, the growth of two-dimensional (2D) ZnO nanowalls is difficult due to its
polar nature along c-axis. The (0001) basal plane has highest surface energy that
induces fast growth along c-axis, which results in one-dimensional (1D) nanorods/
wire growth. Until now, few papers have reported the growth of ZnO nanowalls
using carbothermal reduction process [7], gold-catalyzed epitaxial growth [7] and
catalyst free MOVPE [8]. Kim et al. [9] confirmed the formation of ZnO thin film
prior to the growth of ZnO nanowalls on GaN substrates. The origin of the growth
of ZnO nanowalls is still under debate. In this study, the effect of lattice mismatch
on the growth of ZnO nanowalls was examined in detail [10].

Figure 11.4a—c shows the 45° tilted view, and Fig. 11.4d—f shows the cross-
sectional view of nanowalls and nanorods grown on GaN, Al,03 and Si substrates,
respectively. The vertically aligned nanorods were obtained on Al,O3 and Si
substrates. The diameter and length of the ZnO nanorods were 300 4+ 50 nm and
3 £ 0.1 pm, respectively. Interlinked ZnO nanowalls were obtained on GaN
substrate. The width and height of the ZnO nanowalls were 120 £ 50 nm and
1.2 &£ 0.1 um, respectively.

11.3.2.1 Growth Mechanism of ZnO Nanowalls

Several parameters would influence the nucleation of ZnO nanostructures
including the lattice mismatch between the substrate and film, the Ty, and PO,.
During the growth, at a fixed Ty, and PO,, the key parameter affecting the
nucleation process would be the lattice mismatch. Verma et al. [11] reported the

Fig. 11.4 FESEM images of ZnO nanowalls and nanorods grown on GaN, Al,O; and Si
substrates, (a—c) 45°-tilted view and (d—f) cross-sectional view, respectively
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growth of well-separated ZnO nanocolumns on Al,O5 substrate and columnar thin
films on yttrium stabilized zirconia (YSZ) substrate, and attributed the increase in
diameter and coalescence of the nanocolumns with decrease in the lattice
mismatch. The lattice mismatch between ZnO and GaN, Al,O3 and Si are 1.8,
18.4, and 40.1 %, respectively [1]. In this work, ZnO morphology transformed
from nanorods to nanowalls with decrease in lattice mismatch. The results are in
good correlation with the report of Verma et al. [11].

The cross-sectional view in Fig. 11.4d shows the growth of dense ZnO
columnar film on GaN compared with Si and Al,O;. This behavior can be
attributed to the low lattice mismatch between ZnO and GaN. This implies that the
morphology of ZnO nanostructures can be tuned, during growth, by utilizing the
lattice mismatch between the substrate and film. The schematic diagram in
Fig. 11.5 represents the growth mechanism for ZnO nanowalls. The ablation at
high PO, of ~7 Torr leads to the formation of nanoparticles in the gas phase due
to increase in number of collisions between Zn>* and O,. These nanoparticles
acted as a nucleation sites for the growth of nanorods (Fig. 11.5a, b) [4].
The growth rate of ZnO crystals in different directions has been reported to be
[0001] > [0111] > [1010] > [0111], resulting in crystals being bounded by (1010)
facets with [0111] caps [12, 13]. The growth rate along < 0001 > directions is
higher than that of <1010 > and < 0111 > directions. Similarly, (1010) and (0001)
facets are generally observed in ZnO nanostructures, this correlates well with the
present results. While nanorods grow along < 0001 > direction, the incoming Zn
and O species contributed to the radial growth of nanorods along <1010> direc-
tion. The radial growth leads to coalescence of neighboring nanorods, after

(a) (b) I I (c) !

(d)000]]

*on»
<0IT0>

Fig. 11.5 Schematic representation of growth mechanism of ZnO nanowalls, a ZnO nanopar-
ticles deposited on the substrate, b growth of ZnO nanorods, ¢ left-right arrow represents the
formation of nanobridges/walls, d hexagonal ZnO planes and e FESEM image of ZnO grown on
GaN for 20 min
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coalescence there is no growth along <1010> direction. The growth is presumed
to continue along <0111> direction as shown in Fig. 11.5c, d. Laudise et al. [14].
reported that the growth rate for <0111> direction seems to be intermediate
between those of <1010>and < 0001 > directions. Further growth along <0111>
direction among the tips of the nanorods leads to formation of bridges [15].
Finally, the interlinked network of nanowalls was formed over the dense columnar
ZnO films. ZnO was deposited for 20 min by keeping other growth parameters
constant to confirm the formation of bridges between the tips of ZnO nanorods.
Figure 11.5e shows the top view of ZnO nanowalls grown on GaN substrates.
The circle represents an initial stage of the formation of ZnO nanowalls/bridges.
The lateral growth of nanorods along <0111> direction connects all of them
together and evolves as nanowalls.

Figure 11.6a—c shows the XRD pattern, micro-Raman spectra and fluorescence
spectra of ZnO nanowalls and nanorods grown on GaN, Al,Os3, and Si substrates,
respectively. The strong (0002) peak in XRD shows that the ZnO nanowalls were
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preferentially oriented along c-axis. The Raman modes of ZnO were observed at
331 (Eop—Eop), 380 (A; (TO)), and 439 cm™' (Eyy)[16]. The Raman shifts
observed at 417, 521, 571 and 736 cm ™! correspond to Al,Os, Si, GaN (E,y) and
GaN (A (LO)), respectively. The E,y mode of ZnO nanowalls and nanorods were
observed at 439 cm™'. The strong E,y mode can be attributed to low intrinsic
defects associated with oxygen e.g., oxygen vacancies (Vp), since E,i; mode is only
associated with the vibration of O atoms [17]. The low Vg in the ZnO nanorods and
nanowalls can be attributed to high oxygen pressure during PLD growth.

The PL spectra show a strong NBE emission of ZnO at 3.28 eV, which is closer
to the bandgap of bulk ZnO (3.36 eV). In addition to the NBE emission, a peak at
3.19 eV was observed for ZnO grown on GaN and Al,Oj3. Similarly, Lin et al. [18]
reported the energy level of zinc vacancy (Vz,) at 3.06 eV. In this study, the peak
located at 3.19 eV closely matched with V,,. The formation of oxygen vacancy
(Vo) and zinc interstitials (Zn;) is high in ZnO grown under low oxygen pressures.
The formation of zinc vacancy (Vz,), oxygen interstitials (O;) and oxygen antisite
(Ogzy) is high in ZnO grown under high oxygen pressures [19]. Though formation
of O; and O, is also favorable in the present case, the energy intervals between
these defect levels and the conduction band edge are 2.28 and 2.38 eV, respec-
tively. Hence, these energy levels are too small to assign to the violet emission.
Therefore, emission peak at 3.19 eV observed in this study can be assigned to
electron transition from the bottom of the conduction band to the Zn vacancy level
[18]. The presence of V, and absence of visible emissions in ZnO nanowalls and
nanorods can be due to high oxygen pressure growth. These results are in good
agreement with the micro-Raman result.

11.3.2.2 Field Emission Characteristics of ZnO Nanorods
and Nanowalls

The vertically aligned ZnO nanowalls and nanorods are suitable for field electron
emission. The field-emission (FE) characteristics of ZnO nanowalls and nanorods
deposited on GaN and Si substrates were measured in a two-parallel-plate con-
figuration. The vacuum chamber was evacuated to a base pressure of 1.5 x 107>
Torr. The voltage was swept by automatic sweep option of source meter from 0 to
1000 V. The experiment was repeated for several times to check the consistence of
the results.

Figure 11.7a, b shows the FE plot between current density and electric field
(J-E) for ZnO nanowalls and nanorods, with cathode-to-anode spacing of 40 and
150 pum, respectively. The turn-on fields of ZnO nanorods and nanowalls were
2 V/um (at 7.1 mA/em?) and 12.5 V/um (at 7 pA/cm?), respectively. The
threshold fields of ZnO nanorods and nanowalls were 6.7 V/um (at 7.7 mA/cm?)
and 25 V/um (14 pA/cm?), respectively. A low turn-on field of 2 V/um was
achieved for ZnO nanorods compared with ZnO nanospikes [10, 20]. The turn-on
field of ZnO nanorods is lower than nanowalls. In addition to that, the current
density (J) of ZnO nanorods (7.7 mA/cmz) is higher compared to ZnO nanowalls
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(in the present work) and the previous reports. Pradhan et al. [20]. achieved a J of
1.3 mA/cm? at 7 V/pum for ZnO nanospikes which is six times smaller than the J of
the ZnO nanorods. Figure 11.7¢, d shows the Fowler—Nordheim (F-N) plot of the
J-E curves, i.e., ln(J/Ez) ~ 1/E, for ZnO nanorods and nanowalls. The F-N plot of
ZnO nanostructures shows the two-slope behavior, as reported earlier. The non-
linearity in the F-N plot is the typical characteristic of the semiconductor material.
The estimated f-factor of ZnO nanorods (10 x 10%) is higher than that of ZnO
nanowalls (16,862), which is also consistent with the lower turn-on field of the
nanorods. Hence, the low turn-on field, high current density, and large f§ value of
ZnO nanorods can be attributed to high aspect ratio of tapered nanorods tip and
good vertical alignment compared with ZnO nanowalls [10].

11.3.3 Influence of Mg Doping on the Growth
of ZnO Nanochains

The metal catalysts have been used to control the orientation and dimension of
ZnO nanostructures [21]. In addition to this, doping or alloying of specific element
also leads to increase/decrease in the dimension of nanostructures [22]. There are
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few reports available on the growth of ZnO nanochains [23]. In this study, we
report the influence of Mg doping on the morphological transition of ZnO from
nanorods to nanochains [24]. Compared with the previous experiments, here, the
Mg-doped ZnO target was used instead of ZnO target.

The as grown ZnO film was scanned through FESEM. ZnO film grown using
Mg:ZnO target shows the formation of chain-like structures. Figure 11.8a, b
illustrates the formation of distinct and well-separated beaded ZnO nanochains.
The nanochains appear like connecting the beads of ZnO nanoparticles in series
along c-axis. Figure 11.8c shows a low-magnification TEM image of ZnO nano-
chains and the nanochains beads are clearly visible in the inset. The diameter of
nanobeads is ~ 110 nm which is in close agreement with diameter measured from
FESEM ~ 120 nm. The lattice fringes are clearly visible in Fig. 11.8d and the
inter spacing was measured to be 0.52 nm, which confirms the single crystallinity
of nanochains with preferential growth along [0001] direction.

11.3.3.1 Growth Mechanism of ZnO Nanochains

The possible growth mechanism of ZnO nanochains is depicted as follows.
Figure 11.9 represents a schematic diagram of nanochain growth. At high PO,

Fig. 11.8 a, b FESEM and ¢, d HRTEM images of ZnO nanochains
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Fig. 11.9 Schematic representation of growth mechanism of ZnO nanochains

ZnO tends to form nanoparticles in gas phase due to the condensation of ablated
particles. Hartanato et al. [4] claimed that the nanoparticles, which reach the
substrate, played an important role in growing nanorods. They confirmed the
deposition of nanoparticles on the nanorods surface at 300 °C and melting of these
nanoparticles at 700 °C. The incoming nanoparticles reach the substrate and fuse
into the nanorods at a high substrate temperature, which leads to the growth of
nanorods.

In this study, ZnO nanochains appear like stacking of nanoparticles along
c-axis. The possible reasons can be, change in the vapor pressure of Zn due to Mg
doping, since the morphologies of ZnO nanostructures are mainly influenced by
the concentration of Zn [22], and the incomplete fusion of nanoparticles due to low
Tsup (650 °C) during the growth. This led to the stacking of nanoparticles along
[0001] direction as represented in Fig. 11.9. The reason for the formation of
various ZnO nanostructures is ascribed to different Zn vapor pressure [25, 26].
Hierarchical ZnO nanostructures including nanobelts, nanohelix, nanotetrapod,
nanomultipod, nanobridges, nanonails, and nanorods have been reported by
depositing mixtures of ZnO with graphite, SnO, GeO,, and Li,O. Shen et al. [27]
reported the morphology transition of ZnO from nanonails (Zn/S = 25:1) to
nanowires (Zn/S = 10:1) by varying zinc and sulfur molar ratio. The mixing/
doping/alloying of specific element plays a major role in modifying or increasing/
decreasing the dimension of nanostructures [22]. In the ZnO : Mg (4 %) ratio, the
concentration of Zn vapor was tuned for growing chain-like structures. No chain-
like growth was observed using primitive ZnO target. The formation of the
nanoparticles in the gas phase is the preliminary condition for the subsequent
growth of nanochains. This can be easily achieved through gas-phase condensation
by increasing the gas pressure in the HPPLD [24]. This implies that the novel ZnO
nanochains morphology can be realized by modifying the concentration of Zn in
HPPLD.

The composition of nanochains was analyzed using laser-induced breakdown
spectroscopy (LIBS). The LIBS spectra confirmed the presence of Mg in ZnO
nanochains (not shown here). Figure 11.10a shows the XRD patterns of the ZnO
nanorods and nanochains. The diffraction peaks of both patterns are indexed to
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wurtzite ZnO. The strong (0002) peak confirmed that the nanochains were pref-
erentially oriented along c-axis.

The micro-Raman spectra of ZnO nanochains, nanorods, and Si are shown in
Fig. 11.10b. ZnO nanochains exhibit A; (TO), E; (TO), E;;; and E; (LO) modes at
382, 411, 439, and 584 cm ™!, respectively, whereas ZnO nanorods shows A; (TO)
and E,y modes at 382 and 439 cm” !, respectively. The FWHM of E,y mode of
ZnO nanorods and nanochains are 6.6 and 8.3 cm ™', respectively. The FWHM
increases with decrease in diameters of the nanochains, diameter of the nanorods
and nanochains were 350 nm and 120 nm, respectively. The broadening of the E,y
mode can be attributed to the size effect and residual stress in the nanochains. The
E; (LO) mode of ZnO nanochains has been observed at 584 cm™', which origi-
nated due to the formation of zinc and oxygen-related defects in the nanochains.
Hence, the presence of strong E,y mode with a weak E; (LO) mode confirmed that
Zn0O nanochains have good crystallinity. The photoluminescence (PL) spectra of
the ZnO nanorods and nanochains were illustrated in Fig. 11.10c. ZnO nanorods
and nanochains exhibit NBE emission at 3.28 eV. The NBE emission can be
assigned to the recombination of bound ZnO excitons. The FWHM of NBE
emission of ZnO nanorods and nanochains are 98 and 120 meV, respectively. The
FWHM increases with decrease in nanochain diameter. A broad deep level
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emission peaking at 2.42 eV was observed for ZnO nanochains. The deep level
emission of nanochains can be attributed to zinc interstitial, oxygen vacancies, and
surface state defects. This trend is in good agreement with the presence of E; (LO)
mode of ZnO nanochains in micro-Raman spectra. The experiments were also
performed with different concentration of Mg doped ZnO. The diameter of the
nanochains increased with the increase of Mg concentration. The growth at various
substrate temperatures also influenced the morphology of ZnO nanochains (not
shown here).

11.4 Conclusions

Growth of aligned ZnO nanorods, effect of lattice mismatch on the growth of ZnO
nanowalls, and influence of Mg doping on the formation of ZnO nanochains have
been demonstrated using HPPLD. ZnO nanorods and nanowalls exhibit a strong
E,y vibration mode in the micro-Raman spectra. The XRD pattern confirmed the
preferred orientation of ZnO nanorods and nanowalls along c-axis. High aspect
ratio, good vertical alignment, and better crystallinity of ZnO nanorods exhibited
promising field emission performance with a low turn-on field of 2 V/um, a high
current density of 7.7 mA/cmz, and a large field enhancement factor of 10 x 10°.
The FESEM and HRTEM images revealed the growth of beaded nanochains along
[0001] direction. The micro-Raman spectra have confirmed the good crystallinity
of ZnO nanochains. The ZnO nanorods, nanowalls, and nanochains exhibited good
optical properties.
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Chapter 12

Synthesis and Characterization

of ZnO-Based Phosphors and Related
Phosphor Composites in Bulk, Thin Film
and Nano Form

P. Thiyagarajan, M. Kottaisamy and M. S. Ramachandra Rao

Abstract Phosphors are light emitting solids that play an important role in the
lighting industry. The physics of doping suitable elements plays an equally
important role in controlling the emission properties. The choice of host lattice is
the key in controlling the charge transfer mechanism. Zn,SiO, is a useful host
material, and in this chapter we discuss on the effect of doping in various forms of
this host material. Zn,Si0,4:Mn powder (bulk) phosphors have been synthesized by
sol—gel [1] and solid-state method, and thin films grown by pulsed laser deposition
[2]. The optimization parameters like growth temperature, vacuum, and oxygen
partial pressure (in case of thin films) that determine the luminescent efficiency of
the phosphors will be highlighted. The defect and its related emission in ZnO
encapsulated SiO, nanocomposites [3] synthesized using urea assisted sol-gel
techniques projecting toward the fabrication of UV-LED pumped white LED will
be discussed in detail.

12.1 Introduction

o-Zn,S104, known as Willeminite, crystallizes in phenacite structure and belongs
to the group of orthosilicates [4]. Mn-doped Zn,SiO, phosphor can be easily
prepared as the ionic size and valence state of Zn is identical to that of Mn.
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This silicate phosphor emits an efficient green colour and can find potential
applications in various display devices such as plasma display panels, vacuum
fluorescent displays (VFD), thin film electroluminescent devices, field emission
displays, and medical imaging radiation detectors [5—11]. Zn,SiO, can also be
used as a luminescent material in fluorescent lamps and cathode ray tubes because
of its high luminance efficiency and chemical stability [12]. Mere controlling of
the chemical composition of multi-component oxide phosphors, high luminance,
and superior luminous efficiency can be realized with tunable Commission
International de I’Eclairage (CIE) chromaticity coordinates of the emitted light
[13]. The Zn,SiO4:Mn phosphor prepared by the conventional solid-state route
involves crushing, grinding, ball milling, and firing the raw materials at elevated
temperature (1300 °C). However, realizing device-worthy luminescent intensities
by this method is hard due to the problem of phase separation and inhomogeneous
distribution of the activator ions. Various routes such as aqueous medium, [14]
single polymer precursor route, [15] sol—gel process, [16—18] spray pyrolysis, [19]
charge liquid cluster beam technique, [20] hydrothermal method, [16] mesoph-
orous template route, [21] and solution combustion synthesis [22-24] have been
utilized to tune the luminescent properties in these materials. The advantage of the
sol-gel method over solid-state reaction is the need for low calcination tempera-
ture (~ 1000 °C) and homogeneous distribution of the activator ions that leads to
improved emission efficiency of the phosphors [25, 26].

Until recently, phosphor thin films have reported to have been prepared using the
sol—gel process [25]. Among the various thin film growth techniques employed,
pulsed laser deposition (PLD) have proved to be one of the most versatile tech-
niques due to its ability to produce homogeneous and stoichiometric films [27].
However, the role of oxygen that significantly affects the luminescent properties in
the PLD-grown phosphor films has not been studied in detail hitherto [28].

Zinc oxide is a wide-band-gap semiconductor (Eg = 3.5 eV) with the excitonic
emission at near-UV [390 nm]. It exhibits an intense greenish-yellow emission
because of the presence of intrinsic and extrinsic defects in its lattice [29].
Moreover, due to its excellent stability and emission aided by defects, ZnO has
been widely used as a phosphor in VFD [30]. In the near future, it is expected that
ZnO has the ability to replace the expensive GaN-based LEDs. Researchers have
been contemplating the utility of ZnO as an alternative source to GaN-based-
LEDs, the most important aspect is that ZnO should, along with the near-UV
excitonic emission, exhibit intense light emission in the greenish-yellow—red
regions when excited at the excitation wavelength of this near-UV and blue
regions. It is important to note that the greenish-yellow emission is essential for
LUCOLED to realize white light emission. Recently, it has been demonstrated that
the ZnO-based composites showed predominant greenish-yellow emission [31,
32]. It is imperative that synthesis technique plays an important role in improving
the defect emission intensity. There are a number of reports on sol gel-prepared
ZnO-particles which exhibit a variety of optical properties when the ZnO nano-
particles are embedded in amorphous and semicrystalline SiO, matrix [33-37].
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In order to enhance the PL emission, it is important to tune the parameters of
chemical reaction to produce the requisite properties. The interface between such
phases play a crucial role.

This chapter reports on the low temperature sol-gel-combustion-synthesis of
powder Zn,Si04:Mn phosphor in a silica gel matrix and the characterization of its
physical properties. As mentioned above, the silica-phosphor matrix is important
to realize tunability in emission properties. Moreover, the optimization of the
Zn,SiO4:Mn thin film growth conditions during the PLD growth process using
various oxygen partial pressures (O, pp) on different substrates with detailed
structural and luminescence properties have been examined and reported. In
addition, white light emitting ZnO-SiO, nanocomposites were prepared using urea
assisted sol-gel combustion that can serve as a new phosphor for white LED
applications upon capping with UV-LEDs. All the samples were subjected to
characterization studies such as thermogravimetric analysis (TGA), differential
thermal analysis (DTA), X-ray diffraction (XRD), scanning electron microscopy
(SEM), Fourier transform infrared (FTIR), diffuse reflectance spectroscopy (DRS),
and photoluminescence (PL) and the results were discussed in detail.

This chapter is split into three sections, Section I focuses on the powder
Zn,SiO4:Mn phosphor, Section II discusses the thin film growth aspects of
Zn,S104:Mn phosphor, and Section III highlights results on ZnO-SiO, nano-
composites for white light emission.

12.2 Synthesis of Zn,;_,,Mn,SiO4 (1 < x <7 mol %)
Phosphor

Zn;—yMn,SiO4 (1 <x <7 mol %) phosphors were synthesized in an alcohol
medium using high pure starting chemicals such as zinc nitrate (Zn(NO3),-6H,0),
manganese acetate [(CH3COO),Mn-4H,0], tetraethoxysilane (Si(OR),) and urea
(NH,CONH,) [1]. The calculation was carried out using total oxidizing (O) and
reducing (R) valence states of the elements constituting the compounds [25].
Stoichiometric quantities of zinc nitrate, manganese acetate and urea, were taken
in a beaker and ethyl alcohol was added. This mixture was stirred continuously
until complete dissolution occurred. Then the required quantity of tetraethoxysi-
lane was added and the stirring was continued for about 5 h to ensure homogeneity
followed by the addition of the required amount of water and HNOj; to maintain a
pH of 3. This solution was heated slowly and kept at 110 °C so as to evaporate
alcohol to form the gel mixture. This mixture was then heated at 300 °C for 5 h
(precursor material). This precursor material was heated at different temperatures
in the range 500-1100 °C for 5 h in ambient to analyze the growth of Zn,SiO4
phase [1].
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The entire preparation process is given in the flow chart below:

Zinc nitrate, Urea, tetra

Manganese Addition of Ethanol ethoxysilane
acetate

A 4
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HNO;, pH - 3, mixing
for5h

Gel formation,
combustion at 300 °C

Nanoflake ZnO:Mn
trapped in amorphous
Si0, matrix

Calcinations from 500 °C
to 1100 °C for 5 h

\4
Zn, \Mn,SiO,4 phosphors

In addition, the Zn,_,Mn,SiO4 (x = 3 mol %) phosphor powder was pre-
pared by solid-state reaction route to compare PL emission intensity against the
phosphor synthesized by urea gel combustion synthesis method. For the solid-state
reaction route, the stoichiometric compositions of MnCO3, ZnO, and SiO, were
taken and mixed thoroughly in an agate mortar and pestle. The resultant mixture
was then heated in the temperature range 900-1100 °C for 5 h.

Characterization of Zn,;_zMn,SiO, (I < x < 7) mol % Phosphors: The phase
purity and crystallinity of Zn,_,y)Mn,SiO,4 (1 < x < 7) mol % were analyzed [1]
by XRD (Rich Seifert, Germany). TGA and DTA studies were performed on the
precursor gel. The FTIR spectral studies have been performed using a Perkin-
Elmer spectrometer (spectrum 1000) with KBr pellets. The diffuse reflectance
spectroscopic studies were carried out using an Ocean Optics USB2000 spectro-
photometer. PL. emission and excitation spectra were recorded at room tempera-
ture using (Fluorolog) fluorescence spectrophotometer equipped with a 450 W
Xenon lamp as the excitation source.
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12.3 TGA and DTA Analysis

The existence of various phases during the formation of Zn,SiO,:Mn>* green
phosphor from the gel precursor was studied from the weight loss and the corre-
sponding energy (release) exothermic or (absorbed) endothermic reaction from the
TGA and DTA, respectively, as shown in Fig. 12.1. From the figure, an abrupt
weight loss of about 72.73 % is seen up to the temperature of 300 °C.

This weight loss could be due to the evaporation of water and release of gases
like nitrogen and carbon dioxide as a result of the occurrence of combustion
reaction between Zn(NOs), and urea. Thereafter no weight loss takes place even
up to 1200 °C resulting in the formation of pure oxide phases without any
decomposable intermediates. Exothermic and endothermic reactions happen at 100
and 300 °C, respectively, and the latter reaction leads to the formation of ZnO
phase. X-ray powder diffraction studies of gel combustion synthesized ceramic
product revealed the evolution of various crystalline phases, with respect to var-
iation of calcination temperature (Fig. 12.2).

No diffraction peaks due to Zn,SiO, are observed for the sample calcined at
500 °C, and ZnO phase alone is seen which is found to persist up to 700 °C. Only

Fig. 12.2 Powder X-ray d)
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standard JCPDS pattern for
the parent compound
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above 800 °C, the formation of Zn,SiO4 phase is seen. In any case, the synthesis
temperature of 800 °C is about 300 °C lower than that required in the solid-state
reaction method [17] and about 100 °C lower than that required in solution
combustion synthesis method as reported earlier [16]. Upon further increase in the
calcination temperature to about 1100 °C, the diffraction peak intensity has been
found to increase indicating an increase in crystallinity of the phosphor. The XRD
patterns obtained on the calcined powder phosphors confirmed the formation of
rhombohedral structure with lattice constant (¢ = 13.93 A and ¢ = 9.31 A) hav-

ing (RgH) space group (JCPDF 37-1485).

12.4 FTIR Measurements

The FTIR spectra of the precursor material obtained at 110 °C and subsequently
calcined at different temperatures from 300 to 1100 °C for 5 h are shown in
Fig. 12.3 [1]. The spectra obtained for gel heat treated sample at 110 °C can be
split into two major components: the first region starts from 800 to 1125 cm™'
corresponding to the absorption of Si—O-Si due to the asymmetric stretching
vibrations and the second part arises as a result of the presence of urea and acetate
groups that show absorption in the range 1250-1750 cm™' [38]. The sample
heated at 300 °C shows a broad absorption band around 7501250 cm ™" due to the

100 -
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Fig. 12.3 FT-IR spectra of Zny;_,yMn,SiO4 (x = 3 mol %) phosphor precursors formed at
110 °C and heat treated at different temperatures. a 100 °C, b 300 °C, ¢ 700 °C, and d 1100 °C
for 5h
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Si—O-Si groups. The powders heated at 500 and 700 °C showed two broad peaks
having maxima in the regions around 590 and 920 cm™"' that arise due to the
asymmetric stretching vibration of SiO4 group and symmetric stretching vibration
of ZnO, group, respectively [39]. The SiO, group shows broadband absorption due
to its amorphous nature. Importantly, the powder heated at 1100 °C shows that the
main absorption peaks that fall in the frequency range between 500 and
1,200 cm~ ! and a sharp absorption occurs at 1,384 cm~!. The IR bands and the
corresponding vibrational modes for willemite are 870 cm ™! (v; Si04); 978, 934,
and 900 cm ™" (v3 SiOy4); 578 cm™ ' (v; ZnOy) and 616 cm ™' (v3 ZnOy,), where v,
corresponds to the total symmetric stretching, vz is asymmetric stretching and vy is
asymmetric deformation [39, 40].

12.5 Photoluminescence Measurements

The room temperature PL excitation spectra, of Zny(_Mn,SiO4 (x = 3 mol %)
phosphors synthesized by urea gel combustion method and calcined at various
temperatures, monitored at the emission wavelength (d.,, = 522 nm) are shown in
Fig. 12.4a. It has been reported that Zn,SiO4 has a strong host absorption band
with a maximum at 196 nm [18], which could not be detected in the present
sample due to the limitations of the instrument (excitation source starts from 220
to 800 nm). A broadband strong excitation peak at 260 nm could be attributed to a
charge transfer band (CTB) transition [that is from ground state of Mn** to the
lower energy of conduction band (CB) (0*7)]. The excitation maxima beyond the
CTB correspond to Mn** ions. The peak positions of these excitation maxima are
determined by the crystal field experienced by Mn”* ion as it occupies the Zn**
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site. As the Mn”* jon experiences crystalline electric field and splits the 3d> orbital
into t,, and e, orbitals with electronic states 6A1 o 4A1g, 4Eg, 4T1 o 4T2g in which
6A1g is the lowest state, giving rise to five excitation peaks. Hence, in Fig. 12.4a,
all the excitation peaks other than the CTB are due to various excited levels of
Mn2* ion, which will be either doublets or quartets and the luminescence occurs
only due to spin forbidden transitions [1].

The room temperature PL emission spectra of Zn,_,y Mn,SiO4 (x = 3 mol %)
phosphors, calcined at various temperatures and monitored at the excitation
wavelength of 260 nm, are shown in Fig. 12.4b. The sample calcined at 700 °C
does not yield significant emission from Mn>*. However, a feeble emission takes
place at 400 nm possibly due to the recombination of electrons with holes
(excitonic pair formation) of ZnO phase. In addition to this, another emission
occurs at 550 nm which originates because of the ZnO:Zn phase (inset in
Fig. 12.4b) which is another proof for the existence of ZnO defect phase. It is
reported that the physical properties of a semiconductor such as the density of
states, valence and CB do not change even in amorphous state since the gross
feature of electronic states is determined by the short range order [41]. The
phosphor heated at 800 °C shows the emission spectrum with a peak wavelength at
522 nm due to Zn,SiO4:Mn phase with a minor ZnO excitonic emission
(~400 nm). Similarly, the phosphor heated at 1100 °C shows improvement in the
green emission intensity as compared with that of phosphors heated at lower
temperatures. This indicates that increasing the calcination temperature, increases
emission intensity leading to the formation of highly crystalline defect free,
Mn?*-doped Zn,SiO, willeminite phosphor. The Mn**-doped Zn,SiO, phosphors
excited under UV photons realize green emission that has been assigned to an
electronic transition *T;(G)-°A(S) of Mn>* with peak at 522 nm, which is a parity
forbidden emission transition [42].

As mentioned above, due to similar ionic radii and oxidation states of Zn>* and
Mn?* ions, Mn?* can very well substitute for Zn** and distribute uniformly in the
Zn,Si0y lattice. Depending upon the type of crystal field, either a weak or strong
splitting of excited d energy levels will occur. If the crystal field of Mn?" is weak,
then the splitting of the excited d energy levels will be small, giving rise to blue
shift of the emission peak. On the other hand, strong crystal field results in Mn**
emission at lower energy. In general, tetrahedrally coordinated Mn?* (weak crystal
field) ions give rise to green emission, whereas, octahedrally (or higher) coordi-
nated Mn?* (strong crystal field) ions show an orange to red emission [43]. Wil-
leminite (a-Zn,Si0,4) with phenacite structure that belongs to rhombohedral space

group R 3 H has both Zn®* and Si**, which are tetrahedrally coordinated to four
oxygen atoms [44]. The Mn>* ion in Zn,SiO, has fourfold coordination since it
replaces Zn>* in the host and hence the green emission occurs.
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12.6 Study on Mn Concentration Quenching:
A Realization of Optimum Emission Intensity

The Zn,,_,Mn,SiO, phosphors were synthesized with various Mn concentrations
which were then studied to understand the effect of Mn concentration on PL
emission intensity (figure not shown). The study shows that increase of Mn content
from 1 to 3 mol % increases the PL emission intensity, the maximum PL intensity
is observed for 3 mol % of Mn-doped Zn,SiO4. Upon further increase in con-
centration to a value of 5 and 7 mol %, decrease in emission intensity was
observed due to concentration quenching. Therefore, 3 mol % is found to be the
optimum concentration. However, this value varies with respect to the method of
synthesis [17, 22, 25]. In addition to the quenching phenomenon, a red shift of
emission band occurring with the increase in Mn?* concentration [45, 46] has been
observed, which could be due to a stronger exchange interaction between Mn ion
pairs [47, 48]. The influence of preparation methods of Zn,SiO4:Mn powder
phosphors that bring about structural and optical properties are reported by
Thiyagarajan et al. [1].

12.7 Effect of Phosphor Preparation Routes
and the Optical Properties

In order to compare the PL intensity of Zn,_,yMn,SiO4 (x = 3 mol %) phosphor
based on the method of preparation, we have compared the urea sol-gel com-
bustion synthesis phosphor with that of the phosphor prepared using solid-state
reaction method. The XRD patterns of phosphors prepared by solid-state route
calcined at 900 and 1100 °C respectively are shown in Fig. 12.5a, b, whereas, the
XRD patterns of phosphors prepared by urea sol-gel route calcined at 900 and
1100 °C, respectively are shown in Fig. 12.5¢c, d. The phosphor prepared by solid-
state reaction method at 900 °C contains ZnO and SiO, phases along with minor
Zn,SiO, phase. Even on heating to higher temperature (1100 °C), crystalline
Zn,Si0, phase could be seen along with impurity ZnO phase. Whereas, for the
phosphor prepared by urea gel combustion synthesis method, single phase Zn,SiO,
could be realized even at 800 °C (refer Fig. 12.2c). Complete crystallization with
increase in crystallinity is realized for samples heated through 900 to 1100 °C.

12.8 Dependence of PL Intensity with Respect
to Synthesis Method

PL studies were performed on both (sol-gel and solid-state method) samples to
compare the excitation and emission intensity with a motive to examine the
dependence on preparation route. The annealing temperature was varied from 900
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Fig. 12.5 X-ray diffraction patterns of Zny_Mn,SiO4 (x = 3 mol %) phosphor prepared by
solid state reaction method (a and b) and urea gel combustion synthesis method (¢ and d),
followed by calcination at various temperatures [a, ¢] 900 °C and [b, d] 1100 °C, respectively for
5h

to 1100 °C in both cases. The origin of emission and excitation spectrum of
Zny—»Mn,SiO4 (x = 3 mol %) phosphor prepared by urea sol-gel chemical
method is discussed in the above section (refer to Fig. 12.4a, b). In both the cases,
the samples calcined at 1100 °C for 5 h is used as the standard for the comparative
study. The phosphor prepared by urea gel method shows higher intensity compared
to that of the phosphor prepared by solid-state method (figure not included). No
green emission from Mn?* is seen on the sample prepared using solid-state method
at 900 °C. However, an intense defect emission from ZnO:Zn and the ZnO
excitonic emission is seen. For the sample prepared by gel combustion an excellent
green emission was observed whose emission intensity has been found to increase
with increase in calcinations temperatures (up to 1100 °C). This occurs due to
increase in crystallinity and homogeneous doping of Mn in Zn,SiO,4 phosphors [1].

12.9 Pulsed Laser Deposited Zn,q_,)Mn,SiO4
(x = 3 mol %) Thin Film Phosphors and its
Characterization Studies

In order to examine the structural and optical properties of Zn,SiO4:Mn phosphors
in thin film form, different substrates were used to grow the Zn,Si04:Mn thin films
to optimize the growth conditions under various oxygen partial pressures (O, pp)
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using the PLD technique. The Mn dopant content was taken as 3 mol %, that was
already optimized while studying the Zn,SiO4:Mn powder phosphors. A pulsed
Nd:YAG laser with a fluence of 2.0 J cm™ was used for the growth of thin film on
Si (100) and quartz substrates. The chamber was initially evacuated to
3 x 107 Torr. Oxygen gas of purity ~99.9 % was then introduced so as to study
the change in the emission properties with respect to variations in O, pp ~ 100,
300, 500, and 700 mTorr. The Zn,Si04:Mn target was rotated at a constant speed
during the impingement of the pulsed laser beam. The time and the temperature of
deposition were fixed as 10 min and 750 °C, respectively. After the deposition, the
films were in situ annealed for 1 h under the same conditions as that used during
the growth process [2].

Figure 12.6 shows the XRD patterns of Zny,_»Mn,SiO4 (x = 3 mol %)
phosphor thin film deposited under different O, pp (100, 300, 500, and 700 mTorr)
at a fixed substrate temperature (750 °C). The patterns show that the diffraction
planes correspond to the Zn,SiO4 phase which crystallizes at a temperature which
is 50 °C less than that required for the bulk counterpart [1]. It is clear that the film
grown at 300 mTorr O, pp shows high intense reflections indicating a relatively
better crystallinity compared to that of films grown at lower (100 mTorr) and at
higher oxygen partial pressures (500 and 700 mTorr). The crystallite size calcu-
lated using the Scherrer formula for films grown at 100, 300, and 500 mTorr are
found to be approximately 79, 94, and 75 nm, respectively. Moreover, the film
grown at 300 mTorr O, pp gives the highest PL intensity (discussed below),
corroborating well with the XRD result and hence it is considered that 300 mTorr
is the optimum O, pp. The reflection at 20 = 51.75° is due to the (003) plane of
SiO,.

Fig. 12.6 X-ray diffraction

patterns of the Zn,(;_ (d)
K)MHXSiO4 ()C = 3 mol %)
thin film phosphors grown on %
Si substrate at 750 °C under 5 (©)
various partial pressures; o
a) 100 mTorr, b) 300 mTorr, ol
¢) 500 mTorr, and 5
d) 700 mTorr followed by & (b)
in situ annealing for 1 h at the £
same temperature and =
atmosphere 3
g -
20 25 30 35 40 45 50

20 (degree)
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12.10 Influence of O, Partial Pressure on PL Properties

Figure 12.7a, b shows the PL emission spectra of Zny(; _,yMn,SiO4 (x = 3 mol %)
thin film phosphors and the image of green emission of the thin film phosphor
grown on Si substrate (dark portion) excited with UV- 254 nm [2]. Thin films
grown at all the oxygen pressures show green emission. The film grown at
300 mTorr shows maximum PL intensity and is seen to decrease for films grown at
higher O, pp. The variation in spectral shape between the films grown at the
optimized O, pp (300 mTorr) and the other films (grown at 100, 500, and
700 mTorr) is observed in the region between 320 and 480 nm along with the
appearance of ZnO excitonic emission. The film grown at 300 mTorr has shown a
predominant emission peak at 399 nm that originates due to electron-hole recom-
bination in ZnO lattice. Minor peaks accompany the major peak at 377 and 420 nm.
Whereas, for the films grown below and above the optimized O, pp (300 mTorr),
the above peaks appear with less intensity. The occurrence of multiple blue emis-
sions are attributed to various defect levels within ZnO namely shallow donor levels
formed due to oxygen vacancies and interstitial Zn [49]. The origin of multiple
emissions can be attributed to zinc vacancies [50] and interstitial oxygen [51].

12.11 Improvement in Certain Intrinsic Properties Upon
Ex-situ Annealing of Thin Films: Crystal Structure
and Photoluminescence Intensity Analysis

Systematic studies were performed to examine the effect of ex-situ annealing
at atmospheric pressure on the structural and luminescent properties of
Zny_xMn,SiO, (x = 3 mol %) at various temperatures. As seen in Fig. 12.7

Fig. 12.7 a Dependence of —

PL intensity on O, pp of — "
Zl’lz(l_x)MIlXSiO4 " e "

(x = 3 mol %) thin film o
grown on Si substrate and
b picture of green PL
emission of the thin film
phosphor grown on Si
substrate (dark portion)
excited with UV- 254 nm
(reprinted after permission
from Elsevier Publishers

group [2])

1)——100 mTorr
2)- - 300 mTorr
3) 500 mTorr
4) - - - 700 mTorr

Normalized Intensity

¥
oo~ .

300 400 500 600 700
Wavelength(nm)
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Fig. 12.8 X-ray diffraction
patterns of Zny(;_,yMn,SiO4
(x = 3 mol %) thin film
phosphor grown on silicon
substrate at 700 °C in

300 mTorr oxygen, followed
by ex-situ annealing for 1 h at
a) 800 °C and b) 900 °C in
air

Intensity (a.u)

20 30 40 50 60 70
20 (degree)

even though PL emission occurs, the phase formation is not good in the as-
deposited condition. Hence, the thin films grown at the optimized conditions were
ex-situ annealed in air at 800 and 900 °C for 1 h [2]. The XRD patterns recorded
on these samples are shown in Fig. 12.8. The XRD patterns reveal that the film
grown at 800 °C shows diffraction peaks corresponding to SiO, and Zn,SiO4
phases. These peaks have been found to match well with those of the standard
pattern (JCPDS No.37-1485) for Zn,SiO4 phase that crystallizes in the willemite
structure. The single phase of crystalline Zn,SiO, host lattice is attained at 900 °C
without any secondary phase inclusions.

A comparative study of PL excitation and emission spectra has been analyzed
for ex-situ annealed Zn,SiO4:Mn thin films in air up to 900 °C [2]. Figure 12.9a, b
shows such patterns in which excitation spectra is monitored at A.,, = 522 nm
whereas emission spectra is monitored at A.,, = 251 nm. PL emission occurs
because of the transitions of 3d° electrons of Mn**. The spectra showed an intense
and a broadband peak, which is ascribed to the CTB (strong dipolar e — t;) of
Mn>* in Zn,Si0, system as reported by Mishra et al. [52]. With increase in
temperature from 700 to 900 °C, an increase in CTB peak excitation intensity
along with other bands of Mn?* (d-d) transition at higher wavelength has also been
observed. These multiple excitations are due to the splitting of the “D and *G
levels because of the crystal field effect, as discussed by Orgel diagram for Mn**
[42, 45, 53]. The electrons at the 6A1 (6S) ground state of Mn>* ions are photo-
excited to the CB of Zn,SiO, and the free electrons in the CB relax back to the
“T,(*G) excited state through a non-radiative process [21]. Finally, this is followed
by radiative transition from the 4T1(4G) excited state to the 6A1 (6S) ground state,
emitting green light (522 nm). The energy level scheme of Zn,SiO4:Mn in which
the excitation through CTB and the corresponding radiative and non-radiative
transitions to realize green emission is shown in Fig. 12.9c¢.

As the temperature increases, the intensity of the green emission increases
progressively. This result indicates that defect-free crystalline Mn**-doped
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Fig. 12.9 a) PL excitation and b) emission spectra of Zn,_,Mn,SiO4 (x = 3 mol %) thin film
phosphor grown on Si substrate at 700 °C followed by ex-situ annealing at different temperatures
in air and ¢) corresponding energy level scheme to explain the excitation and emission spectra
(Reprinted after permission from Elsevier Publishers group [2])

Zn,Si0O,4 phosphor thin films are formed using PLD technique and on ex-situ
annealing.

12.12 White Light Emitting Material Synthesis Using Near
Ultraviolet Light Excitation on Zinc Oxide-Silicon
Dioxide Nanocomposite

This part of the work reports on white light generation using ZnO-SiO, nano-
composite coupled with UV 405 and 465 nm LEDs. To the best of our knowledge
we are first people to report on ZnO-SiO, nanocomposites that are suitable for
white LED application. The ZnO-SiO, nanocomposites were prepared using urea
sol—-gel combustion synthesis route [3]. This synthesis route involves dissolving
zinc nitrate, urea and tetraethoxy silane in ethanol. In order to form a sol—gel, nitric
acid is used as an acid catalyst and the pH of the solution was maintained at 3. In
the ZnO-SiO, nanocomposites, the ZnO concentration was varied from 0.25 to
1 mol with respect to 1 mol of SiO,. For a stoichiometric conversion of zinc
nitrate to zinc oxide, the concentration of urea was calculated with respect to zinc
nitrate based on the self-propagating high temperature combustion synthesis [54].
The above mixed solution was stirred for 10 h to get a transparent gel and the gel
was slowly evaporated to remove the ethanol and then dried at 100 °C. Then the



12 Synthesis and Characterization of ZnO 261
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dried mass was heat treated at 300-700 °C for 3 h. During the heat treatment, the
urea in the gel induces the zinc nitrate to decompose to zinc oxide nano-crystals at
low temperature. Among the heat treated samples at various temperatures, the
composite which was heat treated at 300 °C only showed maximum PL emission
intensity. All the ZnO-SiO, nanocomposites were characterized by XRD, SEM,
DRS, and PL excitation and emission spectroscopy. In order to study the EL
emission spectra of the composites for white LED applications, the materials were
mixed with epoxy resin and coated over the 405 and 465 nm LEDs. The spectra
and CIE color co-ordinate were measured using the Ocean Optics Spectropho-
tometer, USB 2000 at room temperature at the rated current of 20 mAcm 2.

Figure 12.10 shows the PL excitation spectra of the ZnO-Si0O, nanocomposites
for various values of ZnO content with a fixed concentration of SiO, [3]. From the
figure, it can be seen that at the lower concentration of ZnO (0.25 mol), the
composite has yielded the highest excitation intensity and when the concentration
increased, the intensity decreased. The excitation intensity of 0.25ZnO-SiO, is
almost seven times higher than that of ZnO. Moreover, it is interesting to observe
that the composite showed excitation spectra in the wavelength of 260-480 nm
with a maximum intensity at 465 nm, a wavelength at which the commercial white
LEDs are fabricated.

The excitation wavelengths of the composites over a wide range of values are
further confirmed by diffuse reflectance spectra as shown in Fig. 12.11 [3]. The
spectra confirm that the composites consisting of different ratios of ZnO over SiO,
did not yield well defined band edges as compared to bulk commercial ZnO. It is
seen that the spectra showed strong defect absorption in the near UV and blue
wavelength regions for a lower content of ZnO in the matrix. This result confirms
that the composites can be excited in the UV to blue wavelength range.

It was observed earlier by Bouguerra et al. [32] that ZnO shows a much strong
intense band gap excitation (378 nm) than the defect excitation at blue light
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region, presumably due to V, (oxygen vacancy) defects. However, in the ZnO—
Si0O, nanocomposites, we have observed a strong defect excitation in the region of
260-480 nm due to dominant oxygen vacancies created by highly defective ZnO
obtained by sol-gel combustion synthesis.

Figure 12.12 shows PL emission spectra of ZnO-SiO, nanocomposites recor-
ded at the maximum excitation wavelength at 465 nm. The spectra show broad-
band emission in the wavelength range 465—650 nm with an emission maximum at
525 nm. PL emission spectra of 0.25Zn0O-SiO, nanocomposite showed a well
defined broad peak with maximum intensity. The same broadband emission
spectra were also observed for this composite at different emission maxima at
different excitation wavelengths in the range from 260 to 465 nm. It is observed
that at high-energy excitation (UV region: 260—400 nm), the composite showed a
less intense broadband emission between 400 and 600 nm with dominant blue
emission [3]. At low energy excitation (400—480 nm), a dominant broadband
greenish-yellow defect emission is observed. It is interesting to observe that all
these defect emission peaks exhibited a major red shift with increase in excitation
wavelength and no characteristic excitonic emission is observed from ZnO. This
indicates that most of the excited carriers recombine at deeply trapped sites and are
attributed to the radiative recombination of electron from shallow donor levels
created by various oxygen vacancies in the valence band of ZnO and emit in the
blue and greenish region [31]. This is due to the reason that there are several
optically active defect centers formed in ZnO lattice in SiO, matrix during the
combustion synthesis which produce significant amount of porosity due to the
sudden release of high energy gases [55]. This result contradicts the earlier reports
in which ZnO trapped in an oxygen-rich SiO, matrix enhances the UV emission
and reduces the defect emission by surface passivation [34]. In our case, ZnO in
Si0, matrix shows a strong and stable blue and greenish-yellow defect emission
depending on the excitation. This is due to the reason that the growth of ZnO by
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combustion of zinc nitrate by urea in a confined SiO, matrix creates more surface
defects, which leads to an increase in emission intensity, because of the number
moles of gases (N,, CO,, H,O) evolved. This was confirmed by the preparation of
the same ZnO-SiO, composite without using urea resulting in the same defect
emission but with poor emission intensity. Further, it is also confirmed that ZnO
prepared by using zinc acetate as a zinc source along with urea and silica gel,
showed poor emission. Hence, it is concluded that the presence of nitrate supports
the gaseous combustion reaction in the presence of urea at low temperature
(300 °C) to form ZnO-Si0O, nanocomposite with high surface—volume ratio. Even
though the samples exhibit strong luminescence due to highly defective ZnO, the
XRD patterns do not reveal any intense diffraction peaks, possibly because of the
nano-scale dispersion of ZnO in the amorphous SiO, matrix [3].

Figure 12.13 shows the scanning electron microscope images of porous ZnO—
Si0, nanocomposites obtained by the combustion of zinc nitrate and urea in the
silica gel, which show the growth of ZnO nano rods and particles dispersed in the
amorphous silica matrix. The energy-dispersive X-ray analysis of the composite
confirms the presence of Zn, O, and Si in the nanocomposites.

Figure 12.14a, b shows the white light EL emission spectra of ZnO-SiO,
nanocomposites with various concentrations of ZnO along with one mole SiO,
(0.25:1, 0.5:1, and 1:1) and with that of ZnO alone obtained by urea based
combustion synthesis, excited by the near-UV LED (404 nm) and blue LED
(465 nm), respectively at the rate of 20 mAcm . The EL emission spectra
recorded at the excitation of 404 nm LED shows a wide cover of the entire visible
wavelength which starts from violet to green—yellow regions with a full width at
half maximum of 115 nm. The inset picture shows the white light generated by
coating the 0.25ZnO-Si0, nanocomposites over the 404 nm commercial LED. As
observed from the PL excitation and emission spectra of 0.25ZnO-SiO, nano-
composites, the white light realized through EL emission (404 nm LED pumped
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nanocomposites) is greatly enhanced while compared to the rest of ZnO-SiO,
composite and ZnO alone. Figure 12.14b depicts the EL emission spectra recorded
at an excitation wavelength of 465 nm for the various ZnO-SiO, composites and
compared with the commercial white LEDs coated with YAG:Ce phosphor. From
the spectra, it can be seen that the composition of 0.25Zn0O-SiO, yields the highest
EL intensity and the emission spectrum is the same as that obtained from a
commercial white LED. The ZnO-SiO,-based white LED showed bluish-green
white light and its emission efficiency was only 10 % when compared to the
commercial white LEDs. Although the PL efficiency of ZnO trapped in SiO,
matrix is low, the possibility of using ZnO-SiO, nanocomposite, as a phosphor
material for near UV and blue light converted white LED, is seen to be feasible.
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From the above spectral studies, it is observed that an enormous quantity of
ZnO nanoparticles in SiO, matrix reduces the efficiency of the white light emission
whereas the minimum quantity with high surface area enhances the emission
intensity.

Figure 12.15a, b shows the schematic energy level diagram of different defect
levels in ZnO nanocrystals embedded in an amorphous SiO, matrix and Lorentzian
curve fit by fitting the PL emission spectra using a Lorentzian equation [3].
Deconvoluting the PL. emission peaks reveal six spectral peaks corresponding to
excitonic emission (P;) and defect emission viz., violet (P,), blue (P3), green (P,),
deep green (Ps), and orange (P¢) emission from various ZnO trap levels. The
violet-blue emission is attributed to the existence of two V7, defects, green
emission is attributed to the radiative recombination of electrons from the CB edge
to V’z, and the deep green and orange emission is related to the transition of
electrons from CB to the deeply trapped holes (V) in the bulk ZnO nanoparticles
[32].

Figure 12.16 shows the CIE chromaticity coordinate (x, y) of ZnO-SiO,
nanocomposites measured at the excitation of 405 and 465 nm LEDs using ocean
optics spectrophotometer and compared with commercial YAG based white LEDs.
At 465 nm LED excitation, all the nanocomposites show almost the same coor-
dinate (x, y) values irrespective of ZnO concentration. The CIE color coordinates
(0.216, 0.143) show a large difference when compared with that of commercial
GalnN-YAG:Ce combined white LEDs (0.295, 0.275). However, at 404 nm LED
excitation, the composite shows a CIE coordinate (0.270, 0.308), which is close to
the standard white light (0.333, 0.333) coordinates. Therefore, the white light
realized by using 0.25ZnO-SiO, nanocomposites coated on 404 nm emitting
GalnN based UV LED can be useful for the solid-sate white light emitting diode
applications.
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12.13 Conclusions

Mn**-doped Zn,SiO4 green emitting phosphors were prepared by urea sol—gel
combustion synthesis and conventional solid-state reaction method whose crys-
tallinity and PL properties were compared. TGA and DTA studies of sol-gel
precursor showed the presence of decomposable products by means of weight loss
as a function of temperature and the existence of different phases throughout the
reaction process. Lattice parameters calculated from XRD confirmed that
Zn,_xMn,SiO, crystallizes in a rhombohedral structure with a space group of

R3 H. ZnO nano flakes dispersed in an amorphous silica matrix were prepared.
The PL emission intensity was optimized and the maximum green emission
intensity was achieved at 3 mol % of Mn concentration along with red shift.
Occupation of Mn in tetrahedrally coordinated site of Zn,SiO, is seen to be
responsible for green emission. The phosphor prepared by urea gel combustion
synthesis results in an enhancement in spectral properties suitable for display
applications.

Thin film deposition and luminescent properties of PLD-grown Zn,SiO4:Mn
(x = 3 mol %) phosphors have been systematically studied with respect to vari-
ation in oxygen partial pressure to achieve optimal emission intensity. It was
observed that films grown on Si substrate and in situ annealed at 300 mTorr O, pp
exhibited better PL properties. In the in situ annealed film, the luminescence
intensity occurs between 320 and 480 nm as a result of ZnO excitonic emission.
Thin films ex-situ annealed to higher temperatures (900 °C) showed a good
improvement in PL properties.
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Zn0O-Si0, nanocomposites synthesized by sol-gel combustion emit a stable
broadband greenish-yellow light emission at UV (260-360 nm), near UV
(360-400 nm), violet (400-430 nm) and blue light (430—470 nm) excitation
wavelengths. The EL intensity of 0.25ZnO-SiO, composition showed much
higher intense white light compared to other concentration of the ZnO (0.50 and
1.00) in ZnO-SiO, nanocomposites. The phosphor-coated-white LED fabricated
using 404 and 465 nm LED with ZnO-SiO, nanocomposite exhibited CIE chro-
maticity coordinates (0.304, 0.308) and (0.216, 0.143), respectively. Therefore,
white LED fabricated using 404 nm UV LED with optimized nanocomposite can
be considered as a potential candidate for solid-state lighting device application.
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Chapter 13

Zinc Oxide Nanomaterials as Amylase
Inhibitors and for Water Pollution
Control

Rohini Kitture, Sandip Dhobale and S. N. Kale

Abstract Zinc oxide has been one of the most popular materials in the range of
inorganic materials. In its bulk form, it has shown promises to the coatings and
device industries. With the advent of nanotechnology, ZnO has expanded its range
of applications to sensors, semiconductors, magnetic semiconductors, cosmetics,
and also biomedicine. Last decade has witnessed tremendous research in all these
domains, especially due to widening of the band gap and the ability to manipulate
the nanostructures in various sizes and shapes. Some issues are still being eval-
uated; such as evolution of magnetic semiconducting nature and p-type or n-type
origins of this fascinating material. However, in the biomedical domain, the
material has shown interesting promises; namely as antimicrobial, antioxidant, and
also as a sensor. In this article, we discuss on the ability of ZnO nanoparticles to
work as amylase inhibitors and also as an efficient water pollution controlling
agent. The ZnO candidature has been compared with TiO, nanoparticles for water
treatment. The amylase inhibitor activity has been compared with standard drug’s
ability to control the conversion of starch to sugar. A strategy to make ZnO work
as a probable selective biosensor is also discussed.

13.1 Introduction

ZnO as a fascinating material: Zinc oxide has been a material of tremendous
scientific research due to its property range, ease of synthesis, and its long shelf life.
As is known, Zinc oxide is a wide band gap (3.4 eV) II-VI compound
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semiconductor, along with the array of other binary compounds like of Cd and Hg
with O, S, Se, and Te and their ternary or quaternary alloys. Most of the group II-VI
binary compound semiconductors crystallize in either cubic zinc blende or hexag-
onal-wurtzite structure, where each cation is surrounded by four anions at the cor-
ners of a tetrahedron, and vice versa. Although this tetrahedral coordination is
typical of sp’ covalent bonding, these materials also have appreciable ionic char-
acter. ZnO is known to be stable in various structural forms such as wurtzite (B4),
zinc blende (B3), and rocksalt (B1) as schematically shown in Fig. 13.1. However,
the wurtzite phase is known to be thermodynamically stable under ambient condi-
tions. 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. Ozgiir et al. have elaborated this analysis in their documentation [1].

Zn0O, with its wide bandgap, possess large excitons binding energy of 60 meV
which is appreciably larger in comparison with that of its competitor GaN which is
just 25 meV. Apart from excitons binding energy, ZnO has several other advantages
like, having a native substrate, ease of wet chemical processing, and not the least that
it is more resistant to radiation damage. This makes ZnO a better candidate for
optoelectronic lasing applications. Also it has got several remarkable applications
[2] in high density data storage systems, solid-state lighting (where white light is
obtained from phosphors excited by blue or UV light-emitting diodes), secure
communications, integrated sensors, drug delivery agents and many more. The
material possesses high refractive index, high thermal conductivity, semiconducting
nature, and good binding ability. Hence, the material is being harnessed for such
applications, both in its single crystal as well as polycrystalline forms.

Materials in nanoforms: With the advent of Nanotechnology, the researchers
have obtained a handle over the growth protocols to make the materials in smaller
dimensional regime. The growth can be controlled in such a way that the shape and
size can be engineered. Various wet and dry synthesis tools have been utilized and
almost all elements in the periodic table have been tried to convert in their nano

(a) Rocksalt (B1) (b)  Zinc blende (B3) (c) Waurtzite (B4)

Fig. 13.1 Stick-and-ball representation of ZnO crystal structures: a Cubic rocksalt (B1). b Cubic
zinc blende (B3). ¢ Hexagonal wurtzite (B4). Shaded gray and black spheres denote Zn and O
atoms, respectively
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forms. This is almost like expanding the periodic table, basically because the
properties exhibited by such nanoforms are seen to be phenomenally different from
their counterparts; which could be put to use, provided the modified properties are
conducive.

Nanostructures, as is known, exhibit quantum confinement which changes the
intrinsic properties of the bulk counterpart which leads to several interesting
applications. One of the important effects of converting a bulk into nano material is
the increase in surface to volume ratio, which adds better scope for surface-related
interactions. However, with the lesser particle size, the stable substances can
become highly reactive and unstable. The stability can be achieved through var-
ious mechanisms, such as surfactant coatings, imparting charge on the particles
surface, and so on. This requires good coating strategy and hence good chemistry
protocols have come in picture. Upon coating with surfactant, the material gains
several other advantages as well. Additional surface groups for further function-
alization is one major advantage, which makes the material useful in the area of
drug delivery and sustained drug release. Surface groups could also be compen-
sated by adsorbing gas moieties on them, thereby making the material work as a
sensor. Such and many other applications can hence be envisaged; which we will
see in the coming paragraphs. Another aspect of nanomaterials is the optical
property modification. The optical properties may get affected with the quantum
confinement giving rise to increase in band-gap energy and wavelength of the light
emitted. This property which is been highly explored make the corresponding
materials work as white light emitters in lasers.

ZnO in their nanoforms: Out of many materials which have been affected
positively due to this technology, Zinc oxide is the most popular one. This is due to
its structural stability in various forms and the good engineering ability developed by
the researchers all around the globe. By simple chemical routes, too, one is able to
tune the shapes right from simple spherical nanoparticles, to rods, rings, columns,
and spirals. Schematic in Fig. 13.2 shows all such structures already envisaged, and
as observed by Wang et al. [3]. Since ZnO shows tendency toward higher growth rate
along c-axis, due to its polar nature (this semiconductor material have two opposite
polarity crystallographic planes with different surface relaxation energy), the
structure easily assumes nanorod-like vertical structures [2].

Figure 13.3 shows this effect through the photoluminescence (PL) spectrum of
ZnO nanobelts as discussed by Wang et al. in their communication [3]. The
particle size effect introduces blue shift in the PL spectrum, when the particle size
changes from 200 to 6 nm. Not only optical, but conductivity, specific heat,
hardness, and surface reactivity also get modified in ZnO in their nanoforms.
Nanostructured semiconductors are known to show various nonlinear optical
properties. Semiconductor Q-particles also show quantum confinement effects
which may lead to special properties, like the luminescence in silicon powders and
silicon germanium quantum dots as infrared optoelectronic devices. Nanostruc-
tured semiconductors are used as window layers in solar cells. Andrievski et al. [4]
have summarized these property variations in various materials in their nanoforms
in their book chapter.
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Fig. 13.2 A collection of nanostructures of ZnO synthesized under controlled conditions.
[Reprinted with permission from Wang [2]]

Fig. 13.3 PL spectra of ZnO
nanobelts, blue shift in the

emission peak results from

reduction in the width of the
nanobelt from 200 to 6 nm o
[Reprinted with permission W=6nm
from Wang [2]]
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Applications of ZnO nanomaterials: There are several thought flows of various
researchers on this material and hence this material is one of the most popular
and well sought, amongst both the researchers and technocrats. [2, 5-8].
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ZnO nanoparticles show improved heat conductivity which is required to dissipate
the heat produced in the rubber of the tire by the deformation when it rolls along
the street and also it positively influences the vulcanization process. Further, the
admixture of ZnO improves resistance of the concrete against water and allows
increased processing time. A large fraction of the ZnO is utilized in the concrete
and rubber industries as well [6].

Extensive research work is going on ZnO, due to its evident promise as a
semiconductor to the device industry. Several works have been reported on this
ability of the material, right since 1930, which still continues with lot of rigor.
Exploring them as n-type and p-type semiconductor (for electronic devices),
magnetic semiconductor (as spintronic devices), white light emitters, photonic
material (lasing devices), photovoltaic devices is well under way. There have been
additional attempts to explore these materials as sensors, especially gas sensors.
Such works have been documented very well in the recent literatures [9-11].

Though this particular chapter is not dealing with gas-sensing applications, it is
important to state here that the best application of ZnO in its nanoforms has been
for sensing. There are umpteen numbers of papers on this particular topic and the
work is still in progress [12—15]. Issues such as sensitivity, selectivity, and
operating temperatures are being resolved by doping the materials, or forming
their compounds with other oxides or forming composites. Fan et al. [16] have
reported ZnO to be used in varistors in its mixed oxide form. ZnO is also reported
to be used as photovoltaic devices and in/as lasers [17-19].

ZnO nanomaterials in biomedical domain—issues and opportunities: Until
very recent times, inorganic materials, in general, and ZnO, in particular, have not
been a very strong candidate for biomedical applications. One of the basic reasons
is this that, generally, inorganic materials are very rarely accommodated by the
organic medical community. This is quite justified due to their issues on toxicity,
bio-degradable ability, therapeutic values, and in vivo complexities. Their in
ability to get cleared from the biological systems is a big issue, which has always
needed good attention, and hence these materials have been less explored. How-
ever, two avenues have been witnessed in recent times:

1. With the advent of the same materials in their nanoforms, the toxicity of the
materials could be different in nanoforms (as compared to their toxicity in bulk
forms). The therapeutic values could be enhanced. Their conjugational proto-
cols could make them good “in vivo” candidates for many applications such as
drug delivery and bio imaging.

2. With the enhanced property regimes, the in vitro applications could also be
radically different. For example, water pollution control could be achieved by
the ability of the nanomaterials as heavy-ion/toxic dye degrading (or chelating)
agents. They could be harnessed for toxic gas sensing. The diagnostic kits could
also be newly designed using these nanomaterials as the base and conjugating
bioentities onto them for better diagnostics, using lesser samples.

Zno in biomedicine: ZnO is been extensively used in cosmetics industries
[20, 21]. It has these applications mainly due to its capacity to block UV
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radiations, which is a part of sun-screen requirement [22]. A fine ZnO coat gives a
good finishing to the surface on which it is applied; therefore, it has added
advantage as a cosmetic product ingredient. It is also reported to be an additive in
human and animal food [23, 24]. Several bioapplications of ZnO material have
also been explored [25-29] such as for antimicrobial agents, in vivo imaging, food
supplements (as modulators due to their hydrolase activity), as a probable MRI
agent (due to its projected magnetic property upon doping with magnetic dopants).
As a sensor, along with conventional gas-sensing property as mentioned before,
ZnO has also been investigated as cholesterol sensor [25].

Apart from these applications, being biocompatible, nontoxic as compared to
several other oxide semiconductor counterparts, several other applications like
drug delivery, photocatalysis, and p type ZnO for device application have been
reported. For example, Zhou et al. reported the first study on biodegradability and
biocompatibility of ZnO wires [30]. Fan and Freer have studied carbon-decorated
ZnO nanowires for biosensing and electrochemistry of enzymes [16]. Ghoshal
et al. have reported medical applications of ZnO like dental filling materials and
wound healing [31].

On the lines of issues pertaining to health, water pollution control and air-
pollution sensing, can also be a part of health issues. Zinc oxide has significantly
contributed on these fronts as well. For water pollution control, ZnO bulk and
nanoparticles have been explored as catalysts [32, 33]. They have been used along
with either the visible light or with UV light for these explored applications. The
process of water pollution control is mainly via the degradation of the pollutants.
The pollutants can also be “physically removed” by adsorbing the molecules on
the nanomaterials and then filtering the nanomaterials out. However, this proce-
dure requires filtering and constant resupply of the nanomaterials. We will briefly
review the works done along with ZnO on these lines first and then cover some of
the recent results from our group.

Zinc oxide for water pollution control: Environmental pollution, typically air
and water pollution has hazardous consequences on the human life. Particularly
water pollution occurs due to variety of reasons, namely dirt-incorporated water
storage tanks, contaminants from atmosphere retained in drinking water, and so on.
One of the most dangerous categories of water pollutants is industrial wastewater
release; typically that arising due to release of dye compounds during the dyeing and
finishing operation in textile industries. In addition to these dyes, the textile
wastewater contains heavy metals, which are also hazardous to human being. In
order to make the polluted water reusable, degradation of such organic pollutants,
which have deleterious effect on the wellbeing of mankind, has become the center of
the research efforts in today’s scientific world. The conventional approach include
physical methods (e.g. adsorption) [34], chemical methods (e.g. chlorination,
ozonation) [35], and biological methods (e.g. biodegradation) [36]. The major
drawback of physical methods is that they leave behind more concentrated pollutant-
containing phase. Due to the fluctuation in wastewater composition, chemical, and
biological methods are less adopted [37]. In this sense, these methods cannot be
considered to provide complete solution. Hence, the scope to search for better and



13 Zinc Oxide Nanomaterials as Amylase Inhibitors 275

promising methods is still well open. It is at this juncture that semiconductor inor-
ganic materials working as photocatalysts are well in demand.

It was the discovery of the photocatalytic splitting of water on TiO, electrode
by Fujishima and Honda [38] in 1972 that attracted researchers to study effect of
light illumination on TiO, and its various potential applications, such as for
photocatalysis and photovoltaics. Later on several other simple oxide and sulfide
semiconductors have been studied for their potential use as photocatalyst. To list a
few of them-apart from TiO, (E, = 3.2 €V) are WO3 (E, = 2.8 eV), SrTiO;
(E; = 3.2 ¢eV), alpha-Fe,03 (E, =3.1¢eV), ZnO (E,=32¢€V), and ZnS
(E; = 3.6 eV) [39-45]. TiO, has been extensively used as a photocatalyst, as
reported by many [46—48].

The photocatalytic degradation process can be explained as follows: when
mixed with contaminated water, let us say, an organic industrial dye mixed in
water, the dye and water gets adsorbed onto the surface of the semiconductor. Each
semiconductor is characterized by a conduction band and valance band (CB and
VB respectively); the gap in them is known as bandgap, E,. When illuminated by a
photon with energy of hv that equals or exceeds the energy of the band gap, an
electron hole pair is generated in the semiconductor. The fate of the separated
electron and hole can follow several pathways. The separated electron and hole
can recombine on the surface or in the volume of the semiconductor particle or
with the release of heat. The photo-induced electron/hole can migrate to the
semiconductor surface. The pairs those escaped through this recombination pro-
cess diffuse to the surface of the semiconductor and take part in the chemical
reaction with the surface adsorbed donor (D) or acceptor (A) molecules. The holes
can oxidize donor molecules (1) to form hydroxyl radical, whereas the conduction
band electrons can reduce appropriate electron acceptor molecules (usually oxygen
in an aerated solution) e.g., produce superoxide radical (2). The schematic is
shown in Fig. 13.4.

H,O + h* — -OH + H* (13.1)
0, +e¢ — O (13.2)

These radicals being highly reactive can be used to degrade most of the organic
contaminants. The degraded products eventually get desorbed from the surface of
the catalyst [46].

For better photocatalysis process, the photogenerated carriers need to have
higher mobility. Also, deeper valance band plays crucial role in the process via
stronger oxidative activity. TiO,, fulfilling almost all the criteria required by a
better photocatalyst, has been extensively studied for years, typically in the near-
UV or in UV range. However, it is important to realize that UV occupies merely
ca. 4 % of whole solar energy which brings difficulties in the widespread appli-
cation of TiO,. Therefore, it is indispensable and urgent to develop a particular
photocatalyst sensitive to sunlight for making the technology widely applied.
Increasing surface area could increase number of surface adsorbed dye and water
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Fig. 13.4 Simplified schematic photocatalysis process

hence increasing reaction rate, but this gives blue shift on the activity. This has
developed the need of appropriately band-gap engineered material or the material
to possess these characteristics which are brought out by its defect nature.
Recently, the photocatalytic performance of ZnO has attracted much attention
which was considered as an alternative to TiO, [49-51]. This study was done with
UV light as activator. Several other attempts have been done for dye degradation
in solar light. Figure 13.5 shows one such works done with different nanoparticles
on methylene blue dye [51]. Kitture et al. [52] have presented a comparative study
of few reports. It is important to note that this comparison was done with the
respect to few literature findings and necessarily does not portray all works. The
table below summarizes such partial literature survey [53-57].

Ref. Dye Dye Catalyst Catalyst Activation Time %
concentration concentration (min) Degradation
(mg/l) (mg/l)

[53] MO 10 ZnO 1 Solar 30 ~100
10 1 uv 120 ~100
25 1 Solar 90 98.9
25 1 uv 90 50

[54] MB 27 P25 0.375 uv 120 ~100

[55] MB 100 TiO, 1000 uv 80 ~95
100 TiO, 1000 Solar 220 ~100

MB 100 TiO, 1000 Solar 225 95
[56] MO 20 TiO,- 4 uv 100 96.58
mordenite

[57] MO 327 P25 1.1 Solar 540 ~100
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Fig. 13.5 Decomposition ratio of methylene blue with different forms of ZnO, TiO, film and Si
plate. [Reprinted with permission from [51]]

From the analysis of this table, it was derived that solar and UV light has been
used by various researchers for their photocatalytic activity to do dye degradation.

To approach this issue, we did works with two different dyes, namely Meth-
ylene Blue [MB] and Methyl Orange [MO]. Two different photocatalysts were
used, namely P25 (P25, which is a commercial grade of TiO, nanoparticles) and
ZnO (submicron particles, synthesized either as tetrapods (abbreviated as
Zn01000) or spherical (abbreviated as Zn0O600)). Studies were done for normal
sunlight dye degradation. Careful studies revealed that ZnO was able to not only
decolorize both the dyes, but was also able to completely degrade them. This was
done merely in 20 min in normal sunlight. The dye-degraded water was analyzed
to be safe for re-use, as confirmed through the WHO and CPCB (India) standard
charts on safe water. TiO,, on the other hand, could decolorize the dyes and adsorb
on the nanoparticles, rather than degrading. Figure 13.6a, b shows these effects.
The insets of both graphs show pictorial representation of fresh and decolorized
dyes (MO/MB), with different materials.

The reusability and photostability of the ZnO and P25 was compared and it was
interesting to know that tetrapod structured ZnO was significantly stable against
photocorrosion and also that it could be used several times as against the other
counterparts. Figure 13.7 shows these results of reuse and photostability of cata-
lysts ZnO1000 (a), ZnO600 (b) and P25 (c), and inset shows expanded view of
reuse trials of ZnO1000. The lines indicate the fitted curves.

The results were understood from the UV-vis spectrum data of the obtained
ZnO samples. The UV-vis spectrum of ZnO particles showed broad range of
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absorption (data not shown here). The range extended from visible to UV regime,
probably due to the defect driven states. This generates a probability that the
material absorb from around 380 nm to cover the complete visible spectrum of
sunlight. Though ZnO, in its pure form has high excitonic energy, with its spectra
showing a characteristic signature at 380 nm, their broad-range absorption has
been observed by many [58-60]. For example, Singh et al. [58] have seen broad
green emission around 500 nm, covering the signature at 380 nm. Hence, the
photocatalytic activity seen in our studies could be attributed to the donor states
caused by the large number of defect sites such as oxygen vacancies and interstitial
zinc atom. It could also be due to the acceptor states that arise from zinc vacancies
and interstitial oxygen atoms [61]. Oxygen vacancies, which are located at energy
positions 2.35-2.50 eV, are also responsible for the UV-light response as is seen
by the green luminescence. Since our samples were polydispersed, these defect
states dominate to get excellent photocatalytic dye degradation. Such defect states
engineering in ZnO powders can give much practical solution for industrial dye
effluent treatments.

Zinc oxide as anti-diabetic material: Diabetes is one of the most dreaded
diseases of the time. There have been significant breakthroughs in the research
related to both control and diagnostics of the levels of sugar in human body. The
efforts though have been significant, the scope is still much wide, mainly due to the
requirements on both fronts: for diagnostics and therapy. For diagnostics, the
search is well on to fabricate the kits for faster sugar-level detection and with
minimum blood sample [62—64]. Such kits, as of now, are to be used only once and
thrown away; indicating a demand for re-usable kits. For therapeutics, there are
several ways to control; typically, either to control via insulin supply or by using
inhibitors. Use of sustained-drug release via microcapsules [65—67] is also been
investigated in this context.

Use of nanoparticles in such contexts has been investigated by many research
groups worldwide. Nanoparticles can be used for diabetic patients to tolerate
transplanted insulin producing cells. They can be loaded with immunosuppressive
agents (anti-rejection drugs) and because they are so small, sent precisely to cells
in the body that regulate the immune system’s response. By pinpointing the
delivery of the drug to a specific cell, we can potentially dampen or modify an
immune response that would be triggered by the introduction of foreign tissue and
allow diabetic patients to tolerate transplanted insulin-producing cells. The use of
nanoparticles may play a significant role in our ability to achieve transplant tol-
erance, maintain long-term insulin function and improve the quality of life of
diabetes patients. The lipid matrices can be used to load and deliver anti-diabetic
drugs since these are high pH and enzymatic proteolysis which cannot be taken
oral [68]. Vijayan et al. have reported preparation and characterization of solid-
lipid nanoparticles for delivery of anti-diabetic drug [69]. Hyperglycemia or high-
blood sugar creates more complications in diabetic patients, biologically synthe-
sized gold nanoparticles (Au NPs) used to control the hyperglycemic conditions in
streptozotocin-induced diabetic mice [70]. Phytochemically synthesized gold
nanoparticles are used in hypoglycemic treatment for diabetes mellitus [71].
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Fig. 13.6 1. UV-vis data for photocatalytic decolorization of MO with ZnO and P25 samples
after 20 min of solar exposure using UV-vis spectrum. a Shows initial signature of MO, b, ¢ and
d shows signature MO after exposure to sunlight for 20 min with the catalysts ZnO600, P25, and
Zn01000, respectively. Inset is pictorial representation of fresh and decolorized MO. The picture
in inset clearly exhibits visual decolorizing effect. [Reprinted with permission from [52]]. 2.
Photocatalytic decolorization of MB with ZnO samples after 20 min of solar exposure. (a) Shows
initial signature of MB (b), (c) and (d) show signature MB after exposure to sunlight with the
catalysts ZnO600, P25, and ZnO1000, respectively. Inset is pictorial representation of fresh and
decolorized MB. Another inset shows bottom view, to give evidence of adsorption of the dye MB
on P25, unlike ZnO1000 and ZnO600, showing the catalyst in its original white powder form.
[Reprinted with permission from [52]]

Polymeric nanoparticles are used for insulin carrying. These polymers are bio-
degradable, polymer-insulin matrix is enclosed by nanoporous membrane contains
glucose oxidase. A rise in blood glucose level triggers a change in the surrounding
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nanoporous membrane, resulting in biodegradation and subsequently releases
insulin. Many groups have worked on similar lines [72-78].

Takenaga et al. have studied sustained insulin release though microcapsules.
Further, they have also studied the effect of ZnO on initial profile of insulin release
from the microcapsules. Figure 13.8 shows the compilation of their results. The
biological activity of insulin extracted from the microcapsules was confirmed to be
similar to that of normal insulin. The interesting outcome was that, with ZnO as an
additive to the microcapsule containing insulin, initial rapid insulin release could be
suppressed. This could also be improved by controlling the insulin particle size [79].

Starch blockers are good candidates for controlling the conversion of starch into
sugar. Several organic materials have been investigated in this context and recently
the interest has been shifted to inorganic materials. Some of the reports mentioned
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below are those which have already explored many organic and inorganic mate-
rials as starch blockers [80, 81].

These agents inhibit alpha amylases. Alpha amylases are major digestive
enzymes in animals/humans which play key role in breaking down long-chain
carbohydrates polysaccharide starch, a major sugar obtained from diet into maltose
and glucose. So the organic compounds when inhibit alpha amylase, will in turn
prevent dietary starches from being absorbed by the body via inhibiting breakdown
of complex sugars to simpler ones. This will, in other way control the amount of
sugar available for assimilation, thereby helping in controlling diabetes. Such kind
of amylase inhibitors are mainly proteins, isolated from plants, mainly from
legumes and microorganisms [82—84]. Alpha amylase and its inhibitors have been
the targets of drug design for developing compounds for treatment of diabetes,
obesity, and hyperlipemia [85].

Feng et al. have successfully purified four types of different alpha-amylase
inhibitors from wheat flour. Further, they studied the activity against alpha amy-
lase from insects and human, where HAS stands for alpha amylase from human
saliva [86]. Such and many similar studies have been performed, typically by
botanists and biologists. The works done by physicists and chemists community
have been comparatively, quite recent.

Our works, as documented in Dhobale et al., have done such works on similar
lines using zinc oxide nanoparticles as alpha-amylase inhibitor [87]. We have
studied the application of ZnO nanoparticles as alpha-amylase inhibitor. The
nanoparticles were coated with thioglycerol (TG), which was duly characterized to
study the conjugation chemistry using molecular spectroscopy. The ZnO nano-
particles have been synthesized using soft-chemistry approach and thioglycerol
was used as a surfactant to yield polycrystalline nanoparticles of size ~ 18 nm,
stabilized in wurtzite structure. Cytotoxicity studies on human fibrosarcoma
(HT-1080) and skin carcinoma (A-431) cell lines as well as mouse primary
fibroblast cells demonstrate that up to a dose of 20 pg/ml, ZnO nanoparticles are
nontoxic to the cells. Figure 13.9 shows these results, which are important to be
evaluated for such bio-activity studies. The alpha-amylase inhibitory activity of
ZnO nanoparticles has been documented in this work wherein an optimum dose of
20 pg/ml was sufficient to exhibit 49 % glucose inhibition at neutral pH and 35 °C
temperature. This inhibitory activity was similar to that obtained with acarbose, a
standard alpha-amylase inhibitor, thereby projecting ZnO nanoparticles as novel
alpha-amylase inhibitors.

Figure 13.10 shows these results. These results showed that ZnO-TG exhibited
alpha-amylase inhibitory activity similar to that of a standard alpha-amylase
inhibitor, thereby paving way to the use of this nontoxic inorganic material in the
domain of biomedicine.

Such activity enhancement by using zinc oxide nanoparticles was compara-
tively less explored. Since amylase, being a protein, has an amine and a carboxyl
group at its N-terminus and C-terminus ends, respectively, conjugation to these
proteins could occur at either of these sites. However, on the other hand, formation
of covalent bond with the starch molecules is rather difficult since these are highly
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Fig. 13.9 Cytotoxicity ZnO MTT
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permission from [87]]
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stable carbon-hydrogen—oxygen rings. Hence, it has been proposed that the
reaction of amylase with ZnO-TG takes place through bonding of —NH, facili-
tating primary carbocation formation due to leaving of —SH. Such an interaction
may be rendering the enzyme unavailable for the substrate (starch in this case),
thereby resulting into its inhibition consequently arresting glucose formation from
starch. Since ZnO nanoparticles depict similar properties like that of standard
alpha-amylase inhibitors, it could be a prospective drug for diabetes [83—85].
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13.2 Conclusions and Future Prospects

The article discusses zinc oxide as a potential candidate in the area of healthcare.
A brief introduction of the material in its bulk and nanoform has been discussed.
Several application areas have been touched upon in this article. The property
regimes which have been harnessed for their applications in the area of biomed-
icine and healthcare have also been analyzed. Typical role of zinc oxide as a
catalyst and as an inhibitory molecule has been detailed in this review. Several
areas of other applications such as in cosmetics, biosensing, antimicrobials, and
antifungal materials have been mentioned. Though the material promises to be a
good candidate for such and similar applications, there should be a word-of-
caution whilst using these for in vivo applications. Many reports have addressed
this worry, which is toxicity. Up to a certain microgram (per ml) quantity the
material exhibits “biosafe” property. The cytotoxicity is much higher for higher
concentration. Hence, even though their catalytic activities are good, their com-
position cannot be concentrated. Functionalization strategies may improve the
viability of such molecules; however, the stability of the conjugates and their
excretion mechanisms have to be carefully looked into. Since the materials tend to
chelate in biological environments, the worry is still more and hence careful
analysis is surely needed before using them for such applications as imaging and
inhibitors. However, the material shows immense promise as a sensor and surely
enough, as a biosensor it should show wonderful potential. Such works are well
underway and selective biosensing would be well within reach of the researchers
in coming times. Reusability and shelf-life could be the issues which have be
carefully addressed. In conclusion, zinc oxide can be considered as a good can-
didate in biomedical applications. The in vitro applications are well established
and show good promise as a catalyst and therapeutic material.
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