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Abstract

In recent times, a great deal of interest has been extended in exploiting the
nanoscale systems that ensure numerous application in cutting edge science and
technology. The advancement in fabrication and processing techniques has
offered the possibility of obtaining a wide variety of nanostructured materials
(both metallic and semiconducting) with regard to morphology and organization.
Essentially, the semiconductor nanostructured materials are believed to be the
building blocks for high performance photonic and optoelectronic devices. The
nanostructures based on semiconductor materials exhibit dimension dependent
optical and electronic properties. Zinc oxide (ZnO) is a versatile material which
can be processed in the form of nanorods, nanorings, nanoflowers etc. Owing to
the wide band gap (~ 3.3 eV at 300 K) and higher exciton binding energy (60
meV), ZnO system is regarded as one of the most suitable candidates for

application in UV light emitting diodes (LEDs), lasers, sensors etc.

In the present study, the luminescence response of spherical and elongated
nanostructures of ZnO fabricated via different routes has been explored. In
particular, the effect of introduction of Eu’* ions into ZnO nanostructures of
different structural organization is being considered. Further, ZnO nanostructure
systems were subjected to both low (~ keV) and high (~ MeV) energetic ion
irradiation to modify the emission characteristics. Theoretical justification has
also been provided in support of the irradiation induced modification of the
nanostructures. On the other hand, the transport property of ZnO nanorod based
MS and metal-insulator-semiconductor (MIS) junctions have been studied. Also,
the UV detection aspect of the ZnO nanostructures in MS configuration is
countered. Finally, the photonic band gap tuning of ZnO embedded natural
photonic crystals of peacock feather is demonstrated by analyzing alteration of

reflectance spectra.
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The thesis focuses on the synthesis, characterization and study of the photonic and
optoelectronic properties of ZnO nanostructures with a special emphasis on the
one dimensional (1D) patterns. It comprises of nine chapters including the

chapters that discuss the introduction and future directions.

The Chapter 1, is an introductory chapter that highlights the recent development
in the field of nanoscience and nanotechnology. It deals with the discussion on
semiconductor nanostructures both in spherical form as well as in elongated
morphology. Several important optoelectronic properties of II-VI semiconductor
nanostructures are being discussed in the light of the existing literature. This
chapter also describes the ZnO based various nanostructures in terms of the
photonic and optoelectronic properties exhibited by them. At the end, the

objectives of the present investigation are stated in this chapter.

In Chapter 2, description on synthesis and structural organization of ZnO
nanostructures are presented. It includes the detailed explanation of various
chemical and physico-chemical fabrication techniques adopted to synthesis
undoped and Eu** doped ZnO nanostructures. In addition, natural peacock feather
assisted growth of ZnO nanostructures is highlighted. The visible impression of
different nanostructures like nanoparticles, nanorods, nanorod based urchins and
nanorod arrays etc, along with their structural and compositional analysis have

been presented.

The Chapter 3 focuses on the optical properties of the ZnO nanostructures
analyzed through room temperature absorption and photoluminescence (PL)
spectroscopy. It has been possible to extract various native defect states of ZnO
from the Gaussian fitting of the emission response of the nanostructures. The
variation of the emission features of different nanostructures has been correlated
with the crystallographic properties of the nanostructures. In contrast, the Eu**
related intra 4/ transition is also found in the Eu’" doped ZnO nanostructures. All

these aspects are highlighted in this chapter.



The consequences of 80-MeV N* and 80-keV Ar" ion irradiation on the emission
response of the ZnO nanostructures are presented in Chapter 4. The irradiation
led alteration of the emission patterns has been correlated with the electronic loss
led modification of the subatomic system. Again, the nuclear energy loss led
creation, annihilation and ionization of the defects is found to be responsible for
the modification of the luminescence response of ZnO nanorods. Relevant

theoretical justification is also supplied to support the experimental results.

The Chapter S deals with the theoretical investigation that highlights conditions
necessary for nanostructure growth and elongation. Theoretical study on surface
energy assisted unidirectional growth of nanoparticles to nanorods is also
included in this chapter. Furthermore, ion fluence dependent structural
deformation of ZnO nanoparticles has been associated with the suppression of the
effective cohesive energy of the nanoparticles during irradiation. The calculation
of fluence dependent effective cohesive energy of the nanoparticles is the main

theme of the chapter.

The current transport mechanism in ZnO nanorod based MS and MIS junctions
are introduced in Chapter 6. The dependence of current transport features of
Ag/ZnO Schottky nano-junctions on the native defects of ZnO has been explored.
Ion irradiation induced improvement in the Schottky properties of the nano-
junctions is also included in the chapter. The observation of significant Fowler-
Nordheim (FN) tunneling of electrons across Al/Al;03/ZnO junction is an

important aspect of this chapter.

The Chapter 7 demonstrates the UV sensing of ZnO urchins and nanorod arrays
studied at room temperature. The faster photoresponse of the urchins (as
compared to the nanorod arrays) is assigned to the unique crystallographic
properties of the two types of the nanostructured systems. The photoconductive
response of the nanorod arrays reveals the presence of substantial amount of

persistence photoconductivity (PPC) in each cycle of the UV light on/off



conditions. The slower electron-hole recombination process owing to the presence
of trap states within the band gap of ZnO is believed to be the chief reason behind
the display of PPC.

In Chapter 8, tuning of photonic band gap of ZnO nanostructure loaded natural
peacock feather is coherently demonstrated. As evident from the reflectance
spectra, the PBG of the photonic crystals present in the barbules of the feather
was found to get modified upon ZnO loading and was witnessed in different
coloured barbules. The alteration in effective refractive index of the hybrid system

was shown to be the reason for the modification of the photonic characteristics.

Finally, in Chapter 9, the conclusions drawn from the present study and the

scope of future work are discussed.
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According to Ralph Merkle, a renowned researcher and director of Alchor Life
Extension Foundation, “Today's manufacturing methods move atoms in great

thundering statistical herds” .

In the past two decades, the scientific community showed keen interest in the field
of advanced material processing and technology. Such immense concern in this
field has led to the most significant contributions to nanoscale research.
Consequently, a new field of modern research, coined as ‘Nanoscience and
Technology’ has evolved. Originating from the Greek word ‘nanos’, the word
‘nano’ refers to ‘dwarf’. Nano signifies to the one billionth or 10° power. In this
sense one nanometer refers to one billionth of a meter or 10 m. The atomic scale
dimension can be expressed interms of a unit ‘nanometer’. The field of
Nanoscience and Technology deals with the ability to fabricate, characterize and
manipulate artificial structures that are controllable at the level of several atomic
dimensions or, nanometer (10° m). Owing to the extremely high surface to
volume ratio (>> 1), the nanostructured materials manifest unique properties
compared to the bulk counterpart. The transition from the bulk or macroscopic
systems to nanostructured systems is governed by quantum mechanical laws
along with adequate selection rules meant for conventional atomic/molecular

systems.

Although the study of nanoscale materials has become a topic of rapid scientific
curiosity in the recent time, the concept was initiated 50 years ago. In a classic
talk in the annual meeting of the American Physical Society held at the California
Institute of Technology (Caltech, 29™ December, 1959), the American theoretical
physicist, Prof. Richard Feynman expressed the likelihood of fabrication of
materials by manipulating individual atoms [1]. The term ‘nanotechnology’ was
first introduced by the Japanese scientist Prof. Norio Taniguchi in an international
conference on Production Engineering held at Tokyo in 1974. The term gained
serious attention after its use by K. Eric Drexler in his book ‘Engines of Creation:

The coming era of Nanotechnology’ [2]. In the early 1980s, the rapid
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advancement of fabrication techniques and microscopic characterization tools
have fueled up research in nanoscience and nanotechnology. For the first time in
the history of science, the invention of scanning tunneling microscope at IBM-
Zurich furnished the ability to see individual atoms and atomic planes. The recent
trends of Nanotechnology are the direct reflection of such novel conceptual and
experimental developments. The advanced microscopic techniques have offered
the opportunity to gather information related to structural details and surface
properties. The application and commercialization of different nanoscale
materials have already been realized in day-to-day life. For instance antibacterial
agents, sunscreen lotions have become a part of reality. The compact and fast
non-silicon based chips for processor, quantum computation, micro-electro-
mechanical systems, and other nanoelectronic devices are some of the
forthcoming aspects that can be developed through proper exploitation of the
nanomaterials. Low threshold current, higher thermal stability, higher differential
gains etc, are some of the interesting characteristic properties of the miniaturized
devices [3, 4].

The capability of manufacturing different category of nanostructured materials
(metallic, semiconducting) has directed immense application in drug delivery,
lasers, memory devices etc [3-6]. Among the different kinds of materials the
semiconductor nanostructured materials (e.g. Si, Ge, GaAs, GaN, ZnO, InGaAsN
etc.) are especially interesting owing to the existence of band gap (or forbidden
gap: an energy range where no electronic states exists) which can be varied with
size. The development in various processing techniques has offered the
opportunity to engineer the band gap of the semiconducting nanostructured
systems across the whole electromagnetic spectrum. This fact is accountable for
considering the semiconducting materials as the building blocks for future
nanophotonic and nanoelectronic devices [7-10]. This thesis is focused on
exploring the optoelectronic and photonic properties of ZnO based nanostructured

systems.
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1.1 Semiconductor nanostructures

The rapid development of the modern electronic devices is facilitated by the
improvement of the integrated circuit technology based on semiconducting
materials. Whether it is an elementary semiconductor (e.g. Si, Ge) or a compound
semiconductor (e.g. ZnS, InGaAsN), each one has its own advantages and
limitations in practical applications. The semiconductor based nanostructured
materials exhibit dimension dependent optical and electronic properties. As a
result, their physical properties, to a large extent are tunable between molecular
phase and bulk phase. In this category of nanostructured materials, the departure
from the bulk behavior arises owing to the enhancement in band gap (alongwith
the discreteness of energy levels), excitonic binding energy and oscillator strength
of the material [10-12]. The reduction of geometric dimension in any direction to
an amount comparable with the de Broglie wavelength of the carriers could lead
to the spatial confinement of the carrier motion. The confinement of electron
wave function in a region having a dimension smaller than the electron mean free
path is an example of such phenomenon. The situation of quantum confinement
can be experienced upon restricting the motion of electrons, holes and excitons
(bound state of electron-hole pair) in one or more directions of the semiconductor
system. The extent of quantum confinement along a particular direction, can be
realized in two major regimes; weak and strong confinement regime, as proposed
by A. L. Efros and Al L. Efros [12]. Denoting the average dimension of a
nanostructured system as R, the weak quantum confinement regime corresponds
to the case of R > ap, where ap is the exciton Bohr radius of the bulk
semiconductor. Whereas the situation of R < ap refers to the strong confinement
regime where the confined electron and hole have no bound state. Consequently,
the structures known as quantum well (2D), quantum wire (1D) and quantum dot
(0D) originate from the carrier confinement in one, two or in three directions of
the nanostructures respectively. Compared to the bulk counterpart, most of the
unique electronic properties of the above mentioned quantum structures are

explained in terms of abrupt change in density of states (DOS). Figure 1.1 depicts
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the variation of density of states, D(E), for different quantum structures. As one
moves from the bulk to the quasi-zero dimensional structures, DOS changes
drastically giving rise to narrower carrier distribution and enhanced oscillator

strength (the probability of transition from lower energy state to a higher energy

state).
D(E) E) D(E) D(E)
E, E, ©
- @ < v
Bulk Quantwn well Quantun wire  Quantun dot

Figure 1.1: Schematic of structures and density of states for 3D, 2D, 1D and 0D
systerms,

1.1.1 Spherical semiconductor nanostructures

The structures which appear in the form of tiny particles and having typical
diameter of 1-100 nm, are commonly known as nanoparticles or nanospheres. The
quasi zero dimensional nanostructures or, quantum dots (QDs) under strong
quantum confinement effect, can be achieved by restricting the diameter of the
semiconductor nanoparticles to a few nm, in all the directions. Transmission
electron microscopy (TEM) and High resolution transmission electron
microscopy (HRTEM) images of fairly spherical CdS nanoparticles are shown in
Figure 1.2 [13]. Over the years, the stability of the nanoparticles had been a
matter of concern as far as the technological application is concerned. The high
surface-to-volume ratio (>> 1) of the nanoparticles has led to very high surface
energy and hence, surface reactivity making there by thermodynamically

unstable. In order to reduce overall surface energy the nanoparticles tend to grow
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in size or agglomerate. There is an urgent need to select an efficient
fabrication/processing technique so that nanoparticle agglomeration can be

arrived to a great extent.

Figure 1.2: (a) TEM and (b) HRTEM images of CdS nanoparticles [13].

Previously, the semiconductor nanoparticles have been developed using a number
of techniques under different environments. The various techniques were found to
affect the size distribution as well as the diverse physical and chemical
characteristics of the nanoparticles. The synthesis of the semiconductor
nanoparticles in the presence of surfactant, capping agents or some soft templates
has been employed several times to overcome the problem of agglomeration or to
stabilize the system [13-16]. The synthesis of water-soluble and biocompatible
fluorescent QDs by the encapsulation of surfactant/lipid micelles has been
reported [14]. Again the utilization of polymers for controlling the assembly of
nanoparticles is also found in the literature [15]. Murray and the co-workers
presented a simple route to produce CdE (E = S, Se, Te) nanoparticles having
high monodispersity [17]. The reaction involves the pyrolysis of the
organometallic reagent by injecting into a hot coordinating solvent which leads to
discrete nucleation and restricted growth leading to uniformed sized
nanoparticles. A similar approach was found to be useful to synthesize well-
crystallized nanoparticles of InP, GaP, GalnP,, and GaAs [18]. The fabrication of
SiO, embedded GaAs nanoparticles by radio frequency sputtering method has
also been reported [19, 20].
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Sol-gel process is one of the common techniques for the synthesis of oxide based
nanoparticles. This process involves the typical precursor as metal alkoxides and
metal salts, which could undergo hydrolysis and condensation reactions. The
fabrication of SnO», TiO,, ZnO nanoparticles using sol-gel technique have been
reported by many workers [21-24]. Apart form the conventional nanoparticle
systems, recent interest has grown in the processing of core-shell nanostructures.
The fabrication and adequate surface passivation of semiconductor-semiconductor
core-shell QDs are found to be quite effective in terms of production mechanism
and various optoelectronic applications [25]. In this situation, the shell material
acts as an extension of the core in the form of capping/coating layer but with
different chemical composition and band gap. In these nanostructures drastic
reduction of non-radiative surface recombination of charge carrier is highly

attainable.

1.1.2 Elongated semiconductor nanostructures
The elongated structures having electron 7

motion confined in two directions are
Nanotod

considered as one dimensional (1D)
nanostructures. Typically, the elongated Nanotube
semiconductors having diameter range 1 to ﬁ
400 nm and lengths upto several Nanovire
micrometers are perhaps the most adaptable
nanoscale building blocks for optoelectronic . Nﬂ"“be"_
Figure 1.3: Schematic representation
and nanoelectronic application. In contrast  of various 1D nanostructures.
to the spherical nanoparticles, the use of 1D semiconductor nanostructures (in the
form of nanorods, nanowires, nanotubes, nanobelts etc. as schematically shown in
Figure 1.3) have their own advantage in specific elements/components. Basically,
nanowires are solid state systems characterized by a radius which is negligible as
compared to their length. On the other hand, the nanorods are usually much
shorter in length than nanowires. The nanorods are often recognized as straight

wires. Figure 1.4 shows the scanning electron microscopy (SEM) image of
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chemically grown ZnS nanowires [26]. The 1D structures in the form of nanobelts

belong to special class of nanowires. The nanobelts are the nanowires that have

well defined geometrical shape and side- w"”‘u 4‘;& i
] AT

ey Ve
s ,%. W'

is of rectangular shape having typical ‘.‘a‘t
width-to-thickness ratio of the magnitude ~

surfaces. The cross section of the nanobelts

.a'.-

5 to 10. The ultranarrow nanobelts are

rather narrow and smaller in length which ’ A \'

L‘\'e ,

can be characterized by a width that is "’" 3 &.‘
comparable to the Bohr excition radius of F‘gure é1~.4‘.“ SiEM image of ZnS
the system under study [27]. 1D nanowires [26].

nanostructures in the form of nanotubes, differ from solid nanorods and nanowires
with the internal structure being mostly unfilled. The nanotubes emerge in the
form of hollow cylinders whereas nanorods and nanowires have solid cores.

Generally, the cross section of nanorods and nanowires resembles to a

filled circle or hexagon.

In the recent decades, a great deal of interest was shown with regard to the
fabrication of different types of 1D semiconductor nanostructures adopting a
number of procedures and protocols. The fabrication of semiconductor nanorods
or nanowires via vapour—liquid—solid (VLS) approach in presence of a metal
catalyst (e.g. Au, Ag) is one of the most popular techniques [28-30]. The catalyst
in the form of a liquid droplet serves as a superior spot for absorption of the gas
phase reactant and, the nucleation site for crystallization upon supersaturation of
the reactants. The direction of growth is directed by the catalyst droplet and
hence, the nanowires obtained from such VLS process typically possess a solid
catalyst nanoparticle at one end. Figure 1.5(a) shows the schematic representation
of nanowire formation in VLS process. Based on the VLS approach, binary and
ternary III-V, II-VI, and IV-IV group semiconductor nanowires (using laser-
assisted catalytic growth (LCG) method) have been efficiently synthesized [28,
29]. As an alternative approach, the physico-chemical synthesis of 1D
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nanostructures using some kind of surfactant or capping agents was proven to

achieve a variety of elongated patterns like nanotubes, nanowires, and nanorods

(b) Reverse i elle
() |
Gaseous ‘.. s ;,\: ->

reactants . .
; S e

e e o
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Figure 1.5: Schematic representation of (a) VLS and (b) surfactant assisted growth
mechanism.

Growth

[31, 32]. The formation of nanorods via a reverse micelle route in the presence of
non-polar solvent can also be realized, as depicted in the scheme below (Figure
1.5(b)). In a similar way, the solution based growth technique was employed to
synthesize nanowires of 1I-VI and the elementary semiconductors [33-35]. In
particular, the nanowires of elementary semiconductors (e.g. Si and Ge) were

grown from the supercritical fluid precursors [34, 35].

Nanopatterning, depicts assembling nanowires/nanorods on suitable substrates in
a systematic way. It can cater to various needs of industrial relevance in
packaging, storing etc. In this regard, electron beam lithography (EBL) is a
proven technique to fabricate semiconductor nanowires/nanorods mostly on Au-
dot arrays [36-38]. Though such technique is appreciable for the fabrication of
quality nanostructures, the technique requires cost, plentiful sophistication and
machine complexities. The heterostructure/superlattice configurations are quite
impressive for designing low threshold and high gained optoelectronic devices. In
this regard, the fabrication of single crystalline nanowires with Si/SiGe
superlattice structure has been demonstrated [39]. Again, the influence of shell
thickness on the luminescence feature of TiO,/CdS core-shell nanowires has also
been studied [40]. The use of hybrid pulsed laser ablation/chemical vapor
deposition (PLA/CVD) is useful to achieve quality superlattice structures. The
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development of such heterojunctions based 1D nanostructures has immense

potential in light emitting, photoconductive and photovoltaic devices [39-41].

1.2 Optoelectronic properties of the II-VI semiconductor based

nanostructures:

The I1-VI semiconductor compounds are suitable combination of group Il and VI
elements of the periodic table (e.g. CdS, ZnS, ZnO etc.). They are especially
promising for optoelectronics devices such as light-emitting diode (LED). laser
diode (LD) that operate in the blue or the ultraviolet spectral range. The
nanostructures based on compound semiconductors, are expected to play crucial
role in obtaining high-performance of these devices. Figure 1 6(a) depicts a block
diagram related to the application of these nanostructures. A relevant section of

periodic table is also shown on the right hand side of the scheme (Figure 1.6(b)).

( p!
(a) Light emitung diodes, | (b) T
Laser diodes | 5 [ 7 8
B|C|  N}O

AV ——
dumaim | Al o [t ianf S0
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Figure 1.6: (a) Possible application of semiconductor nanostructures, (b) section of the

periodic table.

Lakowicz and the co-workers have reported the blue luminescence response of
CdS nanoparticles observed in the presence of an amine-terminated dendrimer
[42]. The nanoparticle system displayed polarized emission with the anisotropy
rising progressively from 340 to 420 nm excitation wavelength, reaching a

maximal value in excess of 0.3. Whereas, polyphosphate stabilized CdS

10
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nanoparticles exhibited red emission maximum and displayed zero anisotropy for
all the excitation wavelengths [42]. Again, the electroluminescence (EL)
displayed by the thin film structure containing close-packed CdS nanoparticles
sandwiched between ITO and Ag contacts was found to emit light visible to
unaided eye above a bias of 15 V [43]. The observed tunability of the EL was
attributed to the excitation of different deep traps by electron transport across
neighboring CdS nanocrystals. The ZnS and ZnO based nanostructures are quite
well-known for the light emission in the ultra-violet (UV) and visible region [44-
47]. Intensive UV light emission, at room temperature was revealed by ZnO
nanowires and can be assigned to the dominance of emission from the free
exciton over the native defect related emission [45]. Whereas, the variation of the
excitonic and the defect related emission of ZnS QDs, was found to depend on the
concentration of point defects that vary with synthesis parameters [44]. The ZnS
nanowire arrays and aligned nanoribbons have also been grown on micrometer-
wide single-crystal ZnS ribbon substrates via a homoepitaxial growth [47]. In this
case, the photoluminescence (PL) spectra indicate that the cross arrays of
nanowires can serve as Fabry—Perot cavities, which leads to the band gap lasing
emission in two specific directions. Again, cathodoluminescence (CL)
measurements show more intense green emission from the <210> ZnS nanowire
cross arrays than the [001] ones and reveals that the orientation dependency of CL
emission. As a remarkable step towards semiconductor nanocrystal based lasers,
Chan and the co-workers have demonstrated the precise tunablity in amplified
spontaneous emission and lasing action of blue light emitting in core-shell
CdS/ZnS nanosystems [48].

Again, doping of the wide band gap 1I-VI semiconductor nanoparticles, with
transition metals (Mn, Cu etc.) or, rare-earth elements (Eu, Tb, Er etc.) is of
practical interest owing to the selective luminescence transitions and that is why
they are widely used as phosphors and lasing media. Several semiconductor host
materials such as ZnS, CdS, and ZnSe have been used for Mn-doped nanocrystals

with different synthesis techniques [49, 50, 51]. Bhragava et. al. have reported
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that Mn doped ZnS nanocrystals can yield efficient Mn*" related orange-yellow
luminescent emission alongwith life time shortening due to radiative processes
[49]. The complete suppression of surface state related emission, upon Mn-
doping, was found in CdS nanoparticle system [50]. The optical studies of Mn
doped CdS, showed the dominance of Mn?" related *T;-5A; transition (which
corresponds to 2.12 eV) with no distinguishable surface state related emission.
The schematic view of the luminescence mechanism is shown in Figure 1.7 [50].
Again, ZnS:Mn and CdS:Mn/ZnS core/shell based luminescent semiconductor

nanocrystals have been actively studied as electroluminescent (EL) components

and luminescent biomarkers [51]. On =
. . 3 7

the other hand, upon doping of Cu in LUM()—H—\,\“,\' 3
ZnS QDs, emission of light in the green S 7 Surface _4TI
region of visible spectrum was R /f‘ states 5
witnessed [52]. In this case, the N :,-"!,? 4 &
luminescence spectra of Cu-doped ZnS f;"’ n:" el

Ds have showed redshift with an / ——
Q _ HOMO—L4— L A
emission response peaking at ~480 nm cdsS Mn

(green), in contrast to the undoped one, Figure 1.7: Scheme of luminescence
o ) . mechanism scheme of  CdS:Mn
exhibiting luminescence maxima at npanoparticles. HOMO and LUMO

~424 nm (blue). The rare earth doped xg;:zz?;tgfbgzgl:go?d lowest occupied
II-VI semiconductors are interesting

because of the sharp intra 4f transitions in the visible and IR regions. It has been
possible to fabricate quality Eu’* and Tb>* doped ZnS nanocrystals with the
characteristic emission of the rare-earth ions in the visible region [53, 54]. Owing
to the sharp characteristic emission in the red and blue-green region of the visible
spectrum, the Eu’* and Tb>* doped semiconductor nanomaterials are very
attractive as phosphor candidates. Whereas, the emission at ~ 1.54 um of Er’*-
doped II-VI semiconductors are interesting due to the potential application in IR
lasers. Schmidt and the co-workers have demonstrated strong enhancement in the
~ 1.54 pm fluorescence in Er** doped II-VI semiconductor QD systems [55].

Adopting a new synthesis strategy, they were able to incorporate upto 20 at.%
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Er** into ZnS, CdS, and CdSe as well as in ZnO semiconductor clusters and

nanocrystals with an average size range 1.5-5 nm.

It is worth mentioning here that the performance of the optoelectronic devices
depend on the quality of the metal/semiconductor contact. It has been possibie to
fabricate reliable Ohmic contacts out of metallic contacts of Al, Ti, In/Au etc.
with nanostructures based on II-VI semiconductors like CdSe, ZnTe etc. [56-58].
The fabrication of Schottky contacts with metals (having high work function) has
several technological advantages. The rectifying nature of the current-voltage (/-
V) characteristics of a Schottky contact with less leakage current and low turn-on
voltage makes its performance better than the conventional pn junction diodes.
The formation of high-quality Schottky contacts has become an essential part of

various optoelectronic components and integrated devices [56-60].

Usually, the direct band-gap of II-VI semiconductors varies from 1.5 eV (CdTe)
to 3.7 eV (ZnS). This can be further extended via quantum confinement effects
when they exist in nanostructured form. Therefore, compared to the conventional
II-VI bulk systems, the II-VI semiconductor nanostructures will be more
promising for making photodetectors that work from NIR to UV region [56].
Earlier, devices based on individual CdO nanoneedles were fabricated and
efficient IR light detection was studied [61]. It was found that the CdO
nanoneedle based devices that absorb IR light via the indirect band gap of CdO,
could show an on/off ratio of 8.6 at 1.2 K between the illuminated on state and the
dark off state. Similarly, ZnSe nanowire was shown to be a promising material for
visible light detection, where the shape of the spectral response strongly reflects
the absorption coefficient of ZnSe [62]. Single-crystalline ZnS nanobelts with
sharp UV emission at RT have been demonstrated to act as UV sensors dictated
by high spectral selectivity combined with high photosensitivity and fast response
time [46]. Such experimental observations substantiate the utilization of the ZnS
nanobelts as visible-blind UV photodetectors in different areas. Field effect

transistors (FETs) are the fundamental elements in most of the optoelectronic
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devices. Amongst different configurations of FETs, the metal-oxide-
semiconductor FETs (MOSFETs) perform a major task in the existing IC
techniques [63]. MOSFET configuration with a single elongated nanostructure

(Figure 1.8) has been tested for several

Source Drain

applications. The fabrication of FET
devices for detection of photons having

energy above the semiconductor band gap

has been reported. The design of single
CdSe nanoribbon based FET structure

with high sensitivity and fast response I
Gate

Figure 1.8: Schematic representation of
[64]. Further, the photoconductivity study @ single nanorod based MOSFET.

was previously reported by lJie et. al

using p-type ZnSe:Bi nanowire (with MOSFET configuration) has been

successfully demonstrated [59].

Moreover, the semiconductors nanostructures can be used as gas sensors due to
their high surface-to-volume ratio and confined charge carrier concentration. The
nanostructures of ZnS, CdO, CdSe, ZnO have a selective, but pronounced
sensitivity to gases, such as Hy, O, NOy and other species [65-69]. The gas
sensing mechanism had been explored using highly porous CdO nanowires,
which has demonstrated good response owing to the porous structures and carrier
site selectivity to NOy [67]. In a similar way, room-temperature O, sensing under
ultraviolet illumination was observed for individual ZnS nanobelts [66], whereas
sound performance in H; sensitivity was realized in self-assembled oriented 1D
ZnS nanostructures [65]. The, high-quality CdSe nanocrystals incorporated into
polymer thin films were also found to respond reversibly and rapidly to

environmental changes depending on the nature of the gases [68].

The fabrication of high-sensitivity LEDs, photo-detectors, gas sensors, chemical
and biological detectors count on the surface-sensitive properties of these 11-VI

nanostructures. However, the fabrication of quality devices has been challenging
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to meet the technical reliability and reproducibility of the device performance.
Therefore, the drawbacks related to the basic understanding of the nanostructure
interfaces with metals, dielectric, and with other nanostructures, must be

addressed for controlled performance of nanostructure-based devices.

1.3 Zinc oxide (ZnO) based nanostructures and nanopatterns

Amongst the 11-VI semiconductor systems, ZnO based nanostructures have gained
a good deal of attention due to their extensive application in the field of
optoelectronics, photonics and light harvesting devices. The novel optical,
electrical and mechanical properties of ZnO have fueled numerous opportunities
to meet the technological demands. ZnO, a direct band gap semiconductor, exists
in two forms: hexagonal wurtzite and zinc blende (Appendix 1). However, the
wurtzite phase of ZnO is the most stable one which comprises of hexagonal unit
cells as the building blocks and lattice parameters as a ~ 0.3296 and ¢ ~ 0.5206
nm [70]. Figure 1.9 illustrates the crystal structure of ZnO, as several alternating
planes compiled of tetrahedrally coordinated O~
and Zn”" ions, stacked alternately along the c-axis.
The piezoelectricity and pyroelectricity in ZnO
originates from the non-central symmetric
structure, due to the tetrahedral coordination in

ZnO. The wide band gap (3.37 eV) and large

exciton binding energy (~ 60 meV at RT) of ZnO,

account for the potential application in making

proto-type UV laser and other optoelectronic

0 7Zn’" 0%

components. As far as the practical application is

Figure 1.9: A schematic view

concerned, the bio-compatibility and of hiexagonal it call 6T 200,

environmental related aspects need to be

addressed assuring safety and reliability.
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ZnO nanostructures may appear in diverse form: from spherically symmetric

nanoparticles to asymmetric nanostructures such as 1D nanorods, nanobelts,

nanopillars, nanosprings nanocombs, nanorings etc. Hierarchical structures

like flowers, stars can also be synthesized. The variation in the thermodynamic

equilibrium conditions is responsible for the anisotropic growth of ZnO. The

control over various synthesis parameters like precursor concentration, chamber

pressure and temperature or any other external stimuli. can lead to various kinds

of nanostructures of ZnO. The chemical synthesis of ZnO nanoparticles using soft

templates and surfactants, is often found
in the literature. To avoid agglomeration
of nanoparticles, the use of polymer
matrix such as polyvinyl alcohol (PVA)
has been reported [71, 72]. Previously,
the growth of spherical nanoparticles to
1D nanorods of ZnO was also achieved,
by varying the precursor molar ratio or
the synthesis time [73. 74]. Again, the
fabrication of ZnO nanorods or,

nanowires using variety of

NS

P AN DS i
Figure 1.10: SEM image of ZnO
nanorods at (a) low and (b) high
magnification [70].

physicochemical methods like thermal evaporation, VLS process, and catalyst

free metal-organic chemical vapour deposition (MOCVD) etc. have been reported

[75, 76]. Figure 1.10 shows the SEM
image of ZnO nanorods/nanowires
grown using Au catalyst on a
polycrystalline alumina substrate [70].
While, ZnO nanobelts as presented in
Figure [.11. were fabricated by
sublimation of ZnO powder without
introducing any catalyst [77]. A nanobelt
dominated by a polar surface can be

approximated as a capacitor with two

ol N 20 m
, ——— 200 nm
Y =

Figure 1.11: (a.b) TEM image of ZnO
nanobelts [70].
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charged parallel plates. In such a situation, in order to minimize the electrostatic
energy, the polar nanobelt tends to roll over into an enclosed ring shape or into a

spiral shape. Therefore the
formation of nanoring, nanohelix
or nanospring shape of ZnO can
be understood from the nature of
the polar surfaces [78, 79]. In

contrast to such nanostructures,

the formation of comb-like

Figure 1.12: SEM image of ZnO nanoflowers at
(a) low and (b) high magnification [83].

cantilever arrays of ZnO is also
reported [80]. In absence of any
foreign catalyst, during a self catalyzed process the surface polarization induced
growth due to the chemically active (0001) Zn clusters was correlated to the
origin of the formation of comb-like structures of ZnO. Again, the synthesis
condition dependent structural organizations such as urchins, nanoflowers,
multipods etc are also reported
[81, 82]. Figure 1.12 depicts the
SEM image of such flower like
structures of ZnO ([83]. The

fabrication of more complex and

hierarchical structures of ZnO are A ™ e, \, '-;3*‘
#rded i d \ JEAE R e :&H:’?T“_u..;"\‘i AN
Figure 1.13: SEM image of ZnO hierarchical
84]. The morphological view of nanostructures at (a) low and (b) high

. . magnification. The scale bar represents (a) 10
hierarchical nanostructures of um and (b) 1 pm [84].

also found in the literature [70,

Zn0 on In,O3 core nanowires can

be seen in Figure 1.13 [84].

In crystals the common imperfections arise in the form of chemical impurities,
vacant lattice sites and extra atoms situated at an irregular lattice position and are
called as defects [85]. The presence of various native point defect states in ZnO

nanostructures is one of the most discussed issues in the area of condensed matter
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systems. The point defects in ZnO include Zn or O, vacancies (missing atoms at
regular lattice positions), interstitials (atoms occupying interstices in the lattice)
and antisites (a Zn atom occupying an O lattice site or vice versa). Understanding
of the origin and behavior of these point defects in ZnO is quite essential while
fabricating and operating nanostructured based devices. However, the origin and
the existence of various Zn and O related defects in ZnO have been controversial
among different group of workers [86-90]. The presence of different defect levels
in ZnO is responsible for the green, yellow and red emission in the electro-
magnetic spectrum. Whereas, the performance of a ZnO based Ohmic and
Schottky contacts are largely affected by these charged defects. Several attempts
have been made to locate the electronic energy levels of the different defects
within the band gap of ZnO. Based on different reports a tentative draft of the
energy levels of the defects can be summarized as in Figure 1.14 [86, 90]. Using

the Kréger Vink notation as i~ interstitial site, Zn ~ zinc, O ~ oxygen, and V ~

vacancy; the chief native

. === Conduction Band
defects in ZnO are denoted as — sep—m ' ae——
In; 7.+ i 5 5
Vzn, Zn, Vo, O, Oz etc. vy -_— \N 23% v
i ; P 2.3
Generally, the defects like Vg, P i i
~3.06ieV P C2TEV L ~24RV
0,, Oz, are regarded as acceptor ~2.8%V P 0. i
b zn ATC TR - T Vel O Nix
types, whereas Zn,, and Vo are v, |29 eV ) 5 v -t
n i ~23e
. — i i
considered as donor fype v v ;

=——=—Valence Band =

defects in ZnO [90]. Hence the

variation of any one these types  Figure 1.14: The energy levels of different defect
states of ZnO.

of defects would lead to the

alteration in the electronic properties including carrier transport, scattering and

recombination characteristics.

The concentration and kind of native defects of the nanostructures are very
sensitive to the synthesis parameters and environments. Consequently, the nature
of luminescence spectra of the ZnO nanorods can be drastically affected by

various factors (e.g. reactant quantity, substrate nature, reaction temperature, time,
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etc.) involved in a particular process. The post fabrication treatments like thermal
annealing, UV-curing, energetic ion irradiation etc. are also beneficial to achieve
variation in the emission response. The change in precursor ratio, solvent
concentration, synthesis temperature, time etc could influence the growth kinetics
of the nanostructures and hence the native defect states [91-93]. Again, in case of
substrate assisted fabrication of elongated nanostructures of ZnO, the crystallinity
of the nanostructures largely depend on the lattice parameter of the substrates and
hence on the defect concentration and defect dynamics associated with them [94].
It has been witnessed that annealing at varying temperatures and under different
environmental conditions can have profound control over the defect related
emission of ZnO nanorods [86, 94, 95]. The fast moving ions, while traversing
through a material system, are capable of modifying atomic arrangements via
deposition of a huge amount of energy in the system. During ion-matter
interaction, ions carrying energy in the keV and MeV scale are capable of
producing point defects or columnar defects in the solids. Again nanostructure
growth, splitting and directed growth are prominent for ion energy in the MeV
range [96, 97], while ion implantation and ripple formation are observed for ions
carrying energy in the keV scale [98]. Ion irradiation induced such structural and
crystallographic alteration can influence the various physical properties exhibited
by the materials [99-101]. In this regard, irradiation of ZnO nanostructures with
energetic ions has been established to be an alternative approach to tune the

emission pattern of ZnO [71].

Doping with suitable impurities has its own importance when the tunabilty of a
specific optical or electrical property is desired. It was shown that the band gap of
ZnO nanocrystals can be tuned from 2.9 to 3.8 eV depending on the inclusion of
specific dopants like Cd, Mg, Mn and Fe ions [102]. Bhargava et. al. have
demonstrated that the quantum confined ZnO nanocrystals doped with Mn?* and
Eu®* jons could show efficient broad-band emission at room temperature [103].
The PL emission of Mn doped ZnO nanocrystals exhibit emission in the green

region (520 nm) and can be assigned to the *T,-%A, transition. The well-known
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Mn?* orange-emission in ZnS, was found to get shifted to the green region in ZnO
due to the change of Mn** position from octahedrally coordinated to tetrahedrally
coordinated system [103]. Whereas, in Eu? doped ZnO system, the observed
broad emission band was correlated to the intra-ion transition of 4/°54'—4f . The
intra 4f transition led sharp and selective emission upon doping of different rare
earth ions (Eu**, Tb>* etc) in ZnO nanostructures has been reported satisfactorily
[101, 104]. Figurel.15 shows a simplified scheme of the different energy levels of

Ev’" ion in the host ZnO system and the radiative emission energy lines [104].

However, indepth investigation with regard to Conduction Band
underlying mechanism of such emission and the f 5D, 4
role of host ZnO nanostructure in the frame :D,
work of a theoretical model is still under — — 53:]

preview. Apart from these studies, introduction ;5 “

of p-type ZnO nanostructures by a suitable G37eN) , . v -

I SR 4
doping (with various ions such as N, As, P etc) : v L 4 :Fs
has been achieved using ion implantation, L .,;:2
hydrothermal method etc. [105-107]. The ‘L . "

Valence Band

technological viability of achievin -type

.g. L ) g. PP Figure 1.15: Scheme of the
conductivity of ZnO lies in the fabrication of p-  different energy levels of Eu**
jon in the host ZnO system
alongwith the radiative emission

diodes. energy lines [104].

n junction or homojunction based light emitting

The exciton binding energy of ZnO (~ 60 meV) is much higher than that of GaN
(25 meV), and that is why the room temperature thermal energy (KgT ~ 26 meV)
would give rise to the efficient excitonic emission at room temperature in the
former case. This fact accounts for the potential candidature of ZnO as the room
temperature UV emission source. Earlier the room temperature UV lasing in ZnO
nanowire arrays grown on sapphire substrates has been demonstrated [108]. The
UV light emission from ZnO nanowire and nanobelt structures has also been
discussed in literature [45, 109]. On the other hand, the EL study of ZnO

nanorods supported on Si and GaN substrates has revealed the superior
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applicability as LED and other EL devices [110, 111]. Furthermore, it has been
demonstrated that both the UV emission and the defect related visible emission
can be highly polarized in case of vertically aligned ZnO nanorods [112]. The
intensities of both of these emissions vary with the polarization angle by the

relation of a square cosine function as predicted by the group.

Photonic crystals are well-known for their ability to enhance the useful optical
characteristics of the opto-electronic devices. A photonic crystal is a periodic
dielectric structure of two different materials and exhibits a photonic band gap
(PBG). A PBG is the characteristic feature of a periodically arranged alternate
structure and is comparable to the electronic energy band gap (EBG) that arises in
semiconductors [113]. The lasing threshold of self assembled 3D photonic
crystals from ZnO colloidal spheres was found to be lower than the random arrays
of identical spheres [114]. Moreover, the fabrication of self-assembly of
Si0/ZnO core—shell photonic crystals with a high fill factor and enhanced
refractive index contrast has been realized [115]. Interestingly, the typical green
emission of ZnO was found to be suppressed upon infiltration of ZnO
nanocrystalline particles within the porous opal. This was ascribed to the
inhibition of spontaneous emission owing to the overlapping of the photonic band
gap of opal and the defect level recombination spectrum of ZnO [116]. Besides
that, in nano ZnO/peacock feather hybrid system, the PL emission of the ZnO was
found to get modified by the feather, giving rise to a broad emission response in
the visible region as reported by Han and the co-workers [117]. In this case the
photonic crystals of naturally available peacock feathers were selected as the

template to grow ZnO nanoparticles.

The fabrication of any semiconductor based prototype device depends on the
quality of the contacts formed between the metallic electrodes and the
semiconductors. It is expected that investigation on ZnO nanostructure based
Schottky nanojunctions would make an important contribution to the rapid

development in miniaturized devices. In this regard, the development of rectifying
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Schottky contacts fabricated using M/ZnO nanostructure (M ~ Au, Ag etc)
systems have been explored [118, 119]. The effect of various surface and defect
states of ZnO nanostructures on the carrier transport property of the Schottky
diodes has also been studied [120, 121]. Along with that, the wide band gap and
the adsorbate dependent electrical conductance of ZnO nanostructures were the
key features which make the system suitable for detecting ultra-violet (UV) light.
ZnO nanowire based Schottky diodes have been found to be promising for UV
photodetection which possessed very fast recovery time [122, 123]. Also, the UV
responsivity of ZnO nanorods in metal-semiconductor-metal (MSM)
configuration was found to be stronger as compared to the ZnO thin film based
configuration [124]. In addition, high UV photocurrent efficiency with large
responsivity of MSM based photodetector made out of colloidal ZnO
nanoparticles has been worked out [125]. Meanwhile, it was realized that the
presence of the native defects or trap states within the band gap of ZnO leads to
the trapping of charge carriers and results in the slowing down of photocurrent
decay giving rise to persistence photocurrent (PPC) [124]. The evolution of PPC
in a system is extremely useful for the application in bistable optical switching

and radiation detectors etc [126, 127].

Reports on the field emission characteristics of elongated ZnO nanostructures are
also available in the literature [128-130]. The exceptionally high field emission
observed in ZnO nanowires, grown on carbon cloth (a textile-like material) has
been correlated to the intrinsic geometry of the nanowires and that of the carbon
cloths [128]. Aspect ratio dependent field emission of ZnO nanorods was also
studied [129]. It was shown that an optimum density and aspect ratio of ZnO
nanorod arrays are exceptionally beneficial to induce high throughput field
emission response. A comprehensive study of various nanostructures suggests that
the shape geometry, density and substrate nature are the vital factors for field

emission enhancement.
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Owing to the high sensitivity to the chemical environment, ZnO nanostructures
have been widely used for sensing purposes. The oxygen vacancies present on the
surface of the nanostructure could influence the electronic properties and are
believed to be the origin of the sensing mechanism of ZnO. Depending on the
species, the adsorption of gas molecules on these defects results in the decrease or
increase in conductivity [131]. Fabrication of single nanowire based O,, and NO,,
sensors has been demonstrated [132]. Previously, ZnO nanobelt assisted sensing
of Hz, NO; and hydrocarbons at different operating temperatures has also been
reported [133]. Recently, keen interest is being shown on the use of ZnO
nanostructures to fabricate nanostructured solar cells [131, 134]. Investigation on
hybrid polymer/ZnO solar cells, dye-sensitized solar cells suggests that the
nanorod structures are capable of furthering performance of the solar cells and

other flexible nanoelectronics in near future.

1.4 Objectives of the present study

The thesis highlights the synthesis, characterization and optoelectronic/photonic
application of ZnO nanostructures with a special emphasis on the elongated
nanostructures. The ZnO nanostructures have been synthesized using various
chemical and physico-chemical routes. In addition, the doping of the
nanostructures with Eu** ions has been worked out. The morphological features of
the as-synthesized nanostructures have been carried out using scanning electron
microscopy (SEM) and low/high resolution transmission electron microscopy
(TEM). Whereas, X-ray diffraction (XRD) and energy dispersive X-ray
spectroscopy (EDX) had been used to reveal the structural and elemental
detection of the nanostructures. The spectroscopic properties have been
investigated using UV-Visible spectroscopy and photoluminescence spectroscopy
(PL). Followed by these characterizations, low and high energetic ion irradiation
with different ions and fluence was employed to modify the optoelectronic
properties of the nanostructures. The ion irradiated samples were also

characterized by the above mentioned characterization tools. Apart from these,
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theoretical investigation on the observed consequences of the unirradiated and ion

irradiated nanostructures has been carried out using simple mathematical analysis.

In the light of the discussion of the previous section, it can be understood that the
efficiency of a ZnO nanostructure based device would largely depend on the
nature and quality of the M/ZnO junction (M ~ Metal). In this regard, the transport
properties of the substrate assisted ZnO nanorods have been studied using M/ZnO
configuration (M ~ Ag, Pt etc). Additionally, Fowler-Nordheim tunneling
characteristics of Al/Al,O3/ZnO metal-insulator-semiconductor nanojunctions
have been shown apart from other transport mechanisms. Moreover, UV
photodetection of ZnO nanostructures supported on aluminum and glass
substrates have been demonstrated. Finally, photonic band gap tuning response of
natural peacock feather system was explained by growing ZnO nanospheres on
the feathers.
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A breathtaking number of articles on the fabrication of nanostructured materials
have been published in the past few years. However, from the application point of
view the large scale production and stability of the nanomaterials are the key
factors that decide the superiority of a synthesis method. A quality synthesis
method should be supported by an appreciable growth mechanism with
controllable kinetic and thermodynamic foundation. The knowledge of the growth
mechanism is an important aspect to achieve nanomaterials having variation in
morphology and size. The present chapter focuses on the different fabrication
strategies adopted to fabricate undoped and doped ZnO nanostructures, along with

their structural and morphological evolutions.

2.1 Fabrication principle and microstructural characterization

Spherical and elongated ZnO nanostructures of different structural organization
have been synthesized using different physicochemical methods with bottom up
approach using chemical reagents of analytical grade. The morphological features
of the as synthesized nanostructures were studied through low and high resolution
transmission electron microscope (TEM: JEOL JSM-100 CX and HRTEM: JEM-
2100 and FEI, Tecnai S-twin) working at variable accelerating voltage of
electrons (80 kV for TEM and 60-200 kV for HRTEM), Scanning electron
microscopy (SEM, JEOL JSM 6390 LV). Whereas, the structural analysis were
carried out using a Miniflex X-ray diffractometer (XRD, Rigaku D/max-2000)
employing Cu K, line (A = 1.54 A). The elemental analyses were obtained from

the Energy dispersive X-ray spectroscopy (EDS) attached to the SEM.

2.1.1 Solid state mixing

The method of solid state mixing involves the reaction among the reagents in
absence of any solvent. In such methods, often the interaction among the reactant
materials takes place in solid state but in a molten phase. ZnO nanostructures

were synthesized using an inexpensive solid state grinding method in presence of
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cetyltrimethylammonium bromide (CTAB, (CisH33)N(CH;);Br) — a cationic
surfactant. CTAB is a salt of centrimonium (cetyltrimethyl) which is a quaternary
ammonium cation (Appendix 2) and is widely used for providing buffer solution
for DNA extraction and nano-material

synthesis [1-3]. The molecular structure /\/\/\/\/\/\fv-/ Bl'-
of CTAB is shown in Figure 2.1. CTAB /\
assisted  grinding with  variable

concentration has led to the formation Figure 2.1: The structure of CTAB.

of ZnO nanostructures with desired morphology which are discussed as below.

(a) Fabrication of ZnO nanoparticles: In a single step solid state process, a
mixture of zinc acetate dihydrate (ZAD), CTAB, and sodium hydroxide (NaOH)
flakes with a molar ratio of 1:0.3:2 were ground together in an agate mortar for ~
45 min at room temperature (300 K). The unidirectional soft grinding was
accompanied by abrupt decomposition of the reactants followed by heat release
while the reaction was in progress. For the sake of purification, the product was
then mixed with deionised water and was subjected to ultrasonication bath for 1 h.
The sonicated mixture was then washed repeatedly with deionised water and
ethanol to remove any undesired species. Finally it was dried in air (at ~ 70 °C)
for 2 h to yield a powder product which was preserved in sealed sample bottles

for further experiments.

The visible evidence of the formation of the nanoparticles can be observed in the
TEM and HRTEM micrographs as shown in Figure 2.2(a,b). As evident from
Figure 2.2(a), the nanoparticles are uniformly distributed in isolation from each
other without clustering. The size distribution of the nanoparticles was extracted
from the corresponding TEM image and is depicted in the inset. The average size
of the nanoparticles was found to be ~ 12 nm. The enlarged view of an isolated
nanoparticle can be obtained from the HRTEM image, shown in Figure 2.2(b).

The lattice fringes due to the crystalline planes of ZnO are clearly visible in the
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Figure 2.2: (a) TEM image of the ZnO nanoparticles, and (b) HRTEM image of an
isolated ZnO nanoparticle.

HRTEM image. As estimated the lattice spacing of ~ 0.26 nm corresponded to the

interplanar separation between constructive (002) planes of ZnO [4].
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Figure 2.3: (a) XRD pattern, and (b) EDS spectrum of the ZnO nanoparticles.

The structural information of the ZnO nanoparticles can be obtained from the
XRD pattern as shown in Figure 2.3(a). The diffraction peaks corresponding to
several crystalline planes reveal the formation of hexagonal wurtzite phase of
ZnO in accordance with the JCPDS 36-1451 [4]. No extra peak related to other
byproducts or Zn(OH), was detected. The lattice parameter (a and c¢) of the

hexagonal lattice structure of ZnO was calculated using the formula

_I__E(h2+hk+k2] I’

d2 3 5 +—2 (11)
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where, d is the interplaner distance and (4k/) being the miller indices. The lattice
parameters were found to be a = 3.17 A and ¢ = 4.98 A, with c/a ratio ~ 1.57. It
can be noted that the lattice parameters of the ZnO nanoparticles vary from the
standard values of a = 3.25 A and ¢ = 5.21 A (form JCPDS 36-1451), while the
c/a ratio of the nanoparticles deviates from that of the ideal value of 1.63 for a
hexagonal unit cell [5]. Such deviation of the lattice parameters and the c/a ratio
of the unit cell, indicates the presence of various point defects within the crystal
of the ZnO nanoparticles [6]. In the XRD pattern, the presence of various crystal
planes at different orientations reveals the polycrystalline nature of the
nanoparticles. The polycrystalline solids are composed of large number of
crystallites (or small single crystals) of different size and orientation and the
average crystallite size can be determined using the Debye-Scherrer formula [7,
8]. According to the Debye-Scherrer, the average crystallite size (D) can be given
by
_ 0.4
B Cos@

(1.2)

where 4 is the x-ray wavelength, # is full width at half maximum of the most
prominent peak and 6 being the Bragg angle. Considering the most prominent
(101) peak, the average crystallite size of the ZnO nanoparticles was found to be
~ 11 nm. The elemental constitution was ensured from the EDS spectra (Figure
2.3(b)). The presence of Zn and O was detected along with a small trace of Br. A
weak signal corresponding to Br might have arisen from the CTAB compound

used during the synthesis of the nanoparticles.

(b) Fabrication of ZnO nanorods: In Chapter 1, it was mentioned that the reactant
concentration has a pronounced effect on the morphology of the nanostructures.
In this regard, rod like structure of ZnO was obtained using the same solid state
approach but with a different precursor ratio (ZAD, CTAB and NaOH in molar
ratio of 1:0.5:3) [9].
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Figure 2.4: (a,b) Assembly of nanorods, (c) higher magnified image of a nanorod,
and (d) XRD pattern of the nanorods. Insets of (a) depict the dimension
distribution of the nanorods.

The HRTEM image as shown in Figure 2.4(a,b), reveal the formation of fully
developed ZnO nanorods. The distribution of length and diameter of the nanorods
found from the TEM image was plotted as shown in the inset of Figure 2.4(a).
The average length of the nanorods was estimated to be ~ 50 nm, with a standard
deviation of ~ 15 nm. While, the average diameter was found to be ~ 21 nm. The
lattice spacing of an individual nanorod (Figure 2.4(c)) is found to be ~ 0.26 nm
and corresponds to the interplanar separation between the (002) planes of ZnO.
The formation of hexagonal wurtzite structure of ZnO with preferred orientation

along (101) plane was confirmed from the XRD pattern of the nanorods (Figure
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2.4(d)). The lattice parameters related to the ZnO unit cells were found to be a =
3.25 A and ¢ = 5.21 A, with c/a ratio ~ 1.6, which is close to the ideal value
(1.63). Again, using the Debye-Scherrer formula, the average crystallite size (D)

of the nanorods was found to be ~ 13.26 nm.

The observed oblate or rod like structures of ZnO with the increase in CTAB-to-
ZAD ratio is consistent with the earlier report [10]. It is expected that the
decomposition of ZAD and NaOH under constant grinding will result in the
formation of Zn(OH); as given below

Zn*" +2 OH & Zn(OH), (1.3)
As the grinding process is in progress, temperature rises and a fraction of
Zn(OH), dissociates to give rise to ZnO nuclei, while the remaining parts yield

[Zn(OH)s}* ions as per following equations [4].

Zn(OH), — Zn*" + 2 OH (1.4)
Zn?* +2 OH o ZnO + H,0 (1.5)
Zn(OH); + 2 OH « [Zn(OH),]* (1.6)

Again, owing to the Coulomb attractive force, the CTA" ions formed from the
decomposition of CTAB, would get attached to the [Zn(OH)s]* ions to form
complex agents which would act as the growth units. The adsorption of the
complex agents on the circumference of the ZnO nuclei opens up the active sites
for particle growth along [0001] direction [4, 11]. It is evident that in the presence
of sufficient number of growth units, the unidirectional grinding would result in
the evolution of rod like structures of ZnO, as demonstrated schematically in
Figure 2.5(a). As shown in the magnified view of the TEM image of the nanorods
(Figure 2.4(b)), it can be observed that the extreme end of the nanorods resembles
a hemispherical shape. It is known that a crystal plane having higher growth rate
disappears quickly [4]. In the present case, since the growth of the nanorods takes
place along [0001] direction, the (001) plane disappears and leads to the
formation of the hemispherical shape at the extreme end. On the other hand, the
lower concentration of CTAB will result in the formation of smaller number of

growth units. In such a situation the unidirectional growth process along [0001]
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direction is restricted and hence results in the evolution of spherical shaped

nanostructures,

i 3 f

Nanoparticles

Complex agent of CTA" and [Zn(OH),]" ZnO nuclei

Figure 2.5: Surfactant mediated growth mechanism of (a) nanorod, and (b) nanoparticle
systems.

2.1.2 Microemulsion route

Synthesis of nanomaterials using microemulsion routes is a popular technique
among chemical physicists and material scientists [12, 13]. Microemulsions are
thermodynamically stable isotropic dispersions of aqueous mixture comprising of
hydrocarbon liquids (oil), water and surfactant. The different shapes of the
micelles (spherical, cylindrical etc) act as the templates for nanostructure growth
thus facilitating the development of nanoparticles, nanorods etc. In the present
study, CTAB assisted ZnO nanorods have been synthesized using the

microemulsion route according to the literature [14]. 30 mL n-hexane, 0.5 M
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CTAB and 10 mL »-butanol (co-surfactant) were mixed and stirred (~ 200 rpm)
for about %2 h which has resulted in a homogeneous mixture. The mixture was
then divided into two equal and identical parts. An aqueous solution of zinc
chloride (ZnCl,) was added to one part, while aqueous solution of sodium
hydroxide (NaOH) was added to the other part. Thus two separate
microemulsions were obtained where the aqueous phase was encapsulated within
the reverse micelles formed by the surfactant and co-surfactant in hexane. One
microemulsion contained Zn®*" ions, whereas the other contained OH ions.
Finally, upon mixing the two precursors steadily, continuous stirring was allowed
for 8 h. As the two microemulsions were mixed, the growth of ZnO took place in
the aqueous phase encapsulated within the reverse cylindrical micelles (as
discussed in Chapter 1). The obtained product was subjected to centrifugation,
ultrasonication and annealing in air (~ 80 °C) sequentially to yield the elongated

ZnO nanostructures in the form of powder.
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Figure 2.6: (a) TEM image, and (b) XRD pattern of the ZnO nanorods.

Figure 2.6(a) shows the TEM image of the elongated nanostructures of ZnO with
figure inset depicting an isolated nanorod. The nanoscale rods resembling
polished stick like structures having diameter and lengths within 20-30 nm and
175-200 nm, respectively. Like previous cases, the XRD pattern of these
nanosticks (Figure 2.6(b)) corresponds to the hexagonal wurtzite phase of ZnO
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with preferred orientation along (101) plane in agreement with the JCPDS data.
The lattice parameters were found to be a = 3.25 A and ¢ = 5.23 A, (c/a ratio ~

1.61), while the average crystallite size was estimated to be ~ 16.54 nm.

2.1.3 Thermal annealing process

The fabrication of substrate assisted ZnO nanostructures via thermal annealing of
polymer encapsulated hydroxides of zinc has been found to be an effective
method to produce quality nanostructures. The role of polymers in the fabrication
of nanostructures was illustrated in the Chapter 1. In this context, polyvinyl
alcohol (PVA) was used as the host polymer matrix in the thermal annealing
process of nanostructure fabrication (Appendix 2). PVA is a well known polymer
whose coil like structure forms a cross-linking network template and suitable for
providing nucleation sites. The chemical structure of PVA is shown in Figure 2.7.
Though PVA is water soluble, it is almost insoluble in cold water. Upon the
evaporation of water from
any aqueous solution of PVA, ) [(‘.Hz- CH]n-
a transparent film of PVA |

with high tensile strength is OH

formed [15]. In the present

the Figure 2,7: Chemical composition and coil like

fabrication technique,
4 structure of PVA.

annealing led decomposition
of Zn(OH), within PVA films facilitates the growth of undoped and europium
(Eu*") doped elongated nanoscale structures of ZnO [16].

(a) Fabrication of undoped ZnO nanostructures: The fabrication process can be
divided in two sections.

(i) Preparation of the substrates: Metallic aluminum (Al) was chosen as the
substrates to support ZnO nanostructures. Commercially available Al substrates of
size (~ 0.5 cm x 0.5 cm x 0.5 mm) were repeatedly washed with double distilled
water and finally cleaned with ethanol and acetone in an ultrasonicator bath. In

order to develop a thin insulating layer of Al,O;, the clean Al substrates were
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immersed in dilute chromic acid solution at room temperature for several hours
(6-8 h). The thin ALOs; layer isolates the ZnO nanostructures from the metallic
base, which is an important issue while studying any kind of electrical transport

properties.

(ii) Preparation of the ZnO nanostructures: At first, 5% (wt/vol) PVA (degree of
polymerization 1700-1800) was dissolved in double distilled water under
constant stirring (~ 200 rpm) at a constant temperature of 70 °C for 1.5 h. The
development of a transparent and viscous solution has indicated the formation of
the active PVA matrix. Next, ZAD was added to the aqueous PVA solution under
vigorous stirring, maintaining a weight ratio of ZAD to PVA as 1.5.
Subsequently, an aqueous solution of NaOH was injected dropwise to the
resulting solution under constant stirring. The dropwise addition of NaOH led to
the variation in pH value of the mixture from 8.5 to 9 for different instances. The
resulting precursor was then spin-casted on the cleaned Al,O3/Al substrates and
was subjected for annealing in a constant air-flow muffle furnace for 1 h. The
zone temperature of the muffle furnace was varied within 400-750 (+ 5) °C for
different occasions. The ZnO nanostructures in the form of solid films grown on
the AlLOs/Al substrates were preserved in the desiccator for subsequent

experimentation.

Figure 2.8(a) depicts a set of micrographs of the samples grown at 400 °C. The
development of 1D ZnO nanostructures distributed over the substrate and forming
a clear net-like organization is evident. In addition, the evolution of urchin like
structures can be observed at several locations. Each of which is consisting of 1D
nanopatterns pointing radially outward but originated from the same base. The
urchin like structure of ZnO resembles to Strongylocentrotus franciscanus
(commonly known as Red sea urchins, picture shown in Figure 2.8(b)) The
formation of ZnO was confirmed from the EDS spectra (inset of Figure 2.8(c))

captured at the tip of a nanorod (labeled with the red cursor). The presence of Zn

44



Chapter 2: Fabrication of ZnO nanostructures and their structural evolution

T

(1o1)

i

H

E 4
Al |

|
|
J ‘MWWMAW JL-

30 10 50 60 70
20 (deg.)

(002)
(110)

T

E
o

&
i’?.____-

Figure 2.8: (a) SEM image of the nanostructures grown at 400 °C, (b) optical
image of a sea urchin, (¢) EDS spectra of the nanostructures, (d) SEM image of
the samples at higher magnification, and (e¢) XRD pattern of the ZnO sample.

and O was clearly evident apart from a prominent peak of Pt that arises due to the
surface coating of the specimen for imaging purpose. Also, Figure 2.8(d) shows a
close look of the ZnO nanostructures with average diameter in the range of 70-90
nm. Note that no trace of the PVA can be found as it decomposes at a temperature
of ~ 230 °C. The XRD pattern, as shown in Figure 2.8(e) reveals the hexagonal
wurtzite phase of ZnO along with the characteristic planes of metallic Al. The
lattice parameters were found to be a = 3.2 A and ¢ = 5.1 A, giving rise to the c/a

ratio ~ 1.6. On the other hand, using the Debye-Scherrer formula the average
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crystallite size was calculated as 9.12 nm. No evidence of Zn(OH); or some other

byproduct was witnessed in the XRD pattern.

Adopting the same method, ZnO nanorods were fabricated on the Al,Os/Al
substrates at a higher growth temperature of 750 °C. Figure 2.9(a,b), highlights the
formation of ZnO nanorods having average diameter ~ 90 nm and length lies

within 2-3 pm.

Figure 2.9: SEM image of the randomly oriented ZnO nanorods synthesized at 750 °C on
(a) Low and (b) high magnification.

It can be noticed that the urchin like structures are rarely found in this case. As
expected upon annealing at a relatively higher temperature (750 °C), the growth
process of the nanorods becomes faster than the low temperature case and is
accompanied by a rapid amorphisation of the Al-substrate [17]. As a result of
amorphisation of the substrate, the base required for supporting urchin like
structures is not formed and therefore, the nanorods are distributed randomly but
independently over the substrate. As can be seen in the SEM image (Figure
2.9(a)), the surface of the Al substrate has become uneven owing to the annealing
led amorphisation. Such unevenness of the substrate was not observed in the

previous case.
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Figure 2.10: (a) SEM and (b) HRTEM image of ZnO nanorods synthesized at 450 °C.

The formation of randomly oriented nanorods (RON) of ZnO was also witnessed
when the annealing was performed at ~ 450 °C. Figure 2.10 (a,b) shows the SEM

and HRTEM images of ZnO nanorods synthesized at ~ 450 °C. Note that, no
signature of urchin like structure was evident in the SEM image of the sample. In
the HRTEM image (Figure 2.10(b)), the lattice fringes of the periodically arrayed
crystal planes with an inter-planar spacing of ~ 0.26 nm corresponded to the (002)

planes of ZnO.

(b) Fabrication of Eu’* doped ZnO nanostructures: For the synthesis of the Eu’*
doped ZnO nanostructures, europium acetate [(Eu(CH;COOs3)3] and ZAD were
mixed in a weight ratio of 0.04 and were transferred to the aqueous solution of
PVA under constant stirring. Aqueous NaOH was added dropwise to the solution
until the pH of the solution becomes 9. The resulting precursor was then spin
casted onto clean Al substrates (I cm x 2 cm x 300 pum) followed by annealing at

80 °C, 300 °C, and 650 °C for 30 min in a muffle furnace under constant air flow.

The sample annealed at 80 °C (Figure 2.11(a)) shows the development of
spherical ZnO nanoparticles embedded in the PVA matrix, without any signature
of clustering/agglomeration. As evident from the SEM image (Figure 2.11(a)), the

average diameter of the nanoparticles was found to vary within ~ 120-200 nm
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Figure 2.11: (a) SEM and (b) TEM image of the Eu’" doped ZnO nanoparticles
embedded in PVA matrix (annealing temperature 80 °C).

range. The PVA encapsulation over the nanoparticles can be clearly observed in
the TEM image of the sample (Figure 2.11(b)). The size of the nanoparticles lies
in 10-20 nm range. Consequently, the SEM and TEM observations of the sample

suggest that the nanoparticles possess a wide range of size distribution.
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Figure 2.12 (a,b): SEM image of the Eu’" doped ZnO nanorod based urchins (growth
temperature 300 °C). Inset of (b) shows an enlarged view at higher magnification.

The sample annealed at a temperature of 300 °C, showed the growth of urchin-
like nanostructures which are composed of a large number of independent

nanorods, of different orientations but originated from the same base (Figure
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2.12(a,b)). The average length and diameter of the nanorods are found to vary
within 4-5 pm and 120-200 nm ranges, respectively. The inset of Figure 2.12(b)
depicts the close view of the 1D nanostructures. The nanorods though originated
from the same base, they are randomly oriented at diverse directions. Hence, the
spacing between the nanorods increases as one moves from the core region to the
outer region of the urchin like structures. Owing to the higher length compared to
the diameter of the nanorods, it can be observed that most of the nanorods are

partially bended (Figure 2.12(b)).

As expected, upon annealing the specimen at 650 °C, in addition to the growth of
nanorods, more and more Al,O; layer can not be formed which would not favor
stable urchin-bases at large. Accordingly the nanorods are fallen randomly on the

substrate and can be observed in Figure 2.13(a,b).

Figure 2.13 (a,b): SEM image of the Eu’” doped ZnO nanorods (growth temperature
650 °C) captured at different locations.

The XRD patterns of the three Eu®~ doped ZnO samples are shown in Figure 2.14.
The diffraction patterns are characterized by response of the hexagonal wurtzite
structure of ZnO with preferred orientation along (101) plane (Figure 2.14(a,b)).
No extra peak corresponding to the byproducts (e.g., EuyO;, Zn(OH), etc) was
detected. A full-width half maxima (FWHM) analysis reveals that there is a
decrease in FWHM of the (002) peak from 0.023 to 0.011 rad for the
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nanoparticles and urchins, respectively. M. Y. Ge et al. have observed similar

results where reflux time dependent growth of ZnO nanoparticles along [0001]

direction has resulted in the formation
of nanorods {18]. Accordingly, in this
present study it can be inferred that
upon annealing at 300 °C, the growth
of the nanoparticles along the [0001]
direction could result in the formation
of the nanorods. In the XRD pattern
of the urchins, the diffraction peaks
due to metallic Al are apparently
owing to the decomposition of PVA
matrix. In this case a small peak
observed at ~ 59° is ascribed to the
formation of Al,Os. At 650 °C, the Al
surface gets oxidized (forming Al,O3)
and hence the diffraction planes of
ZnO are not clearly distinguishable in
the XRD pattern of the sample
(Figure 2.14(c)). The presence of the
amorphized debris is also evident
from the SEM images discussed

earlier.

The EDS spectra of the sample
annealed at 300 °C gives information
regarding compositional features as
presented in Figure 2.15. The EDS
spectrum was captured at a specific
site of a single nanorod, labeled by

cross. Apparently visible peaks due to
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Figure 2.14: XRD patterns the Eu’" doped
ZnO samples synthesized at, (a) 80 °C, (b)
300 °C and (c) 650 °C.

Figure 2.15: EDS spectra of the Eu’" doped
ZnO sample synthesized at 300 °C.
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Zn, O, and Eu elements were detected in the spectra. Consequently, the presence

of Eu*" is ensured in the ZnO host.

(c) Reaction mechanism in thermal annealing process: It is very important to
acquaint with the guiding principle and reaction mechanism that leads to various
nanoscale structures discussed above. The chemical reactions involved during

thermal annealing process are given below:

ZAD NaOH
Zn
— S — Zn(g
In Zn(ONY;

Annealing
>80 °C
Annealing
>230°C N
Zn +H,0
ZnO () + CO, (@ 1 (::J ZnO (s) + C + H,0 Q:] 2

Zn

Now, it is evident that for both the undoped and Fu’" doped ZnO nanosystems,
the urchin like structures can be formed at moderate temperatures (below or
around 400 °C). Above 400 °C, the annealing led amorphisation of the substrate
destroys the base of the urchins. In the formation of urchin structures the
distribution and arrangement of Zn(OH), species in the PVA matrix play
important roles. It is expected that the nanoparticles lying close to the surface of
the Al-substrate act as seed or nucleation sites [19]. A temperature gradient can
also be realized at the interface separating the substrate and the PVA film, due to
substantial difference in thermal conductivities. This temperature gradient would
enforce seed particle clustering as a result of creation of thermal hot spots. These
hot-spots are believed to be the base of the urchins. Above the decomposition
temperature of PVA, the unidirectional growth of the ZnO nanoparticles
accompanied by transfer of atoms results in the formation of urchin like structures

of ZnO [19]. The schematic representation of the whole process is shown in
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Figure 2.16. Whereas, the nanorods/wires that grew without the support of the hot
spots are located on the substrate.

ZnO nanorods
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f> Formation of urchins
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Figure 2.16: Schematic representation of the role of thermal annealing process on ZnO
nanopatterns.

2.1.4 Solution phase growth

The fabrication of ZnO nanostructures without using templates and surfactants
can be easier and convenient when large scale production is desired. The solution
phase growth technique based on seed layer of nanoparicles [20] or thin film [21]
of ZnO on a substrate is recognized as an efficient route for growing uniform
nanorod arrays. Following similar approach, ZnO nanorod arrays have been
fabricated on borosilicate glass using a two step solution growth process. The first
step dealt with the formation of a seed layer of ZnO nanoparticles, while directed

growth of the nanorods was achieved in the second step.

In the first step, a colloidal solution of ZnO nanoparticles was synthesized by the
slow addition of 0.03 M NaOH solution in methanol to 0.01 M of ZAD in

methanol kept at a constant temperature of 55 °C. The mixture was then subjected
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to vigorous stirring for 1 h. Next, the resulting precursor was spin casted on clean
laboratory glass slides (7.5 cm x 2.5 cm x 0.13 cm). Before proceeding to the
second step, the nanoparticle seeded substrates were heated at 80 °C for 1 h. In the
second step, equimolar zinc nitrate hexahydrate (ZNH) [Zn(NOs),.6H,0], and
hexamethylenetetramine (HMT) [(CH,)sN4] were mixed together in 75 mL of
deionized water. In order to facilitate the growth process the nanoparticle seeded
glass substrates were immersed in the aqueous solution and kept under constant
stirring for varying time durations (4 to 6 h) at ~ 60 °C. Upon completion of the
growth, the samples were taken out, rinsed in deionized water and finally, dried in

hot air oven.

Note that the ZnO nanoparticles act as the nucleation sites for the growth of the
nanorods. The Zn*" jons were supplied from the decomposition of ZNH. Whereas
HMT, being a highly water soluble and non-ionic tetradentate cyclic tertiary
amine (Appendix 2), degrades to give rise OH’ ions in the aqueous solution [21,
22].
(CH3)sN4 + 6H,0O — 6HCHO + 4NH3,
NH; + H,0 — NH; + OH,
Zn,"+20H — ZnO (s) + H,0.

Besides the above mentioned well accepted role of HMT, some reports show that
HMT acts as a buffer or a polymer surfactant in the synthesis process [23-25]. It
was also reported that HMT acts as a kinetic buffer in yielding ZnO
nanostructures [23]. Again in the oxide formation, the Zn(OH), becomes
thermodynamically unstable and the Zn(OH), formed on the substrate on
dehydration get reduced to ZnO [24]. On the other hand, it was proposed that
HMT having a long chain polymer and a nonpolar chelating agent, which will
prefer to get attached on to the non polar facets of the zincite crystal, thereby
preventing the attachment of Zn>* ions to them leaving only the polar (001) face
[25]. The exposed polar face in [0001] direction facilitates the crystal growth

along c-axis and finally, leading to 1D nanostructure formation.
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Figure 2.17: SEM image of the ZnO nanorod arrays on glass substrate grown over
reaction times of (a) 4 h, and (b) 6 h, HRTEM image at (c) low and (d) high
magnification of the nanorods grown after 6 h.

The top view of uniformly grown ZnO nanorods on the glass substrate can be
observed in the above micrographs (Figure 2.17 (a, b)). Unlike other nanorods, it
can be found that that around 60% of the nanorods are vertically aligned, while
others are top-tilted to different degrees. Together, the arrangement gives the
impression of a paddy field with top-surface affected by a blow of air-stream. As
evident from the SEM image, the nanorods exist in close proximity to each other
with tips separated by a distance smaller than the dimension of the rods, the
specimen under study signifies a highly compact system. The average diameter of

the nanorods synthesized for 4 and 6 h have been found to be ~ 90 and ~ 125 nm;
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respectively. Figure 2.17 (c) shows the HRTEM image of the nanorods at low
magnification. The nanorods possess a smooth surface as evident from the
HRTEM micrograph. Again, the lattice fringes due to the periodically arrayed
crystalline planes of ZnO are distinctly visible in the magnified view of the
HRTEM image (Figure 2.17 (d)). The crystal planes with an inter-planar spacing
of ~ 0.26 nm signifies the (002) growth plane of the ZnO nanorods.

The diffractograms as shown in Figure 2.18 reveal the formation of hexagonal

wurtzite phase of ZnO with

preferred orientation along g (b)
(002) plane in consistency _ hg

with JCPDS 36-1451 [26] 2| &= :T g
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occurred along the c-axis or

perpendicular to the plane of Figure 2.18: XRD pattern of ZnO nanorod array
the substrate. The other grown after reaction time of (a) 4 h, and (b) 6 h.
orientation peaks in the XRD

pattern have aroused owing to the misalignment suffered by a few nanorods [26].
From the XRD pattern it can be observed that the nanorods fabricated with a
reaction time of 6 h, are characterized by higher value of intensity ratio of the
(002) and (101) peak (Ioo2) / Iio1)), than the nanorods grown in 4 h. It suggests
that the preferential growth of the nanorods along the c-axis increases as the
growth time increases. The lattice parameters were found to be a=3.25 A and ¢ =
5.2 A (c/a ratio ~ 1.6) for the nanorod array grown after 6 h reaction time.

Whereas, the average crystallite size of the nanorod array was calculated to be ~

28 nm.
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2.1.5 Bio-template assisted growth

Apart from the conventional techniques, the fabrication of nanoscale materials
using biological templates is quite interesting. This route offers additional benefits
such as easier accessibility and environment friendly. In this regard. peacock
feathers (Indian Peafowl, Pavo Cristatus) were collected from the Manas National

Park, Assam (India). A matured feather was used as the base for growing plentiful

Zn0. The peacock feather used in

sub-micron sized nanospheres of (a) A . (b) Flat barbules
\ | -
.

\|
/f \\\gjﬁf
7/ /\

AN
Figure 2.19: (a) Image of the male peacock
feather used in the experiment and (b)
given in Figure 2.19 (b). schematic representation of the peacock feather
system.

the present study is shown in the
adjacent image (Figure 2.19 (a)). It
consists of a central stem with an

array of barbs on each side and

closely spaced barbules on each
side of the barb. The schematic

view of a peacock tail feather is

The ZnO decorated peacock feather was processed using a simple physico-
chemical reaction similar to the previous work [27]. 0.005 M ZAD and the
peacock feather were put into 20 mlL ethanol under continuous stirring
environment at a moderate speed (~ 200 rpm) for 2 h. Then, 0.1 M aqueous
NaOH in 5 mL ethanol was injected dropwise to the above solution and stirred
for another " hr at a constant temperature of 70 °C. The resulting precursor was
then subjected to ultrasonication for 15-20 minutes to avoid abrupt coalescence of
the as-grown structures. It was demonstrated that the carboxyl groups (COO") of
aspartic (HOOC-CH;-CH(NH;)-COOH) and glutamic acid (H>N-CO-(CH>)»-
CH(NH;)-COOH) residues in keratin (a type of protein) provide the sites for the
Zn*" cations [27]. Consequently Zn(OH), is formed in the system upon the
introduction of NaOH. Finally, upon annealing the specimen at ~ 80 °C in air for
Y2 h, submicron sized ZnO structures were developed on the surface of the

barbules.
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Figure 2.20: Scanning electron micrograph of blue barbules (a,b) before and (c.,d)
after developing ZnO nanospheres (inset of (c) depicts the hexagonal
nanostructures at higher magnification).

Figure 2.20(a) represents the SEM image of the blue barbules of the eye pattern
derived from the feather before loading ZnO. As evident from the SEM images,
the barbules have a smooth surface. The presence of the melanin rods along with
the air gaps can be seen in the next micrograph (Figure 2.20(b)). The
homogeneous growth of ZnO nanostructures is clearly visible on the surface of
the barbules as shown in Figure 2.20(c,d). It is possible that during the
ultrasonication process, some of the nanostructures get detached from the surface
of the barbules and thus, a few parts of the barbules are left uncovered (as
indicated by the arrows). Figure 2.20(d) depicts a magnified side view of the

nanostructures formed on 2-3 different barbules. It can be observed that the ZnO
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nanostructures are uniform in size, possessing hexagonal shape with an average
diameter varying within 250-270 nm. The inset of Figure 2.20(c) gives a clear
impression of the size and shape of the ZnO nanostructures. Thus the barbules of
the peacock feather can act as a useful natural template for the fabrication of self

organized assembly of nanostructures.

2.2 Concluding remarks

Pure and doped ZnO nanostructures with different structural organization have
been synthesized using a few simple and cost effective techniques. The surfactant
assisted methods like solid state mixing process and microemulsion route are
found to be suitable for synthesizing of spherical as well as elongated
nanostructure of ZnO. Furthermore, employing a thermal annealing process,
randomly oriented undoped and Eu** doped ZnO nanorods have been fabricated
on metallic Al substrate. In this context, the unidirectional growth of ZnO
nanoparticles along [0001] direction leads to the formation of the nanorods. Also,
the creation of thermal hotspots on the Al substrate at moderate temperature range
(300 - 400 °C) is assigned to the development of urchin like structural
organization of ZnO. Whereas annealing at higher temperature destroys the base
of the urchin like structures, resulting in the random distribution of the nanorods
on the substrate. Finally, nearly vertical ZnO nanorod arrays were also grown
adequately on the borosilicate glass substrate using a solution growth technique.
The preferential growth of the ZnO nanorods along c-axis becomes higher with
the increase in reaction time. Apart of these conventional routes, natural peacock
feather was used as bio-templates to grow self assembled ZnO nanostructures.
Further development and modification of such fabrication techniques may lead to
the production of quality ZnO nanostructures which can contribute significantly in

modern technological components/devices.
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Chapter 3: Optical and spectroscopic characterization of ZnO nanoscale systems

The prototype application of ZnO nanostructure based lasers, light emitting
diodes (LED) or other photonic devices requires the indepth understanding of the
structure-property relationship at large. Both theoretical and experimental
attempts have already been made to reveal intrinsic optical properties of ZnO
nanostructures for the deployment in photonic and luminescent devices.
Nevertheless, owing to the existence of numerous native defect states, it has
always been difficult to interpret clearly the luminescence responses of the ZnO
based nanostructures. In this chapter, the optical properties of the fabricated ZnO
nanostructures are discussed in terms of absorption, excitation and emission

characteristics.

3.1 Optical absorption and emission process

Semiconductor materials interact with the electromagnetic radiation within the
spectral range of 0.1-1000 um (0.001-12 V) [1]. The absorption of photons at the
band gap of the semiconductor occurs in the near ultraviolet-visible region (0.4 - 5
um). It corresponds to the transition of electrons form the valence band to the

conduction band edge and is also called as

.o . NI 1d,
excitation. Figure 3.1 shows the pictorial view of {}

.

the transition associated with the optical ﬁ

< lse
absorption process in semiconductor
nanostructures [2]. The fundamental absorption
Eg 4

process is strongly affected by whether the band

gap is direct or indirect. In a direct semiconductor, E,

1s,
the top of the valence band coincides with the 1p,
bottom of the conduction band and hence 14,

characterized by direct transitions of electrons

from the valence band to conduction band. In ) ..
Figure 3.1: Schematic view of

contrast, in indirect semiconductors, the top of the  optical absorption process in

. semiconductor nanostructures.
valence band and the bottom of the conduction

band doesn’t coincide and hence phonon assisted electronic transition can be
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realized. The extent of energy absorption of a semiconductor is determined by the
absorption co-efficient of the material. For any direct or indirect semiconductor
the absorption co-efficient can be formulated as a = Cynn,; where C is a
constant, Py is the probability of the transition from the initial to the final state, #,
and nyare the densities of electrons in the initial and final states respectively [1].
The band gap (E,) of the semiconductor material can be related to a as:
ahv = A(hv-Ep)"
where, Av is the photon energy, A4 is a constant and the exponent n is 2 or 2

depending upon the semiconductor type, direct or indirect (1, 3].

When a system gets excited from a lower energy state to a higher energy state by
absorbing photons, the system will come back to the original state by emitting the
photon as radiation. The complete process that involves the use of photons to
excite the system as well as emission of photons is called photoluminescence
(PL). In other words, PL corresponds to the light induced light emission
characteristics of the material. Such radiative process results in direct
recombination of electron-hole pairs (excitons) and is termed as band edge
emission [1]. In contrast, the native defects of the crystals create electronic states
within the band gap and act as trap centers (sites for trapping of electrons or
holes) or recombination centers to contribute in the emission process. Depending
upon the nature of these defects, they are classified as donor, acceptor or neutral
defects. Such defects of the crystal attract the excitons due to the presence of
Coulomb forces and form bound excitons. At this situation the radiative
recombination processes results in the emission of photons having energy lower
than the free exciton emission (and is known as defect related emission) [1]. The
schematic representations of different types of emissions in photoluminescence

process are shown in Figure 3.2.

The excitation and band edge emission are depicted in case (1,2), while case
(3,4,5) shows the defect related emission. The emission response of a

semiconductor is also affected by the non-radiative transitions which could
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v

Figure 3.2: Pictorial view of photoluminescence. (1) Excitation of electron from
valence band to conduction band edge, (2) band-to-band recombination, (3,4,5)
recombination due to native defects. In (2,3,4,5) the solid arrows represent radiative
recombination, while dotted arrow signifies non-radiative transition.

obstruct the radiative transitions. The non-radiative processes generally involve

the Auger process (three body interaction of carriers) or multiphonon process and

are capable of quenching the luminescence of the material [1, 4]. Mediated via the

defect states the simultaneous occurrence of both non-radiative and radiative

transitions is also possible as depicted in case (3) of Figure 3.2.

In any pure bulk material the band edge
emission dominates the emission spectra
owing to the presence of less number of
native defects. In contrast to that large
number of native defect states exists in
the nanostructured materials due to the
higher surface-to-volume ratio. Hence the
defect related emission becomes
significant in the emission response of
the nanostructures. In general, the
dominance of the radiative emission due

to the various defects quenches the
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3.3:

Figure Scheme  of the
luminescence  response of ZnO
nanostructures with (A) less and (B)
large number of defect states within the
band gap.

typical band edge emission [5, 6]. Figure 3.3 represents a simplified illustration of

the overall process [7]. The event in case A reveals carrier transitions with regard

to band edge emission along with a weak emission due to defect states, whereas
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case B depicts a broad emission spectrum owing to the presence of a large number

of intermediate states (defects).

3.2 The optical properties of the ZnO nanostructures

The optical properties of the synthesized ZnO nanostructures were investigated
using optical absorption spectra (OAS) and photoluminescence (PL) spectra. The
absorption spectra were recorded using a computer interfaced UV-Visible
spectrophotometer of Shimadzu Corporation, Japan (Model UV2450). Again, the
room temperature PL spectra of the samples were revealed by using a
Perkinelemer LS 55 spectrophotometer, having Xe line as the excitation source.
In this case the data were collected by a computer controlled standard

monochromator based photo-detection system.

3.2.1 Pure (or undoped) ZnO nanoscale structures
The optical properties of the quality ZnO nanostructures synthesized using

different techniques are discussed below.

(2) ZnO nanostructures fabricated via solid state mixing: ZnO nanoparticle and
nanorod systems were synthesized by varying the precursor ratio in a solid state
grinding process. The UV-Visible absorption spectra of the nanostructures are

shown in Figure 3.4 (a,b).
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Figure 3.4: UV Visible absorption spectra of the ZnO (a) nanoparticles and, (b)
nanorods synthesized using solid state grinding process.
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The ZnO nanoparticles show an absorption peak at ~ 363 nm (~ 3.42 ¢V) which
corresponds to the 1s-1s ground state excitonic absorption [8]. Similarly the
nanorod system can be characterized by a ground state excitonic absorption at ~
367 nm (~ 3.38 eV). Near the vicinity of the ground state excitonic absorption, a
strong absorption can be observed owing to the free excitons [9]. It can be
observed that the ground state excitonic energies of the nanoparticle and nanorod
systems are higher than that of the bulk ZnO (~ 3.3 eV) and can be correlated to

the quantum confinement effect [10].

Figure 3.5 shows the room temperature PL
spectra of the ZnO nanoparticle and
nanorod systems under 325 nm excitation
(Aex). The luminescence response of the
nanoparticles is found to extend throughout
a long range of the visible spectrum, while

the nanorods show an intense emission in

PL Intensity (a.u)

the violet-blue region. For both the cases,
the  asymmetrically  stretched  and

broadened emission spectra indicate the

involvement of various defect related A n ! P A
3% 400 450 SO0 550 600

emission of ZnO. It can be noticed that the Wavelength (nm)

typical band edge emission of ZnO is not

) Figure 3.5: Room temperature PL
observed in anyone of the PL spectra. Such spectra (Aex = 325 nm) of ZnO (a)
an event can be correlated to the presence nanoparticles and (b) nanorods.
of large number of defect and surface states within the system [6]. The existence
of Zn and O related native defects in ZnO has been validated by both theoretical

and experimental studies [11-13].

In order to evaluate individual contribution of the native defects, Gaussian curve
fitting was performed on the experimentally obtained PL curve. The position and

width of the fitted peaks were adjusted in such a way so that the empirical curve

67



Chapter 3: Optical and spectroscopic characterization of ZnO nanoscale systems

formed by the superposition of these fitted peaks, matched with the

experimentally obtained curve.

As can be found from Figure 3.6, the Gaussian fitting of the PL spectra of the
nanoparticles reveals the presence of seven major peaks at different positions. As
predicted from the literature the peak positions correspond to the respective
positions of various Zn and O related defects in ZnO [14-18]. The peaks at ~ 400
and 467 nm correspond to the zinc vacancy related emissions (Vz, and Vz,
respectively), while peaks at ~ 429 and 450 nm indicate the emission due to Zn

interstitials (Zn;, Zn;" etc) [14-17].

Again, the emission peaks at ~ 493 and
580 nm can be ascribed to the oxygen
vacancies (Vo', Vo etc), while the 537
nm peak signifies the oxygen interstitial
(Oy) related emission [14, 16]. In the

PL Intensity (a.u)

Gaussian fitted PL spectra it is evident

that the Vo' defect dominates the other T R TR T
defect related emission. The dominance Wavelength (nm)

of Vo' defect indicates the presence of Figure 3.6: Gaussian fitting of the PL
small grains which are greatly depleted Spectra of the ZnQO nanoparticles.

[18]. In fact, oxygen vacancies in ZnO occur in three different charge states: the
Vo" state which has captured two electrons and remains neutral relative to the
lattice, while the single ionized Vo', and the double ionized Vo' states are
positively charged with respect to the lattice. V' can trap a photoexcited electron
easily through a non-radiative step to result in neutral V" state. Since Vo© is
unstable at room temperature, a radiative recombination of this center with the
photoexcited holes in the valance band yields photons with energy of ~ 2.5 eV
[18]. In the present case the emission at ~ 493 nm signifies such an event. In the
bulk region, most oxygen vacancies are expected to be in Vo' states under
flatband conditions. It was earlier reported that due to a small difference between

the depletion width and the actual grain size, most of the Vo' get converted to
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Vo' states by trapping a hole from the grain surface [18]. Then, a radiative

recombination of a photoexcited electron of conduction band with a Vo' center

yields photons with energy ~ 2 eV. Thus the dominance of emission at ~ 580 nm

corresponds to the formation of large depletion region owing to smaller grain size

of the nanoparticles.

On the other hand, the PL spectra of ZnO nanorods upon Gaussian fitting depicts

four prominent peaks corresponding to
Vs Zni, Vz,~ and Vo' defect related
emissions (Figure 3.7). Note that, no
signature of Vo' related emission was
found in this case owing to the lower
surface-to-volume ratio compared to
the nanoparticle system [19, 20]. The
uni-directional growth of the system
has led to the suppression in the
depletion width and hence the band

bending can be ignored. In such a flat

PL Intensity (a.u)

35 400 450 500 550 600
Wavelength (nm)

Figure 3.7: Gaussian fitting of the PL
spectra of the ZnO nanorods.

band condition only Vo' defects can contribute largely to the emission pattern

[18].

(b) ZnO nanorods fabricated via microemulsion route: Figure 3.8 (a) shows the

v

(@)
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Wavelength (nm)

PL Intensity (a.u)

350 400 450 500 550 600
Wavelength (nm)

Figure 3.8: (a) UV-Visible absorption spectrum, and (b) PL spectrum (A, = 325
nm) of the ZnO nanorods fabricated using the microemulsion route.
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UV-Visible absorption spectrum of the ZnO nanorods produced by employing the
microemulsion route. The well resolved peak at ~ 362 nm (3.43 eV) corresponds
to the ground state 1s-1s excitonic absorption [8]. This higher value of the ground
state excitonic absorption peak of the system compared to the bulk value ensures

the formation of low dimensional structures with confined geometry.

The room temperature PL spectrum of the nanorods under 325 nm excitation, is
shown in Figure 3.8 (b). The asymmetrically stretched PL spectrum depicts the
presence of various defect related emission of ZnO. The typical band edge
emission of ZnO is found to get suppressed because of the presence of the large
number of defect states of different origins. Upon Gaussian fitting the PL
spectrum can be de-convoluted into several peaks with Vz, related emission as the
most prominent peak, apart from low-intense Zn; related peak [14]. The V" and
O; related emissions and weak emissions owing to Zn;" and Vz, defects also
participate in the evolution of broadened luminescence spectra [15-18]. The Vo'"
related emission response was also evident in the form of a poorly resolved

emission peak.

(¢) ZnO nanostructures fabricated using thermal annealing process: As discussed

in Chapter 2, urchin like structures and

randomly oriented nanorods of ZnO were

® lrchini 361 nmi
® Nanorods (- 364 nm)

synthesized under annealing temperatures
of 400 and 750 °C by adopting the thermal
annealing process. The UV-Visible

3

absorption spectra of the two types of

Absorbance (a.u)

nanosystems are shown in Figure 3.9. The |

ok A

ground state ls-1s excitonic absorption 300 330 400 430 500 550 600
Wavelength (nm)

peaks were found to be located at ~ 361

Figure 3.9: UV-Visible absorption
spectra of the urchins and randomly
oriented nanorods of ZnO respectively. In  oriented nanorods.

and 364 nm, for the urchins and randomly
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both the spectra, the free exciton related strong absorption response can be

observed in the vicinity of the ground state excitonic absorption peaks.

The de-convoluted room temperature PL spectrum of the urchin like structures is
shown in Figure 3.10 (a). It can be observed that the spectrum is dominated by
Vzn defects, along with the emission due to Zn; and Vgz, related defects.
Additionally, the presence of O; related emission is also evident at the higher
wavelength side of the spectrum. Again, the PL spectrum of the randomly
oriented nanorods, is characterized by the presence of three major emission peaks
related to Zn;, Zn;", and Vo' defects (Figure 3.10 (b)) [17, 18]. Among these
emissions, the radiative response of Zn;" defects was found to dominate the
overall spectrum. As predicted, the band edge emission of ZnO is substantially
quenched in both the emission spectra due to the dominance of the defect related

emission response.
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Figure 3.10: PL spectra (A, = 325 nm) of (a) urchin like structures, and (b)
randomly oriented nanorods of ZnO. Inset being the SEM image of the respective
structural organization.

To access out the observed difference of the luminescence pattern of the urchins
and nanorods, the origin of the two PL spectra must be linked with the growth
dynamics. As evident from the PL spectrum of the urchin like structures, the
dominance of Vz, related defects over Zn; defects and evolution of O; defects
predict a situation where the concentration of O atoms is higher than Zn atoms.

Again, the dominance of Zn; related defects and evolution of Vo' defects in the
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PL spectrum of the nanorods signify a situation where the concentration of Zn
atoms is more abundant than O atoms. It was discussed in Chapter 2, that in
thermal annealing process, the unidirectional growth of the nanorods takes place
via transferring of atoms from smaller particles to larger particles along [0001]
direction of ZnO system. Since the atomic size of O atoms (atomic radius ~ 48
pm) is lower than that of Zn atoms (atomic radius ~ 142 pm), it will require less
energy to transfer one O atom from a smaller particle to a larger one.
Consequently, it is expected that annealing at 400 °C, would facilitate the transfer
of more O atoms than Zn atoms. Thus the sample can be characterized by a PL
spectrum which shows the presence of Vz, and O, defect related emission. On the
other hand, for the nanorods synthesized at 750 °C, the Zn, related defect
dominates the PL spectrum owing to the participation of sufficient number of Zn

atoms in the growth process [21].

(d) ZnO nanorod arrays fabricated via solution growth technique: The solution
growth process has been found to be very effective that could yield quality ZnO

nanorod arrays. Figure 3.11 depicts a UV

v Y T T L4

Visible absorption spectrum of the as s e

synthesized ZnO nanorods with reaction 3. |

(growth) time of 6 h. The ground state g - 1

excitonic absorption peak was found to 'g i 1

be located at ~ 356 nm (3.48 V) for the 5

nanorod arrays. Compared to the bulk | — ) ) ]
350 400 450 500 550 600

counterpart, the higher ground state Wavelength (nm)
(=1

absorption energy indicates the formation
. ) Figure 3.11: UV-Visible absorption
of low dimensional structures. spectrum of the ZnO nanorod array.

The PL spectra of the nanorod arrays differ from the others in the sense that
strong emission response in the UV region is evident in the former case. The

room temperature PL spectrum of the nanorod arrays are shown in Figure 3.12.
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The wavelength region of 360 to

430 nm of the PL spectra was
examined closely using Gaussian
curve fitting so as to extract out

individual radiative characteristics.

380 400 420

Upon de-convolution three peaks Wavelength (nm)

PL Intensity (a.u)

were found to be located at ~ 380,
395 and 407 nm within the above
mentioned region. The 380 nm peak

350 400 450 500 550 600
Wavelength (nm)

corresponds to the band edge
Figure 3.12: PL spectra (A = 325 nm) of the
ZnO nanorod arrays. Inset shows the Gaussian

recombination of electron-hole (e- fitting of a particular region.

emission of ZnO due to the direct

h) pairs. Whereas the peak at 407 nm corresponds to the Vz, related emission of
ZnO [14]. On the other hand, the observed peak at ~ 395 nm is attributed to the

emission due to the presence of shallow traps [22].

In order to reveal the presence of the C ‘39'1 -
trap states within the band gap of ZnO,
PLE was performed by considering the,
emission wavelength of 600 nm. The
PLE spectrum shown in Figure 3.13
depicts a prominent peak centered at ~
391 nm (3.17 eV). Since the associated

- energy of the PLE peak is lower than

PLE Intensity (a.u)

- A A

350 375 400 425 450 475
Wavelength (nm)

the band edge emission peak (located at
~ 3.26 eV), the PLE peak can not be

attributed to the excitation of electrons  Figure 3.13: The PLE spectra (Aew = 600
nm) of the ZnO nanorod array.

to the excitonic levels. In fact it is

likely that the PLE peak can arise due to the excitation of valence band electrons

to some trap levels situated below the excitonic level.
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As evident from the PL spectrum, in contrast to the other methods, the nanorods
grown via solution growth technique, is characterized by typical band edge
emission of ZnO, with minimum defect related emission. This fact can be
supported from the crystallographic properties of the various nanorods. In Chapter
2, the crystallographic properties of the nanorods were studied using relevant
XRD patterns. The average crystallite size of the nanorods fabricated via solid
state grinding, microemulsion, thermal annealing (urchins) and solution growth
method were found to be ~ 13.26, 16.53, 9.12 and 28 nm respectively. The
average crystallite size of the nanorods fabricated using the solution growth
technique is larger than the nanorods produced via other routes. Since the number
of defects in the crystals increases as the crystallite size decreases [23], the
nanorods grown using the solution growth technique are characterized by week
defect related emission as discussed earlier. The nanorods grown using the other
synthesis techniques are found to possess smaller crystallite size and hence,
associated with higher defect concentrations. This leads to the evolution of strong
defect related emission and suppression of the typical band edge emission for the
nanorods having lower crystallite size. Yoshikawa et al. observed similar results
where the band edge and the defect related emission of ZnO nanoparticles were
found to vary with the crystallite size of the nanoaprticles [24]. Hence in the
present study, it can be assured that the variation observed in the PL spectra of the
nanostructures is originated from the synthesis dependent variation in

crystallographic properties.

3.2.2 Eu** doped ZnO nanostructures

The fabrication strategy of Eu’" doped ZnO nanostructured systems, in the form
of nanoparticles, urchins and randomly distributed nanorods have been discussed
in Chapter 2. The thermal annealing process was employed to fabricate the
different nanostructured systems. Figure 3.14 (a,b,c) depicts a set of UV-Visible

optical absorption spectra of different nanostructures of Eu’* doped ZnO system.

74



Chapter 3: Optical and spectroscopic characterization of ZnO nanoscale systems

The specimen containing spherical nanoparticles shows an absorption peak ~ 356

nm (3.48 eV), which is assigned to the 1s-1s ground state excitonic absorption.

The ground state excitonic peak exhibits a
red shift of ~ 90 meV in case of the
specimen annealed at 300 °C (urchin like
structures) and 650 °C (randomly
distributed nanorods) as compared to the
usual nanoparticle system. The observed
red shift therefore supports particle
growth (here, one directional). No
significant shift in the absorption peak of
the randomly distributed nanorods was

found as compared to the urchin like

- ™
‘ 356 nm

306 nm

Absorbance (a.u)

(h)

i A

300 350 400 450 300 A5 600
Wavelength (nm)

Figure 3.14: UV-Visible absorption
spectra of the Euw’ doped ZnO
nanostructures, synthesized at (a) 80 °C,
(b) 300 °C and (c) 650 °C.

structures (Figure 3.14 (b,c)). This fact supports the similar dimension of the

nanorods present in the two samples.

Figure 3.15 (a,b,c) shows the PL spectra of the Eu® doped ZnO nanostructures

(hex = 325 nm). Each of the PL spectra is characterized by a number of defect

related emission peaks located at approximately same wavelength positions. The

impressions at ~ 400 nm and 467
nm corresponded to the emissions
related to the zinc vacancy states
(Vzn, Vzn): respectively [14, 15].
Further, the peaks at ~ 429 nm and
452 nm arise due to the respective
emissions via zinc interstitial
related defects (Zn;, Zn;") [15-17].
On the other hand, the 492 nm and

535 nm peaks are identified as

PL Intensity (a.u)

382 nm

b ). S

(h)

400 450 500 550 600
Wavelength (nm)

Figure 3.15: PL spectra (A, = 325 nm) of the

emissions due to the oxygen Eu’* doped ZnO nanostructures, synthesized at

vacancy (V,") and interstitial (O;)

(a) 80°C, (b) 300 °C and (c) 650 °C.
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defects [ 14, 18]. Note that the near band edge emission peak of ZnO is found at ~
382 nm for the urchin like structures. It can be observed that the oxygen (vacancy,
interstitial etc) related emissions are dominant in case of the nanoparticle systems
than the case of urchins and randomly distributed nanorods. In contrast the zinc
related emissions (both vacancies and interstitials) are dominant for the spectra of
randomly distributed nanorods (Figure 3.15 (a-c)). The results are consistent to
the earlier observations. Apart from these defect related emission peaks, the
emission peak at ~ 592 nm is ascribed to the transition related to Eu’" cations

(’De—"F)) [25-28].

In order to observe the Eu’" related

emissions, the PL spectra corresponding to

=
Aex = 405 nm is also studied. Characterized -
by a broad spectrum the oxygen interstitial &

=
related emission (centered at ~ 535 nm) is s
found to be prominent for the specimen =

-]
containing the nanoparticles (Figure 3.16 [

(h)
(a)). The oxygen vacancy related peak at ~ e i
) 450 500 550 600

492 nm is found to remain intact. In Wavelength (nm)

addition, the peak observed at ~ 613 nm, is
. 5 o Figure 3.16: PL spectra (A, = 405 nm)
ascribed to the Eu™ related emission due  of the Eu®* doped ZnO nanostructures,

synthesized at (a) 80 °C, (b) 300 °C and

5 7 . .
to "Do—'F; transitions [25-28]. As evident (©) 650 °C.

from both the PL spectra (Figure 3.15 and

3.16), the most important aspect of the Eu’" related emission is that it gets
quenched with the decrease in defect related emission. So, it can be ascertained
that the emission due to *Dy—'F; and *Dy—F> transitions take place due to the
energy transfer from the host ZnO via the native defect states. The evolution of
the Eu’" related transitions via the energy transfer process is in consistent with
earlier reports [28-31]. In the present study, upon exciting the systems with

energy lower than the band gap of the material, the intensity of the Eu’" related
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emissions increases (Figure 3.16) as the defect related emission (specifically

oxygen vacancies and interstitials) gets enhanced.

For a comparative analysis the emission
spectra corresponding to Aex = 325 nm
and 405 nm, (for the specimen annealed
at 650 °C i.e. randomly distributed
nanorods) are presented in Figure 3.17.
The Eu’" related emission peak at ~ 613
nm is found to be asymmetrically
stretched towards the lower-end
wavelength side which might have
arisen due to the presence of an
inherent peak at ~ 591 nm related to the
°Dy—F, transitions (Figure 3.17). It
mechanism, the oxygen vacancies and
interstitials capture the photo-excited
electrons and transfer some of them to
the °Ds level of Eu’ cations. This is
followed by a non-radiative transition
from the °Dj level to the *Dy level and
later resulting in the ’D¢—F, and
°Dy—’F, transitions. The schematic
representation of the energy transfer

mechanism is shown in Figure 3.18.

3.3 Concluding remarks
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Figure 3.17: PL spectra of the ZnO

nanorods synthesized at 650 °C having A,
= (a) 325 nm and (b) 405 nm.

is evident that in the energy transfer

E.

ZnQ

Figure 3.18: Energy transfer mechanism
of Eu’" doped ZnO nanostructures.

The optical properties of pure and doped ZnO nanostructures have been explored

by analyzing UV-Visible absorption

and photoluminescence spectra. The

formation of low dimensional, nanoscale structures can be assured from the
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quantum confinement effect witnessed in the respective absorption spectra. The
PL spectra of the nanostructures were characterized by various native defect states
of ZnO, with an occasional presence of the characteristic band edge emission. The
variation in the PL spectra of different nanostructures is assigned to the dissimilar
crystallographic properties. On the other hand, the Eu’" incorporated ZnO
nanostructures show the characteristic red emission due to intra 4f transitions
(*Dy—’F, and *Dy—F,) related to the Eu’" cations along with the defect related
emission of ZnO. An energy transfer mechanism via the native defects of ZnO
(especially oxygen interstitials and vacancies) was found to be responsible for the
observed Eu®* related transitions. The basic understanding of such emission
responses of various ZnO nanostructures would be beneficial for selective to
control the luminescence features. In addition, the tunabilty of the various defect
related emission of ZnO may form the basis of various light emitting and photonic

devices including passive and active elements.
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Chapter 4: Role of energetic ion irradiation on the luminescence response

When an energetic charged particle is directed onto a crystalline specimen, the
projectile can cause several damage or alteration of structural properties. lons
having energy in keV scale generally leads to the formation of point defects in the
solid, while ions carrying energy in the MeV range are capable of producing
cluster of defects, latent ion tracks and/or phase transformation. lon irradiation led
such modifications result in the alteration of various physical properties of the
material. Compared to the other conventional techniques, through ion irradiation
the precise tunablity of electrical, optical and magnetic properties can be achieved
by varying the ion energy and fluence. The ion irradiation induced modification
of the luminescent response of ZnO nanostructures and the analogous theoretical

justification are highlighted in the present Chapter.

4.1 lon irradiation and energy loss process

An energetic ion while traversing through a crystalline solid suffers a series of
binary collisions with target atoms and surrounding electrons and loses its energy
at each encounter [1]. This results in the transfer of energy from the projectile ion
to the target material. The energy transfer mechanism can be conveniently divided
into two independent processes, namely nuclear collision and electronic collision
[1, 2]. The nuclear collision and electronic collision processes associated with the

ion-matter interaction are schematically shown in Figure 4.1 [1].

Ion Beam

Nuclear Process Electronic Process

X-rays

Elastic Sputtering ,1 Lm:tinescence
s

backscattering ,/ _°  FElectrons

Figure 4.1: Schematic view of different events during ion-matter interaction.
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In general, the nuclear collision process corresponds to the collisions between the
incident ions and lattice atoms where conservation of energy and momentum is
applicable and hence called elastic collisions. During the nuclear collision, the
incident ion may scatter back from the surface of the material with the ejection of
target atoms (sputtering) or may come into rest after proceeding a few atomic
distances beneath the surface. On the other hand, the electronic process is
correlated with the interaction of fast ions and electrons of the lattice atoms. This
process results in the ionization and excitation of the system leading to emission
of X-rays, Auger and secondary electrons [1]. Now the rate of energy loss while
traversing a distance x, from the surface can be expressed as the sum of the
nuclear and electronic energy loss terms i.e.

S:(d—EJ +(f1£) =5,+S,
de ), \dx

where, S, and S, represent the nuclear and electronic energy losses [3]. Depending
upon the energy of the projectile ion and target materials, the two types of energy

losses dominate over each other [1, 3, 4].

For ions carrying energy of the order of a few keV, S, is dominated by S, and
hence ion led atomic displacements through elastic collisions with the nuclei of
the target atoms is expected. In this situation, the recoiling lattice atoms can act as
secondary projectiles and are capable of displacing other lattice atoms. This leads
to an event known as recoil cascade originating from the initial collisions of the
projectile ions and the target atoms. Under

€= Projected Range ==p
such circumstances large number of

-----

atomic displacements is predictable and — Qoo e W )
thus results in the formation of plentiful Ion g
point-defects [5, 6]. The projectile ion solld

after suffering a series of collisions loses  Figure 4.2: The trajectory of the ion
its energy and comes into rest at a certain Guring Jow energy lon iradiation.
distance from the surface and is known as projected range (R,). The trajectory of

the ion follows a zig zag path as it slows down and experiences frequent collisions
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(Figure 4.2). This fact accounts for the fact that R, is always smaller than the path

length along the incident direction of the ion [1].

On the other hand, high energy (MeV sacle) ions lose most of the energy through
electronic excitations or ionizations of the target atoms and hence in this case, S,
predominates S, [1, 3, 4]. Due to strong electronic excitation, as the ion passes
through the material it leaves an amorphized cylindrical zone known as latent
track. The possible mechanism of the formation of the latent tracks is explained
by two competitive models: Coulomb explosion model and the thermal spike
model. The repulsive electrostatic forces along the cylindrical zone containing the
ionized atoms give rise to violent explosions along radial direction until the
electronic neutrality is restored. This is known as Coulomb explosion which leads
to the localized destruction of the lattice [3, 7]. Whereas, the thermal spike model
reveals that as a result of electronic excitation by the energetic ions, the kinetic
energy of the ejected electrons is transmitted to the lattice by electron-phonon
interaction. This results in local (lattice) temperature rise well above the melting
point of the system. The rise in temperature is followed by the rapid quenching
and solidification and thus leads to the formation of amorphous latent tracks [8-
10]. The schematic representation of Coulomb explosion and thermal spike

models are shown in Figure 4.3.
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Figure 4.3: Schematic view of (a) Coulomb explosion and (b) thermal spike model.
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Nevertheless, the energy deposition either by S, or S,, can result in significant
change of the physical properties of the target material [11-13]. It has been
previously mentioned that owing to the higher surface-to-volume ratio the
nanostructured materials are characterized by plentiful native defects. The
irradiation led atomic'displacement of the nanostructured materials can result in
the creation, annihilation or rearrangement of various point defects [13-16].
Consequently the emission pattern of the nanostructures would be modified
largely by the irradiation event. Knowing that, the ZnO nanostructures possess
different native defects (like Vzn, Zn, Vo and O,) and owing to enormous energy
deposition by irradiation events, their contribution to the luminescence response

will be greatly affected.

4.1.1 High energy ion irradiation on ZnO nanostructured system
(a) ZnO nanoparticles: The ZnO nanoparticles synthesized using the solid state

grinding method (discussed in details in Chapter 2) were subjected to high energy
ion irradiation with S, > S,. Polymers being protecting materials against the
agglomeration of nanomaterials, polyvinyl alcohol (PVA) matrix was selected to
disperse the nanoparticles [17-19]. The ZnO nanoparticles were dispersed in PVA
matrix with approximately 50% volume dispersion in order to avoid
agglomeration upon energetic irradiation. For the irradiation experiment, the ZnO
nanoparticle-dispersed PVA films (with thickness of ~ 1-2 um only) were casted
on laboratory glass slides (I x 1 cm?®). Since nitrogen is suitable for surface
passivation, it is expected that nitrogen ion irradiation can result in the significant
modification of the defect states of ZnO. Again, for uniform energy deposition,
the trajectory of the ions should be fairly straight while traversing through the
target [1]. In other words, straggling should be as low as possible and the

projected range (R,) of the ions should be greater than the thickness of the films.

Figure 4.4 shows the variation of S., S, and the R, of nitrogen ion irradiation on

ZnO as calculated using SRIM [20]. A moderate value of the ion energy (80-Mev)
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was chosen from the plot where I N
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(pressure of ~10” mbar) using lon Energy (MeV)

80-MeV N** ion beams (with a o
Figure 4.4: Energy dependent variation of

beam current of ~ 1 pnA, energy loss of N** ion in ZnO.
particle-nanoampere), available at the 15UD tandem pelietron accelerator of Inter
University Accelerator Centre, New Delhi (Appendix 3). The ion beam fluence
was measured by integrating the ion charge on the sample ladder, which was
insulated from the chamber. The ion fluence was uniformly varied in multiples of
4 viz,, 125 x 10", 5 x 10", 2 x 10" and 8 x 10'? ions/cm?®, which were
maintained by measuring the duration of irradiation (f) as
_ DxAxn

ix pnA

14

where | pnA corresponds to 6.25 x 10 particles/sec.

Table 4.1: The electronic energy loss, (S.), nuclear energy loss, (S,), and the stopping
range of the 80 MeV N** ions in PVA and ZnO.

Material Se (eV/A) Sa (eV/A) R, (um) |
PVA 3.946 x 10 2201 x 107 129.42
ZnO 1.191 x 10° 6.792 x 107 47.18

The PL spectrum of the ZnO nanoparticles was discussed in Chapter 3. Owing to
large surface-to-volume ratio, the PL spectrum of the nanoparticles was found to
be dominated by the Vo'~ related defects. The presence of Zn and O related other

defects (vacancies, interstitials, anti-sites) were also detected. The PL spectra of
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the unirradiated and irradiated

nanoparticles (Aex = 325 nm) are shown
in Figure 4.5. The fluence dependent

variation of the emission response can

be clearly observed in the PL spectra.

)s

Upon irradiation with a fluence of 1.25

x 10" jons/cm?, stronger response of

the Vy, related emission was observed

[21], while the oxygen vacancy related

(c)

PL Intensity (a.u)

emission responses (Vo'. Vo' etc) at
the higher wavelength side of the (
spectrum were drastically reduced (e)

[22]. The band edge emission at ~ 385

A A I

350 400 450 300 350 600
Wavelength (nm)

nm [21], was found to recover upon
irradiation. The band-edge emission

was found to be intact even in case of Figure 4.5: Room temperature PL spectra
. L . ;;  ofthe (a) unirradiated and 80-MeV N*" ion
irradiation at a higher fluence (5 x 10 irradiated nanoparticles with a fluence of
(b) 1.25 x 10", (c) 5 x 10" (d) 2 x 10",

ions/cm?), while comparable emission .
RS ) W P and (¢) 8 x 10" ions/cm’.

responses due to the Vz, and Zn;

defects were evident [21]. Moreover, upon irradiation at a fluence of 2 x 10"
ions/cmz, the spectrum became more symmetric with optimum Zn; and Zn;"
related emission [21, 23]. Finally at 8 x 10'* ions/cm?, the spectrum turned into
more and more symmetric and peaking at the wavelength position as due to the
Vo' related defect emissions. At this situation, the signature of the O; and Vo'
defect related emissions were also identified. The evolution of more O; and Vo'
defect is also accountable for the broadening of the emission spectra at this

fluence.

It can be observed that with the increase in ion fluence during irradiation, the
emission pattern becomes more and more symmetric. Taking the PL. maxima into

consideration, the variation in asymmetric factor of the emission spectra was
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plotted with respect to the ion _ 3§ — y \
P r o

fluence (Figure 4.6). Theasymmetry 7 ;3,1

factor (A;) is a measure of the tailing § e

& LD E
of the spectra (Appendix 4). Ascan be <

N . E b
seen in Figure 4.6, the asymmetric Qé —
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factor was found to get reduced (from z \-
3.24 to 1.39) while varying the fluence Lola . L .

1.25 s 20 )

1 12 2
from 1.25x 10" to 8 x 10~ ions/cm”. Fluence (x l()") ions/em?

This fact supports the observed

Figure 4.6: Variation in asymmetric factor
(A;) of the emission spectra at different ion
emission spectra with increase in ion  fluence.

improvement in symmetry of the

fluence. In this case, the lowering of A, value suggests that the emission is
dominated by only one/two types of defects. The modification can be attributed to
the fluence dependent creation and annihilation of various defects caused by the

significant amount of S, of the N*™ ions in ZnO.

(a) ZnO nanorods: The ZnO nanorods synthesized using microemulsion route (as
discussed in Chapter 2), were subjected to 80-MeV N*" ion irradiation. For
irradiation purpose, the ZnO nanorod-dispersed PVA films were casted on
laboratory glass slides (1 x 1 cm®) as mentioned in the earlier discussion. In this

study the ion fluence was maintained as 1.25 x 10'" and 8 x 10'? ions/cm’.

Figure 4.7 shows the room temperature PL spectra of the unirradiated and 80-
MeV N*" ion irradiated ZnO nanorods at ke, = 325 nm. The emission response of
the ZnO nanorods, synthesized using the microemulsion route was discussed in
the Chapter 3. The typical band edge emission of ZnO was found to get
suppressed due to the participation of various defect related emission. The
luminescence spectrum was dominated by both neutral and ionized zinc

interstitial (Zn, and 7Zn,”) and zinc vacancy (Vz, and Vz,) related defects.
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Moreover, oxygen interstitial (O;) along with single and double ionized oxygen

vacancies (Vo' and Vo) were also detected.

The PL spectrum of the irradiated nanorods
reveals significant modification as the
defect related emission at the higher
wavelength side gets improved upon
irradiation. At the highest fluence of 8 x

10" ions/em’ the PL spectrum became

PL Intensity (a.u)

broad compared to the unirradiated one.

The central maxima of the emission

spectrum of the unirradiated nanorods is 350 300 35050035000
situated in the violet region, while the Wavelength (nm)

le irradiate the highest fluence is
samp FICionE AL Ui Migies Figure 4.7: The room temperature PL

located in the blue region of the spectra (Aex = 325 nm) of (a)

) unirradiated and N*' ion irradiated
electromagnetic spectrum. To make a clear 00000, (b) 1.25 x 10" and (c) 8 x

12 - 2
assessment of the defect induced 10 ions/em”.
modification, Gaussian fitting of the individual PL spectra of the unirradiated and

irradiated nanorods was studied (Appendix 5).

The typical band edge emission of ZnO was recovered upon Gaussian fitting of
the PL spectra of the N** jon irradiated nanorods (Figure 4.8(a)). Unlike the PL
spectrum of the unirradiated nanorods, the nanorods irradiated with a fluence of
1.25 x 10" ions/cm? revealed the dominance of Zn; related emission over V.,
ones. This was accompanied by the rise in the emission response due to Zn;"
defects compared to the unirradiated one. Though the Vo'~ defect related
emission is totally quenched, Vz,, Vo  and O; defect related emissions are
noticeable. On the other hand upon irradiation with a fluence of 8 x 10" ions/cm”,
there is a significant change in the PL spectrum compared to the unirradiated one.
As evident from Figure 4.8(b), the emission due to Zn;" defects shoots up and

becomes comparable to the Zn; related emission. Further, the Vz, related
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Figure 4.8: Gaussian fitting of the PL spectra of the samples irradiated at a fluence of (a)
1.25 x 10" and, (b) 8 x 10" ions/cm’.

emission peak turns out to be prominent and becomes higher than the emission
due to Vy, defects. It can be seen in the PL spectrum of the nanorods irradiated at
the highest fluence, there is a significant development in the Vo' and O; related
emissions. The evolution of Vo' related emission peak was also witnessed in the
higher wavelength side. The development of the oxygen related emission peaks is

responsible for the broadening of the PL spectrum of the nanorods irradiated at

the highest fluence.

Figure 4.9 depicts the variation of Vz,/Zn,, Zn;'/Zn; and Vz,/Vz, emission
intensity ratio with the ion fluence. In contrast to the unirradiated one, upon
irradiation, the Vz./Zn; ratio decreases with increase in ion fluence, while Vy,
/Vzn ratio shows an increasing trend. This suggests that upon irradiation the Zn;
defect concentration increases with respect to Vg, defects, while the newly
formed Vy, defects as a result of Zn; formation gets converted to V, defects.
During the irradiation event, a substantially large amount of S, (1.19 x 107 eV/A)
results in the formation of Zn; defects and helps in the conversion of V;, defects
to Vz. defects. Again, the conversion of Zn; defects to Zn;" defects is also
observable from the increment nature of the intensity ratio of Zn,"/Zn; defects with
fluence. Enduring this process at the highest fluence, the Zn;" related emission
peak gets improved giving a nearly equal contribution to the emission due to

Zn; defects. Additionally, at this fluence the V2,7V, ratio also increases abruptly
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owing to the conversion of most of the Vg, 1.6 —r Y .
—.—V_ iZIn

to Vz. defects. The conversion of the L4 —.—1u i n A

neutral to the ionized defects turns out to be '% L2 =YLV

effective at the highest fluence owing to the g, 1op °

fact that S, led enormous energy deposition g 08¢

increases as a result of increase in ion :E. 0.6 [ / .

bombardments  during  that  fluence. V4r :/

Conversely, the quenéhing of Vo' defects 02— 125 R0

by O; has led to the increase in Vo'/O; ratio Fluence (x 10'") ions/cm’

T 2
(~ 1.8) at a fluence of 1.25 x 10" ions/cm Figure 4.9: Variation of the emission

intensity ratio of different kinds of

compared to the pristine one (~ 0.9).

Whereas, at 8 x 10'? jons/cm? the Vo'/O;
ratio decreases (~ 1.24) owing to increase in O; defects as the Vo™ defects could

reappear at that fluence (Figure 4.8(b)).

Therefore the fluence dependent modification of the emission response of the
nanoparticle and nanorod systems can be observed as a result of 80-MeV N*
irradiation on the nanostructures. Using nitrogen ion irradiation one can recover
not only band edge emission but also improve the defect related tunable and

selective emission [24].

4.1.2 Low energy ion irradiation on ZnO nanorod system
To investigate the S, (> S.) led modification in the luminescence response of the

ZnO nanorods, 80-keV Ar" ion irradiation was performed on the nanorods.
Similar to the earlier study PVA dispersed nanorods were casted in laboratory
glass slides (1 x 1 cm®) for the irradiation experiment. To avoid the chances of
formation of complexes among the projectile ions and with the atoms of the target
material, the use of inert gas ions is encouraged. Argon having a moderate mass
was considered as a projectile ion for the irradiation experiment. A reasonable

value of ion energy was chosen with S, > §.. Figure 4.10 shows the energy loss
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profile of the ion in ZnO (density 5.6 g/cc) versus ion energy obtained by using
the SRIM-2008 software [20].

In the present experiment, 80-keV 100 7
1500
+ . —
Ar’ ion was chosen so that S, . 4t
. N 2000
possesses a higher value than S,. = z
g 60r 1500 S
The values of S, S, and R, 2 73
. . . Z: a0k . e
associated with 80-keV Ar" jon  § 1000 >
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been shown in Table 4.2. The r r ~ r 0
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irradiation  experiment on the lon Energy (keV)

samples was performed using the Figure 4.10: Energy dependent variation of
low energy ion beam facility enersy loss of Ar” ion in ZnO.

(LEIBF) available at Inter University Accelerator Centre, New Delhi (Appendix
3). The samples were put in ladder, which was insulated from the chamber and
were subjected to irradiation. The beam current was kept ~ 1 pA, while the
fluence was varied as 1 x 10" and 1 x 10" ions/cm®. The ion fluence (D) was

maintained by measuring the duration of irradiation (f) given by

’_(DxAxnxq

i
where, A is the area of the sample, n is the charge state, / is the beam current and

q being the electronic charge.

Table 4.2: Electronic energy loss (S.), Nuclear energy loss (S,) and Projected range (R)
of the 80 keV Ar” ion irradiation.

Material Density S. (eV/A) S, (eV/A) R, (A)
(gm/cc)
PVA 1.2 28.33 40.08 1172
Zn0 5.6 32.54 87.07 491

Since the projected range of the ions (491 A) is very less than the thickness of the
films (~ 1 um), it is expected that upon irradiation the surface of the samples will

be affected at large. To extract out the irradiated nanorods, the films were first
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dipped in ethanol and then subjected to ultrasonication for 5-10 min. The
nanorods those are located on the surface of the film and have experienced the
irradiation, will be able to overcome the matrix encapsulation under ultrasonic
agitation. Finally, the as-received solution of the nanorods and ethanol were
studied independently in the differential mode to extract emission response due to

irradiated nanorods.

The room temperature PL spectra of the
unirradiated and Ar’ ion irradiated
nanorods are depicted in Figure 4.11. The

variation in the luminescence response of

the irradiated samples can be distinguished

clearly. Upon irradiation, the modification

PL Intensity (a.u)

of the emission spectra arises owing to

e (©)
significant variation in the native defect \'\_,_

.

S (-

related radiative emissions. In order to 330 400 4%0 sclm 330 600

distinguish individual contribution of these Wavelength (nm)

defects, the overall PL responses were Figure 4.11: Room temperature PL

spectra (Aex = 325 nm) of (a)

unirradiated and Ar" ion irradiated

4.12(a,b)). nanorods at (b) 1 x 10" and (c) 1 x
10" jons/cm’.

Gaussian fitted and are shown in (Figure

Unlike the unirradiated nanorods, the nanorods irradiated with a fluence of 1 x
10" ions/cm” reveal a broad PL spectrum. The broadening is a consequence of the
evolution of ZnO related band edge emission peak at ~ 375 nm [21]. The Vg,
defect related emission peak still remains prominent, while the Zn; related peak
gets lowered with respect to the former peak. Though the emission due to O;
defects gets substantially quenched, the emission peaks corresponding to Zn;" and
Vzn still exist. In contrast, in the PL spectrum of nanorods irradiated with the
fluence of 1 x 10'° jons/cm?, the band edge emission gets suppressed completely,
whereas both Zn; and Zn;" defect related emissions are enhanced by appreciable

amounts. In addition to that the Vz,and Vy, related emission peaks get lowered
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Figure 4.12: Gaussian fitting of the PL spectra of the irradiated samples at (a) 1 x 10"
and, (b) 1 x 10" ions/cm’.

compared to the interstitials (both neutral and ionized). Furthermore, the Vo'
related emission gets improved and as a result, the intensity of O; related emission
shoots up. It is now evident that there is a fluence dependent variation in the
defect related emissions. This variation arises because of the irradiation led
creation and annihilation of the point defects in the nanorod systems. To justify
the fact creation/annihilation of various defects, the Zn and O related vacancy-to-
interstitial emission intensity ratios have been compared for the unirradiated and

irradiated nanorods.

From Figure 4.13, it is apparent that in case of the unirradiated ZnO nanorods, the
Vzo/Zn; ratio is just greater than unity (~ 1.14) and therefore, represents a nearly
equal contribution to the PL emission by these two types of defects. Conversely,
upon irradiation the nanorods with a fluence of 1 x 1012 ions/cmz, a higher value
of Vzu/Zn; ratio (~ 1.5) is found, which corresponds to the increase in Vz, defects
or decrease in Zn; related defects. The increase of Vz, is ascertained and can be
assigned to the irradiation led nuclear energy loss which is capable of knocking
out Zn atoms form its regular lattice site. The increase of Vz, defects would also
lead to the increase of Zn; defects. On the contrary, it is probable that during the
irradiation event, Zn; defects are formed and latter converted to Zn;" ones. It can
be observed in the PL spectra of Figure 4.12(a,b), that there is a variation in the

intensity of the Zn; and Zn;" related emissions of the nanorods before and after
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irradiation. This can be clearly
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capable of ionizing a few atoms and can is also depicted in the plot

result in the conversion of some Zn, defects to Zn,” defects. On the other hand,
upon irradiation with the highest fluence (1 x 10" ions/cm?), the scenario
becomes distinctly different owing to the suppression of some Vg, defects as
predicted by the lower value of Vz./Zn, ratio (<1). Since Zn, atoms are mobile
even at room temperature [25, 26], it is expected that during irradiation, several

Zn, atoms migrate to the Vg, defects, resulting in the reduction of these defects.

Again, the Vo'/O, ratio becomes less than unity for the unirradiated nanorods due
to the dominance of O, defects. Whereas, the ratio acquires quite a large value
upon irradiation with a fluence of 1 x 10" ions/em?, owing to the fact that O,
defects are being used in the annihilation of Vo' defects during irradiation. In
this case the annihilation of Vo™ defects is responsible for the evolution of the
band-edge emission peak of ZnO. Finally, in case of the irradiation at a fluence of
1 x 10" ions/cm?, Vo' defects are created, and hence more O, defects were
formed. The Vo'/O, ratio at this fluence acquires a moderate value due to the

simultaneous formation of Vo' and O, defects.
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Therefore, it has been observed that upon 80-keV Ar” ion irradiation, the nuclear
energy loss (S,) is responsible for the formation of Vz, and Vo defects, along
with the annihilation of Vo' defects through O, atoms. The substantial amount of
electronic energy loss (S.) by the Ar’ ions also participates in the defect

modification process and converts the newly formed Zn; to Zn,” defects [27].

4.2 Theoretical interpretation of the observed phenomena

It is evident from both low and high energy ion irradiation on ZnO nanostructures
that the Zn related defect formation is more favorable in all fluences, while the O
related defect formation is mainly observed at higher fluence values. The origin of
the defect dynamics with regard to creation and annihilation of vacancies and
interstitials owing to energetic ion irradiation can also be explored through

suitable theoretical justification.

In an embedded system, both the matrix as well as dispersed nanostructures
experiences the impact of ions during irradiation. As per calculation from SRIM
2008 program, the projected range (R,) of 80-MeV N** ions is ~ 129.42 pm
(Table 4.1). Whereas, the 80-keV Ar’ ions are capable of traversing upto a
distance of ~ 1172 A (Table 4.2) within the PVA matrix. This suggests that during
N** irradiation all the nanorods along the path of the ion will respond to the
incoming ion. On the contrary during Ar’ ion irradiation, the nanorods located
within its range only, would experience the impact of the ions. In order to
visualiie the events more clearly, it is assumed that the ions after traversing
through the matrix encounter only one nanoscale rod to show its effect. The
energy deposition process and the outcome during the impact of two different

types of irradiation events are discussed:

(a) 80-MeV N** ion irradiation: As the energy deposited in the PVA film is small

compared to the incident energy (80-MeV) of the projectile ions, the effective
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energy realized on the individual nanorods, to a good approximation, will be ~
80-MeV. It has been mentioned that, the energy deposited by the projectile ions
would dissipate to the atomic subsystem (via electron-phonon coupling) following
the thermal spike model [28]. The energy deposited in the core is maximum and
decreases gradually as one moves away from it and hence, the development of
several concentric cylindrical zones (each with definite energy values) can be
expected (Figure 4.14). Considering the fact that cylindrical regimes are
inseparable from each other, three independent cylinders; central, middle and the

outer have been considered as shown in Figure 4.14.

Incoming ion Incoming ion

000 000

0001 OO0

00O« 1000

00QC 000

000C OO0
Stack of atoms

Cylindrical regions

Figure 4.14: Schematic diagram of the cylindrical zones created upon high energy ion
irradiation.

Since the nanorods consist of N number of atoms, the volume of a nanorod is
equal to the volume of N atoms [29]. If x; (i=1,2,3....) is the atomic percentage of
each element of diameter d; (i=1,2,3...) present in a nanorod of diameter D and
length L, then the number of atoms present in the nanorod will be given by
_15f/D'L

- Zx,d,3

where fis the packing fraction and Y x, =1.

N (4.1)

If 0 and / are the diameter and the length of any cylindrical zone, then the number

of atoms present in it is given by
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2
n= ];;62; 4.2)
From the basic understanding point of view the amount of energy deposited
during the thermal spike event refers to the product of the electronic energy loss
(Se) and the electron-phonon coupling efficiency (g) [30, 31]. So, the total energy
deposited along the path of the projectile ion is gS./ and the amount of energy
received by each of the atoms in the cylindrical region of diameter § will be
g8t
No'l
D’L
_gS,D’L
N&’®

Assuming g = 0.4 [31], the variation of the energy received by each atom of the

(4.3)

cylindrical regions can be predicted (Figure 4.15).

In Figure 4.15, it can be seen that the energy deposited per atom decreases as the

diameter of a cylinder increases from the centre. For Zn and O atoms in ZnO

lattice, the displacement energy 80 —r
. o
varies as 18.5 eV and 414 eV z 70p
respectively [32]. The energies % aor ]
L sf
equivalent to the displacement ?\3 af F—draev
energies for the Zn and O atoms are 2z 39} \
e
availed by the cylindrical region of ¥ 20} %185V 1
=
diameters (¢) ~ 0.50 nm and 0.34 nm tor \“o,_. .o 1
. . ) ol N N i9-9-0:0-9-0,0-a
respectively. As shown in equation 03 06 09 12 15 18
d(nm)

(4.2), the number of atoms n, present
in the cylindrical region is directly

proportional to the square of . Thus

Figure 4.15: Variation of the energy
deposited per atom during irradiation and
the diameter of the cylindrical zones.

the number of Zn atoms is larger than the number of O atoms so as to acquire the
effective displacement energies. Consequently, upon irradiation, the formation of

Zn related defects is more favorable than O related defects. At a higher fluence
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the creation of O related defects is obvious owing to the overlapping of two or

more cylindrical regions as a result of increased ion fluence.

(b) 80-keV Ar” ion irradiation: The total energy loss per unit length of the ion in
PVA medium is § =S,+S,. Now, the initial energy of the ion before striking a

nanorod surface is (80 — S.z) keV, Incoming lon

@ Q Naimod )

— o—
b [
—
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Figure 4.16: Scheme of the ZnO nanorods
distributed within the matrix.

where z is the distance traversed

by the ion from the surface of the
PVA film to the nanorod surface

(Figure 4.16).

- 500
Three arbitrary

values of z such as 5, 500 and

1000 A are considered, which

correspond to the nanorod
positions just at the surface, in the
middle and at the extreme end of
the matrix but all within the projected range (R,) of the ions. Consequently, the
initial energy of the ion before striking the nanorod will be 79.66, 45.8 and 11.6
keV respectively. Using these three values of the initial energy the correponding
Se, Sy, and projected range (R,) of the Ar” ion within the ZnO/PVA system have

been calculated as shown in Table 4.3.

Table 4.3: Electronic energy loss (S.), nuclear energy loss (S,) and projected range (R) of

the ZnO nanorods situated at different positions in the PVA matrix.

z(A) 80 —Sz (keV) | S.(eV/A) S, (eV/A) R, (A)
5 79.66 32.5 87.1 489

500 45.8 24.6 94.1 289

1000 11.6 12.4 90.9 91

It is now obvious that the energy of the ions decrease as it penetrates within the
solid i.e. encounter more and more atomic planes from the point of impact and

traverses to a distance equal to the projected range of the ion. For the ions having
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energy in the keV scale, the deposited energy can be assumed interms of some co-
axial conical zones as schematically shown in Figure 4.17. The maximum length
of the axis of a cone will be equal to the R,, whereas the maximum radius will be
the distance between the point of impact, and the spot where the deposited energy
becomes vanishingly zero. Since the energy deposition is continuous and spreads
from the point of impact towards the other parts, the conical regimes are also
inseparable from each other. However, for the sake of clarity and demonstration,
three independent cones; central, middle and the outer have been considered as

shown in Figure 4.17.

Incoming ion

Incoming ion

000000000
Stack of Atoms
Conical regions

Figure 4.17: Schematic diagram of the conical zones created upon low energy ion
irradiation.

Considering the volume of any conical region to be v, then the number of atoms
present in a conical zone will be given by,

_ 4Nv
aD*L

n 4.4)

where, N is the number of atoms present in the nanorods as given by equation

@.1).

Now, the total energy deposited by an ion within the effective region in the

material, will be equal to S, times the projected range (R,) of the ion within that
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material. Therefore, the energy deposited per atom within a definite conical zone

is given by,

(4.5)

Next, using the various values of S, and R, (from Table 4.3), in the above
equation, it can be found that the energy deposited per atom decreases as the
volume of the cones increases from the centre (Figure 4.18). This trend is

maintained in all the nanorods 125

irrespective of their position within \ z values
the matrix (i.e. whether nanorods are & 1oo® I:nf» %
on the surface or in the interior). g 7;l o
Upon irradiation, the atoms of any \E .

cone that acquire an energy greater 50 50

than the displacement energies of Zn EJ s

and O atoms will be able to get )

displaced from their regular lattice

10 20 30 40
Volume (nmJ)

site. The energy equivalent to the

displacement energy of Zn in ZnO

Figure 4.18: Variation of energy deposited
per atom during irradiation and the volume
imaginary cones having approximate  of the cones.

(185 eV) corresponds to the

volumes of 17.5, 11.5 and 3.7 nm’ for z values of 5, 500 and 1000 A respectively.
Whereas, for O atoms, the volume of the cones corresponding to its displacement
energy (41.4 eV) are 7.6, 4.7 and 1.5 nm’® for z values of 5, 500 and 1000 A;
respectively. As the number of atoms present in a cone is proportional to the
volume of the cone (equation (4.4)), in acquiring displacement energy, the
number of Zn atoms will be definitely larger than the O atoms. Hence, upon
irradiation, the Zn atoms are most affected irrespective of the position of the

nanorods within the matrix and thereby resulting variation of Zn related defects.
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Now, the overlapping of two or more energetic conical regions is not considered
in the above discussion, which comes out to be an important aspect as the fluence
increases. With the increase in ion fluence, the probability of overlapping of the
conical zones becomes significant. This is due to the fact that the nanorods
experience more and more ion impacts leading to the formation more conical
regions. In this situation, the atoms present in the overlapping region of two
conical zones posses more energy than the atoms beyond that region. As evident
in the present system at a fluence of 1 x 10" ions/cm?, it is possible that the atoms
present in the overlapping region acquire an energy equivalent to the

displacement energy of O atoms and create more Vo' and O, defects.

4.3 Concluding remarks

Low and high energy ion beams have been used to modify the luminescence
response of ZnO nanostructures. As an important observation the typical band
edge emission was found to get evolve steadily upon irradiation. The enormous
electronic energy loss (S,) during 80-MeV N*' ion irradiation on the ZnO
nanostructures has been found to be responsible for the symmetric and selective
emission response via creation, annihilation and ionization of the defects. On the
contrary, the significant nuclear energy loss (S,) during 80-keV Ar” ion irradiation
on ZnO nanorods were found to accountable for the creation, annihilation and
ionization of various point defects of ZnO. It has been speculated that the energy
deposition upon irradiation takes place in some co-axial cylindrical and conical
regions for high energy and low energy ions respectively. At a low fluence, the
formation of Zn related defects is favorable as compared to oxygen ones owing to
the relatively smaller displacement energy of Zn in ZnO system. The overlapping
of two or more cylindrical or conical regions at a higher fluence, is accountable
for the evolution of more O related defects at that fluence. The diverse but highly
controllable emission response, achieved by irradiation of properly chosen ion
species, energy and fluence could furnish long-standing demand in ultrafast

lasing, display and imaging devices.

102



Chapter 4: Role of energetic ion irradiation on the luminescence response

References:

[1] Williams, J. S. Materials modification with ion beams, Rep. Prog. Phys. 49,
491-587, 1986.

[2] Lindhard, J. & Schad, M. Energy dissipation by ions in the keV region, Phys.
Rev. 124, 128-130, 1961.

[3] Mehta, G.K. Materials modification with high energy heavy ions, Nucl. Instr.
and Meth. in Phys. Res. Sect. A 382, 335-342, 1996.

[4] Trautmann, C. Modifications induced by swift heavy ions, Bull. Mater. Sci. 22
(3), 679-686, 1999.

[S] Swanson, M. L. et al. Damaged regions in neutron-irradiated and ion-
bombarded Ge and Si, Rad. Effects 9 (3-4), 249-256, 1971.

[6] Hensel, H. & Urbassek, H. M. Implantation and damage under low-energy Si
self-bombardment, Phys. Rev. B 57, 4756-4763, 1998.

[7] Fleischer, R. L. et al. Ion explosion spike mechanism for formation of
charged-particle tracks in solids, J. Appl. Phys. 36, 3645-3652, 1965.

[8] Toulemonde, M. et al. Transient thermal process after a high-energy heavy-ion
irradiation of amorphous metals and semiconductors, Phys. Rev. B 46(22), 14362-
14369, 1992.

[9] Dufour, C. et al. A high-resistivity phase induced by swift heavy-ion
irradiation of Bi: a probe for thermal spike damage? J. Phys.: Condens. Matter S,
4573-4584, 1993.

[10] Norman, A. Thermal spike effects in heavy-ion tracks, Rad. Res. Suppl. 7,
33-37, 1967.

[11] Brown, R. A. & Williams, J. S. Crystalline-to-amorphous phase
transformation in ion-irradiated GaAs, Phys. Rev. B 64(15), 155202 (1-6), 2001.

[12] Meillon, S. et al. Changes in magnetic properties of magnetite Fe,O,
ceramics induced by high energy heavy ion irradiation, Nucl. Instr. and Meth. in
Phys. Res. B 107,363-367, 1996.

[13] Kucheyev, S. O. et al. lon-beam-produced structural defects in ZnO, Phys.
Rev. B67,094115 (1-11), 2003.

[14] Pons, D. & Bourgoin, J. C. Trradiation-induced defects in GaAs, J. Phys. C:
Solid State Phys. 18, 3839-3871, 198S.

103



Chapter 4: Role of energetic ion irradiation on the luminescence response

[15] Krasheninnikov, A. V. et al. Formation of ion-irradiation-induced atomic-
scale defects on walls of carbon nanotubes, Phys. Rev. B 63, 245405 (1-6), 2001.

[16] Chattopadhyay, S. et al. Interplay of defects in 1.2 MeV Ar irradiated ZnO, J.
Appl. Phys. 107, 113516 (1-8), 2010.

[17] Mohanta, D. et al. Optical absorption study of 100-MeV chlorine ion-

irradiated hydroxyl-free ZnO semiconductor quantum dots, J. Appl. Phys. 92,
(12), 7149-7152, 2002.

[18] Mohanta, D. et al. Influence of ion bombardment on the photoluminescence
response of embedded CdS nanoparticles, Central Eur. J. Phys. 4(2), 187-195,
2006.

[19] Bayan, S. et al. Development of Tb-doped ZnO nanorods: Effect of nitrogen
ion irradiation on luminescence and structural evolution, Phys. Status Solidi A 207
(8), 1859-1863, 2010.

[20] Zeigler, J.E. et al. SRIM (2008) — The Stopping and Range of lons in Matter.
www.srim.org, 2008.

[21] Lin, B. et al. Green luminescent center in undoped zinc oxide films deposited
on silicon substrates, Appl. Phys. Lett. 79, 943-945, 2001.

[22] Ye, J. D. et al. Correlation between green luminescence and morphology
evolution of ZnO films, Appl. Phys. A 81, 759-762, 2005.

[23] Tam, K. H. et al. Defects in ZnO nanorods prepared by a hydrothermal
method, J. Phys. Chem. B 110, 20865-20871, 2006.

[24] Bayan, S. & Mohanta, D. Effect of 80-MeV nitrogen ion irradiation on ZnO
nanoparticles: Mechanism of selective defect related radiative emission features,
Nucl. Instr. and Meth. in Phys. Res. B 269, 374-379, 2011.

[25] Rackauskas, S. et al. Mechanistic investigation of ZnO nanowire growth,
Appl. Phys. Lett. 95, 183114 (1-3), 2009.

[26] Potzger, K. & Zhou, S. Non-DMS related ferromagnetism in transition metal
doped zinc oxide, Phys. Status Solidi B 246 (6), 1147-1167, 2009.
[27] Bayan, S. & Mohanta, D. Interplay of native defect-related
photoluminescence response of ZnO nanosticks subjected to 80 keV Ar ion
irradiation, Rad. Effects and Defects Sol. 166 (11), 884-893, 2011.

[28] Dufour, C. et al. Transient thermal process induced by swift heavy ions:
Defect annealing and defect creation in Fe and Ni, Bull. Mater. Sci. 22 (3), 671-
677, 1999.

104



Chapter 4: Role of energetic ion irradiation on the luminescence response

[29] Qi, W.H. Generalized Surface-Area-Difference model for cohesive energy of
nanoparticles with different compositions, J. Mater. Sci. 41, 5679-5681, 2006.

[30] Szenes, G. et al. Tracks induced by swift heavy ions in semiconductors,
Phys. Rev. B 65, 045206 (1-5), 2002.

[31] Szenes, G. et al. Tracks induced in TeO, by heavy ions at low velocities,
Nucl. Instr. and Meth. in Phys. Res. B 166-167, 949-953, 2000.

[32] Look, D. C. et al. Residual native shallow donor in ZnO, Phys. Rev. Lett. 82
(12), 2552- 2555, 1999.

105



Chapter 5

Investigation on nanostructure growth and
elongation principle




Chapter 5: Investigation on nanostructure growth and elongation principle

The fabrication of quality nanostructures with desired shape and size has become
feasible owing to the advancement and sophistication achieved in various
chemical and physical routes. Over the years, a variety of nanomaterials with a
diverse range of size have been examined for various technological applications.
However from the theoretical stand-point, there is always a lack of in depth
understanding of the nanostructure growth process. A sound knowledge of the
kinetics of the growth process is of primary importance to describe and correlate
different morphology of nanostructures with definite properties. The present
chapter emphasizes on theoretical models highlighting temperature assisted
elongation phenomenon and ion irradiation induced controlled growth of ZnO

nanostructures.

5.1 Role of surface energy in nanostructure growth

Atoms of a solid surface contain dangling or unsaturated bonds due to the fewer
nearest neighbor atoms or coordination number. Owing to the presence of these
dangling bonds on the surface, the surface atoms experience an inward pull from
the sub-surface atoms. The extra amount of energy possessed by the surface
atoms due to the inward pull is described as the surface energy (y) of the material.
Due to the higher surface to volume ratio, the nanostructures possess higher
surface atoms compared to the core atoms and higher surface energy. The higher
surface energy of the nanostructures makes them thermodynamically unstable and
this is the reason why they grow in size in order to reduce the overall surface
energy. On attaining sufficient energy the individual nanostructures combine
together to reduce the overall surface area and thereby the surface energy. The
relevant mechanism of combining individual nanosystems into larger sized
structures include (a) sintering, in which individual structures merge together and
(b) Ostwald ripening, in which relatively large structures grow at the expense of
smaller ones [1, 2]. In general, the sintering process is significant at a higher
temperature, but for nanomaterials, due to high surface energy, sintering becomes

prominent at moderate temperatures. This process is associated with the solid
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state diffusion, evaporation-condensation, viscous flow and dislocation creep [1].
On the other hand, the Ostwald ripening process is considerable in a system that
contains nanomaterials of dissimilar size. In this process two or more individual
nanostructures become a single system. It is associated with the growth via atomic
diffusion from the smaller nanostructures to the larger one until the former ones
disappear completely. Figure 5 1 depicts the schematic representation of sintering
and Ostwald ripening process. Microscopically, the differential surface energy of
the surfaces with different curvature is the driving force for the mass transport
during sintering and Ostwald ripening process [2]. The formation of the 1D ZnO
nanostructures via thermal annealing process can be understood from the relevant

mass transport mechanism appreciable at sufficiently high temperature.

(a)

(b)

Figure 5.1: Scheme of (a) sintering and (b) Ostwald ripening process.

As discussed in Chapter 2, the 1D ZnO nanostructures were obtained upon
annealing the PVA encapsulated Zn(OH), species at different temperatures at
different instances. During the annealing process (within temperature 60-80 °C)
the Zn(OH), species gets converted into ZnO The formation of ZnO
nanoparticles with a wide range of size distribution was confirmed from the SEM
and TEM images as discussed in Chapter 2. Now, since the annealing

temperatures were higher than the decomposition temperature of PVA (~ 230 °C),
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the ZnO nanoparticles gradually lose support from the matrix. In this situation, the

growth phenomena can be described by the Ostwald ripening process.

In the absence of the matrix encapsulation
two spherically symmetric free-standing

nanoparticles of radii R; and R, (where R,

> R,) are considered (shown in Figure
5.2). Now, owing to the difference in size,  Figure 5.2: Two isolated nanoparticles
the chemical potentials (work per atom) of of different radii (R, > R,).

the two nanoparticles will be dissimilar. The chemical potential of the two

nanoparticles can be defined using the Young-Laplace equation [1] and are given

as
Q
=2y— 5.1
H 7R‘ (5.1)
Q
/12227—}52‘ (5.2)

where, 1; and u; are the chemical potentials of the respective particles. y and Q

being the surface energy and atomic volume respectively.

Now, the difference in chemical potential between the two particles will be given
by (1],

Ay=2m{R;;aZRl}=kT|n%-. (5.3)

1 R,
Here, P, and P, are the vapor pressures of the two particles, alongwith k and T

are the Boltzmann constant and the temperature of the surrounding environment.
The above equation represents the change in chemical potential while transferring
an atom from a particle of radius R to R;. The chemical potential of a system
increases with the temperature and hence with the supply of external heat. Now, if
the chemical potential increases, the term in the parenthesis will tend to increase

for fixed values of y and Q.
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Therefore,

I:RQ_RI} >[R2_R1:{
Rl R2 Afier Heating Rl R2 Before Heatng

= (R’Z - Rl )Aﬁer Heating > (R'Z - Rl )Befnre Heanng or, (RIR’Z )Afler Heating < (RIR2 )Before Heanng

The above two conditions will be valid only if the numerical value of R, tend to
increase while R, decreases. Now the total number of atoms in a nanoparticle is
constant and such a situation can be realized only if mass transport takes place
from smaller particle (radius R)) to the larger one (radius Ry). Owing to the loss of
the surrounding matrix above the decomposition temperature, the inter-particle

mass transport is highly favorable and facilitating particle growth.

From the crystallographic point of view it can be said that the nanoparticle growth
will occur at the unit cell level along preferential directions. However, the surface
energy of ZnO is different along different directions of the unit cell [3], and hence
the particle growth would not occur in all the directions equally. According to the

calculation of Fujimara et al. {3], the surface energy per mole, along different

directions variesas ¥ <y _ <y _ .
[0001] (11201 [1010]
Following equation (5.3), upon heat treatment, M = Au 1
RR, 2Qy
Consequently, AR >AR . >AR _ ,wheredR=R;-R,.
[0001] [1120) [1010)

{001)

In other words, the growth of the

nanoparticles along [0001] direction (i.e.
along c-axis) is energetically favorable
owing to minimum surface energy and

so the formation of elongated

. . (000
nanostructures is expected {Figure 5.3).

Now it is apparent that the plane with Figure S5.3: Demonstration of ZnO
' . ' crystal structure and configuration model
higher growth rate will disappear of the stack of zinc and oxygen atoms.
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quicker [4] and as a result of which the growth along the [0001] direction can lead
to the vanishing of (002) plane. This fact is also supported by the XRD results of
the Eu** doped ZnO nanoparticles and urchins, where the FWHM of the (002)
peak for the urchin system has decreased compared to the nanoparticle system
(discussed in Chapter 2). Hence it is confirmed that the one directional growth of
the particles along [0001] direction has led to the formation of 1D nanostructures

under thermal annealing process.
5.2 Nanostructure growth under energetic ion irradiation

Earlier it was demonstrated that the energetic ion irradiation could play a major
role in tailoring size, shape, and distribution of the nanostructures [5-10). This is
due to the fact that the energy deposited during irradiation leads either to particle
growth, or splitting of the nanostructures. lon induced particle melting and growth
are generally attributed to the Ostwald ripening process [10]. In contrast,
nanoparticle fragmentation into still smaller particles, was considered to be the
result of ion hammering effect [11]). The irradiation led growth of PVA dispersed

ZnO nanoparticles has also been witnessed upon 80-MeV N** jon irradiation.

The morphological features of the pristine nanoparticles synthesized using the
solid state grinding method, have been discussed in Chapter 2. The average size
of the spherical nanopartcles of ZnO was found to be ~ 12 nm. The structural
modification of the nanoparticles upon irradiation at different fluences was
evident from the TEM images as shown in Figure 5.4. The TEM micrograph in
Figure 5.4 (a) basically shows the PVA dispersed ZnO nanoparticles upon
irradiation with a fluence of 1.25 x 10" ions/cm’. It can be observed that there is
no substantial change in the structural organization of the nanoparticles as
compared to the unirradiated specimen [12]. However at a moderate fluence of 5
x 10" ions/em®, the host polymer matrix that supports the nanoparticles
experiences significant C-C bond breakage leading to the disruption in polymer

chains. As revealed by the TEM image shown in Figure 5.4 (b), the nanoparticles
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tend to overcome the polymer encapsulation (at ~ 5 x 10'" jons/cm?), which was
not observed in case of the sample irradiated at a lower fluence (1.25 x 10"
ions/cm?). At this situation, no structural deformation of the nanopaticles can be
observed i.e. the spherical shape is retained by the nanoparticles. Again,
irradiation with a fluence of 2 x 10> ions/cm?, the nanoparticles overcome the
matrix encapsulation completely and at occasional instances the particle-
coalescence is also noticed (Figure 5.4 (c)). The nanoparticles just recovered from
the matrix encapsulation become free-standing and cause coalescence with the

neighboring nanoparticles.

v
s

¥

&

Figure 5.4: TEM image of ZnO nanoparticles after 80-MeV N* ion
irradiation with a fluence of (a) 1.25x10'", (b) 5x10", (c¢) 2x10", and (d)
8x10'? jons/cm?; respectively.

As result of coalescence the nanoparticles lose the spherical shape and turn out to
be oblate. The extent of recovery of the nanoparticles from the matrix
encapsulation depends on the amount of energy supplied to the specimen. In this

context, upon irradiation with the highest fluence of 8 x 10" jons/cm’, the energy
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deposition is maximum and therefore, the matrix would be amorphized
completely. In this situation, the rapid mass transport between the particles with
interparticle separation relatively smaller than that of their dimension can result in
particle coalesce/agglomeration. The TEM micrograph in Figure 5.4 (d)
represents the agglomerated view of the nanostructures irradiated at the highest

fluence.

The coalescence of the nanoparticles under energetic ion irradiation is a
consequence of nanoparticle melting owing to the irradiation led enormous energy
deposition and rise in temperature above the melting point. Now, based on the
Linderman criterion of melting, Tateno [13] has shown that the melting point of a
bulk material can be expressed in terms of its cohesive energy:

T.y= M (5.4)
3k,Z

where, s is the exponent of the repulsive part of the interaction potential
(proportional to r ™) between the constituent atoms separated by a distance r, kg
being the Boltzmann constant, Z as the co-valency of the atoms and Ejp is the bulk
cohesive energy. The characteristic function 7 is defined as the ratio of the atomic
displacement at 7, to the interatomic separation at equilibrium. The cohesive
energy of a material system is the amount of energy required to separate out its

constituent neutral atoms and is directly related to the melting temperature of the

crystalline material as evident from the above expression.

According to the previous work of Nanda et al [14], the melting point can be
correlated with the cohesive energy per coordination number for both the

nanoparticles, and the bulk which are given by

E,

i = Cle +C2
év (5.5)
—N£ =C T, +C,
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where T, and E,, are the melting point and the cohesive energy of the
nanoparticles, respectively. N being the coordination number per atom and C,, C;

are the constants which depend on the crystal structure.

If the spherical nanoparticles of average diameter D embedded in the host matrix
possess elements of diameter 4, (i=1,2,3.....) with atomic percentage of x,
(:=1,2,3.....) such that Y x, =1, then the total number of atoms that make up each

of the nanoparticles, can be represented by [15]:

_fD

YR

where fis the packing factor which is the fraction of volume in a crystal that is

(5.6)

occupied by the atoms.

Now, according to the LDM [14], the cohesive energy of a nanoparticle represents
the difference of the bulk cohesive energy per atom (Eg) and the surface energy of

the nanoparticle. The cohesive energy per atom can be expressed as:

aD?
E, =E,- n7 i (5.7)

where y,, is the surface energy per unit area of the nanoparticle.

Further, the size dependent cohesive energy per atom of the nanoparticles
embedded in a dielectric matrix of surface energy per unit area y,, [14] can be

reformulated as

7D?
E, =EB—T(7np—}/mx) (5.8)

Now it is assumed that upon irradiation, the energy deposition will be uniform all
throughout the specimen. If F is the number of ions incident per unit area (i.e.,
fluence), then the number of ions received by each of the nanoparticle of diameter
D is FrD?/4. If S. and S, represent the electronic and nuclear energy losses of the
projectile ion then upon irradiation with higher energetic ions having S, >> §;,, the

maximum energy deposition on the nanoparticle will be caused by S..
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Considering the thickness of the lon Iniadiation

Bm s (s dpued in Figus HHUHUHHHU

5.5), then the energy deposited by ZnO nanop articles

O 00.© © o .,,@ @@
©. . e O @@
phonon coupling efficiency [16, 5 - @ 0 @ PVA @ © @

VY

one ion while traversing the
above mentioned thickness is

gS.z, where g is the electron- Z!

o ey

17). Therefore, upon irradiation Figure 5.5: Schematic representation of the ZnO

with fluence F, the energy nanoparticles embedded PVA matrix subjected

. . to irradiation
deposited per atom of a matrix

encapsulated nanoparticle will be given by

2
, = FZS gs.z (5.9

E

It is evident that the irradiation process would increase the internal energy of the
nanoparticles and therefore the cohesive energy of the particles will be suppressed
by the above mentioned energy deposited during irradiation [18]. Thus, during
irradiation the cohesive energy of the nanoparticles embedded in a matrix can be

written as

EC = E’l]) _El

aD? FnD?
or, E, = EB—~n—(7n,, ~Ym) ™

S z
4n £

In the above equation, the second term on the right hand side is dependent on F

(5.10)

and should increase with the ion fluence Owing to the irradiation led enormous
energy deposition, the internal energy of the system would increase making the
nanoparticles thermodynamically unstable. At a critical fluence, the irradiation
energy can be comparable with the cohesive energy of the nanoparticle and
therefore the effective cohesive energy (£.) would be vanishingly small At a
higher fluence, the dominance of the irradiation energy over the cohesive energy
of the nanoparticles will make the magnitude of E. < 0. It can also be noted that
the zero value of the effective cohesive energy represents a situation where the

atoms are no longer bound to each other. The negative effective cohesive energy
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signifies that the atoms can dislodge and fly out of the nanoparticle surface.

Nevertheless, under these circumstances, if the particles are closely spaced (i.e.

the interparticle separation is comparable or, smaller than the particle dimension),

then the mass transport would result in particle growth.

It is known that the ions while traversing through the insulator matrix create ion

tracks having radius of several nanometers [19]. If sufficient number of tracks

were created between any two adjacent nanoparticles, then the medium separating

the particles (i.e. interparticle spacing) will be lost. At this situation, the diffusion

led mass transport among the adjacent nanoparticles, followed by the rapid

solidification would result in particle growth [20, 21]. This is analogous to the

process of coalescence of the nearby islands during the growth of thin films [22].

It is quite apparently clear that the
growth of the nanoparticles under
irradiation is accompanied by the
decrease of cohesive energy and the
interparticle spacing. In order to
visualize this event more clearly, two
nanoparticles of diameter D and
separated by a distance R from each
other (Figure 5.6) are considered. As
the ion proceeds along a certain

direction  (say, z-direction), the
uniformly dispersed nanoparticles will
pass through the molten phase along
that direction giving rise to regular
oblate ellipsoids (Figure 2A and 2B).
Upon melting, in order to minimize the

surface energy the molten species get

Before Irradiation

During Irradiation

F1 —>

Figure S.6: Different stages of
nanoparticle growth, under energetic ion
irradiation. (Fluence F3> Fy> Fy).

condensed and acquire a spherical shape. Now, the three sides of a regular oblate
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are a, b and ¢ such that a > b = ¢. As the mass is conserved during the irradiation

process, it can be written as

4 [DT 4
—n=| p==rab® p’
3 {2}” 3790 P

3
o a=i[ %] 5
8\b” j p

where p and o’ (< p) are the densities of the system before and during irradiation.

(5.11)

For complete melting, the two oblates will be in the closest proximity if the sum
of the two equatorial radii of the two oblates (along the z-direction) is equal to R.
Such a situation can facilitate the exchange of atoms between the two molten
species with great ease. In general, upon coalescence, two or more particles can

grow into an independent particle of larger size (Figure 5.6).

3

Accordingly, 2a=%(£b)2—)£,—2 R will be neglected as the growth condition of
P

the nanoparticles subjected to ion irradiation. In other words, the equatorial

diameters of the oblates should be at least equal, or larger than the interparticle

separation of the two nanoparticles under investigation.

Now the structural modification upon 80-MeV N** irradiation on the ZnO
nanoparticles embedded in the PVA matrix was analyzed in light of the current
discussion. The values of the various physical parameters related to ZnO and
PVA are listed in Table 5.1. The E5 for ZnO was considered to be 3.76 eV/atom
[23], while the thickness of the film was considered to be 1 pum.

Table 5.1: Different physical parameters of the materials.

Material | Melting | Density Thermal Surface S, for 80-MeV
point (g/ce) | conductivity ener%y N*" irradiation
(K) (Wm.K) (J/m") (eV/IA)
ZnO 2248 5.6 1.16 [24] 1.95{25] 1.191 x 10°
PVA 503 1.2-13 0.2 18] 0.037 [26] 3.946x 10

117



Chapter 5: Investigation on nanostructure growth and elongation principle

Figure 5.7 depicts a comparison between the irradiation energy (£;) deposition
and the cohesive energy for different sized nanoparticles of ZnO in the matrix. It
can be seen that with the increase of ion fluence (from 1 x 10" to 2 x 10"

ions/cm?), the energy deposited per atom increases rapidly. In the Figure 5.7, the
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Figure 5.7: Variation of cohesive energy and irradiation energy with particle size for
ZnO nanoparticles embedded in PVA. Inset being the magnified version of the
cohesive energy vs. size (pointed by arrow).

horizontal line at ~ 3.75 eV/atom (also highlighted in the Figure inset) represents
the size dependent cohesive energy of the ZnO nanoparticles embedded in PVA
matrix. The irradiation energy (for ion fluence of 1 x 10'" ions/cm?) is completely
dominated by the respective cohesive energy. Conversely, at the fluence of 4 x
10" jons/cm’, the irradiation energy deposited on the particles having size below
a critical size of 6 nm (the intersection point) dominates the cohesive energy. The
intersection point of the cohesive energy and the irradiation energy represent the

critical size for a particular fluence.
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Cohesive Energy (eV/atom)
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Figure 5.8: Size dependent effective cohesive energy response during irradiation
of the ZnO nanoparticles embedded in PVA.

The curves related to the effective cohesive energy (£.) as a function of
nanoparticle size, is shown in Figure 5.8. During irradiation, the £, value
decreases by substantial amount. For a finite size of the nanoparticles, gradually
E. becomes zero with the increase in fluence. Upon irradiation with a fluence of 4
x 10" ions/cm?, E. vanishes for the particles having size below the critical value.

This trend is maintained for the higher values of fluence. A vanishing E.
represents no interactive force between the atoms that make up a nanoparticle. In
this situation initiation of coalescence process between two identical nanoparticles
takes place (with sizes larger than the interparticle spacing) due to interparticle

diffusion led mass transport.

In the present study the ZnO nanoparticles having average size ~ 12 nm were

found to recover from the matrix encapsulation at a fluence of 5 x 10" ions/cm?,
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while the nanoparticles in coalesced form was observed at 2 x 10'? jons/cm?.
These two facts indicate that the nanoparticles attain the condition of zero
cohesive energy (£, ~ 0, initiation of the coalescence process) at a particular
fluence which lies within the two above mentioned ion fluence values. Now, as
evident from the Figure 5.8, the £, for ~ 12 nm particles becomes zero at a
fluence of 8 x 10'" ions/cm? which is in the above mentioned range. Therefore it
can be understood that the initiation of the coalescence process takes place at a
fluence of 8 x 10'' ions/cm’. This proves a sound correlation among the
theoretical assessment and the experimental consequences observed upon 80-

MeV N* ion irradiation.

However the matrix plays a vital role in the particle coalescence process. The
growth process would occur through the coalescence of particles within the
matrix medium which becomes amorphized as a result of creation of ion tracks.
Hence the melting followed by coalescence would certainly depend on the nature
of the host matrix. It is obvious that the matrix with a lower thermal conductivity
would dissipate heat at a slower rate from the point of ion impact to the
surroundings. In the present system of ZnO encapsulated in PVA matrix, the
nanoparticle growth was observed above a fluence of 8 x 10'" ions/cm®. On the
other hand, the growth of metallic nanoparticles (e.g., Ag, Au etc.) in a-SiO; was
found to occur at a higher fluence of 10" ions/cm? [10]. Such discrepancy can be
assigned to the difference in thermal conductivity of the two systems. The thermal
conductivities of the metallic system (~ 318 W/m-K for Au) and matrix (~ 1.3
W/m-K for a-SiO;) are higher than ZnO and PVA. The higher thermal
conductivity results in faster heat dissipation and so the growth of the nanoparticle
occurs at a comparatively higher fluence. Thus it is evident that the fluence
required for particle growth is decided by the nanoparticle size, type and the

nature of the surrounding matrix.
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5.3 Concluding remarks

Theoretical aspects of growth and elongation of ZnO nanostructures have been
investigated. It was found that during the annealing, the annealing temperature
triggers the Ostwald ripening process in a system containing particles of various
sizes. Moreover, the growth of the nanoparticles along [0001] direction (i.e. along
c-axis) is energetically favorable owing to the minimum surface energy. The
unidirectional growth of the ZnO nanostructures along the c-axis was believed to
be the main cause behind the formation of elongated nanopatterns during thermal
treatment. Under energetic ion irradiation, the observed particle growth was
shown to the suppression of effective cohesive energy of the nanoparticles. The
particle growth was found to occur through interparticle mass transport during
irradiation. The nature of the dispersing media (matrix) and the nanomaterial type
would also take decisive role in determining the critical the fluence at which

coalesce of particles can be achieved.
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Chapter 6: Transport properties of ZnO nanorod based junctions

The superiority of an optoelectronic device depends on the quality and reliability
of a given metal-semiconductor junction. For technological applications, a
network of metal strips are developed on semiconductors to form interconnects
which could allow charge transfer from one point to another. These
interconnections appear as Ohmic contacts to provide low resistance paths for
carrier transport. Alternatively it can form Schottky contacts to afford non-linear
current-voltage (I-V) responses. With the advancement of fabrication strategies it
has been possible to obtain efficient metal-semiconductor junctions based on
nanoscale systems. Furthermore, the fabrication of a metal-insulator-
semiconductor structure by inclusion of an insulating layer between the metal and
semiconductor has its own technological importance. However, from the practical
application point of view, the achievement of a reliable and reproducible
nanoscale metal-semiconductor junction still requires a lot of attention. The
present chapter highlights the transport characteristics of ZnO nanostructure based

various metal-semiconductor and metal-insulator-semiconductor junctions.

6.1 Metal-Semiconductor Schottky junctions

A metal-semiconductor (MS) junction can exhibit rectifying nature with non-

linear /-V characteristics similar to a pn Vacuum Energy

junction diode. Such a rectifying device is ° qzs‘

called Schottky junction [1,2]. The ab, o

Schottky junctions have been proven to be adg o E,

advantageous over conventional pn Epmmtt = - - =~ - Ego

junction diodes owing to their faster

switching response and lower turn-on . \

voltages [2]. In principle, when a metal is <7 S

brought into intimate, at thermal Metal n-Semiconductor

4

equilibrium the Fermi level of the two | , .
Figure 6.1: Schematic representation

materials must coincide or align If a metal  of a Schottky contact.

is brought in contact with an n-type semiconductor, owing to large value of metal
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work function (¢,,), electrons move out from the semiconductor side to the metal
side and ensure the alignment of the Fermi levels. As the electrons leave the
semiconductor side, ionized donor atoms are left behind and a dipole region is
created in the same way as for the pn junction diodes. According to the Schottky-
Mott model, the barrier height (gs) of an ideal Schottky contact can be expressed
as the difference of the metal work function (¢,) and the semiconductor electron
affinity (y) i.e., @8 = @n - xs [3]. Figure 6.1 shows the formation of a Schottky
contact under such a condition. Finally, the electron movement from the
semiconductor side is hindered by the built-in potential (V) developed at the

junction and results in the formation of a depletion region of width W .

Now, under the application of forward bias, the forward diode current can be

expressed in accordance with the well known thermionic model and is given by

[1]

v
I=1, [exp(zk—}) ~1] (6.1)
where, g is the fundamental electronic charge, V, is the applied voltage, k being
the Boltzmann constant and 7 is the working temperature. The dimensionless
quantity # is called the ideality factor which determines the quality of the
electrical contact for establishing a rectifying junction. The reverse saturation

current, I, is given by [1]

[ = A4'T? exp(- 122 6.2
‘ p( kT) ‘( )
where, 4 is the effective area of the metal-semiconductor contact, 4 is the

Richardson constant and ¢z being the Schottky barrier height. For V > 3kT/g, the

forward diode current can be written as [4],
qv.
=1 exp(—= 6.3
s p()7 ) (6.3)

The electron affinity of ZnO is ~ 4.35 eV [3], and hence metals having work
function greater than this value would be able to form Schottky junctions with
ZnO. The development of rectifying Schottky contacts fabricated using M/ZnO
(M = Au, Ag, Pt, Pd, etc.) systems have previously been reported by various
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groups [5-8]-. Further, the thermal stability of the contacts has been a major
concern and it was reported that Ag/ZnO Schottky contacts are more stable over

Au/ZnO counterparts [5].

6.1.1 Effect of annealing temperature on the transport property of Ag/ZnO
Schottky junctions

The ZnO nanorods grown on Al,O4/Al substrate using the thermal annealing
process under different annealing environments (discussed in Chapter 2), were
used to fabricate the Ag/ZnO Schottky junctions. In this regard, metallic contacts
were fabricated by depositing two separate thin Ag-layers (~70 nm) on the top-
surfaces of the nanorod-grown Al,O3/Al substrates via thermal evaporation
process using a vacuum coating unit (Hind High Vacuum, chamber pressure ~10°
mbar) for the said purpose. In order to avoid chances of short circuit along the
vertical direction, the contacts were made horizontally on the top-surface of the
specimens. The current vs. voltage (I-¥) characteristics were studied at room
temperature (298 K) by using a computer H !
interfaced Keithley 2400 sourcemeter® via a ’ : ]
two probe method. Figure 6.2 shows the 4

schematic representation of the Ag/ZnO = ‘5'7
L _ Ag Y Y Ag
junction on Al;O3/Al substrate alongwith the pr T T

two probe-lids. The /-V characteristics were
recorded independently for the Ag/ZnO
junctions of different specimens each
comprising a number of randomly distributed
nanorods. Note that though the samples were

Figure 6.2: Schematic view of the

fabricated with same precursor (having pH AgZnO junction on ALOyAl
substrate.

value of 9.0), the growth process was carried

out at different annealing temperatures of 450, 550, 650 and 750 °C. The

corresponding Ag/ZnO junctions were named as S/, S2, S3 and S4; respectively.
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Figure 6.3 shows the [V 6.0x10°
characteristic curve of Ag/ZnO
4.0x10°F
junction made out of the -
nanorods synthesized at an < 2.0x10° 1
o
annealing temperature of 450 °C § 00l ]
(SI). Under a forward bias, the H b
O 2.0x10°
turn-on voltage of the sample
was found to be ~ 3.2 V, while 40x10 o 3 0 5 10
reverse breakdown occurred at ~ Voltage (V)

9.1 V. The nonlinear and Figure 6.3: /-V characteristic curve of Ag/ZnO

rectifying nature of the curve junction made out of the nanorods synthesized at
. 450 °C (SI). Inset of the figure depicts the
ensures the formation of a corresponding semi-logarithmic curve.

Schottky contact between the randomly distributed ZnO nanorods and metallic
Ag. The inset of Figure 6.3 depicts the corresponding semi-logarithmic /-V curve.
Referring to the equation (6.3), the  and ¢ were calculated from the linear fit of
the semi-logarithmic I-V curve. The 5 and ¢ related to the Schottky junction were
estimated as 18.4 and 0.77 eV. The observed high value of ideality factor depicts
the non-ideal behavior of the Ag/ZnO junction. The non-ideal behavior of the
junction can be attributed to the atomic scale non-uniformity of the Schottky
contacts arising due to the presence of some intermediate states/surface states and
defects [9] or, because of the surface damage during the formation of the Ag

layers on the nanorods [10].

Conversely, the Ag/ZnO junctions fabricated out of the nanorods prepared at
annealing temperatures of 550 and 650 °C (S2 and S3), show very large current
flow under reverse bias (Figure 6.4). Though the rectifying nature of the two
Schottky junctions is noticeable (inset (i)), the current under reverse bias is fairly
dominant. The semi-logarithmic /-V curves (inset (ii)), meant for S2 and S3
samples were characterized by very high values of # i.e., 35.4 and 33.2, and ¢ of
0.64 and 0.63 eV, respectively. Among the two Ag/ZnO junctions, S2 is governed

by higher current beyond a given bias voltage both in forward and reverse modes.
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Figure 6.4: I-V characteristic curve of Ag/ZnO junction made out of the

nanorods synthesized at 550 and 650
magnified version of the I-V curve,

°C (52 and S§3). Inset (i) shows the
while inset (ii) represents the semi-

logarithmic I-V curve for these samples.

In contrast, as depicted in Figure 6.5,
the Ag/ZnO junction obtained from
' the nanorods fabricated at 750 °C (S9),
reveals a good rectifying response.
The present I-V characteristics curve
exhibit lower turn on voltage in the
forward biasing mode and less leakage
current under reverse biasing. Using
the semi-logarithmic I-V curve (shown
in the inset), the  was calculated to be
12.2, while ¢5 has assumed a value of

0.78 eV.
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Figure 6.5: I-V characteristic curve of
Ag/ZnO junction made out of the nanorods
synthesized at 750 °C (54). Inset being the
corresponding semi-logarithmic curve.

It can be noticed that for all the Ag/ZnO junctions, the values of n were found to

be very high (>> 1). Earlier, Allen and Durbin also observed the high values of »

in ZnO based Schottky junctions [8]. The high values of # was attributed to the
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significant electron tunneling as a result of formation of a layer of positively
ionized oxygen vacancies with thickness comparable to a few atomic dimensions
at the interface separating the metal probe and the host ZnO. Similarly, for
AWZnO systems, the observed values of n between 20.5 and 38 were assigned to
the existence of an interfacial insulating layer or the surface states at the junction
[11]. In order to investigate the presence of various defects in the ZnO system, the
PL spectra of the nanorods were studied Figure 6.6 shows the room temperature
PL spectra of the nanorods fabricated at different annealing temperatures
considering an excitation wavelength (Ae¢) of 325 nm. The sample dependent
various native defect of ZnO were found to be the major contributor of the PL
emission response. The various peak positions describing different kinds of zinc

and oxygen related defects have been discussed in earlier reports [12-16].
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Figure 6.6: Room temperature PL spectra of the nanorods fabricated at different
annealing temperatures (A, = 325 nm)
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The PL spectra of the nanorods of S/ is dominated by the oxygen interstitial (O,)
defects (~ 535 nm) [13], along with the presence of singly ionized oxygen
vacancy (Vo') emission peak at ~ 490 nm [14]. Additionally, signature of poorly
resolved peaks due to neutral and singly ionized Zn interstitials (Zn, at ~ 430 nm
and Zn," at ~ 450 nm) [12, 15] and ionized zinc vacancy (Vz," at ~ 465 nm) were
also detected [13, 16]. In contrast, in the PL spectra of the nanorods of S2 and S3,
the Zn interstitials (Zn, and Zn,") related emission responses were found to be
substantially improved. In these two samples, the Vo' related emission at ~ 490
nm is profoundly strengthened, along with the development of neutral zinc
vacancy related emission peak (Vz,), located at ~ 400 nm [12] and that of the
ionized vacancy (Vz,) at ~ 465 nm. Finally, in the emission spectra of the
nanorods of S$4, the Vy, related emission intensity gets enhanced and became
comparable with the Zn, related emission. The annealing temperature dependent
evolution of different defects in thermal annealing process has already been
discussed in Chapter 3. Therefore, the PL study ensures the presence of various
defect/surface states of zinc and oxygen, within the band-gap of ZnO.
Accordingly, mechanisms such as image force barrier lowering (IFBL),
generation-recombination of carriers in the space charge regions, tunneling
current etc. can be realized to a great extent [6, 8, 17]. All these key factors are
accountable for the non-ideal behavior of the Ag/ZnO Schottky junctions under

investigation.

In ZnO system, Vo  and Zn, defects act as donors, whereas Vz,, O, and Oz,
behave as acceptors [12]. Now, it is probable that the presence of these donors
and acceptors in different concentration would alter the Fermi level position
within the band gap [12]. The variation of # and ¢p of the four different specimens
is shown in Figure 6.7 (a). The decrement of # with the increase of barrier height
and vice-versa is in consistent to earlier reports S, 6, 9]. Now, Figure 6.7 (b)
depicts the variation of ¢g with the ratio of acceptor type defect to donor type

defect i.e. zinc vacancy-to-interstitial (Vz,/Zn,) and oxygen interstitial-to-vacancy
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(O/Vo") of the four different samples. It can be observed that the O/Vq" ratio is

significantly higher for the nanorods of S/ owing to the dominance of O, defects
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Figure 6.7: (a) Variation of # and ¢ and (b) variation of the ratio of acceptor-to-
donor type defect emission response for the four different specimens.

over the defects of other kinds. The Ag/ZnO junction made of these nanorods
possesses a moderate value of Schottky barrier height and typically shows a
typical I-V curve of a Schottky junction with less leakage current. Whereas, in
Ag/ZnO junction made out of the nanorods grown at 550 and 650 °C (i.e. S2 and
S3), large reverse current was found as a result of large electron flow from the
metal to semiconductor under reverse bias. It can be noticed in the PL spectra
(Figure 6.6) that Zn, related defect emission gets improved in the nanorod systems
of §2 and S3 and that is why Vz,/Zn, ratio is lower in these cases (Figure 6.7 (b)).
Now, the presence of Zn,-donors will increase the n-type conductivity of the ZnO
samples [17] and making thereby the Fermi level position in §2 and S3 closer to
the conduction band as compared to S/. This means that, the Fermi level in the
corresponding Ag/ZnO junctions lies just below the conduction band as depicted
in Figure 6.8 (i). Consequently, the depletion region of the metal-semiconductor
contact becomes narrow in $2 and S3 systems. As a result, under reverse bias
when the semiconductor Fermi level shifts downward well below the equilibrium
position, the electrons experience a no barrier situation and tunnel from the metal
to the semiconductor side (Figure 6.8 (ii)). Accordingly, a very high reverse
current is predicted in S2 and S3. Moreover, the free electrons donated by the Vo~

and Zn, defect states increase the surface charge density and results in high IFBL
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effect [6]. Apparently, there is a reduction in the effective Schottky barrier height
(0.64 and 0.63 eV for S2 and S3 respectively), along with a decrease in the barrier

s 0+ V)
E q(t,+ g
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Figure 6.8: Energy band diagram of the Ag/ZnO junctions with samples (a) S/, (b) S2
and S3; for (i) equilibrium and (ii) reverse biasing cases. Here, a and b represent the
difference between the semiconductor Fermi level (Er) and the conduction band (£¢)
of SI and S2 respectively. Again, W and W’ denote the width of the depletion region of
the two junctions such that W’ < W. Upon application of a reverse bias V4, significant
electron tunneling occurs from the metal side to the semiconductor in S2.

width. Hence the presence of adequate Zn,-donor states results in the decrease in

barrier width owing to the Fermi level re-adjustment and large IFBL effect.

Accordingly, a large reverse current flows across the two Ag/ZnO junctions (S2

and S3).

As evident from the Figure 6 7 (b), the ratio of the acceptor-to-donor defect
concentration (for O/Vo' as well as Vzo/Zn,) has a decreasing trend while moving
from sample S/ to S2. Interestingly, though the O/Vo' ratio of S4 follows the

same tendency, the Vz,/Zn, ratio exhibited a reverse trend. Owing to the
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prominence of Vz, related emission in the nanorods of S4, the Vz,/Zn, ratio, in
this case is larger than for the nanorods of S2 and S3 specimen. In view of the fact
that the Vz, defects are compensating acceptors [18], the dominance of the Vz,
acceptors would result in the lowering of n-type conductivity of the nanorods of
5S4 than that of §2 and S3. Hence, the Fermi level position of the nanorods of S¢
will be comparatively lower than the nanorods of S2 and S3. Moreover, the
evolution of more compensating Vz, acceptors will cause fall of surface charge
density, thus leading to a weak IFBL effect. This accounts for the higher ¢ for S4
(0.78 eV) as compared to S2 and S3 (Table 6.1). Accordingly, there is a sufficient
enhancement in the barrier width in S§4 system where the free tunneling of
electrons is substantially hindered under reverse bias condition resulting a very

small leakage current.

Table 6.1: Various physical parameters of the samples synthesized under different
annealing environment.

Sample | g (eV) n Vzo/Zn; 0/Vo'
S1 0.77 18.4 0.97 1.33
S2 0.64 354 0.78 0.90
S3 0.63 33.2 0.74 0.81
§4 0.78 12.2 1.03 0.80

It has been seen that the defects have pronounced effect on the transport property
of the four kinds of Ag/ZnO junctions. In order to distinguish the nature of carrier
transport mechanism of the Ag/ZnO junctions, the I-V characteristics were also
plotted in the log-log scale (Figure 6.9). The log-log I-V characteristic curve of S/
is presented in Figure 6.9 (a). Basically, it depicts four independent regions
highlighting the nature of carrier transport for different voltage regime under
forward bias. The nature of current transport in the region I (V' < 1.2 V) is found
to vary linearly with the bias voltage as per the conventional Ohms law (I « V).
Therefore the tunneling assisted current transport mechanism is favored within the
regime 1. The region 1I (1.2 V < V' < 4.6 V) is characterized by an exponential

growth of the current with the applied voltage following the relation I o exp(aV),
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a being a system dependent parameter. The ideality factor () of the sample was

calculated within this region and here the carrier transport is assigned to the
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Figure 6.9: I-V characteristics of the four samples in log-log scale (a) S1, (b) $2, (c) S3

and (d) 4.
recombination tunneling mechanism where an electron experiences a series of
tunneling via local recombination sites [19-22]. In the present situation, the
recombination centers are provided by the various native defects of ZnO,
facilitating thereby an effective recombination tunneling phenomena. The region
[II (4.6 V< V< 6.2 V) is characterized by a steep exponential growth of current
with the bias voltage and is also attributed to the multiple recombination tunneling
events. Finally, beyond 6.2 V (region IV), the current transport follows a power
law (I o V%), which is recognized as the contribution owing to the space charge

limited current (SCLC) conduction process [21, 22].

The log-log I-V characteristics of S2 (Figure 6.9 (b)) has invariably exhibited five
different regions. The transport mechanism within region I (¥ < 0.1 V) is

dominated by a tunneling current, whereas, the current transport in region IT (0.1
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V<V13<V), M (13V<V<43V)andlV 43V <V <64YV)are dominated

by the recombination tunneling mechanism to different extents. Beyond V> 6.4 V
(region V), the transport mechanism is governed by SCLC phenomena. Similarly,
five independent regions corresponding to direct tunneling, recombination
tunneling and SCLC mechanisms are also observed in the log-log I-V plot of S3
(Figure 6.9 (c)). On the other hand the log-log I-V response of S4 (Figure 6.9 (d))
is characterized by only three regions. For instance the tunneling current is
evident in the region I (V¥ < 0.1 V), whereas the current conduction through the
recombination tunneling process is dominant within region 11 (0.1 V<V <2.3 V).
Finally, the SCLC mechanism becomes predominant over other mechanisms for
biasing voltage beyond 2.3 V (region III). The dominance and extent of different
characteristic regions in different samples are the outcome of annealing
temperature led variation and distribution of the different native defects within the

band gap of the ZnO nanorods.

6.1.2 Modification in transport properties of Ag/ZnQO junction by energetic
ion irradiation

As discussed in Chapter 4, energetic ion irradiation is capable of tuning (through
creation and annihilation) various native defects in the ZnO nanorod system. In
this context, ion irradiation can be very effective for controlling the transport
properties of the Metal/ZnO junction. Having this objective in mind, the transport
properties were investigated in Ag/ZnO junctions which make use of unirradiated
and 80-MeV oxygen ion (0% irradiated randomly oriented ZnO nanorods. The
ZnO nanorods on Al,O3/Al substrates were fabricated through a thermal
annealing process with precursor pH value of 8.5 and annealing temperature of
750 (= 5) °C as discussed in Chapter 2. The ZnO nanorods grown on ALO5/Al
substrates were irradiated in the Material Science chamber under a high vacuum
(pressure ~10"" mbar) condition and using 80-MeV O°%* jon beams (at a low beam
current of ~ 0.6 pnA, particle-nanoampere), available at the 15UD tandem
pelletron accelerator of Inter University Accelerator Centre, New Delhi. In order

to facilitate defect-related modification without inducing agglomeration of the
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nanorods, the fluence values were kept as low as 3 x 10" 6 x 10'°, and 9 x 10"

ions/cm”. Next the metallic contacts of Ag were fabricated on the top-surfaces of

the unirradiated and irradiated nanorods by means of thermal evaporation process

as discussed in the earlier section.
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Figure 6.10: Room temperature /-V curves of the Ag/ZnO junctions before and
after irradiation at different fluences. Inset being the corresponding semi-

logarithmic /-V curves.

As shown in Figure 6.10, the room temperature /I-V curves of the Ag/ZnO
junctions before and after irradiation exhibit excellent rectifying nature with very
low values of leakage currents. Ideally a non-linear /-V response could ensure the
formation of Schottky contact between the Ag metallic contacts and the ZnO
nanorods. The # and ¢ of the Ag/ZnO junctions were calculated using the semi-
logarithmic /-V curve, depicted in the inset of Figure 6.10. As to the unirradiated
nanorod system, the # of the corresponding Ag/ZnO junction was found to be as
high as 17.7, while ¢z beared a value of (.78 eV. In the pretext of earlier section,
the presence of a large number of surface/defect states within the band gap of

Zn0 is largely responsible for the non-ideal character of the Schottky junction.
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Upon 80 MeV O°" ion irradiation of the nanorods (with fluences of 3 x 10"’ and 6
x 10" ions/cm?), the current under forward bias in the respective Ag/ZnO
junctions was found to be substantially improved exhibiting steep slopes (Figure
6.10). The Schottky barrier height, @z, of these Schottky junctions also show
adequate enhancement with respective values of 0.95 and 0.9 eV for nanorod
systems subjected to irradiation. The corresponding values of # were estimated to
be 6.9 and 7.3, which are comparatively smaller than the case for unirradiated
system (# = 17.7). Finally, for the nanorod system irradiated at the highest fluence
(9 x 10" jons/cm?), a lower forward current was witnessed, which maintains a
higher value of ¢5 (0.87 eV) and a moderate value of # (8.0), compared to the

unirradiated system.

The different native defects - r— v -

of ZnO nanorod systems that
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Figure 6.11: Room temperature PL spectra of the

excitation wavelength, ke« = nanorods a) before, and after irradiation with a
fluence of (b) 3 x 10" fons/cm’, (¢) 6 x 10" ions/cm’,

325 nm. The PL spectra and (d) 9 x 10" ions/cm’. Inset being the magnified

show the radiative emission  version of the PL spectra of the nanorods irradiated at
9 x 10" jons/cm’.

response via various native

defect states of ZnO such as, zinc/oxygen vacancies, interstitials and antisites. The
PL emission intensities of the nanorods irradiated with a fluence of 3 x 10'® and 6
x 10" jons/cm” were found to be improved as compared to the unirradiated one.

Such an increase in the emission intensity can be assigned to the dominance of
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creation over annihilation of native defects as a result of the bombardment of
energetic ions [23, 24]. The irradiation induced increase of defect concentration of
the nanorods was chiefly responsible for the observed enhancement in the current
conduction in the /-V response of the two Ag/ZnO nanojunctions under study.
Moreover, upon irradiation at the highest fluence (9 x 10" jons/cm?), the
luminescence intensity of the nanorods gets suppressed. The luminescence
quenching can be attributed to the collective annihilation of the various defect
states owing to adequate migration of interstitials and fast structural ordering in
view of significant electronic energy loses of projectile ions [25]. In gist, the
noticeable lowering of forward current in the Ag/ZnO junction made out of these

nanorods is solely attributed to the suppression of native defect concentration as

compared to the unirradiated one.
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Figure 6.12: Gaussian fittings of the PL spectra. a) Before irradiation, and after
irradiation with a fluence of (b) 3 x 10" ions/cm?, (¢) 6 x 10" ions/cm?, and (d) 9 x

10" ions/cm’.

To make a comprehensible assessment of the independent contribution of the
native defects, generalized Gaussian fitting was used to extract different peak

maxima associated with different types of defect (Figure 6.12). The PL spectrum
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of the unirradiated nanorods (Figure 6.12(a)), shows three major peaks
corresponding to neutral zinc interstitial (Zn, at ~ 423 nm), singly ionized zinc
interstitial (Zn," at ~ 446 nm), and singly ionized oxygen vacancy (Vo' at ~ 491
nm) related emissions. Among these three defects related emissions, the Zn,*
related emission was dominating one in the overall spectrum. Upon irradiation
with a fluence of 3 x 10'° jons/cm? (Figure 6.12(b)), emission peaks related to the
neutral zinc vacancy (Vz, ~ 407 nm) as well as oxygen interstitials (O, at ~ 526
nm) have evolved [12, 13]. Although the emission peaks related to Zn, and Zn,”
defects remain intact, the Vo™ related response gets suppressed. This fact could be
accounted for annealing out of considerable amount of Vo' defects than other
types of defects when the sample was subjected to oxygen irradiation (equivalent
of annealing in air) [26]. Secondly, irradiation with a fluence of 6 x 10" ions/cm?
(Figure 6.12(c)) has resulted in the decrease of the neutral Vz, related emission
but leads to the appearance of an emission peak due to singly ionized zinc
vacancy (Vzn) defects at ~ 472 nm. Finally, at the highest fluence of 9 x 10"
ions/cm?, the Vz, related emission gets completely quenched, while Vz, related
response remained unaltered, as found in Figure 6.12(d). Therefore, it suggests
that the Vg, defects created at a fluence of 3 x 10" ions/cm?, were partly
converted to Vz, defects when a higher value of fluence (6 x 10" ions/cmz) was
considered. At 9 x 10'° ions/cmz, all the Vz, defects get transformed into Vz,
defects as a result of which Vz, related emission is drastically quenched. It can
also be noticed that the Zn, related emission increases over Zn,” related emission,
as one moves from a low to a high fluence value. It was known earlier that during
irradiation, the electronic energy loss (S.) is generally used in ionizing the target
material along the path of the ions [25]. In the present study, the considerable
magnitude of S, (1.62 x 10? eV/A) of the oxygen ions in host ZnO is capable of
ionizing Zn, and the neutral Vz, defects. Consequently, there will be a conversion
of Vzu-to-Vz,~ defects and Zn,*-to-Zn, defects along the trajectory of the ions. The
probability of such conversions increases as more ions have impact with the target

material. At the highest fluence, the V, defects get converted to Vz, defects, and
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at the same time the Zn,” defects were transformed to Zn, defects via

manifestation of electron transfer process.

The carrier transport mechanism of the Ag/ZnO junctions were analyzed from the
characteristic I-V curves in the log-log scale (Figure 6.13). The Ag/ZnO Schottky
contacts that use pristine nanorods, have exhibited two distinct regions of current

conduction as shown in Figure 6.13(a). The current in region-I (¥ < 3.1 V) shows
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Figure 6.13: The Jog-log plot of the -V characteristics of the Ag/ZnO junction
using pristine and irradiated nanorods. Here, Ag/ZnO junction comprises (a)
pristine nanorods, and ion irradiated nanorods at fluence (b) 3 x 10'® ions/cm?, (c)
6 x 10" ions/cm?, and (d) 9 x 10" {ons/cm?.

an exponential increase with respect to the applied voltage following a relation /e
exp(a¥), a being a system dependent parameter. The n value of the system was
calculated within this region where the conduction mechanism is dominated by
the recombination tunneling. Beyond 3.2 V (region-II), the current conduction
follows a power law obeying the relation: / oc ", where m = 4 and the effective

current transport mechanism is assigned to the space charge limited conduction
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(SCLC). The current is dominated by the drift component of the injected carriers
i.e. due to the movement of charge carriers on the application of electric field. In
the present case, as m > 2, the SCLC is said to be in the mobility region where the
carrier velocity depends on the electric field with an exponential distribution of
the traps within the band gap of ZnO [27, 28]. For this reason, it is also termed as
trap charge-limited current (TCL.C) [27].

Table 6.2: The parameters associated with various transport mechanism for different

ZnO nanorod systems used in making Ag/ZnO junctions.

Fluence és n Recombination SCLC/TCLC
(ions/cm?) (eV) tunneling
Region I Region II Region IT1
0 (Unirradiated) | 0.78 | 17.7 IL1V-31V >32V -
(m~4)
3x 10" 0.95 6.9 06V-18V 1.8V -22V >22V
(m~7) (m~4)
6x10"° 0.9 7.3 09V-22V 23V-31V >3.1V
(m ~ 6) (m~43)
9x 10" 0.87 8.0 07V-18V 1.8V-32V >32V
(m~2.7) (m~1.4)

For the junctions comprising of the irradiated ZnO nanorods, the injected current
exhibited three separate regions in the log-log scale of I-V plots (Figure 6.13 (b-
d)). Table 6.2 shows the typical ranges responsible for the transport mechanism.
In all the Ag/ZnO junctions under study, the current conduction is predominantly
governed by the recombination tunneling mechanism which is characterized by an
exponential increase in current (region-I). The current in region-IT is described by
a power law indicating the dominance of TCLC mechanism similar to the
unirradiated one but with a different value of m (>2). Apart from these two
conventional regimes, an additional zone (region-I11) has evolved for the Schottky
junctions based on irradiated nanorods (Figure 6.13 (b-d); Table 6.2). Governed
by the SCLC mechanism, the current conduction in this new region still obeys the

power law but possesses lower values of m. Moreover, dominated by TCLC
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transport mechanism, the Schottky junctions that use the ZnO nanorods irradiated
with fluences of 3 x 10'® ions/ cm?, and 6 x 10'° ions/ cmz, have exhibited higher
values of m (> 4) (Figure 6.13 (b,c) Table 6.2). At the highest fluence (9 x 10"
ions/cm?), in the region 111, m acquires a marginal value of 1.4. At this time, the
SCLC is in ballistic regime i.e. the critical dimension where the carrier transit is
comparable or smaller than the mean free path [1]. In this situation, the carrier
velocity is independent of the field and scattering process, but depends on the
injection velocity of the source [1, 29]. The appearance of the new region (III) for
the Schottky contacts made of the irradiated nanorods is attributed to the
irradiation induced modification in the charge carrier distribution due to the

reorganization of the different defects of ZnO.
6.2 Metal-insulator-semiconductor junction

The existence of a thin insulator layer (of the order of few atomic dimensions)
between a metal and semiconductor forms a typical metal-insulator-
semiconductor (MIS) junction. The current conduction in MIS junction differs
from that of the MS junction, in the sense that, the former is accompanied by
unlike potential barriers at the metal-insulator and insulator-semiconductor
interfaces. These interfacial potential barriers have considerable effect on the
electron transport mechanism from semiconductor-to-metal or vice-versa [30].
The transport mechanism, in the MIS junction, is mostly expressed in the light of

the following models: Direct tunneling, Thermionic emission, Poole-Frenkel
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Figure 6.14: Different conduction processes occurring in a typical MIS junction.
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emission, and Fowler-Nordheim tunneling. Figure 6.14 depicts a series of various
conduction processes in a typical MIS junction [1, 31-33]. The tunneling current
is a quantum mechanical phenomenon where the electron can tunnel through a
potential barrier. Such an event is called direct tunneling (DT) of electrons. In the
MIS junction DT takes place across the trapezoidal shaped barrier under biasing
condition (Figure 6.14 (a)). Further, Fowler-Nordheim tunneling (FN) is unusual
mechanism where carriers tunnel through only a partial width (i.e. through the
triangular segment) of the barrier as depicted in Figure 6.14 (b) [1, 34].
Thermionic emission (TM) over the metal-insulator barrier or the insulator-
semiconductor barrier is also responsible for carrier transport in MIS junction.
Finally Poole-Frenkel emission (PF) in MIS junction occurs owing to the

emission of trapped electrons into the conduction band (Figure 6.14 (d)) [1].

The urchin like structure and the randomly distributed nanorods of ZnO fabricated
using a thermal annealing process at 400 and 650 °C were used for the fabrication
of MIS junctions. The two samples were named as S/ and S2 and their structural
and morphological features were described

in Chapter 2. Metallic contacts of Ag (~ 60

o _
[#]

i |

| H
nm layer) were deposited on the ZnO ;g ia
nanostructure grown Al,Os/Al substrate | :
using a thermal evaporation method. As
shown in the schematic of Figure 6.15 the
intentionally grown Al,O; layers act as

interfacial layer separating the ZnO

nanostructures and metallic Al-base. Two

vertical terminals were made out of the
Figure 6.15: Schematic view of the
Ag-contacts upon the nanostructure  Ag/ZnO and Al/AL,05/ZnO junctions.

systems (terminals a and b), while another
terminal was taken directly from the metallic-Al substrate (terminal ¢). In this
way the Al/Al,03/ZnO MIS configuration was achieved with terminals a and c,

while Ag/ZnO MS configuration was realized with terminals a and b
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The representative I-V curves of the Ag/ZnO MS (terminal a and b) and
Al/A1,O03/ZnO MIS junctions (terminal a and c) are illustrated in Figure 6.16. The
I-V characteristics of the Ag/ZnO junctions prepared out of the nanorod samples

SI and S2 have exhibited a nonlinear rectifying response. The Schottky contact
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Figure 6.16: -V characteristic curves of the Ag/ZnO MS and Al/A1,0,/Zn0O
MIS nanojunctions.

formed between metallic-Ag and the ZnO nanostructures is thus established. In
contrast to that, the /-V patterns of the AI/A1;03/ZnO junctions witness higher
current conduction. Both the MIS junctions formed out of the samples S/ and S2,
are characterized by a sharp rise in current, beyond a critical voltage. The critical
voltages were found to be ~ 0.9 V for S/ and ~ 1.2 V for S2. The difference of the
current conduction in MS and MIS junctions is believed to have occurred because

of the interplay of different transport mechanisms in the two types of junctions.

The nature of current transport mechanism responsible for the current conduction
in the Ag/ZnO Schottky junction has already been discussed in the earlier section.
The Ag/ZnO Schottky junctions were found to be dominated by direct tunneling
current, recombination tunneling and space charge limited conduction (SCLC) at

different regions of the applied voltage. So as to find the dominant transport
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mechanism in the Al/A1,03/ZnO MIS junctions, the corresponding I-V responses

were fitted in the thermionic emission model using the equation [1]:

s
Joc A*¥T? exp _q_¢’i+ _q_V (6,4)
kT 4re,

where, A*, dg, k, T, g1 and g denote the Richardson’s constant, barrier height,
Boltzmann constant, working temperature, dielectric permittivity and fundamental
electronic charge respectively. As shown in the plot of log (1) and i (Figure

6.17), under forward biasing, the linear fits, within the region upto ~ 1

V reveal that the current conduction in 1o~ v r v v
. Forward bias
this region follow the thermionic oy 2 1
. -4 Lanear Fr
emission model. In the present 0 eerse b ' !
. . . . . = I()'s[ s M
situation, the thermionic emission is C | 4 |
8 107
reasonable as a number of thermally < 10”r ]
. ] |
excited electrons are able to overcome 105} 1
the barrier and take part in the current o P
0.0 0.5 1.0 1.5 20 235
conduction process. The dominance of yl?

thermionic emission current is also s
) o Figure 6.17: Variation of log(l) with V'
found under reverse bias condition of two AI/Al,0y/ZnO junctions. The

unfilled (open) and filled (solid) labels

(upto the biasing voltages of ~ 1.3 V represent forward and reverse biasing.

and 4 V) in case of MIS junctions

produced from nanorod samples of S/ and S2.

A significant electron tunneling through any insulator layer is the prime event that
is applicable to any MIS junction where the energy barrier for tunneling varies
with the applied voltage. The occurrence of tunneling current, in the
AV/A1,03/ZnO MIS junction has been realized in the Jog-log plot of the I-V curves
(Figure 6.18). Under forward bias condition, the linear fit within a region upto ~
0.6 V for the junction with S7 and ~ 1.1 V for that with S2, corresponded to the
conventional Ohmic feature (/ o« V). Likewise, upon reverse biasing, the Ohmic

conduction due to the electron flow from Al to ZnO through the barrier was
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evident upto ~ 2.2 V and 4 V for the
respective junctions that use S/ and
S2 nanorod systems. Therefore, it can
be suggested that the dominance of
direct tunneling of electrons through
the insulating AL O; layer is highly
favorable when the applied voltage is
less than the height of the trapezoidal
barrier [1, 35]. Should the applied
voltage exceeds the barrier height, the
transforms into

barrier gradually

triangular shape. This accounts for
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Figure 6.18: Variation log(l) vs. log(V) of
two Al/AL,03/Zn0O junctions. The unfilled
(open) and filled (solid) labels represent
forward and reverse biasing; respectively.

significant electron tunneling through the partial width of the barrier [1, 35]. The

situation where tunneling through the triangular barrier predominates, is

recognized as FN tunneling. The FN tunneling related current conduction follows

the equation [1]:

TV exp

_ 4t\J2m, ¢’

6.5
3ngV (6:5)

here, ¢, m. are the barrier width and the effective mass of electron; respectively.

The plots depicts FN tunneling across
two MIS junctions are shown in
Figure 6.19, while the schematic of
the figure inset represents the
ongoing event. The plot of log (I/V°)
as a function of ¥/ possesses a linear
trend above 0.8 V and 1.2 V for the
two junctions made out of samples of
S1 and S2; respectively. The linear
above these

responses  observed
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Figure 6.19: Variation of log (I/V?) vs. V'
under forward bias of two Al/AL,03/ZnO
junctions. Inset shows the corresponding
schemes of FN tunneling.
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voltages reveal the dominance of the FN tunneling of electrons through the
insulating ALL,O3 layer. Now, the two voltages beyond which the MIS junctions
exhibit FN tunneling were investigated in the characteristic /-V plots (Figure
6.16). It was found that above the two voltage regions the current grows
significantly with the applied voltage. Therefore, the rapid current growth
observed in the I-V plots of two junctions, is a consequence of FN tunneling of

electrons from the ZnO nanorods to the Al-substrate mediated through the thin
Al,Oj; interfacial layer. In the lower voltage region and below the critical voltage,
the current conduction was found to be dominated by TE and DT events of
electrons. Earlier, Beebe et al. have demonstrated the transition of DT tunneling
to FN tunneling above a transition voltage in case of metal-molecular
nanojunctions and ascribed to the transformation of the trapezoidal barrier to a
triangular one [35]. Again, Cheo and the co-workers have also observed the
transition of DT tunneling to FN tunneling while considering field effect
transistor action of ZnO nanowires [36]. A similar situation can also be
recognized in the present case also, where a changeover from both the DT
tunneling and TM to the FN tunneling is assured. Thus, both TM and DT
tunneling were observable with a small barrier height and width of the interfacial
AlLO; layer, whi!e transition to the FN tunneling beyond a critical voltage

accounts for the slanted barrier width. In contrast, an analogous trend was also

observed in the reverse bias mode, 20\-|()"T Y —r -
where the FN tunneling of ] . T
electrons takes place from the n.: .--'. A 92
metallic Al to ZnO nanorods E Lovto“k 4
through the interfacial Al,O; layer E,J ‘%

2

(Figure 6.20). Under a reverse

bias mode, the critical voltage
& 00 LMMA FEEN
above which the FN tunneling 0 [ 2

occurs was found to be ~ 2.4 V

and 4.1 V for the junctions with Figure 6.20: The variation of log (V) vs. V!
under reverse bias. Inset being the

ST and S2 samples respectively. corresponding scheme of the FN tunneling.
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It can be noticed in Figure 6.19 that the critical voltage above which FN tunneling
dominates the I-V response is different for two Al/Al,O3/ZnO MIS junctions
made out of samples S/ and S2. The mean critical voltage was determined by
considering 10 different /-V scans at different contact positions of the samples
(referring to Figure 6.15, terminals a and ¢, b and c¢) and was found tobe ~ 1.2 V
and ~ 1.6 V for the two individual junctions. The variation in the critical voltages
of the two types of junctions suggests the non-identical thickness of the Al,O;
layer in the two samples S/ and S2. The width of the barrier is expected to be less
in the MIS junction with S/ due to which the critical voltage acquires a lower
value (~1.2 V) as compared to that of S2 (~1.6 V). It is now ascertained that the
formation of Al,O; layer over the metallic-Al, is depended on the annealing
temperature. As .S2 was prepared at a comparatively higher temperature than SJ, it
is speculated that, the insulating layer formed is thicker in S2 than in S/. Figure
6.21 represents the schematic view of the two junctions with different thicknesses
of the insulating layer. Consequently, above the critical voltages, electron
tunneling occurs in larger amount across the MIS junction with S/ as the width of

the triangular region of this junction becomes smaller than that of S2
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Figure 6.21: Schematic view of the electron transport across the MIS junctions
with different thicknesses of the insulating layer under forward bias.
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6.3 Concluding remarks

The salient current transport features of ZnO nanostructure based various metal-
semiconductor (MS) and metal-insulator-semiconductor (MIS) junctions have
been investigated. The MS Ag/ZnO junction exhibited rectifying nature with
higher ideality factor due to the presence of various native defects of ZnO. The
annealing temperature led dominance of the donor or acceptor type defects has
foremost effect on the current transport properties of the junction and hence, alters
the ideality factor and barrier height of the Schottky junctions. The current
transport mechanism in the Ag/ZnO junction was found to be dominated by direct
tunneling, recombination tunneling and space charge limited conduction. Again,
energetic ion irradiation was found to play crucial role in controlling
nanostructure defects and hence altering the transport properties of Ag/ZnO
Schottky junctions. The ion fluence dependent variation in the ideality factor and
barrier height can be assigned to the competition among the donor and acceptor
type of defects of ZnO. In contrast, significant Fowler-Nordheim (FN) tunneling
across Al/AL,O3/ZnO MIS junction have also been demonstrated. The current
transport was found to be dominated by thermionic and direct tunneling events
through the insulating Al,Os; layer. Above a critical voltage (< S V), the
AVALLO3/Zn0 junctions exhibited sharp rise in current due to the dominance of
the FN tunneling of electrons through the ALO; insulating layer, over other
transport processes. The fundamental investigations of such current transport
mechanism in metal-semiconductor and metal-insulator-semiconductor junctions
are useful for direct electrical probing and essential for the development of
prototype devices that can work at low operating voltage but with high throughout

and figure of merit.
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With the swift advancement of modern civilization, environment related several
aspects have become a point of threat to humanity. Ultraviolet (UV)
photodetection has gained an immense attention over the recent years. The UV
photodetectors find applications not only in environment and solar UV monitoring
but also in various technological aspects. As far as UV detection is concerned,
extensive research is being perused to develop enduring and cost effective UV
photodetectors based on semiconductor materials. ZnO being a wide band gap
semiconductor is suitable for UV detection. Again, the high surface-to-volume
ratio of nanoscale materials makes the system more promising for UV detection
application. The current Chapter focuses on the UV detection aspect of the ZnO

nanostructures and the on going mechanism.

7.1 Photoconductivity in ZnO

A photodetector is a device that can provide an electrical response as a measure of
incident electromagnetic radiation. There are several varieties of photodetectors,
such as photoconductors, photodiodes, phototransistors, charge-coupled devices
(CCD) etc. Generally, the photodetection in a photodetector involves the
formation of electron-hole pairs upon the absorption light having energy greater
than the band gap of the material {1]. However, the photoconductivity in ZnO
(typically within 300-400 nm range) is explained in terms of two different
mechanisms: first one is the bulk related process and the second as the surface
related process [2-8]. The bulk related process deals with the fact that ZnO can
adsorb O; from the ambient atmosphere in the grain boundaries and form O, ions
by capturing electron(s).

Oy +e — OF (7.1)
This process leads to the formation of a barrier which lowers the conductivity of
the material. Upon UV illumination (energy greater than the band gap of ZnO)
electron-hole (e-A) pairs are generated.

hv—e+h" (7.2)

The O;” species captures the hole and gets desorbed as neutral O,.
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Oy +h" — 0, (7.3)
This results in the reduction of the barrier height and increase in the effective
conductivity [3, 4]. Since this process is associated with the events occurring
across the grain boundaries and/or the core of the material, it can be assigned as a
core process. On the other hand, the surface related process corresponds to the
adsorption and desorption of O, at the surface of ZnO and is, prominent in
nanoscale systems owing to high surface-to-volume ratio. The adsorbed O,
species on the surface of ZnO captures an electron and becomes O,  as per in
equation (7.1). Consequently, a depletion region is formed near the surface which
would lower the conductivity. Upon UV illumination, the photogenerated hole
compensates the O,  species through the surface e-h# recombination. Thus
desorption of neutral O, leads to the reduction of the width of the depletion
region, while the photoexcited unpaired electron increases the photoconductivity
of the material. Figure 7.1 demonstrates the situation in the absence and presence
of the UV light. Although both the UV detection mechanisms are related with the
variation in conductivity upon adsorption and desorption of O, the surface related

process is slow compared to the core process [3, 4].

i Oxygen
02_ Desorption . Electrons
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Figure 7.1: Schematic representation of UV sensing mechanism in ZnO system.

The urchin like structures of ZnO on Al,Os/Al substrate and ZnO nanorod arrays
on glass substrate were tested for the UV detection. The structural and optical
properties of the two types of nanostructures have been explored in the earlier
Chapters. The current vs. voltage responses of the photodetectors were recorded

using Keithley® 2400 Sourcemeter via two probe method. The photoconductivity
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measurement were performed under a continuous illumination of a UV lamp (A =

365 nm) at room temperature.

7.1.1 UV photodetection of ZnO Urchins system

In order to fabricate the UV-sensing device, metallic
contacts in the form of two Ag-layers (thickness ~ 70
nm) were deposited on the urchin like structures grown
the ALOi/Al

evaporation technique as discussed in Chapter 6. Figure

on thermal

substrate by using a
7.2 depicts a schematic view of the nanostructures with
Ag-metallic contacts used for UV detection. The
semilogarithmic I-V characteristics under forward bias
condition for the urchin like structures of ZnQO (recorded

in dark and in presence of UV illumination) are shown

Figure 7.2: Schematic
arrangement of the ZnO
urchins used in UV
detection.

in Figure 7.3. Basically, the inset of the figure reveals the /-7 response in the

dark. The non-linear rectifying trend of the typical /-¥ response originates from

the Ag/ZnO Schottky junction formed

between metallic Ag and the ZnO 50?

nanostructure. It can be observed that ’E,:z

upon UV illumination, the current gets g 0.t 55 0 ofae__)

substantially enhanced as compared to & Voltage (V) B

the dark current. At a given bias E o,e _u-® -
o et

voltage of 3V, the current under UV 0.01p )/o - :

illumination is found to be ~ 11 times ’/a 1?;:';“;::;:1”,\ i

higher than the current in absence of 0p B I0 s 10 2F 3

UV light. The liberation of O, from the
ZnO nanostructures via the core and
surface related process has led to the
during UV

increment in current

illumination.

Applied Voltage (V)

Figure 7.3: [-V characteristic curve (in
semi-logarithmic scale) of the ZnO urchins
in dark and in presence of UV light. Inset
being the typical /-V response in dark.
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Now the quality of a photodetector is evaluated in terms of the responsivity (®).
The responsivity of a photodetector is the ratio of the obtained photocurrent (/)

to the incident optical power (P,,) and is given by [1, 9-11},
-2-gH O

where, G is the photoconductive gain, Av is the incident photon energy, and g
being the electronic charge. The basic metric on which the photocurrent depends
is the quantum efficiency () which is defined as the number of carriers produced
per photon. ldeally 7 is unity, while the non-ideality arises due to the current loss
in mechanisms like recombination, unwanted scattering etc [1]. In the present
case, assuming # as unity for convenience, ® was determined as~ 1.4 A/ W at 3
V. The obtained value of ® is a moderate one compared to the reported values for

ZnO nanostructures or thin films [10-12].

The rise and decay current of

0.50 S— v y———
the photodetector was recorded | @ Evperimental Data
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after every 15 s, for turning
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on/off conditions of the UV E 040
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Figure 7.4. The current under S ool - J

UV  illumination increases gosee,

rapidly with time and also falls 0.23 h‘- - o ‘. . +

quickly upon terminating the 0 100 200 300 400 500 600

UV light. Under UV light (90- Time (s)

330 s), the current gets Figure 7.4: The photocurrent growth and decay
under ON/OFF conditions of the UV light (at
7.5V).

value (< 90 s). The photocurrent initially shows small fluctuation, but afterward

enhanced compared to the dark

becomes almost steady. In contrast to this region, the current upon UV
termination (beyond 330 s) decreases in magnitude. The observed fast growth and

decay responses suggest that the photoconductivity mechanism in the urchins is
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dominated by the core process [3, 4]. The growth and decay part of the
experimental data were fitted with exponential equation of the type: y = y, +
Ajexp(x/t;)) and y = y, + Azexp(-x/tz), where t; and t, are the growth and decay
constants [8, 13] and were found to be ~ 21 s and 9.6 s respectively with respect
to the recording time interval. Upon termination of UV light the current value
drops down to the initial dark current due to the rapid band-to-band recombination

of e-h pairs.

7.1.2 ZnO nanorod array based UV photodetectors

The ZnO nanorod arrays grown 10*
600000000
over the borosilicate glass substrate 10’} 500 09
o)
(using a solution growth process) 10'f . °
-~ 9[0 DDQDDDDDDD
were also investigated for the < 10 | o goob
: ob 0 hv
purpose of UV detection. The g 10 "1 e U ? U
o nto ' ,
photodetector was designed by 5 10°[ - LS R
. . Q 107" | O Darkcuricnt :
making two Pt-contacts (thickness ' Current under
10"-‘ UV light VA L DR ok A
~ 30 nm) on the nanorod films by ! [ gl wnmie |
. . . lo'” U | A A N
using a sputtering unit. The forward 0 1 2 3 4 5

Applied Volt \%
biased I-V response of the ZnO pplicd Voltage (V)

an'ayed System in presence and in Figure 7.5 IV Characteristics Of the nanorod
_ o specimen in dark and under UV illumination.
absence of the UV illumination

(A=365 nm) is shown in Figure 7.5. The inset of the Figure shows the schematic
representation of the nanorod array with Pt-contacts and probe-lids. In presence of
UV illumination, the current conduction is found to be significantly higher than

the dark current.

The rise and decay of current of the ZnO nanorod arrays after every 15 s, for
turning on/off conditions of the UV light at constant forward biasing of 5 V is
shown in Figure 7.6. It can be observed that unlike the previous UV detection
system, the photocurrent in this case increases slowly with time during UV

illumination and also decreases slowly upon terminating the UV light. The
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photoresponse curve resembles the saw tooth pattern. The growth and decay
constants, z; and 7, are found to be ~ 102 s and 70 s respectively. Compared to the
‘urchins, the observed slow rise and decay of photocurrent of the nanorod arrays
suggest that the photoconduction mechanism is dominated by the surface related
process.

In the photoresponse curve it can be

_ o Evperimental Dats = ] ety et e
noticed that upon turning off the 2.5F — Fitting 3 fweto 1
——UVOn—eg = ™00

UV light the photocurrent didn’t ~ < o°o°°‘b%°
20p T AT .

decay completely. Consequently, a 3 S‘L m:"o %1,?
- prooy LA

. L 5 e
persistent photoconductivity (PPC) é 1sh Time tsec) 1
was maintained in the nanorod 5 i !
array based photodetection system tof i
[9]. The presence of various defects 05 T UV OFF ]
or trap states within the band gap of f e —
0 100 200 300 400 S00 600

ZnO help trapping of charge .
p pping g Time (s)

carriers and slows down the decay

Th Figure 7.6: Rise and decay in photocurrent of
the ZnO nanorod array for on/off conditions of

trapping of charge carriers at the the UV light(at5 V).

of photocurrent [4, 14].

defects or trap states are often correlated with the origin of persistent
photoconductivity (PPC) in ZnO nanostructures [9]. To reaffirm the observation
further, the photoresponse of a sample was recorded for 2™ time after keeping it
in the ambient environment for 15 min. The inset of Figure 7.6 shows a
comparative view of the photoresponse recorded for the 1% time (Case 1) and 2"
time (Case 2). The photoresponse curve in Case 2 has a close resemblance with
that of Case 1. It is also notable that the initial dark current in the transient
photoresponse curve in Case 2 is higher (~ 18 times) compared to that of Case 1.
This can be attributed to the fact that most of the electrons which were responsible
for PPC in Case 1, remain in excited state even upto 15 min (900 s) of duration
since the UV light was terminated. Previously, the PPC in WO; nanowires was

found to last for a time duration over 10° s [15].
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The existence of PPC has been witnessed several times in various materials [16-
18]. However the origin of PPC had always been a subject of controversy. Earlier,
the evolution of PPC was related to the presence of point defects, traps states [9]
or to the electron-hole separation associated with the surface of the oxide
materials [19]. Lany and Zunger have argued that PPC in n-ZnO system is caused
by oxygen vacancy Vo, originating from a metastable shallow donor state [20].
Further, suggesting the PPC as a surface phenomenon, it was experimentally
demonstrated that the oxygen vacancies act as the rich source of PPC [19, 21]. In
contrast, Yadav and the co-workers have reported that the evolution of PPC is due
to the presence of deeply trapped electrons located at the recombination centers
[22].

In the present system under investigation, the existence of the trap states within
the band gap of ZnO can be an efficient source of the observed PPC. As discussed
in Chapter 3, the presence of the trap states in the ZnO nanorod arrays was
ensured from the spectroscopic analysis. Here, the proposed mechanism for the
evolution of PPC in the ZnO nanorod array based photodetetctor, is summarized
in schematic diagram in Figure 7.7. Upon UV illumination a major fraction of
electrons are excited to the conduction band, while some electrons get entrapped
in the trap centers which lie just below the conduction band as shown in Figure
7.7 (a). When an equilibrium is established between the charge carriers residing in

the conduction band and the shallow trap states, the thermal transition from the

O,
. Elecnons \’l
O, 02 I XXXIxx n_‘
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swrace & $'& S&Tap states L
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. W .
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Figure 7.7: Schematic representation of UV detection process and origin of PPC. (a)
depicts the situation during UV illumination, while (b) represents the situation right
after UV termination.
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traps to the conduction band (or vice versa) is allowed [4, 22]. When UV light is
terminated (Figure 7.7 (b)), electrons both from the conduction band and the trap
centers recombine with the hole-counterparts left in the valence band. Under these
circumstances the recombination process gets slower as a part of conduction band
electrons has to come across the trap states before they recombine with the
valence band holes. This fact is also evident from the PL spectra of the nanorod
arrays as discussed in Chapter 3. In the PL spectra both the band edge (band-to-
band direct recombination of e-h pair) and trap assisted emissions were observed
upon exciting the system with a wavelength of 325 nm. Simultaneously, the O,
species which were earlier desorbed from the surface of the nanorods during UV
illumination get re-adsorbed upon UV termination, leading to the development of
a built-in potential near the surface (Figure 7.7 (b)). Consequently, the separation
of charge carriers is achieved as a fraction of holes accumulate near the surface of
the nanorods and electrons in the interior [19]. Therefore, the electrons residing at
the conduction band or at the trap centers do not find enough number of holes to
encounter in the valence band. The excess number of electrons present in
conduction band and the trap states even after switching off the UV light give rise
to the PPC effect.

Figure 7.8 shows the 2.0 , .
UVON. UV ON UV ON g
transient photoresponse of i f
L6
the ZnO nanorod array ? | c? o
based photodetector with 2 1.2} secana @)
K L ot slope
UV light on/off conditions, 5
o t 0.8}
for three periodic cyclesand = iial
U :II IJ.
each of 240 s time duration. 0.4 -"Qx pPCA
During UV illumination the g PPCI
0.0 A A L
current in the photoresponse 0 150 300 450 600 750

. Time (s)
curve, is found to get
increased with every cycle Figure 7.8: The photoconductive response of the

nanorod arrays for periodic cycles of illumination and
and consequently the PPC  termination of the UV light (at SV).
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too. Previously, it was demonstrated that the shape of a photoresponse curve
dependé on the number of trap states suggesting two different slopes [3, 4]. The
initial slope corresponds to the fast-rise signifying the core process. While
mediated by surface related mechanism, the second slope represents a slow
response owing to the establishment of equilibrium between the charge carriers in

the conduction band and the trapping states (3, 4].

Table 7.1: Different parameters related to the photoresponse of the nanorod system.

Cycles | Initial slope | Difference in Ratio of T
x 107 slopes PPC-to-dark (s)
x 107 current
1 7.9 1.5 329 72.8
2™ 18.2 12.9 61.3 75.6
3% 203 15.3 79.1 79.0

In the photoresponse curve, linear fitting was adopted on the initial and end-parts
of each cycle under UV illumination. Tt can be noted that the slope of the initial
part has an increasing trend as one moves from the 1* cycle to the succeeding
cycles (Table 7.1). While in the 2™ part of the photoresponse curve no significant
increment has been observed. A similar trend was realized in the transient
photoresponse curve in Case 2. Consequently, the difference between the slopes
of the two parts (i.e. initial and the 2™ part ofthe photoresponse curve), acquires
the lowest value in the 1* cycle and increases for the next two cycles. Now, the
difference in slopes physically represents the contribution that arise due to the
fraction of charge carrier concentration available in the conduction band, while
the remaining charge carriers are at the trapping sites [3, 4]. This signifies that the
electron concentration at the conduction band increases in every cycle of the
turning ON conditions. The substantial increase of electron concentration in the
conduction band is associated with the enhanced contribution of the core process
in every cycle. Again, the improved core process can be assigned to the
enhancement in the quantum efficiency of the photogenerated charge carriers, in

each cycle. It is expected that, for a longer period of UV illumination, more and
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more photogenerated holes combine with O, available in the grain boundaries of
the polycrystalline ZnO nanorod system. This leads to the release of more and
more captured electrons, thus resulting in increase of the quantum efficiency.
Also, it can be observed that the rate of increase of the initial slope decreases as
one moves from 2™ cycle to the 3" one. In fact, this situation corresponds to the
saturative nature of the photocurrent contributed from the core process,

appreciable for longer duration of UV illumination.

When the UV light is turned off, the photocurrent decayed slowly. The decay
constant (z,) was estimated through the exponential fitting of the decay part with
values 72.8, 75.6 and 79 s, at the completion of 1*, 2™ and 3" cycles; respectively
(Table 7.1). As the electron concentration in the conduction band increases after
every cycle, the recovery process becomes slow owing to the finite surface
recombination centers in the nanorods. This accounts for the observed
incremental trend of 7, and PPC after every cycle. Note that the PPC at the end of
2" and 3™ cycle were found to be 1.89 and 2.45 times higher than the PPC
observed at the end of 1* cycle. Additionally, the PPC to initial dark current ratio
was predicted to be 32.9, 61.3 and 79.1 at the end of 1%, 2™ and 3™ cycles
respectively (Table 7.1).

0.8

To study the surface effect on the T o o ”v;;?wm
| o}
observed PPC, the ZnO nanorods were ” § f é’ o
3 o}
annealed at 120 °C for 3 h. Figure 7.9 < | S o
= 04
«
represents the transient response of the E Cfo
. O O
annealed nanorod arrays. Annealing at a o
lower temperature would lead to the oomg. - . R .
) 156 30 450 600 750
desorption of some O, species rather than Time (s)

changing the structural arrangement of the
ging & Figure 7.9: Photoconductive response

nanorods. The dark current in the of the nanorod arrays annealed at 120

. ) °C for periodic cycles of illumination
annealed sample is found to be slightly . 4 e mination of the UV light (at 5V).

higher than the pristine sample as a result of the lowered band-bending owing to
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less adsorbed O, species after annealing. Due to the smearing out of surface
adsorbed O, molecules from the nanorods, the photocurrent of the annealed
sample is expcted to be lower than the pristine sample. In spite of the low
photocurrent, the photoresponse curve of the annealed sample shows similar trend
with regard to the slopes of the initial and end-parts, as discussed above. The
quantum efficiency led increase in the contribution of the core process in every
cycle is also maintained. Ensuring a similar type of PPC as observed in the
pristine one, the PPC at the end of 2™ and 3" cycles in this case was found to be
1.85 and 2.41 times of the value obtained in the 1* cycle. In contrast, the PPC-to-
initial dark current ratio at the end of 1%, 2™and 3™ cycles for the annealed
samples bear values of 14.7, 26.4 and 34, respectively (Table 7.2). The lower
value of PPC to dark current ratio for the annealed samples is a result of less
number of adsorbed O, species on the nanorod system. If less O, species were
adsorbed on the surface, the development of built-in potential will become lower.
Hence, the event of hole accumulation near the surface of the nanorods will be
hindered. Consequently more holes will be available in the interior of the
nanorods facilitating more e-h recombination. This leads to the decrement in
number of conduction band electrons which were earlier responsible for PPC. The
comprehensive scenario of lower PPC in the annealed sample signifies the surface

dependent nature of PPC in the nanorods.

Table 7.2: Different parameters related to the photoresponse of the nanorod array after
annealing.

Cycles Initial slope | Difference in Ratio of 9]
x 107 slopes PPC-to-dark (s)
x 107 current
1 3.6 0.9 14.7 65.0
2 6.6 4.3 26.4 69.8
3% 7.2 52 34.0 80.7

The extent of chemisorbed oxygen species on the crystallite boundaries largely
depend on the orientation and the crystallite size of the materials [3, 23]. Since the

photoresponse of ZnO is largely affected by the content of chemisorbed oxygen
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species, the orientations and crystallite size are the important factors as far as the
photoconduction in ZnO is concerned. The crystallographic properties of the
urchins and the nanorod arrays were discussed using XRD patterns in Chapter 2.
The XRD pattern of the urchin like structures was characterized by the presence
of different prominent orientations. On the other hand, the (001) orientation was
found to be most prominent in the XRD pattern of the nanorod arrays. Again, the
crystallite size the two types of the nanostructures were determined using the
Debye-Scherrer formula, and were found to be ~ 9 nm and 28 nm for the urchins
and the nanorod arrays respectively. Now it is evident that for smaller crystallite
size the chemisorbed oxygen is expected to be more owing to the large number of
grain boundaries [3, 23]. Therefore, in the photoresponse curve the contribution of
the core process will be profound for the material with smaller crystallite size.
Since the crystallite size of the urchins is smaller than the nanorod arrays, the
photoresponse of the urchins is dominated by the core process exhibiting thereby
a faster growth and decay of photocurrent, compared to the nanorod arrays. This
observation is consistent with the earlier report of fast photoresponse for the ZnO
thin films with mixed orientations and smaller grain size [23]. The nanorod arrays
having higher crystallite size possess less chemisorbed O, species due to the less
grain boundary region. Consequently, the contribution of the core process in the
photoconductivity of the nanorod arrays is marginal and so the photoresponse

curve is characterized by a slow rise and decay in photocurrent.

7.2 Concluding remarks

UV photodetection properties of urchins and nanorod arrays of ZnO were
investigated. The urchin based photodetection system showed fast rise and decay
of photocurrent under UV illumination. The core process i.e. desorption of
chemisorbed oxygen from the grain boundaries and liberation of electrons under
UV illumination, is mainly responsible for the fast photoresponse of the urchins.
In contrast to that the nanorod array based photodetection system is characterized

by a slow rise and decay of current under illumination, thereby maintaining a
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persistence photoconductivity (PPC). The presence of trap states within the band
gap of ZnO is believed to be the source of the PPC in the nanorod array. Also, the
lowering of PPC upon annealing the nanorod arrays at 120 °C reveals the surface
dependent nature of the PPC. The variation in the crystallite size of the two types
of nanostructures is assigned to the observed diverse photoresponse. Further
development and processing of quality urchins like structures could lead to the
exhibition of faster photoresponse for practical UV sensing and switching
applications. In contrast, the ZnO nanorod arrays that exhibit PPC are impressive
for the deployment in bistable optical switching devices, practical radiation

detectors or dosimetric applications.

References:

[1] Sze, S. M. & Ng, K. K. Physics of semiconductor devices, Wiley-India, Delhi,
2010.

[2]) Soci, C. et. al. Nanowire Photodetectors, J. Nanosci. Nanotech. 10, 1-20,
2010.

[3] Sharma, P. et. al. Analysis of ultraviolet photoconductivity in ZnO films
prepared by unbalanced magnetron sputtering, J. Appl. Phys. 93, 3963- 3970,
2003.

[4] Kumar, S. et. al. Mechanism of ultraviolet photoconductivity in zinc oxide
nanoneedles, J. Phys.: Condens. Matter 19, 472202 (1-10), 2007.

[5] Ji, L. W, et. al. Ultraviolet photodetectors based on selectively grown ZnO
nanorod arrays, Appl. Phys. Lett. 94, 203106 (1-3), 2009.

[6] Jin, W, et. al. Solution-processed ultraviolet photodetectors based on colloidal
ZnO nanoparticles, Nano Lett. 8 (6), 1649-1653, 2008.

[7] Soci, C., et. al. ZnO nanowire UV photodetectors with high internal gain,
Nano Lett. 7 (4), 1003-1009, 2007.

[8] Li, Y., et. al. Fabrication of ZnO nanorod array-based photodetector with high
sensitivity to ultraviolet, Physica B 404, 42824285, 2009.

[9] Su, Y. K., et. al. Ultraviolet ZnO nanorod photosensors, Langmuir 26(1), 603—
606, 2010.

167



Chapter 7: Ultraviolet photodetection characteristics of ZnO nanostructures

[10] Ali, G. M., et. al. Ultraviolet ZnO photodetectors with high gain, J Elect.
Sci. Tech. 8 (1), 55-59, 2010.

[11] Luo, L. et. al. Fabrication and characterization of ZnO nanowires based UV
photodiodes, Sensors and Actuators A 127, 201-206, 2006.

[12] Jiang, D., et. al. Ultraviolet Schottky detector based on epitaxial ZnO thin
film, Solid-State Elect. 52, 679-682, 2008.

[13] Ghosh, T. & Basak, D. Highly efficient ultraviolet photodetection in
nanocolumnar RF sputtered ZnO films: a comparison between sputtered, sol—gel
and aqueous chemically grown nanostructures, Nanotechnology 21, 375202 (1-6),
2010.

[14] Bera, A & Basak, D. Role of defects in the anomalous photoconductivity in
ZnO nanowires, Appl. Phys. Lett. 94, 163119 (1-3), 2009.

[15] Huang, K. & Zhang, Q. Giant persistent photoconductivity of the WO;
nanowires in vacuum condition, Nanoscale Res Lett 6, 52, 2011.

[16] Qiu, C. H. & Pankove, J. I. Deep levels and persistent photoconductivity in
GaN thin films, Appl. Phys. Lett. 70 (15), 1983-1985, 1997.

[17] Zardas, G.E., et. al. Room temperature persistent photoconductivity in
GaP:S, Solid State Commn. 105 (2), 77-79, 1998.

[18] McKnight, S. W. & El-Rayess, M. K. Wavelength dependence of persistent
photoconductivity in indium-doped Pb,.(Sn,Te, Semicond. Sci. Technol. S, S155-
S158, 1990.

[19] Prades, J. D. et. al. The effects of electron-hole separation on the
photoconductivity of individual metal oxide nanowires, Nanotechnology 19,
465501 (1-7), 2008.

[20] Lany, S. & Zunger, A. Anion vacancies as a source of persistent
photoconductivity in II-VI and chalcopyrite semiconductors, Phys. Rev. B 72,
035215 (1-13), 2005.

[21] Studenikin, S. A., et. al. Carrier mobility and density contributions to
photoconductivity transients in polycrystalline ZnO films, J. Appl. Phys. 87 (5),
2413-2421, 2000.

[22] Yadav, H. K, et. al. Persistent photoconductivity due to trapping of induced
charges in Sn/ZnO thin film based UV photodetector, Appl. Phys. Lett. 96,
223507 (1-3), 2010.

168



Chapter 7: Ultraviolet photodetection characteristics of ZnO nanostructures

(23] Zhang, D. H. Fast photoresponse and the related change of crystallite barriers
for ZnO films deposited by RF sputtering, J. Phys. D Appl. Phys. 28, 1273-1277,
1995.

169



Chapter 8

ZnO nanostructures for tuning natural photonic
band gap material




Chapter 8: ZnO nanostructures for tuning natural photonic band gap material

The photonic crystals and photonic band gap materials are quite fascinating for
precise modulation and propagation of electromagnetic waves. It has been
established -that the infiltration or embedment of luminescent materials in the
photonic crystals is useful for solid-state lasers that require low threshold currents
but high gains. In contrast to these artificial structures, the existence of natural
photonic crystals has been discovered in different biological systems. The
presence of such natural photonic crystals causes the iridescence of various
colourful creatures from birds to butterflies. Nevertheless, the cost effectiveness
and perfection of such natural photonic structures are accountable for their
superiority over the artificial ones. Consequently, the infiltration or embedment of
luminescent material in the natural photonic crystals may be useful for achieving
novel optical properties. The present chapter is focused on the tuning of photonic
band gap of the inbuilt photonic structures of the peacock feather due to nanoscale

ZnO embedment.
8.1 Photonic crystals

The photonic crystals/materials are alternate periodic dielectric structures that
offer precise control over the propagation of electromagnetic waves of selective
wavelength ranges in the same manner as the periodic potential does for migration
of electrons in electronic crystals [1, 2]. These materials are characterized by
photonic band gaps (PBG) or stop-bands: ranges of wavelength in which light can
not propagate through the crystal. Using the proper correlation between
Schrédinger’s and Helmholtz’s equations, E. Yablonovitch proposed that artificial
periodic structures can be built to tune the propagation of light by interplay of
optical frequency and permittivity [1, 3, 4]. The concept of strong localization of
photons in disordered dielectric superlattices was also forwarded by S. John [5].
The geometrical arrangement and the refractive index contrast determine the
wavelength range of the stop-bands for which light propagation is forbidden
through the material. The stop-bands are size dependent. Upon reducing the size

of the elementary cell of the periodic lattice, the wavelength range gets shifted to
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a lower value [1]. Depending upon the geometrical and structural arrangement,
the photonic crystals are classified as one, two and three dimensional (1, 2 and
3D) and are schematically represented in Figure 1. In general, the photonic
crystals are fabricated using microlithography (top-down) or self-assembly
(bottom-up) routes [6]. It is relatively easier to achieve 1D or 2D photonic crystals
than the 3D one. The fabrication of 3D is quite challenging while maintaining

long-range order of the 3D lattices [6-8].

I

Figure 8.1: Schematic representation of (a) 1D, (b) 2D and (c) 3D photonic crystals.

(b) (c)

The artificial photonic crystals mainly include the close-packed patterns
assembled by colloidal polymers or silica spheres, while the fabrication of other
patterns require highly expensive equipment and sophisticated processes [6, 9,
10]. In contrast the natural systems such as Ophiocoma Wendtii, Morpho Rhetenor
butterflies, peacock feather etc. also possess remarkable photonic structures,
better than artificially fabricated photonic crystals. Many of the natural photonic
crystals are composed of periodic arrays of 1D multilayers, 2D deep concavities
or 3D cuticle of different sizes and shapes [11, 12]. In these systems, the
structural colour results from the interaction of light with the featured structure

having same order of size as that of the light wavelength.

8.1.1 Natural photonic crystals in peacock feather
The male peacock tail is very attractive owing to the bright and iridescent colour
combination at regular sites. The central region of the eye-pattern of a male

peacock feather (Indian Peafowl, Pavo Cristatus) generally appears dark blue. As
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one moves away from the central-core, cyan, o
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brown and green colours can be observed in the v * —
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representation of the basic structure of the "
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peacock tail feather in the eye region is shown in /

Figure 8.2. The colours of the barbules are well
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distinguished from the front faces of the tail Figure 8.2: A scheme of the

eye pattern of a matured

feather as the barbules completely cover the peacock tail feather.

barbs.

The studies on the submicron structure of the barbules reveal that a barbule

consists of a medullar core enclosed by a cortex layer [12]. The cortex of

\

differently coloured barbules
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lattice structures. Figure 8.3
Figure 8.3: Schematic view of the lattice pattern of
the different coloured barbules, (a) square and (b)
the square and rectangular rectangular. The small open circles represent the air
. . holes, while the larger ones signify transverse view
lattices  of the different of the melanin rods of the two dimensional
photonic crystals. The light gray portion stands for
the keratin matrix.

shows the schematic view of

coloured barbules. The
microstructure in the blue and
green barbules, is characterized by a nearly square lattice, while the brown
barbule corresponds a rectangular lattice [12, 13]. The lattice constants (rod
spacing) for the blue, and green barbules are ~ 140, and 150 nm, respectively,
while that of the brown barbule varies as ~ 150 and 185 nm along the directions
parallel and perpendicular to the cortex surface. On the other hand, the number of

periods (melanin rod stacks) for the blue and green barbules roughly varies within
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~9-12, and ~ 4 in case of the brown barbule [12]. Infact, the variation in lattice
constant and the periodicity along the direction normal to the cortex surface
would result in the variation of the PBG of different types of barbules. The
apparently diverse PBG is accountable for distinctly different colour display in

different coloured barbules.

The PBG features of the different 13 —p——————— ——
barbules of the male peacock 1k
feather were studied by reflection

spectroscopy. In principle, a

(b)

N
-
e
s
reflectance  spectrum  reveals 2
o
o
variation of light reflected from %

~

the material as a function of

wavelength. A material can

absorb light having energy equal e T R W i T—
& . She 37 450 825 600 673 780
to the energy difference between Wavelength (nm)

B5 GUARINT, Tieehanieal sies Figure 8.4: Reflectance spectra of (a) blue, (b)
of the molecules. For a solid cyan and (c) brown barbules.

material, the energy which is not absorbed is reflected and can be detected in the
reflectance spectrum. The prominent peak in the reflectance spectra exhibited by
the photonic crystals corresponds to the characteristic stop-band in which
electromagnetic radiation is totally reflected back. Figure 8.4 depicts the
reflectance spectra of blue, cyan and brown barbules. As depicted in Figure 8.4
(a), the reflectance spectrum of the blue barbules shows a prominent peak at ~
470 nm which clearly indicate the presence of a distinct PBG. In this case, the
PBG is the characteristic property of the periodically arranged melanin rod-air
gap alternate structure of the photonic crystal. The prominent reflectance peak in
the blue region confirms the optically active blue colour of the barbules under
visible light. Similarly, as shown in Figure 8.4 (b), the reflectance peak at ~ 490
nm validates the cyan colour impression of the cyan barbules. In contrast. two

peak maxima were observed for the brown barbules. The reflectance peak was
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found at ~ 600 nm, along with an extra peak in the blue region (at ~ 450 nm) as
shown in Figure 8.4 (¢). The event of Fabry-Perot interference between the two
surfaces of a material with finite thickness is assigned to the production of the
additional colour. The effect of Fabry-Perot interference is expected to be stronger
in the brown barbules owing to the existence of rectangular lattices alongwith

reduced periodicity [13].

8.1.2 Tuning of the photonic band gap upon ZnO loading
The growth of the ZnO nanospheres on the peacock feather has been discussed in
Chapter 2. Figure 8.5 (a, b) represents the reflectance spectra of the blue barbules

before and after ZnO embedment. 0.1

L SR . s
{a) Before loading Zn() g
8.5F (by After loading ZnO

It can be observed in Figure
8.5(b) that upon ZnO loading the .
reflectance peak becomes broad
and gets red-shifted to ~ 545 nm.

It is expected that, the deposition

Reflectance (%)

of the ZnO nanospheres (of size

) S (SRR (R S |

of the order of \visible

wavelength)  results in  an

the 400 00 600 L]

iabl h f .
appreciable  ghangs D Wavelength (nm)

effective refractive index of the
Figure 8.5: Reflectance spectra of the blue

system and hence, a modification  parbules, (a) before and (a) after ZnO
in the PBG is ensured. The embedment.

reflectance peak after ZnO embedment is not sharp and can be attributed to non-
uniform covering of the ZnO nanostructures on the barbules (as revealed from the
SEM images depicted in Chapter 2). For instance, in some parts of the barbules,
there could be unfilled space left where no ZnO nanostructures exist or in some
areas there might be stacks of overlapped nanostructures. The uneven distribution
of nanoscale ZnO over the barbules has affected the symmetry of the reflectance

peak considerably.
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Now the attachment of the ZnO nanospheres to the surface of the blue barbules
would lead to a change in the refractive index of the overall system and can be
estimated using the fundamental equation 4 = 2Dn, [14]. Here D is the lattice
constant of the photonic crystals, and »,. as the effective refractive index of the
system. If 4;, 4> signify the wavelength maxima corresponding to reflection, and
ne1, Ne2 be the effective refractive indices before and after embedding ZnO on the

barbules, then n,, can be expressed as,

n,, =%—nﬂ' (8.1)

Since the internal structure of the melanin rods remain unaffected, D docs not

change upon ZnO loading.

Again, the effective refractive index of the system before embedding ZnO, can be
expressed as n,, = Z f.n, . Here n;, ny, n; are the refractive indices and f, f5, f;
i1

are filling factors of the melanin rods, air gaps and the keratin layer respectively,
with the satisfying condition: f; + f> + f3=1 [15]. Now, it can be expressed as

n,=n~ f(n,—n)~ f,(m,—n,). (8.2)
The filling factor can be considered as f = n(r/D)?, while the other structural
parameters are taken as 71,a = 60 nm, rq-= 37.5 nm, with n;, n,, and n; being 1.54,
1, and 2 respectively and D as 140 nm for the blue barbules [12]. As a result, the
effective refractive indices i.e., n.;, and n,;,
before and after ZnO embedment are found to be :. v % - j
1.68 and 1.95. S|

Reflectance (

In order to justify the fact that the loading of the

ZnO assemblies are mainly responsible for the (41 Before taading /n0)

o ) (h) After loading 700 4

observed red-shift, the reflectance spectra of the : : -

4 S(Hp O i

Wonselengih inm)

cyan barbules were also studied with and without

ZnO loading (Figure 8.6). The characteristic =~ Figure 8.6: Reflectance spectra
of the cyan barbules, (a) before
reflectance peak of the ZnO embedded cyan and (a) after ZnO embedment.
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barbules is also found to be red-shifted (AL = 70 nm). In this case the effective

refractive index of the system becomes ~ 1.91 (Table 8.1).

Finally, the reflectance spectra of the brown

T T
() Before foading ZnQ)
(b) After loading Zn0)

barbules before and after embedding ZnO
were recorded and are depicted in Figure

8.7(a, b). The effective refractive index of the

brown barbules was 1.64, which was found to

Reflectance (Vo)

change with ZnO loading. Upon embedding

the system with ZnO, the reflectance spectra

o i
W elength (nm)

i
400 o0

also experiences a notable red-shift of A1= 90

Figure 8.7: Reflectance spectra of
the brown barbules, (a) before and
(a) after ZnO embedment.

nm w.r.t. the aforesaid 600 nm peak and the
effective refractive index becomes 1.89. It can
be noticed that the reflectance peak of the barbules before embedding ZnO
located in the blue region (Figure 8.7(a)), gets suppressed upon ZnO loading. It
can be argued that upon loading the ZnO nanostructures on the surface of the
patterned barbules, the Fabry-Perot interference effect becomes no longer valid

thereby suppressing peak at ~ 450 nm.

Table 8.1: Various physical parameters related to the barbules.

Barbules Lattice Before embedding ZnO | After embedding ZnO
Constant "poflectance | Refractive | Reflectance | Refractive
D (nm) peak centre index peak centre index
(nm) (72e1) (nm) (7e2)
Blue 140 470 1.68 545 1.95
Cyan 145 490 1.67 560 1.91
Brown Dy ~150, 450, 600 1.64 690 1.89
D1~185

Essentially, the loading of the ZnO nanospheres on the different coloured barbules
results in the modification of the PBG of the photonic crystals present in the
barbules. The scheme presented in Figure 8.8, is basically an illustration of the

underlying mechanism on modification of PBG. To clarify further, it must be
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noted that, electron transport is regulated by the electronic band gap (EBG) that
arises due to periodic potentials of the constituent atoms that make up the solid.
Similarly, the stop-band or photonic band gap is the characteristics of the photon
propagating within a medium of periodic structures. In the peacock feather, the
stop-bands arise owing to the typical structural organization of the melanin rods,
|
!

Before etabedding ZnO

}'\L
2y
After embedding ZnO g g /'%
e i

",

Figure 8.8: Schematic representation of the mechanism behind the
modification of PBG.

air gaps and keratin layers. If ZnO is infiltrated within the air gaps then there is a
chance of overlapping of EBG of ZnO and PBG of barbules. Consequently, there
will be a substantial change in the PL spectra of the peacock feather system i.e.
either band edge or defect related emission will be suppressed depending on the
range of PBG [16-19]. But in the present study, ZnO intrusion into the air gaps is
very unlikely owing to the larger dimension of the ZnO nanospheres. However,

the effective refractive index would change as a result of ZnO surface-layer [20].

Figure 8.9 represents the room temperature photoluminescence (PL) spectra (Aex=
325 nm) of the blue barbules before and after loading ZnO nanospheres. The
barbules show emission spectrum having a maximum in the ultra-violet region (~
388) nm before loaded with ZnO nanostructures (Figure 8.9(a)). The effect of
ZnO loading is clearly visible in the PL spectra shown in Figure 8.9(b). Along

178



Chapter 8: ZnO nanostructures for tuning natural photonic band gap material

with the emission response related to
the barbules peaking at ~ 388 nm,
several other peaks due to the defect
related emission of ZnO were also
observed. The emission peaks at ~
426 and 449 nm correspond to the
emissions via neutral and ionized
zinc interstitials (Zn; and Zn;") [21-
23). Further, the emission peaks at ~
463 and 490 nm arise due to the zinc
vacancy (Vz,) and oxygen vacancy
(Vo") related defects respectively
[22, 24]. To verify the luminescence
response, the PL spectra of bare ZnO

system (synthesized using the same

PL Intensity (a.u)

425
Wavelength (nm)

450 478

Figure 8.9: Room temperature PL spectra
(Aex= 325 nm) of the blue barbules (a) before,
(b) after loading ZnO nanospheres and (c)
bare ZnO system.

protocol but without feathers), was

also studied at the same excitation wavelength (Figure 8.9(c)). As for the bare
ZnO system, the peak observed at ~ 405 nm corresponds to the zinc vacancy
states (Vzn) [23]. The Vz, related peak was not found in the PL spectra of the ZnO
embedded feather system because of the superimposition of Vz, peak (~ 405 nm)
with the emission peak of the barbules (at ~ 388 nm). Due to the presence of large
number of defect states of ZnO, the band edge emissions in both the cases were
not observed. The PL spectra of the bare ZnO and ZnO embedded feather systems
suggest that the defect related emission response of ZnO is not quenched by the
photonic crystals. It is now apparent that the ZnO nanostructures are present on
the surface of the barbules independently and hence, the chance of incorporation
of ZnO nanostructures within the photonic crystals is less probable. In such a
condition, the overlapping of the PBG of the photonic crystals and the EBG of the

ZnO nanostructures is not encountered.

179



Chapter 8: ZnO nanostructures for tuning natural photonic band gap material

8.3 Concluding remarks

Decorating the surface of the natural peacock feathers with uniformly distributed
nanostructures without destroying the internal structure of the feathers has a
unique advantage for altering the photonic band gap with high selectivity. The
PBG modification of the different coloured barbules was accounted for the
change in the effective refractive index of the system after ZnO loading. The
resemblance of the emission pattern of the bare ZnO and ZnO decorated peacock
feather specimen suggests that the nanostructures are situated on the surface of the
barbules only. The tunability of the PBG and emission pattern of such artificially
decorated natural systems could find immense potential in nanoscopy,

nanophotonics and other such hybrid elements/devices.
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Chapter 9: Conclusions and future directions

With the progressive advancement of various fabrication routes, it has become
feasible to obtain quality nanostructures of different shape, size and assembly.
The development in imaging techniques has extended significant contributions to
obtain visual information about these nanoscale structures. Among various types
of semiconductor nanostructures, ZnO system is a potential candidate for future
optical, electrical, optoelectronic and spintronic device applications. In the present
investigation, various optoelectronic and photonic properties of ZnO
nanostructured systems are discussed. An effort was made to correlate the
structural organization and microstructural features with the optoelectronic and

photonic properties of the ZnO nanostructures.

Spherical as well as elongated ZnO nanostructures have been synthesized by
adopting different chemical and physico-chemical routes. In addition to the
undoped nanostructures, both spherical and elongated Eu’* doped ZnO
nanostructures were also synthesized. The visible evidence and morphological
features of the nanostructures were investigated via SEM, TEM/HRTEM. On the
other hand, XRD was used to explore the structural properties of the
nanostructures. Apart from that, the structural evolution of the nanostructures has
been discussed in the light of the underlying growth mechanism. As evident from
the PL spectra, the undoped nanostructures exhibited intense emission in the
violet-blue region of the electromagnetic spectrum. The presence of various
native defect related emission was also witnessed in the PL spectra of the
nanostructures. The presence of the band edge and defect related emission was
found to vary with the average crystallite size of the nanostructures. In contrast to
that the Eu’* doped ZnO nanostructures were characterized by well resolved
emission peak in the red region associated with the intra 4f transition of Eu**

cations.

The luminescence response of the nanostructures was modified using high and
low energy ion irradiation. In this regard, the PL spectra of the ZnO

nanostructures were studied after irradiation with 80-MeV N** and 80-keV Ar*
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ions. To be specific, ion fluence dependent variation in the emission response was
observed. The luminescence spectra of the nanostructures were found to get
modified owing to the irradiation induced creation, annihilation and ionization of
the defects. The enormous electronic energy loss (S.) during 80-MeV N** ion
irradiation on the ZnO nanostructures is accountable for the symmetric and
selective emission response. In contrast, upon 80-keV Ar” ion irradiation, the
significant amount of nuclear energy loss (S,) was responsible for the modified of
emission response mediated via redistribution and reorganization of point defects
in ZnO. The observed ion fluence dependent variation in various defects was
supported by relevant theoretical modeling based upon energy deposition schemes
during both low and high energy ion irradiations. On the other hand, the energetic
ion irradiation led structural evolution of ZnO nanosystem was discussed in the
light of Liquid drop model. It was revealed that the suppression of the effective
cohesive energy of the nanoparticles during irradiation is the origin of the
observed pattern. During irradiation when the nanoparticles lose the support of the
surrounding matrix, the growth process occurred as a result of interparticle mass

transport among the adjacent nanoparticles.

Direct electrical probing of single nanostructure is difficult due to the interference
of charge imbalance on the surface. However, through junctions (both rectifying
and non-rectifying), one can explore the transport process in nanostructures. In an
attempt to probe the carrier transport properties of the nanorods, the current
conduction mechanism in nanorod-based metal-semiconductor (MS), Ag/ZnO and
metal-insulator-semiconductor (MIS), Al/A1,05/Zn0O junctions were studied. The
current conduction was found to be influenced by various acceptor and donor type
of native defects of ZnO. The conduction mechanisms like direct tunneling,
recombination tunneling and space charge limited conduction contribute to the
overall transport process in Ag/ZnO Schottky junctions. Furthermore, Ag/ZnO
nano-junctions were fabricated using 80-MeV oxygen ion (O%") irradiated ZnO

nanorods. The improved rectifying properties of the junctions are assigned to the
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irradiation led creation and annihilation of various donor and acceptor type

defects within ZnO nanorods that make up the junction.

Fabrication of high throughput field emitters having low turn-on voltage and longer
life is a recent technological need. Fowler-Nordheim (FN) carrier tunneling event is
central to any field emission device. In the present study, significant FN tunneling
of electrons was witnessed at low voltage regime (< 5 V), across A/A1,03/ZnO
junction apart from the usual thermionic and direct tunneling. Owing to the
presence of FN tunneling process, the MIS junctions were characterized by higher
current conduction than the MS junctions. The critical voltage above which the
FN tunneling becomes dominant was found to be dependent largely on the

thickness of the Al,Os layer of the junction.

The ZnO nanostructure based metal/semiconductor junctions were tested for UV
light sensing. In this regard, the urchin like structures of ZnO exhibited faster
photoresponse than the nanorod arrays. The observed unalike photoresponse
characteristic was assigned to the dissimilar crystallite size of the two types of the
nanostructures. Besides that, owing to the presence of the trap states within the
band gap of ZnO, substantial amount of persistence photoconductivity was found

in the photoresponse characteristic of the urchin like structures.

The photonic band gap (PBG) materials confer the ability to control the
propagation of electromagnetic waves in a similar way as the periodic potential
does for electrons in electronic crystals. In this context, the photonic properties of
hybrid photonic crystals comprising of ZnO nanostructures and natural peacock
feather were also explored. As evident from the reflectance spectra, the PBG of
the photonic crystals of the feather was found to alter upon ZnO loading. The
observed modification in PBG of different colored barbules of the feather was
correlated with the change in the effective refractive index of the system upon
Zn0 loading. In this case, the infiltration of ZnO within the photonic crystals is

discarded owing to the larger size of the nanostructures than the airgaps within the
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photonic crystals. Moreover, the similarity observed in the emission pattern of
bare ZnO and ZnO loaded peacock feather system has ensured that the

nanostructures are actually located on the surface of the barbules only.

During this investigation, efforts were made to minimize the time-gap between
synthesis and characterization of the ZnO nanostructures to obtain more and more
accurate results. The adopted fabrication techniques may be modified to obtain
more and more homogenous nanostructures. Furthermore, improvement of the
characterization methods is required for indepth understanding of the defect
dynamics in the nanostructures. This can be an important issue for improving the
performance of a nanostructure based practical device. However, the present
investigation can lead to the development of various photonic and optoelectronic
devices. The following works are recommended as the one of the most

prospective research in the future:

(a) Development of luminescent devices: The evolution of sharp and intense
band edge emission is attractive for UV light emitting diode (LED). The size and
structure dependency of the band edge emission can be a vital issue for making
prototype LED or electroluminescent devices. The present study of doping was
restricted to Eu®* cation only. The introduction of other rare earth ions could lead
to multicolor luminescence patterns. Integration of such systems will be useful for
achieving white LED. On the other hand, controlled ion irradiation with suitable
ion species and energy will be attractive for tuning the emission response of the

nanostructures across the visible region of the electromagnetic spectrum.

(b) Improvement of metal/semiconductor nano-junctions: In the current study,
the nanorod based metal/semiconductor junctions were studied with Ag/ZnO and
Al/AL;O3/Zn0O junctions. The elimination of surface or defect states from the
nanorods could improve the rectifying characteristics of the Schottky junctions.
Again, control over the insulator thickness of the metal/insulator/semiconductor

junction might be beneficial for achieving low voltage field emission devices.
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(c) Fabrication of practical UV detectors: The aspect of UV light detection was
studied in both urchin and nanorod arrays of ZnO. From the photodetector
application point of view, the systems require further modification in order to give
faster photoresponse with higher efficiency. The presence of persistence
photoconductivity in ZnO nanostructures is generally attractive for radiation
detectors or dosimetric applications. The sustainability of such persistence
photoconductivity for longer time is the chief criteria for practical applications. In
this context, ion implantation may be an alternative pathway to create
intermediate states within the band gap to achieve long time persistency of

photocurrent.

(d) Development of hybrid photonic crystals: The fabrication of biological
template based hybrid photonic crystals will be quite fascinating for the
application in modern photonic and plasmonic devices. The present study was
limited with the synthesis of peacock feather based hybrid photonic structures.
This may be extended to other natural systems like butterfly wings, parrot feather
etc. In this context the infiltration of nanocrystals within the natural photonic
structures will be an interesting and exciting study for photonic band gap
engineering and light wave modulation. The photonic band gap tuning aspect can
also be investigated upon depositing nanostructure layer of varying size and

thickness over the natural photonic crystals.
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Appendix 1

Physical properties of zinc oxide (ZnO)

Molar mass 81.408 g/mol
Density 5.6 g/cc
Solubility in water 0.16 mg/100 mL (at 300 K)
Melting point 2248 K

Crystal structure

Cubic (Zinc blende)
Hexagonal (Wurtzite)

Lattice parameters (at 300 K)

a=3.249 A and c = 5.206 A (Wurtzite)

Refractive index 2.029
Bulk modulus, B (GPa) 162.3
Young’s modulus, E (GPa) 111.2
Band gap (at 300 K) 337eV
Bohr excitonic radius (at 300 K) 60 meV
Dielectric constant 8.5
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Physical properties of the host materials

Cetyltrimethylammonium bromide (CTAB)

Molecular formula

Molar mass

Density

Melting point

Appearance

Solubility in water

pH value of water solution

C]9H42BI”N

364.45 g/mol

390 kg/m’

Decomposes at ~ 510 K
White powder

0.019 g/100mL (at ~ 300 K)
5-7

Polyvinyl Alcohol (PVA)

Molecular formula

Molar mass

Density

Melting point

Appearance

pH value of water solution

(C;H4O)

44 g/mol of repeat unit
1.19-1.31 g/cm?
Decomposes at ~ 503 K
White crystalline powder
5-7

Hexamethylenetetramine (HMT) -

Molecular formula
Molar mass
Density

Melting point
Appearance
Solubility in water

CsHi2Ng

140.186 g/mol

1.33 g/em? (at ~ 300 K)
Sublimes at ~ 553 K
White powder

85.3 g/100mL (at ~ 300 K)
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Appendix 3

Ion irradiation experiment
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Schematic diagram in (A) represents the ion irradiation chamber and ion trajectory at
Inter University Accelerator Center, New Delhi (A). The scheme in (B) shows the ladder
used to mount the samples in the vacuum chamber,

The 15UD Pelletron available at Inter University Accelerator Center (IUAC),
New Delhi, offers the facility in performing experiments with high energy ions
beams. The schematic representation of the 15UD Pelletron is demonstrated in the
above figure (A). In the present study, the irradiation experiments were performed
in the material science chamber by mounting the samples in a ladder (schematic
shown in B). The ladder can be controlled to rotate and move up/down.

Irradiation can be done in 16-20 samples attached to the ladder at a time without

releasing the vacuum.

The Low Energy lon Beam Facility (LEIBF) at IUAC, provides ion beams having
energy in the range of a few keV to an MeV for performing experiments in
atomic, molecular and material sciences. The LEIBF comprises of an Electron
Cyclotron Resonance (ECR) ion source installed on a high voltage deck. The

attached electronic devices of the ECR source are controlled through optical fiber
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communication. The existing system includes high voltage platform, accelerating
system and the beam lines with chief components like electrostatic quadruple
triplet lens, double slit, Faraday cups, UHV scattering chamber etc. The samples

were attached to a ladder and were irradiated in the vacuum chamber.
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Appendix 4

Asymmetry factor determination

The asymmetry factor is a measure of how much a peak deviates from being
symmetric. It is defined as the ratio between the distance from the peak midpoint
to the trailing edge and the distance from the leading edge to the midpoint, with

all measurements made at 10% of the maximum peak height.

10% of
peal height

Here the asymmetry factor (As) = BC

CA4
where,

BC = distance from the peak midpoint to the trailing edge (measured at 10% of
peak height) and

CA = distance from the leading edge to the midpoint (measured at 10% of peak
height).
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Appendix 5
Multiple peak fitting in PL spectrum

Very often, the PL spectra of the ZnO nanostructures are found to be broadened
and asymmetrically stretched. This can be attributed to the fact that, a PL
spectrum is actually composed of multiple peaks (both band edge and defect
related emission peaks), which may overlap with each other with intervening full
width regions. In order to extract out individual peaks, multiple peak fitting of
Gaussian type was performed on the experimental data using Origin software. Qut
of broad and asymmetric PL spectra of ZnO, the extraction of independent
emission peaks using multiple Gaussian peak fitting tool can also be found in the
literature [1-5]. The use of Origin software for multiple peak fitting in a PL

spectra can be seen in other instances (6, 7].

During multiple fitting process, the number of peaks, and their probable positions
are supplied by the user. The peak positions are chosen in such a way that, they
adequately fit the band edge emission and emission from various native defect
states of ZnO. The position of various native defects within the band gap of ZnO

has been discussed in page number 18 (see Chapter I) of the thesis.

In fact, the software itself estimatesﬂ,the overall half-width through integration,
and then divides by the number of peaks to arrive at the half-width estimate. The
fitting operation is controlled by a non-linear curve fitting tool available in the
software. While doing so, it solves a system of equations designed to minimize
the aggregated point-by-point differences between the data and the selected fitting
function via iteration. Origin uses the well-known Levenberg-Marquardt
algorithm to perform the iterative computation. Upon completion of the fitting
process, the fitting parameters, as well as related statistics and Results Log, are
displayed in the graph window. The best fitting will be obtained only when

appropriate number of peaks are considered. In this situation, the empirical curve



(red label) formed by the composition of the fitted peaks is well-matched with the

experimental curve (black label) as shown in the example. Although in the present

study, the available algorithm of the software has been employed for multiple

peak fitting operation, attempts will be made to use self-developed algorithm for

this purpose in future investigations.
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Figure: Multiple Gaussian peak fitting in a PL spectra of ZnO nanorods.
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We report on the substanual persistent photoconductivity (PPC) response
extubited by the zinc oxide (ZnO) nanorod-based ultraviolet (UV)
photodetection systern An increase i photocurrent and, hence, nise m
PPC was observed for larger UV exposure tumes at regular intervals
Triggered by quantum efficiency, the increment in sustained conduction
band electrons 1s proposed as the main reason behund the increased
photocurrent response In contrast, the trap centers located below the
conduction band are expected to slow down the recombination rate, which
accounts for the nise in PPC The lowering of PPC upon annealing suggests
the surface dependent nature of the PPC The growth and decay
mechamsm of PPC has a direct relevance while assessing figure of merit
of prototype nanostructure-based optical sensor and UV photodetectors

Keywords: ZnO, UV photodetector, nanorod, photoluminescence

1. Introduction

Nanoscale oxide semiconductors, either i free-standing powder form or matrx-
encapsulated form, have received ever increasing demand 1n recent years for possible
application in optoelectronic and photonic components [1,2] Owing to restricted
motion of carriers and recombination along specific direction, one-dimensional (1D)
nanostructures have immense potential in a number of functional devices, e g hight-
emitting diodes (LEDs), field effect transistors (FETs), optical modulators, gas-
sensors, etc {3—-5] Amongst others, the 1D nanostructured zinc oxide (ZnO) system
1s a technologically-proven candidate which can play a key role in nano-photonic,
nano-optic and nano-optoelectronic elements [5~7] The wide band gap (~3 37eV at
300K) and the adsorbate-dependent electrical conductance of 1D ZnO nanostruc-
tures are the key factors which could make them useful for sensing ultra-violet (UV)
light [8-10] The fabnication of ZnO nanowires with very high internal photocon-
ductive gain [11] and fast response time [11,12] has aiready been reported Also, the
responsivity of ZnQO nanorods in metal-semiconductor-metal configuration under
UV lLight illumination has been reported to be much stronger as compared to the
ZnO thin film-based configuration {13] On the other hand, the rapid advancement of
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fabrication and processing technology has helped in the manufacture of bascule .
nanobridges out of ZnO nanowires that are capable of dlsplaymg high sensmvxty and
fast response towards UV light detection [14].

It is known that the presence of Zn- and O-related native defects (vacancies,
interstitials, antisites, etc.) plays a leading role in determining selective optoelectronic
properties. The synthesis parameter dependent dominance of band edge or defect-
related emission enables the possibility of deploying the material in lasers and sensors
[15]. The presence of various defects or trap states within the band gap of ZnO helps
trapping of charge carriers and slowing down the decay of photocurrent [9,10]. The
trapping of charge carriers at the defects or trap states is often correlated with
the origin of persistent photoconductivity (PPC) in ZnO nanostructures [8]. Earlier,
the defect-mediated build-up and decay of PPC at room temperature was predicted in
S- doped bulk GaP system [16]. Additionally, Qiu and Pankove have observed the
PPC in GaN thin films and ascribed it to the existence of metastable states above the
valence band edge of GaN [17]. The exhibition of PPC by individual ZnO nanowires
has recently been demonstrated and was assigned to the effect of electron-hole
separation near the surface [18]. The PPC property is extremely useful as far as
application of bistable optical switch and radiation detectors is concerned [19].
Previously, very high PPC response was reported in highly porous ZnO thin films [20]
and, recently, in Zn© nanowire systems [21]. Nevertheless, there is plentiful scope with
regard to the exploration of simultaneous evolution of trap states and PPC response of
symmetric and asymmetric nanoscale systems.

The present study deals with the controlled photoresponse behavior of ZnO
nanorod arrays synthesized via a seed-assisted solution growth technique. As an
important aspect, noticeable PPC was witnessed in periodic cycles of the
photoresponse activity. The presence of trap states (within the band gap of ZnO)
and the occurrence of PPC are discussed, taking into account optical and electrical
characteristics.

2. Experimental details

ZnO nanoscale rods were fabricated via a two-step reaction process [22]. In the first
step, a seed layer of ZnO nanoparticles was grown over a borosilicate glass substrate
(s1ze: 75x%25x 1.35mm). In this step, a solution of ZnO nanoparticles was
synthesized from a mixture of zinc acetate dihydrate (ZAD)
(Zn(CH;CO00),.2H,0, Merck, 99%) and sodium hydroxide (NaOH) prepared
with a molar ratio of 3:1 in 20mL methanol. The mixture was subjected to vigorous.
stirring for 1 h at a constant temperature of 55°C. Later, a thin lajer of the precursor ,
was spin-cast on the laboratory slides. Before proceeding to the second step, the i
nanoparticle-seeded glass substrates were subjected to mild heating at 80°C for 1 h.

In order to facilitate nanorod growth in the second step, the nanoparticle-seeded
glass substrates were immersed in an equimolar solution of zinc njtrate hexahydrate
(ZNH) (Zn(NO;),.6H,0, Merck, 99%) and hexamethylenetetramme (HMT)
[(CH,)¢N4, Otto, 99%] in 150 mL of deionized water, under a constant stirring at
60°C for 6 h.-Upon completion of the growth, the-samples were taken out,-washed
with deionized water and, finally, dried in a hot air oven. * -
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Scanning electron microscopy (SEM) was used for the morphological analysis
whereas an X-ray diffraction (XRD) study was carned out to reveal crystallographic
information. The optical properties were explored by using UV-visible absorption
spectroscopy, photoluminescence emission (PL) and photoluminescence excitation
(PLE) spectroscopy. As for current transport phenomena, two Pt contacts (thickness
~30nm) were made on the nanorod filrns using a sputtering uuit, The current vs.
voltage response was recorded using a Keithley 2400 sourcemeter via a two-probe
method. The room temperature photoconductivity measurement was performed
upon illuminating the nanojunction with the help of a UV lamp (A ~365nm).

3. Results and discussion

Figure la depicts the top view of uniformly grown ZnO nanorods supported on the
borosilicate glass substrate. The average diameter and length of the unclustered
nanorods were found to be ~125nam and ~1.2 um, respectively. Over 60% of the
nanorods were found to be vertically aligned, while others were top-tilted to different
degrees. Together, the arrangement gives the impression of a paddy field with top
surface affected by a blow of awrstream. As is evident from the SEM image, the
nanorods exist in close proximity to each other with tips separated by a distance
smaller than the dimension of the rods Thus, the specimen under study signifies a
highly compact system. As shown in the XRD pattern (Figure 1b), the ZnO
nanorods exhibit characteristic hexagonal wurtzite crystal structure with preferred
orientation along (002) plane and 1s consistent with JCPDS 36-1451 {23]. The
dominance of the (002) peak over the other peaks indicates that preferential growth
has occurred along the c-axis or perpendicular to the plane of the substrate [23].
The room temperature UV-visible absorption spectra are shown in Figure Za.
The spectrum is characterized by a strong absorption feature below 330 nm and an
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Figure 1. (a) SEM image of the top-view of the ZnO nanorods developed on glass substrate;
(b) XRD pattern of the nanorod system.
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Figure 2. (a) Room temperature UV-visible absorption spectra; inset. plot of (@hv)* vs. hv.
(b) PL (Ax=325nm) and PLE (Aey=600nm) measurements of the ZnO nanorods; inset:
Gaussian fitting of the PL spectra.

absorption edge at ~360 nm. From the absorption data, the direct band gap of the
material can be found using the popular relation given by,

ahv & (hv — Eg)'/?, ¢

where a is the optical absorption coefficient, v 1s the photon energy and E, is the
band gap [24]. The inset of Figure 2a represents the plot (ozhu)2 vs. photon energy (hv)
where the extrapolated section of the linear region gives the band gap of the system
under study. The band gap of the nanorod system is found to be 3.15eV, which 1s
lower than the bulk value of 3.37eV. Previously, such a low value of the band gap for
ZnO nanostructured systems was observed by Labuayair et al. [24]. It was
demonstrated that the apparent band gap obtained in such a situation is due to
the transition from the valence band to some donor states, rather than valence band
to the conduction band [25]. Consequently, in the present study, the obtained value
of 3.15eV can be assigned to the associated transition up to some trap states below
the conduction band.

To confirm the presence of trap states below the conduction band, we performed
room temperature PL and PLE measurements, the results of which are presented in
Figure 2b. The asymmetrically stretched PL spectra (at Ay =325nm) exhibits a
prominent peak at ~392nm and a notable feature at the shoulder at ~375nm. The
wavelength region of 350 nm to 450 nm of the PL spectra was examined closely using
Gaussian fit to extract individual emission characteristics. Upon Gaussian fitting’
(shown in the inset), three peaks were found at ~378, 395 and 406 nm within the
above-mentioned region. The 378 nm peak corresponds to the band edge emission of
ZnO due to the direct recombination of electron—hole (e-h) pairs, whereas the peak at
406 nm corresponds to the zinc vacancy (Vz,) related emussion of ZnO [26,27). On
the other hand, the peak observed at 395nm is attributed to emission due to the
presence of shallow traps [26). In order to reveal the presence of various defects or
trap states. within the band gap, PLE was performed by considering the emission
wavelength, A.,, = 600 nm. The PLE spectrum-depicts a prominent peak centered at
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Figure 3. -V characteristics of the nanorod specimen in dark {(label ‘0") and under UV
illumination (label ‘c’). Inset (a) is a schematic representation of the ZnO nanorods with Pt
contacts. Inset (b) depicts photocurrent growth and decay under ON/OFF conditions of the
UV light (at ~5V). Case 1(solid circle) represent the photoresponse recorded for the 1st time,
while Case 2 (solid triangle) signifies the photoresponse measured for the 2nd time.

~391 nm (3.17¢V). Since the associated energy of the PLE peak is lower than the
exciton PL peak (3.28 V), it cannot be attributed to the excitation of electrons to
excitonic levels. Thus, the PLE peak arises as a result of excitation of valence band
electrons to some trap levels situated below the excitonic level. Accordingly, the
results of PLE and PL studies are in close agreement with the ensuing results of the
UV-visible analysis on the presence of trap states.

The current-voltage (I- V') characteristic curves of the ZnO nanorod array both in
dark and in presence of UV illumination (: ~ 365 nm) are depicted in Figure 3. The
inset-(a) in Figure 3 shows a schematic representation of the ZnO nanorod array
with Pt metallic contacts. It can be observed that under forward bias condition and
upon the UV illumination, the current becomes substantially enhanced compared to
the dark current. Again, the response curve of current rise and decay of the ZnO
nanorod arrays for turning on/off conditions of the UV light at a constant forward
biasing of 5V has been shown in the inset-(b) of Figure 3 (referred to as Case 1).
Under UV illumination, the photocurrent increases slowly with time and also falls
slowly upon terminating the UV light. In fact, the photoconductivity in ZnO can be
explained in terms of two distinctly different mechanisms: first a bulk-related process
and second a surface-related process. In so far as the bulk process is concerned, ZnO
can adsorb O, from the ambient atmosphere in the grain boundaries and form-Oy
ions by capturing electron(s) [28]. This would lead to the development of a depletion
region with appreciable band-bending, thus forming a barrier among the crystallite
boundaries which lowers the conductivity. Upon UV illumination, the barrier height
decreases and the conductivity increases, in accordance with earlier work [28]. Since
this process is associated with the collective events occurring across the crystallite
boundaries and/or the core of the material, we can designate it as a core process. In
contrast, the surface-related process corresponds to the adsorption and desorption of
O, at the surface of ZnO and is, hence, prominent in nanostructures owing to their
higher surface-to-volume ratio. The adsorbed O, species on the surface of ZnO
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becomes O, and form a depletion ‘region. Upon UV illumination, the photo-
generated hole attacks-the negatively charged oxygen ion through surface electron—
hole recombination. The photoexcited unpaired electron results in the increase of the
photoconductivity of the'sample. The desorption of O, leads to the reduction of the
depletion width and the conductivity increases as compared to the dark current.
Although both processes result in variation 1 conductivity due to the adsorption and
desorption of O,, the'surface-related process is slow*compared to the core process
(10,28]. : <o .

Tt can be observed in the photoresponse curve that upon turning off the UV light
the photocurrent did not decay completely Thus,’a PPC was maintained in the
nanorod-based junction. To confirm the observation further, the photoresponse of
the sample (which was.illuminated earlier for 360 s) was recorded for a second time
(referred to as Case 2 in the inset-(b) of Figure 3) after keeping it in the ambient
environment for about 15min. The photoresponse of the second measurement has a
close resemblance with the first one. It can also be noted that the mitial base line of
the transient photoresponse curve, i.e. current before turning on the UV light, has a
higher sensitivity for Case 2 than that of Case 1. This is due to the fact that the
carriers responsible for PPC remain in the excited state even if the UV light was
switched off after 15 min (900s) of exposure. Earlier, the observation of PPC 1n WO;
nanowires was found to last for a duration over 10%s [19). To find out the recovery
time of the PPC in the sample; the decay of photocurrent upon UV termination was
noticed. Figure 4 shows the variation of time dependent photo-to-dark current ratio
(I/1,) after illuminating the specimen for 240s. The photo-to-dark current ratio
decreases exponentially with time and approaches the initial dark current value
exhibiting recovery -nature of PPC. The recovery time was determined using
interpolation of the experimental data (up to J/7, = 1) and was found to be ~800s for
the above-mentioned illumination time. ) )

The origin of the- PPC has always been an issue of controversy and has been
related to the presence of point defects, traps states [8] or to the electron-hole
separation related to the surface properties of the oxide systems [18). Using first-
principle electronic structure calculations, Lany and Zunger came up with the
argument that the' PPC in n-ZnO is caused by oxygen vacancies (Vo), originating .

300 350 400 450 ?00 550 600
Time (Sec)

P S N 3

y

Figure 4. "Photo-to-dark current ratio (1/1,) after continuous UV illumination for 240s.
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from the metastable shallow donor states [29]. Ensuring the PPC as a surface
phenomenon, the presence of surface states in the form of oxygen vacancies has been
experimentally verified, which act as the chief source of PPC {18,30]. On the other
hand, Yadav et al. have argued that the presence of deeply trapped electrons at the
recombination centers is the main reason behind the evolution of PPC [31]. In the
present case, the existence of the trap states within the band gap of ZnQ can be an
effective source of the observed PPC. The presence of the trap states was evident
from the spectroscopic analysis as discussed above.

The schematic diagram of Figure 5 summarizes the complete process of the
observed PPC in the present system. Under UV illumination, a major part of
the electrons are excited to the conduction band, while some become entrapped in
the trap centers just below the conduction band. While maintaining thermal
equilibrium, the transition from the shallow trap states to the conduction band
(or vice versa) is adequately favored [31]. Figure Sa demonstrates the situation during
UV illumination. However, Figure 5b shows that, upon UV light termination,
electrons both from the conduction band and the trap centers recombine with the
hole counterparts in the valence band. Essentially, the recombination process
becomes slower as a part of the conduction band electrons come across the trap
states before compensating the valence band holes. This event can be correlated with
the PL spectra, where both the band edge (band-to-band direct recombination ofe-4
pair) and trap assisted emissions were observed. On the other hand, the O, species
which were desorbed earlier during UV illumination become re-adsorbed on the
surface of the nanorods upon UV termination, leading to the development of a built-
in potential near the surface (Figure 5b). Consequently, the separation of charge
carriers prevails as a fraction of holes accumulate near the surface of the nanorods,
which are then unable to take part in the recombination process [18}. As a result, the
electrons which were at the conduction band or entrapped at the trap centers would
not find sufficient number of holes for successive recombination. It is now clear that
a number of electrons were available in the conduction band and the trap states even
after switching off the UV light. The excess number of electrons apparently gives rise
to the PPC effect.

Figure 6 shows the transient photoresponse of the ZnO nanorod array with UV
light on/off conditions for three periodic cycles of duration 240s. [t can be seen that
the photocurrent increases with every cycle and hence the PPC. Earlier, it was

@) (6)

“~ A
Recombinarion g
r < éhlw Re-adsorption
0, e E
toqu:)oo Y
Holes Recombination

Figure 5. Schematic representation of UV detection process (a) during UV illumination and
{b) right after UV termination.
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Figure 6. A comparati\;e view of the.photoconductive response (at 5 V) of the ZnO nanorod

array before annealing (symbol ‘o’) and after annealing (symbol ‘e’) at 120°C for periodic
cycles of illumination and termination of the UV light.

Table 1. Different parameters related to photoresponse of the nanorod array before and after
annealing.

Original sample - ] Annealed sample
. Ratio of Ratio

Ipitial  Difference  PPC-to- Initial Difference of PPC-to-

slope in slopes dark slope in slopes dark
Cycle %1073 %1073 current 74 (s) x107° x107? current 2 ()
1st ©79 1.5 32.9 72.8 3.6 0.9 14.7 65.0
2nd 182 12.9 613 75.6 6.6 43 26.4 69.8
3rd 20.3 15.3 79.1 79.0 7.2 5.2 34.0 80.7

demonstrated that the shape of the photoresponse curve would depend on the
number of trap states characterized by two different slopes [10,28]. The initial slope
represents to the fast rise and is a signature of the core process. Mediated by surface-
related process, the second slope corresponds to a slow response while establishing
carrier equilibrium between the conduction band and the trapping states [10,28]. In
the present context, the photoresponse curve was fitted independently for different .
trends in the initial part and the end part ‘of the curve for different cycles of UY
illumination. Note that the slope of the initial part has an increasing trend as one
moves from the first cycle to the succeeding cycles (Table 1), whilst no significant
increment was observed in the second part of the photoresponse curve. A similar
trend was maintained in the transient photoconductive response in Case 2.
Accordingly, the difference between the two slopes (the initial and second parts of
the photoresponse) is the lowest in the first cycle and increases for the next two
cycles. The difference in slopes could represent the contribution that arise due to the
fraction of charge carrier density available in the conduction band, while® the
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remaining charge carriers are at the trapping sites {10]. This suggests that the electron
density of the conduction band increases in every cycle of the turn-on conditions.
The increase in electron density in the conduction band can be correlated with the
increase in the slope of the initial part of the photoconductive response curve, i.e.
increase in the contribution of the core process in every cycle. The augmented core
process can be assigned to the enhancement in the actual quantum efficiency of the
photo-generated charge carriers, in every cycle. For longer duration of UV
illumination, more and more photo-generated holes combine with Oy at the
particle-boundaries and surfaces of the polycrystaliine ZnQ, and release captured
electrons thus leading to the enhanced quantum efficiency. [t can be noticed that the
rate of increase of the slope of the initial part becomes low as one moves from second
cycle to the third one. This situation, in fact, corresponds to the saturative nature of
photocurrent arising from the core process, particularly for longer duration of UV
illumination. '

When the UV light was switched off, the observed photocurrent decays initially
with fast decay characteristics and is then followed by a slow decay mechanism,
consistent with earlier results [10]. Yet again, the fast decay corresponds to the core
related process which involves rapid band-to-band recombination of e-k pairs
[10,18]. Under UV illumination, the increment in the fast component was observed in
each cycle and was assigned to the enhancement in quantum efficiency. The faster
decay of the photocurrent was witnessed in the photoresponse curve when UV light
was switched off [10]. In our case, within 15s of termination of the UV light, the
current drops by 25.4%, 22.1% and 20.8% from the respective initital photocurrent
magnitudes, for three successive cycles. Upon exponential fitting, the decay constant
(vs) was estimated to be 72.8, 75.6 and 79s at the completion of Ist, 2nd and 3rd
cycles, respectively (Table 1). The incremental trend of t, after every cycle can be
correlated with the photocurrent enhancement due to the core process. In the present
case, the increase in electron density in the conduction band after every cycle would
slow down the recovery process owing to finite surface recombination centers of the
nanorods. This fact accounts for the respective decay duration, and PPC, after every
cycle. Note that at the end of 2nd and 3rd cycles, the respective PPC was found to be
enhanced by a factor of 1.89 and 2.45 with regard to the 1st cycle. Additionally, the
ratio of the PPC with respect to the initial dark current was found to be 32.9, 61.3
and 79.1 at the end of Ist, 2nd and 3rd cycles; respectively (Table 1).

With the aim of investigating the surface-related effects on the observed PPC, the
ZnO nanorods were annealed at 120°C for 3 h. The right y-axis of Figure 4 represents
the transient response of the annealed nanorods. It is expected that the annealing at a
lower temperature would not change the structural arrangement of the nanorods
substantially, but could lead to the desorption of O, species. The dark current of the
annealed sample is slightly higher than the non-annealed sample due to the lower
band bending and owing to less adsorbed O, species due to annealing. The observed
photocurrent of the annealed sample is lower than the pristine sample as a result of
smearing out of surface adsorbed O, molecules from the nanorods. In spite of the
low photocurrent, the photoresponse curves show similar characteristics with regard
to the slopes of the initial and end-parts as discussed above. The core process
increases with the number of cycles due to the enhancement of quantum efficiency in
every cycle and that is why similar pattern of PPC was still maintained. Ensuring a
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similar nature of PPC as observed in the pristine one, the PPC in this case was found
to be 1.85 and 2.41 times the value corresponding to the Ist cycle at the end of 2nd
and 3rd cycles. In contrast to that, the PPC to initial dark current ratio for the
annealed samples were estimated as 14.7, 26.4 and 34 at the end of Ist, 2nd and 3rd
cycles; respectively. The availability of less number of adsorbed O, species on the
nanorods is responsible for lowering the PPC-to-dark current ratio for the annealed
samples. The development of built-in potential will be lower if less amount of O,
species are adsorbed on the surface and the events of hole accumulation near the
surface of the nanorods will be hindered drastically. Eventually, more holes will be
available for e-h recombination leading to the decrement of number of conduction
band electrons which were responsible for PPC. The overall picture of PPC of the
annealed sample. signifies the surface dependent nature of PPC of the nanorods
under study.

It is now clear that the photocurrent enhancement under UV illumination in
periodic cycles is a consequence of increase of conduction band electrons in view of
the enhanced quantum efficiency. The presence of excess electrons in the conduction
band due to the trap-state led slowing down of e-A recombination process was
expected to be responsible for the enhancement of PPC in every cycle.

4. Conclusion

The UV photoconductive response of characteristic ZnO nanorod arrays grown over
glass substrate has been demonstrated. The transient photoresponse under UV light
was characterized by an apparent increment of the photocurrent that demonstrated
the existence of a relevant PPC response. The increase in photocurrent can be
correlated with the enhancement in the quantum efficiency accompanied by the core
process, whereas the presence of trap states within the band gap of ZnO was the chief
reason behind the observation of adequate PPC. The shallow trap states, which were
detected by spectroscopic tools, have slowed down the e-h recombination resulting in
the increase of carrier concentration in the conduction band. The surface dependent
behavior of the PPC was revealed from the lower PPC-to-dark current ratio of the
annealed nanorods. The ZnO nanorod arrays exhibiting significant PPC would find
scope for making radiation detector, image storage and other such nanoscale optical
and optoelectronic elements.
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The present work highlights the improved Schottky behavior of Ag/ZnO
nanojunctions which make use of unirradiated and 80-MeV oxygen jon (0%*)
irradiated randomly oriented ZnO nanorods. While leakage current is
apparently low, the rectifying nature of the nanojunctions was clearly evident
from room-temperature current-voltage (I-V) measurements. In case of use of
@rradl:ated nanorods, the Schottky barrier height (¢g) of the Ag/ZnO nano-
junctions was found to be enhanced from 0.78 eV to 0.95 eV along with
decre_ase of the ideality factor (1) from 17.7 to 6.9. This is ascribed to reorga-
nization and modification of the native defect states via creation and
annihilation events as revealed by photoluminescence spectroscopy. The
fluence-dependent variation of ¢5 and n was assigned to competition among
donor and acceptor types of defects. The current transport mechanism of the
Schottky contacts was found to be dominated by trap-assisted recombination
tunneling and space charge-limited conduction in the mobility and ballistic

regime.

Key words: ZnO, ion irradiation, nanorods, photoluminescence,

Schottky contact

INTRODUCTION

One-dimensional (1D) semiconductor nanostruc-
tures exhibit unusual properties that can be utilized
for potential applications in electronic and opto-
electronic devices.? Previously, various 1D struc-
ture-based functional devices such as light-emitting
diodes (LED), gas sensors, and field-effect transis-
tors (FET) have been reported.*™* Amongst many
other 1D nanostructured systems, zinc oxide (ZnO)
has immense potential in a wide variety of applica-
tions, including nanophotonic, nanooptic, and opto-
electronic components.*® Owing to difficulty in
electrical probing, most of the 1D structures are
generally characterized via optical spectroscopy and
diffraction methods. In spite of rapid growth and
development of synthesis techniques and fabrication

(Received July 30, 2011, accepted February 7, 2012;
published online March 17, 2012)

strategies, formation of reliable and reproducible
nanoscale metal/semiconductor contacts still
requires careful consideration. Specifically, qualita-
tive as well as quantitative analysis of metal/semi-
conductor rectifying contacts (i.e., Schottky diodes)
need to be addressed in view of their advantages over
conventional p—n junction diodes.” The rectifying re-
sponse of Schottky contacts of M/ZnO (M = Au, Ag,
Pt, ete.) junctions has already been demonstrated by
various groups.>*° Park et al.? witnessed improved
rectifying behavior of AwWZnO nanorod arrays when
Au was used as a capping layer on the nanorod tips.
In a similar way, it has become possible to fabricate
Schottky devices by using single nanobelts/nanowires
aligned between the two electrodes.® It is quite
apparent that the surface and native defects (zinc or
oxygen vacancies, interstitials, etc.) can directly
influence the transport properties of Schottky diodes
made from ZnO nanostructures.!’~!3

The effect of fast-moving ions has great relevance in
tailoring the structural and morphological properties
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of nanostructures. Depending on the energy (keV
or MeV regime) that ions carry, several important
phenomena can take place: ion implantation,
nanoparticle growth, sglitting, and unidirectional
growth (elongation)."**® In ZnO systems, ion beam-
induced modification/reorganization of various
native defects has also been discussed.!®*” Never-
theless, the electrical properties of Schottky diodes
made from ZnO nanostructures and subjected
to energetic ion irradiation are rarely found in
literature.

This work reports on the improved and unusual
Schottky response of Ag/Zn0O nanorod-based junec-
tions. Randomly oriented nanorods (RON) of ZnO
were irradiated by 80-MeV oxygen (O%*) ions and
later used for making Schottky junctions. Defect
formation was monitored by photoluminescence
(PL) spectroscopy and was correlated with the
changes in the I-V curves as a consequence of
carrier transport properties.

EXPERIMENTAL PROCEDURES

The production of ZnO RON, irradiation, and
fabrication of Schottky junctions are discussed
below.

Production of ZnO Nanorods

Zn0O nanorods were prepared by using a cost-
effective thermal annealing process.® To prepare
an aqueous solution of polyvinyl alcohol (PVA),
5 wt.% PVA (Loba-Chemie, 99%) was subjected to
constant stirring (~200 rpm) in double-distilled
water for 2 h at constant temperature of 70°C.
Considering a weight ratio of zinc acetate dihydrate
(ZAD) to PVA of 1.5, ZAD [Zn(CH3C00);, Merck,
99%) was transferred to aqueous PVA solution un-
der vigorous stirring. Aqueous sodium hydroxide
(NaOH, 0.6 M stock) was-injected dropwise to the
resulting solution until the pH became 8.5. This
precursor was spin-cast onto cleaned Al;04/Al
substrates and then subjected to annealing in a
constant air-flow muffle furnace for 1 h with sur-
rounding temperature maintained at 750 £ 5°C.
The spontaneous decomposition of ZAD to Zn(OH),
finally results in the formation ZnO nanorods.

Irradiation

The ZnO RON grown on Al,O5/Al substrates were
irradiated in the Material Science chamber under
hibgh vacuum (pressure ~10~7 mbar) using 80-MeV
O®* ion beams (with low beam current of ~0.6 pnA,
particle-nanoampere), available at the 15 UD tan-
dem pelletron accelerator of Inter University

Accelerator Centre, New Delhi. The ion fluence was -

measured by integrating the ion charge on the
sample ladder, which was insulated from the
chamber. The ion fluence was varied to 3 x 10*°
jons/cm?, 6 x 10 ions/em?, and 9 x 10*° ions/cm?,
The fluence values were kept low as higher fluences

Bayan and Mohanta

would lead to nanorod agglomeration, as predicted
in previous works. '

Characterization of ZnO Nanorods

The structural organization of the sample was
inspected under scanning electron microscopy
(SEM) in a JEOL JSM model 6390 LV instrument.
Crystallographic analysis of the RON was per-
formed by x-ray diffraction (XRD) measurements
using a Rigaku D/max-2000 djffractometer employ-
ing Cu K, radiation (1 = 1.54 A). Room-temperature
PL spectra were recorded by a PerkinElmer LS 55
spectrophotometer with a Xe line (ley = 325 nm) as
the excitation source.

Fabrication of Ag/ZnO RON Schottky
Junctions

To explore the nature of electrical transport, the
nanojunctions were characterized using a Keithley
2400 SourceMeter® via a two-probe method. In this
regard, metallic contacts were fabricated by depos-
iting two separate thin (~70 nm) Ag layers on the
top surfaces of the nanorod-grown Al;Oz/Al sub-
strates by means of a thermal evaporation process
using a vacuum coating unit (chamber pressure
~107% mbar). The effective contact area of the
specimens under the probe lids was estimated to be
~1.45 x 1077 m®.

RESULTS AND DISCUSSION
Structural Characteristics

As can be found from Fig. 1la, RON of ZnO are
clearly visible with inseparable structural organi-
zation. The approximate length of the RON is 2 ym
to 3 um, whereas the average diameter varies in the
range of 30 nm to 70 nm. The XRD pattern of RON
(Fig. 1b) suggests the development of hexagonal
wurtzite phase of ZnO,'® along with the character-
istic peak of metallic Al. The existence of Al;Os
phase was also revealed in the form of poorly
resolved peaks detected in the enlarged view of the
diffraction pattern (inset of Fig. 1b).

Optical Emission and Alteration of Native
Defects by Irradiation

It is expected that, in view of their high surface-
to-volume ratio, nancscale materials possess
innumerable native point defects that are capable of
influencing the emission response. Figure 2A
depicts the room-temperature PL spectra (lex =
325 nm) of virgin and 80-MeV oxygen ion irradiatgd
ZnO RON samples. The PL spectra show emission in
the visible region of the electromagnetic spectrum as
a result of radiative emission preceded via various
native defect states of ZnO such as zinc/oxygen
vacancies, interstitials, and antisites.** 2! Earlier, Gu
et al.?® observed the native defect state-mediated
broad PL response from high-quality ZnO nanorods
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Fig. 1. (a) SEM image and (b) XRD pattern of RON of ZnO on the AlLLOy/Al substrate. Inset of (b) shows a magnified part of the XRD pattern

grown using a catalyst-free, low-temperature oxida-
tion method. It is worth mentioning here that the
typical band-edge emission is not distinguishable in
any of the PL spectra. Such an observation can be
assigned to the excessively high contribution of the
native defect states to the radiative emission,
quenching the band-edge emission. The PL emission
intensities of the RON irradiated with fluence of
3 x 10* jons/em® and 6 x 10%° ions/cm? were found
to be enhanced as compared with the unirradiated
one. The observed increase in emission intensity can
be assigned to the dominance of creation over anni-
hilation of native defects as a result of the bombard-
ment by energetic ions.*® However, upon irradiation
at the highest fluence (9 x 10 ions/cm?), the lumi-
nescence response of the system is quenched. This
luminescence quenching can be ascribed to collective
annthilation of defects due to significant electronic
energy loss leading to adequate mi%ration of inter-
stitials and fast structural ordering. 18

For clear assessment of the contribution from
independent native defects, Gaussian fitting was
used to extract the different peak maxima associated
with different defect types (Fig. 2B). The position and
width of the fitted peaks were adjusted so that the
empirical curve (red label) formed by the combination
of the fitted peaks matched the experimental curve
(black label). The PL spectrum of the unirradiated
sample (Fig. 2Ba) shows three peaks, corresponding
to neutral zinc interstitial (Zn; at ~423 nm), singly
ionized zinc interstitial (Zn; at ~446 nm), and sin§12y
lonized oxygen vacancy (V& at ~491 nm).'820%
Among these emissions, the radiative response of Zn;
defects was found to dominate the overall spectrum.
Upon irradiation with fluence of 3 x 10 ions/cm?
(Fig. 2Bb), asharp contribution from the neutral zinc
vacancy (Vz, at ~407 nm) as well as ox gen inter-
stitials (O, at ~526 nm) were observed.?*! Though
the Zn, and Zn; emission peaks remain intact, the

b-related emission is suppressed. This could be

accounted for by annealing out of a substantial
amount of V§ defects compared with other types of
defects when the specimen was subjected to oxygen
irradiation (equivalent to annealing in air).

On the other hand, irradiation with fluence of
6 x 10° ions/cm? (Fig. 2Bc) decreased the neutral
Vza-related emission but led to the appearance of an
emission peak due to singly ionized zinc vacancy
(Vz.) at ~472 nm.?"?® Lastly, the Vz,-related
emission is completely quenched at the highest flu-
ence (9 x 100 ions/cm?) while Vz,-related emission
remains unaltered, as revealed in Fig. 2Bd. This
indicates that the Vg, defects created at fluence of
3 x 101®jons/cm®? are partly converted to Vz,
defects when a higher fluence (6 x 10*° ions/em?) is
used. Finally, at 9 x 10'°ions/cm? all the Vz,
defects are transformed into V7, defects, leading to
drastic quenching of Vz,-related emssions. Also, as
we move from low to high fluence, one can notice the
increase of Zn,related emission over Zn/-related
emission. During 1rradiation, the electronic energy
loss (S,) is generally used to ionize the host material
along the path of the ions.?* In our study, the con-
siderable magnitude of S, (1.62 x 10% eV/A) of the
oxygen ions in the ZnO host is capable of ionizing
Zn, and the neutral Vg, defects. As a result, there is
conversion of Vg, to Vi, defects and Zn; to Zn,
defects along the trajectory of the ions. The proba-
bilities of these conversions increase as more ions
impact with the target material. At the highest
fluence, Vg, defects are converted to Vz, defects,
while Zn; defects get converted to Zn, defects The
formation and increase/decrease of various defect-
related responses are summarized in Table I.

Transport Characteristics of Ag/ZnO RON
Nanojunctions

The current-voltage (I-V) characteristics of the
RON before and after irradiation were plotted by



1958

Bayan and Mohanta

(A) 45 ——r——q

(%]
<
LA S a4 San o s o 2my e o
]
o

PL Intensity (counts)
1~
n

0 —
330 400 430 500 350 600
Wavelength (nm)
(B) —r T y T g y - T T v

a

PL Intensity

400 450 500 S50 600

Wavelength (nm)

PL Intensity

. e ]
350 400 4500 S0 550 600
Wavelength (nm)

PL Intensity

(99}

PL Intensity

350 400 450 500 S50 600
Wavelength (nm)

Fig 2 (A) Room temperature PL spectra of the nanorods (a) before, and after iradiation at fluence of (b) 3 x 10" 1ons/em?, (c) 6 x 10'® 1ons/
cm?, and (d) 9 x 10'° lons/cm? (B) Respective Gaussian fits to the PL spectra (Color figure online)

using a computer-interfaced digital Keithley 2400
SourceMeter®, with vertical probes contacting the
Ag contacts deposited on the RON (Fig 3a) The
room-temperature -V curves of the Ag/ZnO RON
systems before and after wrradiation exhibat excel-
lent rectifying nature with very low leakage cur-
rents (Fig 3b) The Schottky contact formed
between the Ag metallic contacts and the RON 1s
the main reason for the rectifying response

According to the Schottky diode equation, thezsfor-
ward diode current (for V > 3kT/q) 1s given by

_ aVa 1)
I =1Ijexp (nkT)

where g 1s the electronic charge, V, 1s the applied
voltage, k 1s the Boltzmann constant, and T 1s the
working temperature Here, 7 1s the 1deality factor
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Table [. Modification of native defects due to

irradiation (symbols ®, O, T, and ! represent
formation, suppression, increasing, and
decreasing trends; respectively)
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Fig 3. (a) Schematic diagram of the Ag/ZnO RON system on AlL,OyAl

substrate. (b) Room-temperature -V characteristics of the Schottky
nanojunctions (Color figure online)

Qualitatively, n represents the departure from ideal
diode behavior (1 = 1). The reverse saturation cur-
rent, I, can be written as

I, = AAT Tzexp( chléﬁ) (2)

where A is the effective area of the metal-semicon-
ductor contact, A is the Richardson constant, and
¢p is the Schottky barrier height. The  and ¢ of the
RON before and after irradiation were calculated
from the Iinear fit of the semilogarithmic I-V curve,
depicted in the inset of Fig. 3b. For the unirradiated

RON, 5 was found to be as high as 17.7, while ¢g has
a value of 0.78 eV. The presence of a large number of
surface/defect states within the band gap of ZnO is
generally respons1b1e for the nonideal character of a
Schottky contact.®**2€ Earlier, in Aw/ZnO systems,
very high values of n between 20.5 and 38 were
observed and the existence of an interfacial insulating
layer or surface states at the metal-semiconductor
junction was predicted.?” In our study, the presence
of various kinds of defects within the band gap of
ZnO was evident from the PL spectra (Fig. 2A).
Accordingly, mechanisms such as image-force bar-
rier lowering (IFBL) and generation—recombination
of carriers in the space-charge regions are respon-
sible for the nomdeal behavior of the junction with a
high value of 5.’
Upon 80-MeV O6+ ion 1rrad1at10n of RON (with
fluences of 3 x 10%° ions/em? and 6 x 10 ions/
cm?), the current under forward bias was found to
be improved significantly with steep slopes (Fig 3b).
The observed enhancement in current conduction is
attributed to the irradiation-induced increase of
defect concentration, as evident from the PL spectra
(Fig. 2A). Again, ¢p of the nanojunctions using
ZnO RON systems irradiated at ﬂuences of
3 x 10'° ions/cm? and 6 x 10°ions/cm® shows
substantial enhancement, with respective values of
0.95 eV and 0.9 eV. The corresponding values of 7
were found to be 6.9 and 7.3, being smaller than for
the unirradiated system (1 = 17.7). It 1s known that
o and Zn, defects act as donors, whereas Vg,, O,
and OZ,, are regarded as acceptors in the ZnQO sys-
tem.?° For unirradiated RON, the dominance of Zn,-
related defects and Vg defects makes the system
la.rgely n-type and, therefore show high IFBL
effect.!® However, for the RON subjected to irradi-
ation at 3 x 100 jons/cm?, the formation of Vy, and
O,-related defects was clearly evident (Table I). The
formation of such acceptor-type defects compensates
the n-type conductivity of the system, leading to a
weak IFBL effect. Consequently, at thus fluence, the
¢p of the Ag/ZnO RON junction is enhanced to
0.95 eV and becomes 6.9. In contrast, irradiation
at 6 x 10'° ions/cm? leads to simultaneous decrease
of Vz, and O, defects, thus resulting in a slight
improvement in the value of 7, up to 7. 3 Lastly, at
the highest fluence (9 x 10*° ions/cm %), the sub-
stantial decrease of native defect concentration as
compared with the unirradiated case (evident from
the PL spectra, Fig. 2A; Table I) led to the notice-
able lowering of forward bias current. In this situ-
ation, though the Vg, defects are totally suppressed,
the presence of Vz, defects still maintains a higher
value of ¢g (0.87 eV) and a moderate value of 5 (8.0).

Carrier Transport Mechanism and the Role
of Irradiation Effect

To understand the nature of carrier transport for
different voltage regimes, the I-V characteristics
were also plotted on log—log scale (Fig. 4). Schottky
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Table II. The range of the different regions and the dominant transport mechanism

Recombination
Tunneling - SCLC/TCLC

Fluence -
(ions/cm?) o5 (eV) o Region I (V) Region II Region III
0 (unirradiated) '0.78 17.7 1.1-3.1 >32V(im=~4) -
3 x 10% 0.95. 6.9 0.6-1.8 1822V (m=1T) >22V(n=4)
6 x 10 0.9 . 7.3 0.9-2.2 2.3-3.1V (m = 6) >3.1V (m=4.3)
9 x 1010 0.7-1.8 1.8-3.2V (m = 2.7) >32V(mn=14)

0.87 8.0

contacts using pristine RON exhibited two distinct
regions of current conduction, as shown in Fig. 4a.
Regionl” (V< 3.1V) exhibits an- exponential
increase of current with respect to the applied voltage,
following the relation I « exp{aV), « being a system
parameter. The n value of the system was calculated
within this region where the conduction mechanism
is dominated by .recombination tunneling with
electrons. experiencing-a series of tunneling events
via local recombination sites.”®**® Beyond 3.2V
(region II), the current follows a power law with the
relation-.J o< V7, where m =-4, and the effective
current transport is assigned to the space charge-
limited conduction (SCLC) mechanism.”%® In the
present case, as m > 2, the SCLC is in the mobility
region where the carrier velocity depends on the
electric field with an exponential distribution of
traps within the band gap of Zn0.***2 This is why it

is also termed as trap charge-limited current
(TCLC).**

For the case of irradiated"RON,.the injected cur-
rent exhibited three separate regions in the log-log
scale I-V plots (Fig. 4b—d). The typical ranges
responsible for transport mechanism are shown in
Table II. For all the samples under study, current
transport was dominated by the recombination
tunneling mechanism characterized by the expo-
nential current increase (region I). The current in
region II can be described by a power law indicating
the dominance of the TCLC mechanism, similar to-
the pristine case but with a different value of m
(>2). Apart from these two conventional regimes, an
extra zone (region III) appeared for the Schottky
diodes based on irradiated RON (Fig. 4b—d; Table II).
In this new region, the current conduction still
obeys a power law but possesses lower values of m
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and 1s expected to be mediated by the dominant
SCLC mechamsm. Moreover, governed by the TCLC
transport mechanism, the Schottky contacts that use
ZnO RON 1rrqd1ated w1th fluences of 3 x 10*° 10ns/
cm? and 6 x 10'° 10ns/cm? exhubit higher values of m
(24) 10 region III (Flg 4b, c, Table IT) At the highest
fluence (9 x 10 ions/cm®), m 1egion I1I, m has a
value of 14 We suggest that the SCLC 15 1n the
ballistic region where the carrer veloaty 1s inde-
pendent of the field and scattering process, but
depends on the 1njection veloaty of the source ’ 3°
The appearance of the new region (III) for the
Schottky contacts made from wrradiated RON can be
assigned to reorgamzation of defect/trap states
within the band gap of ZnO mduced by wrradiation

CONCLUSIONS

The effects of 80-MeV O%* 10n irradiation on the
optical emussion and rectifying properties of ZnQO
RON nanojunctions have been studied Irradiation
with fluences of 3 x 10 1ons/em® and 6 x
10'% 1ong/cm? resulted in increase of the native
defect concentration and, consequently, higher cur-
rent conduction under forward bias Irradiation-
induced formation of acceptor-type Vg, and O, defects
was found to lower the IFBL effect, thus improving
the Schottky responses of the irradiated RON This
was characterized by a reduction of 1deality factor
from a value of 17 7 (umirradiated case) to 6 9 and
73 when wradiation was performed at fluence of
3 x 10" 1ons/cm? and 6 x 10'° 1ons/cm?, respec-
tively The conduction process of the RON before
and after irradiation 1s dominated by trap-assisted
recombination tunneling and SCLC conduction 1n
the mobility region with an exponential distribution
of trap levels Conversely, wrradiation with the
highest fluence (9 x 109 10ns/cm?) led to suppres-
sion of native defects, and hence current conduction
under forward bias 1s decreased Here, the SCLC
conduction 18 found to be mm the ballistic region
Although the current 1s lower, the estimated 1de-
ahty factor of 8 0 remained lower than the corre-
sponding value of the unirradiated specimen
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We report on the effect of 80keV Ar* 1on uradianion on the lurmunescence response of zinc oxide (ZnQ)
nanosticks synthesized using a simple microemuision route The formauon of nanoscale rods was confirmed
from the transmission electron microscopy, whereas the hexagonal wurtzite phase of the nanorods was
detected in an X ray diffraction pattern The photoluminescence pattern of the nanorods was dominated
by vanous native defect states of ZnO, which are responsible for the quenchm; of the typical band edge
emission of ZnO Under Ar* 1on nradiauon at a fluence of 1 x 103 jons/cm?, the band edge emission
was recovered owing to the suppression of oxygen vacancy defects In addition, the formation of new
zinc vacancy and 1onized zinc mterstitial defects were also evident Conversely, the band edge emussion
was found to be quenched as a result of the creation of more oxygen vacancy (Vo) defects due to 1on
uradiation (fuence 1 x 10%% 10ns/cm?) The nuclear energy loss of the Art 1ons 1 ZnO 1s responsible for
the formation of point (vacancy-related) defects, while relauvely small amount of electronic energy loss
of the Ar* 100 results 1n the 1omzaton of the neutral zinc ntersutial (Zn,) defects The energy deposition
scheme of the energeuc 1ons has been elaborated with the help of theoretical modeling that explains the
observed features quite sausfactonily

Keywords ZnO, 1on uradiation, nanorods, photoluminescence

PACS 61 80Jh, 78 67Qa, 78 5SEt

1. Introduction

In the recent decade, one-dimensional (1D) semiconductor nanostructures have been the focus
of research owing to their potential application in optoelectronic and photonic devices (7, 2) In
particular, zinc oxide (ZnO) 1s a promusing candidate for the luminescent and display devices that
work 1 the blue or ultraviolet (UV) region of the electromagnetic spectrum (3—5) The presence
of various native defect states (oxygen/zinc vacancies, interstitrals and antisites) within the band
gap of ZnO has expanded the area of application to a vast number of components including
gas sensors and photodetectors (6, 7) Advancementi in the vanous processing techniques has
led to the production of quality and cost-effective 1D ZnO nanostructures, namely, rods, wires,
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needles, urchins, etc. (8—10). Compared with other binary compounds, ZnO offers the flexibility of
extending the application to diverse fields while meeting economically viable synthesis strategies
that rely on both quality and reproducibility. .

Bombardment of semiconductor nanostructures with fast-moving ions can lead to the struc-
tural and morphological changes in the nanostructured systems. Depending on the energy of the
projectile ions (keV or MeV scale), implantation, growth and elongation can take place ({1-13).
Ton beam-induced defects in ZnO have also been studied with different ions having energies in
the keV or a few MeV range (11, 14). To be specific, the effect of low-energy ion irradiation on
the emission response of various native defects of ZnO nanomaterials is rarely discussed in the
existing literature. In the present work, we report on the consequence of 80keV Ar* ion irradi-
ation on the luminescence response arising due to various native defect states of ZnO nanoscale
rods (nanosticks). In light of a theoretical model, we discuss how the nature of the energy depo-
sition plays a vital role in the modification of native defects and, hence, on the radiative emission
[eSponses. :

2. Experimental details

2.1. Synthesis of ZnO nanosticks

The ZnO nanorods were synthesized using a simple microemulsion route: 30 mL of hexane,
5.45 g N-cetyl-N, N, N -trimethyl ammonium bromide (99.9% pure, Loba-Chemie) and 10 mL of
n-butanol were stirred (~200rpm) together for about half an hour resulting in a homogeneous
white mixture. The mixture was divided into two equal parts, and aqueous zinc chloride (ZnCly)
and sodium hydroxide (NaOH) were added to the two separate mixtures, thus producing two
microemulsions.. Finally, the two precursors were mixed steadily and continuous’stirring was

allowed for 8 h. The -elongated ZnO nanostructures were obtained by following centrifugation,

ultrasonication and annealing (~80°C) in sequence.

2.2. Irradiation of ZnO nanosticks _

For the irradiation experiment, the ZnO nanorods were dispersed in polyvinyl alcohol (PVA)
matrix to avoid agglomeration upon energetic irradiation. The ZnO nanorods dispersed in PVA
matrix were casted on laboratory glass slides of size 1 x 1cm? and were subjected to 80keV
Ar* ion irradiation using the low-energy ion beam facility (LEIBF) available at Inter University
Accelerator Centre, New Delhi. The beam current was kept at ~1 epA, while the fluence vaned
as 1 x 108 and 1 x 10' jons/cm?.

2.3. Characterization tools

The structural analysis of the as-synthesized product was performed by X-ray diffraction (XRD)
measurements in a Rigaku D/max-2000 diffractometer employing Cu Ke radiation (A = 1.54 A).
The transmission electron microscopy (TEM) study was carried out by a Jeol JSM-100 CX
microscope working at a beam accelerating voltage of 80kV. The optical absorption study
was carried out by the” UV-visible optical absorption spectroscopy (Shimadzu Corporation,
Japan /UV2450). The room-temperature photoluminescence (PL) spectra were recorded by
using a Perkin Elmer LS 55 spectrophotometer with Xe line (Aex = 325nm) as the excitation
source. Tee s

¢
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3. Results and discussion

3.1. Development of ZnO nanosticks: microstructural and optical features

The visible evidence of the as-synthesized nanosticks 1s obtained from the TEM image shown
in Figure 1(a) As depicted 1n the micrograph, the diameter and the length of the nanorods vary
within 20-30 and 175-200 nm range. The XRD pattern of the nanorods (Figure 1(b)) corresponds
to the hexagonal wurtzite phase of ZnO with preferred onentation along (101) plane (JCPDS
36-1451) (I15) The lattice parameters of the crystal lattice of the nanorod system were found to
bea =325A and ¢ = 523 A in agreement with the above-mentioned JCPDS data

As evident from the UV~visible absorption spectra (Figure 2(a)) of the nanosticks, an absorp-
ton peak 1s found at A ~ 362 nm (£ = 3 43eV), which corresponds to the ground state exciton
absorption 1n the ZnO nanosystem The enhancement in the ground state excitonic energy of
the ZnO nanosticks compared with that of the bulk (A ~ 376 nm, £ = 3 30eV) 1s attributed to the
quantum confinement effect (16) The position of the ground state excitonic absorptions for the
bulk and the nanosystems are shown by the arrow marks 1n Figure 2(a) The room temperature PL
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Figure 1 (a) TEM and (b) XRD pattern of the synthesized nanosticks Inset of (a) shows the dark field view of a single
1solated nanorod
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Figure 2 (a) UY-visible absorption spectra and (b) room temperature PL spectra of the unirradsated nanosticks
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spectrum of the nanosticks, shown in Figure 2(b), depicts the presence of various defect-related
emission of ZnO. The typical band edge emission of ZnQ is found to become suppressed because
of the presence of a large number of native defect states of different origins. The prominent central
peak located at ~403 nm corresponds to the zinc vacancy (Vz,)-related defect response of ZnO,
whereas the poorly resolved emission peaks at ~490 nm represent carrier recombination mediated
via the oxygen vacancy (Vg)-related defects (3, 17). On the other hand, the broad region within
500600 nm, in the emission spectrum, has arisen because of the presence of various defects:
oxygen interstitial (O,), double ionized oxygen vacancy (V{™), etc. (3, 17).

3.2. Effect of 80 keV Art ion irradiation and interplay of defect emission

The PL spectra of the ion-irradiated nanosticks are shown in Figure 3. Though the two emission
spectra are dominated by the various defect-related emissions of ZnQ, a clear variation in the
emission pattern is visible in the spectra of the irradiated samples compared with the virgin one.
Upon irradiation, the alteration of the emission spectra arises due to the substantial variation in the
radiative process occurring via native defects. In order to distingwish the individual contribution
of these defects and to compare with the pristine one, we took the Gaussian profile of different
defect-related peaks of all the spectra for each case (Figure 4(a)—(c)).

The asymmetrically stretched PL spectrum of the unirradiated ZnO nanosticks depicts the
presence of a prominent zinc interstitial (Zn,) peak located at ~426 nm, apart from the above-
mentioned Vz,-related peak (Figure 4(a)). The two weak peaks at ~451 and 467 nm corresponded
to the respective ionized zinc interstitial (an‘L)- and zinc vacancy (V7 )-related defects (3). The
singly ionized oxygen vacancy (V{)- and oxygen interstitial (O,)-related peaks have appeared at
~488 and 538 nm, respectively (3, 17). A poorly resolved emission peak at ~578 nm 1s found,
which is ascribed to the doubly ionized oxygen vacancies (V™) (17).

The nanosticks uradiated with a fluence of 1 x 10" ions/cm? reveals a broad PL spectrum
compared with the unirradiated one. The broadening of the PL spectrum arises due to the evolution
of the ZnO-related band edge emission peak at ~375 nm (3). The Vz, defect-related peak is still
prominent, whereas the intensity of the Zn, ernission peak is lowered with respect to the former
peak. Though the O, defect emission is substantially quenched, the emission peaks corresponding
to Zn;" and V3, still exist. On the other hand, in the PL spectrum of samples irradiated with the
fluence of 1 x 10'% ions/cm?, the band edge emission is suppressed totally, whereas both Zn, and
Zn} defect-related emissions are enhanced by appreciable amounts Besides, the Vz,— and V7
related emission peaks are lowered compared with the interstitials (both neutral and 1omzed)
Also, there is a development in the Vg-related emission, and as a result, the intensity of O,-related
emission shoots up.

- - 5o L 101 jons/Ein
W —== 1x10' fonsem?
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Figure 3. PL spectra of the nanosticks after ion nradiation at differcnt fluences.
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Figure 4  Gaussian fiting of the PL spectra of the nanosticks, recorded before (a) and after iradiauon at
1 x 1013 10ns/cm? (b) and | x 10%3 jons/cm? (c)

Now 1t 1s apparent that there 15 a fluence-dependent variation in the emission responses of the
defects. Thus vanation 1s due to the wrachation-led creauon and anmhilation of the point defects in
the nanosticks To account for the creation/anmhilation of defects, the Zn- and O-related vacancy-
to-interstitial ermission intensity ratios have been calculated for the three spectra. As 1s evident
from Figure 5, for the unirradiated ZnO nanorods, the Vz,/Zn, 1s just greater than unity (~1 14),
representing thereby a nearly equal contribution to the PL emission by these defects Whereas
upon irradiation with a fluence of 1 x 10!3 1ons/cm?, a higher value of Vz,/Zn, ratio (~15) 1s
ascertained that corresponds to the mcrease 1n Vg, defects or decrease in Zn,-related defects The
increase 1 Vz, 1s obvious and can be assigned to the wrradiation led nuclear energy loss that can
result in the knocking out of Zn atoms from 1ts regular lattice site (/8) The increase 1n Vz, defects
would also result in the increase in Zn, On the contrary, 1t 1s possible that during trradiation, the
Zn, defects are formed but later converted to Zn" ones It can be seen in Figure 4 (a) and (b) that
there 1s a variation 1n the intensity of the Zn, and Zn" emuission responses of the nanosticks before
and after irradiation Thus 1s clearly evident from Figure 5, where the sharp nise in the Zn;" /Zn,
ratio of the nanorods uradiated at 1 x 10'3 1ons/cm?, compared with the pristine one, hunts at
the increase 1n an defects upon irradiation So, the decrease in Zn, defects can be caused by
the transformation of Zn, to Zn} defects by 1on impact As obtained from SRIM 2008 program
(19), though the electronic energy loss (32 54 eV/A, Table 1) by the Ar* 1on during irradiation 1s
smaller than the nuclear energy loss (87 07 eV/A, Table 1), 1t 15 capable of 1onizing a few atoms
and it can result 1n the conversion of some Zn, defects to Zn' defects In case of irradiation with the
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Figure 5. Zinc and oxygen vacancy-to-interstitial vs. fluence variation. lrradiation-dependent ionized zinc to neutral
zinc interstitial response is also depicted in the graph.

Table 1. Electronic energy loss (S,), nuclear energy loss (Sp) and projected
range (R) of the 80 keV Ar™ ion irradiation.

Material Density (g/cc) Se (eV/A) Sa (eV/A) R(A)
PVA 1.2 28.33 40.08 1172
Zn0 5.6 32.54 87.07 491

highest fluence (1 x 10" ions/cm?), the scenario is distinctly different owing to the suppression
of some Vz, defects as predicted by the lower value of Vz,/Zn; ratio (<1). As the Zn; atoms are
mobile even at room temperature (20), it is expected that during irradiation, several number of
Zn; atoms would migrate to the Vz, defects, resulting in the reduction of the V, defects.

On the other hand, the VS /O ratio is found to be less than unity for the unirradiated case due to
the dominance of O, defects. Whereas the ratio becomes quite large after irradiation at a fiuence
of 1 x 10'® jons/cm?, owing to the fact that O; defects are being used in the annihilation of vt
defects during irradiation. The annihilation of Vg"’ defects is responsible for the evolution of the
band-edge emission peak of ZnO. Furthermore, Vg defects are created when the nanorods are
subjected to irradiation with a fluence of 1 x 10!5 jons/cm?, and eventually more O, defects are
formed. The simultaneous formation of V{ and O, defects at this fluence, results in acquinng a
moderate value of V{ /O, ratio for these nanoscale rods.

It has been observed that the nuclear energy loss related to the Ar* ion is responsible for the
knocking out of atoms and the formation of V, and V{ defects, along with the annihilation of
V&t defects by O, atoms. The substantial amount of electronic energy loss by the Ar* ions also
takes part in the event and converts the newly formed Zn, to Zn? defects. However, it is evident
that the Zn atoms are more affected during the irradiation event compared with the O atoms,
whereas the O atoms are mainly affected at the highest fluence only. The origin of the defect
establishment with regard to the creation and annihilation of vacancies and interstitials owing to
Ar?* ion irradiation must be explored, which requires'suitable theoretical justification.
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3.3. Theoretical treatment on the observed phenomena

In a system where the nanostructures are embedded in a matrix, both the matrix and the nanos-
tructures will experience the impact of incoming ions during irradiation. As per the calculation
obtained from the SRIM 2008 program, we predict that the 80keV Ar* ions can traverse up to
a distance of ~1172A (projected range, Table 1) within the PVA matrix. This suggests that the
nanosticks located within this range only, would experience.the impact of such ions. In order
to visualize the events more clearly, we assume that the ion after traversing through the matrix
encounters only one nanoscale rod to show its effect.

The total energy loss per unit length of the ion in PVA medium is § (= Se + S,) with S, and
S, being the electronic and nuclear energy losses. The initial energy of the ion before striking a
nanorod surface is (80 — Sz) keV, where z is the distance traversed by the ion from the surface c_>f
the PVA film to the nanorod surface (Figure 6). We consider three arbitrary values of z such as
5, 500 and 1000 A, which correspond to the nanosticks positioned at the surface, middle and at
the extreme end of the matrix but all within The projected range of the ion. Correspondingly, the
initial energy of the ion before striking the nanorod will be 79.66, 45.8 and 11.6 keV, respectively.
Using these values of the initial energy, the Se, S, and projected range (R) of the Art ion within
the ZnO system have been calculated using the SRIM program (Table 2).

As far as the energy deposition by an ion is concerned, the energy of the ion decreases as it
penetrates more atomic planes from the point of impact and can traverse to a distance equal to
the projected range of the ion within the material. Now for the ions having energy in the keV
scale, the deposited energy can be assumed in terms of some co-axial conical zones as shown in
Figure 7. The maximum length of the axis of a cone will be equal to the projected range, whereas
the maximum radius will be the distance between the point of impact and the spot where the
deposited energy becomes close to zero.

Figure 6. Scheme of the ZnO nanorods distributed within the matrix.

Table 2. Electronic energy loss (Se), nuclear energy loss (Sy) and projected range (R) of
the ZnO nanosticks sitvated at-different positions in the PVA matrix.

z(A) 80~ Sz(keV) Se (eV/A) Sa(€V/A) L . - RA)
5 7966 - 325 §7.1 489
500 - T 458 o 24.6 - 94 T - 289

1000 11.6 ‘ 12.4 o 909, . - - 91
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Figure 7. Schematic diagram of the conical zones created upon irradiation. (left) macroscopic and (right) atomistic
ViEWs.

Ifx, (i = 1,2,3,...) is the atomic percentage of each element of diameter d, (i = 1,2,3,...)
present in a nanorod of diameter D and length L, then the number of atoms present in the nanorod
will be N = 1.5fD?’L/ y_ x,d°, f being the packing fraction and 3 x, = 1 (21).

Considering the volume of the cones to be v, the number of atoms present 1n a conical zone is
given by

4N
7D’
Now, the total energy deposited by an ion within an effective region in the matenal will be equal
to S, times the projected range (R) of the ion within that material. So, the energy deposited per
atom within a conical zone will be given by

ey

" 2)
nD*LS.R

4Ny

Next, using the various values of S, and R (from Table 2) in the above equation, it can be found
that the energy deposited per atom decreases as the volume of the cones increases from the center
(Figure 8). This trend is maintained for all the nanosticks irrespective of their position within the
matrix (i.e. whether nanorods are on the surface or in the interior). The atoms present within a
cone having energy value greater than the displacement energies of Zn and O atoms are able to get
disptaced from their regular laitice site during the energy deposition process. The dxsplacemem
energy of Zn in ZnO lattice is 18.5 eV and this energy corresponds to the imaginary cones having
approximate volume of 17.5, 11.5 and 3.7 nm? for z-values of 5, 500 and 10004, respectively.
Whereas for O atoms the volume of the cones corresponding to its displacement energy (41 4eV)
is 7.6, 4.7 and 1.5 nm? for z values of 5, 500 and 10004, respectively. Eventually, in acquiring
displacement energy, the number of Zn atoms is larger than the O atoms according to Equation (1).
Hence, upon irradiation, the Zn atoms are most affected irrespective of the position of the nanorods
within the matrix and resulting in the variation of Zn-related defects.

In the above discussion, the overlapping of two or more energetic conical regions is not consid-
ered, which comes out to be an important aspect as one increases the fluence. With the increase
in fluence, the nanorods will experience more ions, and as a result, there is chance of overlapping
of the conical zones. At this situation, the atoms present in the overlapping region of two conical
zones would possess more energy than the atoms beyond that region. As evident in the present
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Figure 8. Variation of energy deposited per atom during irradiation and the volume of the cones.

system at a fluence of 1 x 10 jons/cm?, it is possible that the atoms present in the overlapping
region acquire an energy equivalent to the displacement energy of O atoms and create more V+
and O, native defects.

4. Conclusions

ZnO nanorods, synthesized by using a simple microemulsion technique, were subjécted 0 80keV
Ar* jon irradiation in order to have variation in the emission pattern of ZnO. Though the emission
responses of the nanorods before and after irradiation were dominated by different native defect
states of ZnO, the band-edge emission of ZnO was recovered at 375 nm upon irradiation with a
fluence of 1 x 10'* ions/cm?. It was found that nuclear energy loss of the Ar™ ion was used in the
formation of Vz, defects, whereas the electronic energy loss is responsible for the conversion of
Zn; atoms to Zn;" defects. It is speculated that the energy deposition upon irradiation takes place in
some co-axial conical regions, where the damage events at the Zn lattice sites is comparably-higher
than the O sites owing to the less displacement energy of Zn in ZnO system. The overlapping
of two or more conical regions at a higher fluence of 1 x 10" ions/cm? is accountable for the
evolution of more V& and O, defects at that fluence. The irradiation-led variation in the emission
patterns of ZnO can be useful and would form the basis of modern optoelectronic and dlsplay
devices.
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Defect mediated optical emission of randomly oriented ZnO nanorods
and unusual rectifying behavior of Schottky nanojunctions
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We report on the interrelation of optical emussion of randomly ortented ZnQO nanorod system with
the carner transport properties of Ag/ZnO nanorod-based rectifying junctions The ZnO nanorods,
exhibiting a hexagonal wurtzite phase, were fabricated by a cost-effective rapid thermal annealing
process and at different annealing temperatures The photoluminescence spectra of the as grown
samples have revealed various Zn and O related native defects (e g, vacancies, interstitials etc )
located at ~400, 428, 491, and 535 nm As evident from the /-V charactenstic curves, though all
the Ag/ZnO nanojuncuions show Schottky behavior, the nanorods grown at a temperature of
550°C and 650°C are characterized by very large 1deality factors of respective values 35 4 and
33 2, apart from displaying unusually high reverse currents Whereas, the samples grown at 450°C
and 750°C show usual rectifying nature having relatively lower 1deality factors (18 4 and 12 2),
along with low leakage-current under reverse biasing The enhancement or suppression of the
reverse currents can be attributed to the eventual lowering or raising of the Schottky barmer heights
which result from the vanation 1n the native defect states of vanious ZnO nanorod systems Corre-
lating optical events and electrical response through native defects would find scope 1n assessing
figure of ment and sensitivity while making rectifying nanojunctions and single electron devices
© 2011 American Institute of Physics [dor 10 1063/1 3631792]

. INTRODUCTION diodes) are proven to be vital as Schottky diodes usually ex-
hibit faster switching response and lower tum-on voltages
over conventional p-n junction diodes 13 The development of
rectifying  Schottky contacts fabricated using M/ZnO

d tructures h d deal of ( (M = Au, Ag, Pd, etc ) systems have previously been reported
conductor nanostructures have gained a vast deal of interes by vanous groups '* 'S Further, the thermal stability of the

due to their tunable emission property in the visible region of
groperty & contacts has been a major concern and 1t was reported that

the electromagnetic spectrum » * With the progress and devel-
tacts are more stable over Au/ZnO
opment of advanced tools and techniques, it has been possible Ag/ZnO SC}?Sﬁgky contacts are mor /

to fabncate high-quality 1D semiconductor nanostructures counterparts
giravaity The effect of surface and defect states on the transport
like nanorods, nanowires, nanoneedles, etc with varying

-7 Th Lty | 1 bl property of the Schottky diodes of ZnO nanostructures has
aspect ratio € quality, large scale processing capabiiy, also been worked out '#%° Nevertheless, the detailed study
and cost decide the marketability and commercialization of

of the Schottky diode response of M/ZnO nanocontacts for
the synthesized product Although optical properties are well varyine natwe defects 15 rarely found in the existing Litera-
known, the electnical properties are less addressed owing to aryng Y

ture In this work, we present a comprehensive study of the
the techrucal difficulty in obtaming quality nanoscale ’
contacts R & quanly Schottky nanojunctions using randomly onented ZnO nano-

rods, prepared under different annealing environment The

From the technology perspective, among the binary vanation of the Schottky barrier height and the 1deality fac-
semuconductor matenals, zinc oxide (ZnO) has immense tor of the Schotiky diodes with varying donor and acceptor
apphcation owing to its wide, direct band gap (E, =3 37 eV), defects of ZnO have been discussed Further, the correlation
and very large exciton binding energy (E, = 60 meV) at room between the defects that are associated with optical transi-
temperature (300 K) The luminescence response over a wide tions and the Fermi level positoning which nfluence the
electromagnetic spectrum (UV-visible region) makes 1t a Schottky beh are uehlighted
promusing candidate for photonic/optoelectronic devices 7-10 ChOttcy behavior ghie
The presence of Zn and O related various natve defect states

Semiconductor nanostructured systems are regarded as
building blocks for their extensive use 1n display and optoe-
lectronic devices ' % In particular, one dimensional (1D) semi-

(vacancies, interstitials, antisites, etc ) make it more interest- ll. EXPERIMENTAL
ing for obtaining selective emussion patterns '>'% As far as
the metallic contacts with ZnO system are concerned, the fab- (a) Preparation of substrates Commercially available

ncation of quality rectifying contacts (1e, the Schottky  Pure Aluminum (Al) substrates of size (~05 ecmx 05
cm x 0 5 mm) were repeatedly washed with double distilled

water and finally cleaned with ethanol and acetone m an
“Electromuc mail best@tezu ernet 1a ultrasonicator bath In order to develop an wnsulating layer of

0021-8979/2011/110(5)/054316/6/$30 00 110, 054316-1 © 2011 Amencan Institute of Physics
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054316-2 S Bayan and D Mohanta
Al,O;, the clean Al substrates were immersed 1n chromic
acid solution for 36 h at room temperature

(b) Preparation of ZnO nanorods The.ZnO nanorods
were prepared by a rapid thermal annealing process, follow-
ing our recent work 2! Zinc acetate dihydrate (ZAD)
[Zn(CH3C0O0),, Merck, 99%] was transferred to an aque-
ous solution of Swt. % polyvinyl alcohol (PVA) [Loba-
Chemue, 99%] under constant surmng (~200 rpm) This
was followed by the dropwise addition of aqueous sodium
hydroxide (NaOH, 0 6 M stock solution) until the pH of the
solution 15 raised to 9.0 The resulting precursor was then
spin-casted on the Al-based Al,O5 substrates and was sub-
Jected to annealing 1n"a constant air flow muffie furnace for
1 h The zone temperature was varied between 450 °C and
750°C The samples prepared at working temperatures of
450°C, 550°C, 650°C, and 750°C are assigned as §,, S,
$3, and Sy, respectively

The strattoral and ophcal properies of the samples
were charactenized by scanming electron microscopy (SEM),
high resolution transmission electron microscopy (HRTEM),
x-ray diffraction (XRD), and photoluminescence (PL) spec-
troscopy In order to study the electrical properties, the cur-
rent vs voltage (/-V) charactenistics were studied at room
temperature by using a Keithley 2400 sourcemeter® via two
probe method For explonng transport properties, metallic
contacts were made (Figwe 1) by depositing two thun Ag-
layers (~70 nm) on the nanorod-grown Al;03/Al substrates
via thermal evaporation process using a vacuum coating unit
(1078 mbar) In order to avoid chances of short circuit along
the vertical direction, the contacts were made honzontally on
the top-surface of the specimens The effective contact area
of the Specimen under the probe lids was estimated to be
~15x 1077 m* The /-V charactenistics were plotted for a
mummum of three cycles for each of the Schottky junctions
and any representative /-V curve 1s the outcome of the stats-
tical average of the recorded cycles

I, RESULTS AND DISCUSSION

The formation of regular ZnO nanorods 1s confirmed
from the SEM micrographs as shown 1n Figures 2(a) and 2(b)
The diameter and length of the nanorods are found to vary
between 40-70 nm and 2-3 um, respectively As the nanorods
synthesized at the lowest (S,) and highest temperatures (S,)
are found to be 1n un-clustered form, 1t 15 expected that the
nanorods of the other samples (S, and S3) will also exhibit
therr independent existence The lattice finges of the penodi-
cally arrayed crystal planes are clearly visible in the HRTEM

J App! Phys 110 054316 (2011)
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FIG 2 (a) and (b) SEM images of the nanorods of samples S; and S4, (c)
HRTEM 1mage of a nanorod of sample S\, and (d) XRD pattern of the sam-
ple S|, with inset (1) magrufied region and (1) XRD pattern of metallic Al

mmage of the nanorods (Fig 2(c)) with an inter-planar spacing
of 0 26 nm corresponding to (0002) planes of ZnO The XRD
pattern of sample S, ensure the formation of hexagonal wurt-
zite phase of ZnQ, apart from the existence of a characteristic
peak of Al observable at a diffraction angle of 66 1° (Fig
2(d)) Poorly resolved Al,O; peaks can be detected in the
magnified diffraction pattern of the ZnO system (inset (1) of
Fig 2(d)) 22 The XRD pattern of pure Al is also recorded
(mset (u) of Fig 2(d)) which 1s charactenized by three sharp
peaks representing (111), (200), and (220) planes of the face-
centered cubic phase of Al urut cell In reference to the XRD
pattemn of metallic Al, the absence of the (111) and (200)
peaks in sample §, ensure the development of a thin alumina
layer (amorphous Al,O5) on the Al-substrate *'

Figure 3 depicts a senies of PL spectra obtaned at room
temperature for individual specimen under study The defects,
though sample dependent, are found to be major contributor of
the PL emussion response The peak positions descnbing var-
ous kinds of zinc and oxygen related defects were discussed 1n
earlier reports 226 The spectra of sample S, is domunated by
the oxygen interstinal (O,) defects (~535 nm),'? whereas the
lurminescence peak (~490 nm), corresponding to the singly 10n-
1zed oxygen vacancy (Vg) Ref 27 1s also found Further,
poorly resolved peaks ansing due to the zinc related defects

FIG 1 (Color online) Schematnc dia-
gram of randomly onented ZnO nano
rods supported by AlLO;/Al substrate
Probe Lids are shown by long vertical
arrows
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FIG. 3. Room temperature PL emission spectra of different samples corre-
sponding to an excitation wavelength of 325 am.

like neutral and singly ionized Zn interstitials (Zn, at ~430 nm
and Zn;™ at ~450 nm) Refs. 11, 12, 26, and 28 and ionized
zinc vacancy (V,, at ~465 nm) Refs. 12 and 25 were also
detected. Moreaver, in the PL spectra of §, and S, the emission
response due to the Zn interstitials (Zn; and Zn, ™), are found to
be improved. Compared to S|, the oxygen vacancy related
emission (Zry"’ at ~490 nm) is also strengthened, along with
the development of the neutral zinc vacancy related emission
(V2,), located at ~400 nm'!?® and that of the ionized vacancy
(V) at ~465 nm. Finally, in the spectra of S,, Vz, related
emission intensity gets enhanced and becomes comparable with
the Zn; related emission. Under rapid thermal annealing pro-
cess, the formation of nanorods takes place via transferring of
atoms from smaller particles to larger particles along [0001)
direction of ZnO host lattice.?' Since the atomic radius of oxy-
gen is smaller than zinc, the energy required to transfer oxygen
atoms will be lesser than that of zinc atoms. As substantiated in
the PL spectra, the nanorods developed at the lowest tempera-
ture (450°C), possess larger number of oxygen interstitial
defects. When the working temperature is increased substan-
tially, zinc atoms participate in the transfer process as a result

J. Appl. Phys. 110, 054316 (2011)

of which zinc interstitial (Zn,, Zn,*) and vacancy (Vz.,) related
defects are created which strongly take part in the radiative
emission process (cases S, S3, and S;). Since the annealing
temperature of sample Ss, is quite targer than the melting point
of Al (660°C), it can be said that the growth of the nanorods
(at that temperature) has taken place in a very unstable condi-
tion of the substrate. The instability at that temperature can
affect the arrangement of Zn and O atoms of the nanorods and
consequently, on different defect concentrations. Accordingly,
the PL spectrum of this sample ditfers from that of S, and S,
with a prominence and quenching of Vg, and Vg related
defects, respectively.

Figure 4(a) shows the characteristic /-V curve of
Ag/Zn0 nanojunction made out of the sample §;. The tum-

" on voltage of the sample was found to be ~3.2 V under for-

ward bias. The breakdown occurred at ~—9.1 V when the
junction was subjected to reverse bias. The nonlinear and
rectifying behavior of the curve originates from the Schottky
contact formed between randomly distributed ZnQO hanorods
and metallic Ag. Now, according to the thermionic model
the forward diode current can be given by'*?

qVa
1 = Is{exp (nkT> -1

where, g 1s the electronic charge, V,, is the applied voltage, k
is the Bolizman constant, and 7 is the working temperature.
The dimensionless quantity, 5, is called the ideality factor
which determines the strength of the electrical contact for
establishing a rectifying junction. The reverse saturation cur-
rent, /,, can be written as

(0

- f@!ﬁ) 2)

I, = AA T exp ( e

where, A is the effective area of the metal-semiconductor

contact, A* is the Richardson constant, and ¢g is the
Schottky barmer height. For V> 3kT/q, the forward diode

29
qVa
nkT
Referring to Schottky junction of §, and using the above
equation, 7 and ¢ were estimated as 18.4 and 0.77 eV. Such

current can be written as

3

1=1,exp<
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FIG 4. (Color online) Current- Voltage (/-V) charactenistic curve of samples (a) S, (b) Sy and Sj. and (¢) S..
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a high value of 1deality factor, 1 e, the non-1deal behavior of
the junction can largely be attnbuted to the atormuc scale
non-umformuty of the Schottky contacts which have aroused
due to the intermed:ate states/surface states and defects'® or
due to the surface damage dunng the formation of the Ag
layers on the nanorods 30 Previously, Allen and Durbin have
ascnibed lhigh value of 7 to the significant electron tunneling
owing to.the formation of a layer of posiively 10mzed
oxygen vacancies with thickness comparable to a few atomic
dimension at the interface separaung the metal probe and the
host ZnO %' Simularly, the values of 5 between 20 5 and 38
were observed for Au/ZnQ systems and were assigned to the
existence of an iterfacial insulating layer or the surface
states at the junctton *233 PL spectra, as discussed above,
have also ensured the presence of vanous defect/surface
states of zinc and oxygen, within the band-gap of ZnO Con-
sequently, mechamusms such as barrier height reduction, tun-
neling current, generation, or recombination 1n the space
charge region can be realized 3! All these key factors are
mainly responsible for displaying the non-ideal character of
the Ag/ZnO nanorod based Schottky contacts under investi-
gation and thus, giving nse to a high value of 5 as 18 4 for
Sy The typical log-log /-V charactenstics of the Schottky
junction made out of §, 1s presented in the mnset of Figure
4(a) Essennally, 1t depicts four independent regions mgh-
lighting the nature of carner transport for different voltage
regime of forward biasing The current response m the region
I (V<12 YV)is found to vary linearly with the bias voltage
as per the conventional Ohms law (/ «c V) Thus, the tunnel-
ing assisted current transport mechanism 1s favored within
the regime I The region II (1 2 V<V <4 6 V) shows an ex-
ponential growth of the current with the applied voltage fol-
lowing a relation / o« exp(aV), « being a constant which
depends on the system under investigauon The 1deality fac-
tor of the sample was calculated within this region and the
cammer transport 1s assigned to the recombtnation tunneling
mechanism where the electron would experience a senes of
tunneling via local recombination sites % In the present
context, the recombination centers are provided by the var-
ous native defects of ZnO thus facilitating recombination
assisted tunneling conduction mechamism The region I
(46 V<V <62 V) s characterized by a steep exponential
growth of the current with biasing voltage and 1s also attrib-
uted to the multiple recombination tunneling events Finally,
beyond 6 2 V (Region IV),; the current follows a power law
({ « Vz), which 1s recognized as the contribution owing to
the space charge hmuted current (SCLC) conduction ¢

On the other hand, nanojunctions formed 1n the sample
S, and §3, show very large current flow under reverse bias
(Fig 4b) Though the rectifying nature can be observed for
both the samples (1nset (1) of Fig 4b), the current under
reverse bias 1s dorminant The samples S, and S;, were char-
acterized by very high values of n, 1e, 354 and 33 2, and
@p of 064 and 063 eV, respectively Compared to S, the
sample S, 1s governed by higher currents beyond a given
bias voltage both 1in forward and reverse modes The log-log
I-V charactenstics of §; (wset (1) of Fig 4(b)), exlubited
five different distingwishable regions The current transport
of region I (V<01 V) 1s dommated by tunneling current,
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whereas the transport property of region II (01 V<V
<13V),IIU3V<V<43V),andIV{43VV<64V)
are domnated by the recombination tunneling mechanism to
different extents Beyond V > 6 4 V (region V), the transport
process 1s governed by the SCLC mechanism Similarly, five
independent regions, corresponding to different voltage
ranges, are also observed in the log-log /-V plot of the
Ag/Zn0 nanorod based Schottky juncuon of S5, shown i
the mset (11) of Fig 4(b) In contrast, as depicted in Figure
4(c), the junction obtained from the sample S,4, has a good
rectifying response that exhibited very less leakage current
n the reverse brasing mode The log-log /-V charactenstics
of S4 (inset of Fig 4(c)) signifies the tunneling current in the
region 1 (V< 0| V), whereas the current transport through
the recombination tunneling process 1s dominant withm
region I1 (01 V<V <23 V) Finally, the SCLC conduction
becomes predormnant over other mechamisms for biasing
voltage beyond 2 3 V (region I1I) The 7 was calculated to be
12 2, while, @z assumed a value of 0 78 eV The values of 7
and @jp for the four different samples are shown 1n Table 1
The large vanation 1n the values of the ideality factors and
barner heights (@) 1n the samples can be cormrelated to the
image force barner lowering (IFBL) effect, tunneling current
etc The IFBL effect anses due to the potential associated
with the 1mage charges (contnbuted by the donor defects)
which build up in the metal component of a Schottky junc-
ton as camers approach the metal-semconductor inter-
face !* Conversely, tunneling current occurs due to the
vanation of prime defects that exist even at the interface sep-
arating Ag layer and surfaces of the ZnO nanorod system

PL 1s associated with the carner recombination emission
whereas nature of carmer transport 1n an electrical junction 1s
decided by how efficiently a physical contact 1s made In par-
ticular, if carniers are from mmpurity or defect related states
then one can interrelate optical and electromc events simul-
taneously It has been established that in ZnO system, \Z4
and Zn, are donors, whereas Vo, O,, and Oz, act as accept-
ors "' It 1s likely that the presence of these donors and
acceptors 1n different concentration would change the Fermi
level position within the bandgap '' The vanation of 7 and
@3 of the four different samples 1s shown 1n Figure 5(a) The
1deality factor decreases with the increase in barmer height
and vice-versa, which 1s 1n agreement with the earlier
reports 7 1% Now, the vanation of @z with the ratio of
acceptor defect to donor defect, 1 € , zin¢ vacancy to Intersti-
tial (Vzo/Zn,) and oxygen interstitial to vacancy (Q,/V¢") of
the four samples, 1s demonstrated 1 the Figure 5(b) It can

TABLE I Different physical parameters of the four samples synthesized
under different annealing environment

Schottky Rato of Ratio of
barrer height  Ideality Zn vacancy to O-mtersttial to
Sample (¢g)ineV factor () intersuual (Vz,/Zn,) vacancy ©/VE)
MY 077 18 4 097 133
S2 064 354 078 090
S1 063 332 074 081
S4 078 122 103 0380
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FIG. 5. (a) Comparison of ideality factor and Schotiky barrter height and
(b) vanation of acceptor- to- donor defect contnbutons of different samples.

be observed that the O,/ V' ratio is significantly higher in S,
which is due to the dominance of O, defects over the other
defects. The sample possesses a moderate Schotiky barrier
height and hence shows a typical /-V curve of a Schottky
diode with less leakage current, whereas in S, and S3, the
large reverse current is found owing to the large electron
flow from the metal to semiconductor under reverse bias. It
has been observed in the PL spectra (Fig. 3) that Zn, related
defect emission get improved in these two samples and
hence Vz,/Zn; ratio is lower in this case (Fig 5(b)). Now, the
presence of Zn,-donors will increase the n-type conductivity
of the ZnO samples® and hence the Fermi level position in
these samples will be closer to the conduction band com-
pared to S;. This implies that the Fermi level of S, and S,
will lie just below the conduction band (depicted in Figure 6
(b)) and hence the depletion region of the metal-
semiconductor contact will be narrow 1n these two samples.
As a result, under reverse bias when the semiconductor
Fermi level gets below the equilibrium position, the elec-
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trons experience a no barrier situation and thus tunnel from
metal to semiconductor in large quantity (Figure 6 (b)ii).
Accordingly, a very high reverse current is predicted in §;
and S5. Again, the free electrons donated by the VJ and Zn,
defect states increase the surface charge density, resulting in
high IFBL effect.'® Apparently, there is a reduction in the
effective Schottky barrier height (0.64 and 0.63 eV for §;
and S, respectively), along with the decrease 1n the barrier
width, which defines the quality of an abrupt junction. There-
fore, the large tunneling current in the reverse bias region of
S, and S5, is a consequence of the decrease in the barrier
width owing to the Fermi Jevel re-adjustment and targe IFBL
effect on account of the creation of many Zn,-donor states.
As can be observed in Fig 5(b), the ratio of the acceptor-
to-donor defect concentration (for O,/V§ as well as
Vza/Zn,) has a decreasing trend while moving from sample
S\ to §s. Interestingly, though the O,/ V" ratio of S follows
the same tendency, the Vz,/Zn, ratio exhibits a reverse
trend. Compared to S, and S;, the Vz,/Zn; ratio of S, is
found to be larger owing to the prominence of Vz, related
emission 1n S,. Since the Vo, defects are considered to be
the' compensating acceptors,37 the dominance of the V-
acceptors in S, will result in the lowering of n-type conduc-
tivity of the sample compared to S» and S3. Hence, the Fermi
level position of the nanorods of Sy will be lower than the
case of nanorods for S, and S5 specimens. Also, the evolution
of more Vg, compensating acceptors will result in the
decrease in surface charge density leading to a weak TFBL
effect and that is why @ for the Ag/ZnO nanojunction of S4
(0.78 eV) would be higher than S, and S; (Table 1) Conse-
quently, there is an adequate enhancement in the barrier

FIG. 6. Energy band diagram of the metal semiconduc-
tor junction formed by different ZnO nanorod samples
(2) S, {b) Sa and Sj; for (1) equibibrium and (ii) reverse
biasing cases.
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width of the Ag/ZnO nanojunction (using sample Sy), and
hence, under a reverse bias, the free tunneling of electron 1s
substantially hindered which has resulted in a small amount
of {eakage current

Therefore, the defects which are responsible for optical
emission also control the electronic transport 1n a rectifying
junction. The departure from the ideal Schottky behavior 1s
found to be governed by the presence of defects at the inter-
face of the nanojunctions In contrast to the Schottky junc-
tion of S, the recombination mediated tunneling 15 found to
be nitiated at a comparatively lower voltage for §,, S5 recti-
fying junction cases where the ideality factors were also
found to be substantially high

IV. CONCLUSIONS

Randomly onented ZnO nanorods were fabricated on
Al;05/Al substrates via a rapid thermal annealing process
Then the Schottky behavior of the Ag/ZnO nanorod based
junctions was studied. The current transport property of the
Ag/Zn0O nanojunction was found to be dependent on the na-
ture of defects as predicted in the PL spectra The Ag/ZnO
nanojunction has exhibited recufying nature with very hgh
ideality factor owing to participation of vanous native defect
states of ZnO For the nanorods grown at 550°C and 650°C, 1t
was observed that the current under reverse bias was larger
than the current under forward bias The large reverse current
15 attmbuted to the large electron nneling from the metal to
the semiconductor side and because the Fermu level position 1n
these ZnO systems 1s sigmficantly affected by Zn,-donor defect
states Further, due to the sigmficant contribution from Vg
and Zn,-donors, the IFBL effect becomes considerably high in
these two systems (S,, S3), and therefore, effective barner
height as well as barmer width get suppressed On the other
hand, the nanorods grown at 450°C and 750 °C possess rela-
tively higher barmer height owing to the enhanced contnbution
from the respective O, and V,, acceptor states and as a result
the leakage current 1s suppressed substantially The mnterplay
of defects in optical emussion and recufying patterns would
help 1n meeting challenges while fabricating mimatunized devi-
ces that requure interlinking of opuical and electronic circuits
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Abstract. Barbules of the peacock feather have been used as the natural template for developing assemblies
of zinc oxide (ZnO) nanospheres. The different colored barbules consisting of various photonic crystals
(extracted from eye-pattern) were characterized in terms of the stop-bands identified in the respective
Reflectance spectra. The stop-bands of the photonic crystals are found to get red-shifted after the loading
of ZnO nanospheres and was reasoned to the modification of photonic band gap. The ZnO nanosphere
decorated barbules show well defined photoluminescence response with dominant defect related emission
of ZnO. The artificially grown inorganic structures on natural templates form a basis of new hybrid system
that can help in exploiting photonic band gap engineering and light wave modulation with high selectivity.

1 Introduction

[n recent years, with the significant advancement in the
fabrication and processing methods, research interest has
geared up in the field of photonics and optoelectronics.
The photonic crystals and photonic band gap materi-
als are attractive for precise modulation and propaga-
tion of electromagnetic waves {1,2]. A photonic crystal
is a periodic dielectric structure (made of two different
materials) in which em-waves are forbidden irrespective
of their propagation directions and exhibits a photonic
band gap (PBG). A PBG (or, stop-band) is the charac-
teristic of a periodically arranged material-air gap alter-
nate structure and is analogous to the electronic energy
band gap (EBG) in semiconductors. Natural systems (e.g.
Ophiocoma wendtii, Morpho rhetenor butterflies, peacock
feather etc.) also possess remarkable photonic structures,
better than artificially fabricated photonic crystals [3].
The central region of a male peacock feather generally
appears blue. As one moves away from the core, one ob-
serves cyan, brown and green colors spreading in outward
directions with spacings depending on the level of matu-
rity and origin of feathers. Whatever the case may be,
the chemical constituents which make up the barbules are
same but their typical organization and orientation give
rise to a series of diverse colors.

The peacock feather actually contains a 2D photonic-
crystal structure composed of melanin rods connected by
keratin in the cortex of differently colored barbules [4].
It was found that the variation in the lattice constant
(rod spacing) and the number of periods (melanin rod
stacks) along the direction normal to the cortex surface is

* e-mail: bestQtezu.ernet.in

mainly responsible for the typical appearance of a partic-
ular color [4]. On the other hand, it has been established
that the infiltration or embedment of luminescent materi-
als in the photonic crystals would lead to the inhibition of
spontaneous emission, which is useful for solid-state lasers
that require low threshold currents but high gains [5,6].
Zinc oxide (Zn0), a wide-direct band gap (E,

3.37 eV at 300 K) and high exciton binding energy (Ey =
60 meV) system, exhibits intense light emission features
in the UV to visible range of the electromagnetic spec-
trum [7-9]. ZnO has always been a topic of significant in-
terest for understanding various defect related ermissions
caused by zinc or oxygen vacancies or/and presence of
anti-sites. There are also reports on the modification of the
photonic band gap and the emission pattern of ZnO infil-
trated photonic crystals {10,11]. Earlier, ZnO nanoparti-
cles have been incorporated into the peacock feathers {12],
but hardly there was any discussion on the aspect of pho-
tonic band gap engineering. In this work, a matured pea-
cock feather (Indian Peafowl, Pavo Cristatus) collected
from the Manas National Park, Assam (India), has been
used as the base for synthesizing plentiful sub-micron size
hexagonal ZnO nanospheres. The report also highlights
on the tuning of photonic band gap of the inherent pho-
tonic crystals present in the peacock feather after ZnO
embedment. A model is also encountered to correlate the
experimental results with the theoretical predictions.

2 Experimental details

The ZnO decorated peacock feather was processed us-
ing a user-friendly physico-chemical reaction similar to
the previous work [12]. 0.005 M zinc acetate dihydrate
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Fig. 2. (Cdlor online) Scanting-electron micrograph of blue.barbules (a,ib) before and(c, d) after developing ‘Zn0 nandspheres
(inset in (c) depicts the hexagonal nanostructures at higher magnification). : e :
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(Zn(CH3CO0O0)2, Merck, 99.5%) and the peacock feather
were put into 20 mL ethanol under continuous stirring
at a moderate speed (~200 rpm) for 1/2 h. Then, 0.1 M
aqueous sodium hydroxide (NaQOH) in 5 mL ethanol was
injected dropwise to the solution and stirred for another
1/2 h at a constant temperature of 70 °C. The result-
ing precursor was then placed in an ultrasonicator bath
for 15-20 min to avoid abrupt coalescence of the as-
grown structures. The carboxyl groups (COO™) of as-
partic (HOOC-CH;-CH(NH,)-COOH) and glutamic acid
(HoN-CO-(CHa),-CH(NH,)-COOH) residues in keratin
provide the sites for the Zn%* cations (12| and Zn(OH),
is produced after introducing NaOH in the system. Fi-
nally, upon control annealing (~80 °C) the product in air
for 1/2 h, submicron ZnO structures were developed on
the keratin layer of the barbules. Thus the barbules of
the peacock feather can act as a natural template for self
organized nanostructures.

The structural morphology of the resulting systems
was characterized by scanning electron microscopy (SEM).
The photonic band gap engineering aspects due to ZnO
infiltration were studied by reflection and emission spec-
troscopy.

3 Results and discussion

As shown in the optical image (Fig. 1), the peacock tail
feather has a central stem with an array of barbs on each
side with barbules on each side of the barb. It can be ob-
served that in the eye pattern, the barbules mainly appear
in brown, cyan and blue. From the back side, the colors
in the eye feather can not be seen as the stack of barbules
emerged from the respective barbs directed upward in a
precise manner.

Figure 2a shows the electron micrograph of the blue
barbules of the eye pattern derived from the feather. The
presence of the melanin rods along with the air gaps can
be seen in the next micrograph (Fig. 2b). As evident from
the SEM images, the barbules have a smooth surface be-
fore the infiltration of ZnO nanosiructures. The homoge-
neous growth of hexagonal ZnO nanostructures is clearly
visible on the surface of the barbules and can be observed
in Figures 2c, 2d. It is possible that during ultrasonication
process, some of the nanostructures have detached from
the surface of the barbules and hence, a few parts of the
barbules are left uncovered (as indicated by red arrows).
Figure 2d gives a magnified side look of the nanostructures
formed on 2-3 different barbules. The ZnO nanostructures
are found to be close to uniform in size and hexagonal
shape (inset Fig. 2c¢) with an average diameter varying
within 250-270 nm.

Figure 3A shows the reflectance spectra of the blue
barbules before and after ZnO embedment. The re-
flectance spectra of the blue barbules prior the devel-
opment of ZnO, shows a prominent peak at ~470 nm
(Fig. 3A(a)), indicating the presence of a photonic band
gap (PBG). The reflectance peak in the blue region con-
firms the blue coloration of the barbules under visible
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Fig. 3. (Color online) Reflectance spectra of (A) blue barbules,
(B) cyan barbules, and (C) brown barbules with (a) before
embedding, and (b) after ZnO loading.

light. Further, the effect of loading of ZnO nanostruc-
tures is clearly visible in the other reflectance spectrum
as the peak becomes broad and red-shifted to ~545 nm
(Fig. 3A(b)). The deposition of the ZnO nanospheres (of
size of the order of visible wavelength) results in an appre-
ciable change of the effective refractive index of the system
and hence a modification in the PBG is expected. The re-
flectance peak after ZnO embedment is not sharp, which
can be attributed to the non-uniform covering of the ZnQO
nanostructures. For instance, in some parts of the bar-
bules, there could be some unoccupied empty space where
no ZnO nanostructures exist or in some areas there might
be overlapping stacks of ZnO arranged. Such uneven de-
position of ZnO has considerably affected the symmetry
of the reflectance peak.
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The change in refractive index of the ZnO nanospheres
attached to the surface of the blue barbules can be esti-
mated using the fundamental equation A = 2Dn, [11].
Here D is the lattice constant of the photonic crystals,
and n. as the effective refractive index of the system. If
A1, Ag represent the wavelength maxima corresponding to
the réflection, and ne;, ne2 be.the effective refractive in-
dices before and after embeddmg ZnO on the barbules,
then we can wrlte

M2 = .:f‘”e.l . (1)

1
As the internal structure of the melanin rods remained
unaffected, D remains same before and after ZnO loading.

Now, the effective refractive index of the system before
embedding Zn0O, can be expressed as ne; = Zi;l fing.
Here n1, ng, hs'are’the refractive indices and f1, f2, f3 are
filling factors of the melanin-rods, air gaps and the keratin
layer respectively, with the conchtlon satlsfylng H+ 2+
fa=1[13]: Then, we express -

[

Tl —ﬂa—fl(nz—ﬂl) - f2(n3 —na). (2)
For calculating the filling factor, we take f =
n(r/D)* where the structural parameters are taken as

Trod = 60 Am, reir = 37.5 nm, with ny, ns, and ng being
1.54, 1, and 2 respectively and D as 140 nm for the blue
barbules [4]” Hence; the effective refractive indices before
and after ZnO infiltration i.e., n;1, and nep-are found to
be 1.68 and 1.95.'In order to justify that the ZnO assem-
blies are mainly responsible for the observed red-shift; the
reflectance spectra of the-¢yan barbules were also stud- -
ied with and without ZnO-embedment (Fig. 3B). The re-
flectance spectrum of the’ZnO embedded cyan barbules is
also found to:be red-shifted (AX = 70 nm) in a similar
way to that of blue barbules*(Tab. 1) and the effective re- -
fractive index of the system becomes ~1.91. In contrast,
as far as melanin rod arrangement is concerned, the brown

barbules are characterized by variable dimensions. It mea-
sures 150 and 185 nm along the directions parallel and
perpendicular to the cortex surface thus exhibiting a rect-
angular lattice [4]. The effective refractive index of the
brown barbules before embedding ZnO was 1.64. In the
reflectance spectra (Fig. 3C(a)), along with characteristic
peak of the brown barbules at ~600 nm, an extra peak
was observed in the blue region (~450 nm) of the wave-
length which is the result of the Fabry-Perot interference
between the two surfaces of the photonic material {4]. On
embedding the brown barbules with ZnO, the effective re-
fractive index becomes 1.89 and the reflectance spectra
also experiences a notable red-shift of AX = 90 nm w.r.t.
the aforesaid 600 nm peak. The reflectance peak located
in the blue region is now suppressed owing to covering of
the barbules with ZnO nanospheres as a result of which
Fabry-Perot interference principle is no longer valid.

Essentially, different colored barbules loaded with ZnO
nanospheres: results in the modification of the respective
reflectance ‘spectrum’ and hence stop-bands (of PBG) of
the photonic crystals present in the barbules. Further, the
ZnO nanospheres of the given size will be be responsi-
ble for efficient light scattering with light path length of
the order of the thickness of the surface layer formed by

. the ZnO nanospheres. Thus controlled scattering events

can be an alternative interpretation to the observed shift.
A schematic diagram which illustrates the mechanism of.
changing reflectance spectra is shown in Figure 4. To
clarify further, we must note that electron transport is’
regulated by the electronic energy gap that arises due to
periodic potentials of the constituent atoms that make
up the solid. In a similar-way, photons with definite en-
ergy would experience a stop-band while propagating in.
the mediumi. In case of a peacock feather, the stop-bands
arise because of the typical structural arrangement of-the
melanin rods; air gaps and keratin layers. But.if ZnO is
infiltrated in the-air gaps then there is-a chance of over-
lapping of EBG of ZnO and PBG of barbules, as a result'
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Fig. 5. (Color online) Room temperature photoluminescence spectra (A.z = 325 nm) of the blue barbules: (a) before, (b) afier
nanoscale ZnO embedment and that of (c) separately grown bare ZnO system.

Table 1. Physical parameters of the barbules.

Barbules  Lattice constant D (nm) Before embedding ZnO After embedding ZnO
Reflectance  Refractive  Reflectance  Refractive
peak centre index peak centre index

(nm) (nier) (nm) (me2)
Blue 140 470 1.68 545 1.95
Cyan 145 490 1.67 560 1.91
Brown Dy ~ 150, Dy ~ 185 450, 600 1.64 690 1.89

there will be substantial changes in the PL spectra of the
peacock feather system (either band edge or defect related
emission is suppressed depending on the range of PBG ).
In our case, ZnO intrusion into the air gaps was very un-
likely as ZnO spheres are of larger dimension. Neverthe-
less, the effective refractive index would change as a result
of ZnO loading.

Figures 5a, 5b show the room temperature photolu-
minescence spectra (Aez = 325 nm) of the blue barbules
before and after ZnO loading. The barbules before infil-
tration of ZnO nanostructures show emission spectrum
having a meximum in the ultra-violet region (~388 nm)
(Fig. 5a). The effect of loading ZnO nanospheres can be
clearly observed by the characteristic defect emissions as
evident in the PL spectra shown in Figure 5b. Along with
the emission response associated to the barbules peaking
at ~388 nm, several other peaks are also observed which
can be correlated with the defect related emission of ZnQO.
The peaks at ~426 nm and 449 nm arise due to the emis-
sions via zinc interstitial related defects (Zn,, Zn]"); re-
spectively [14,15]. Further, the emission peaks at ~463 nm
and 490 nm correspond to the zinc vacancy states (V)
and oxygen vacancy states (VF) [15,16]. To confirm the
luminescence pattern, PL spectra of bare ZnO system
(synthesized using the same protocol but without feath-
ers), was also studied at the same excitation wavelength.
(Fig. 5¢). For the bare ZnO system, the peak at ~405 nm
corresponds to the zinc vacancy states (Vz,) [14], which
was not found in the ZnO embedded feather system ow-
ing to the superimposition with the emission peak of the
barbules (al ~-388 nm). The band edge emissions in both

the cases were not observed because of the presence of
large number of defect states of ZnO. The alike PL spectra
of bare ZnO and ZnO embedded feather system suggest
that the defect related emission response of ZnO is not
quenched by the photonic crystals composed of melanin
rods and connected by keratin layers. It is now clear that
the ZnO nanostructures are situated on the surface of the
barbules having their independent existence and hence,
the incorporation of ZnO nanostructures within the pho-
tonic crystals is less probable. In such a situation, the
overlapping of the PBG of the photonic crystals and the
electronic band gap of the defect states of ZnO nanostruc-
tures is not applicable. Decorating the surface of the nat-
ural feathers with nanoparticles without destroying the
internal structure of the feathers would help in altering
photonic band gap with high selectivitly.

4 Conclusion

The self assembled ZnO nanostructures have been syn-
thesized using a natural peacock feather as the support-
ing template and the PBG of the photonic crystals of the
feather is shown to be altered, as evident from the re-
flectance spectra. To be specific, the change in the effective
refractive index of the system after ZnO loading was ac-
counted for the PBG modification of the different colored
barbules. The similarity in the emission response, arising
from different kinds of the defect states in bare ZnQO as
well as ZnO decorated peacock feather system was wit-
nessed. The tunability of the PBG and emission in the
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visible region from such artificially decorated natural hy-
brid systems can be potential candidates for nanoscopy,
nanophotonics.and other such optoelectronic devices.

We sincerely thank [UAC, New Delhi, for sponsoring. the
project UFUP-44314/2008.
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We report on the 80-MeV nitrogen ton trradiation on spherical ZnO nanoparticles fabricated by way of
solid state mixing The structural and compositional analyses of the as-synthesized ZnO nanoparticles
were done by X ray diffraction electron microscopy and energy dispersive spectroscopy studies As evi-
dent from the optical absorption spectra the energetic 1on irradiation on the nanoparticle system 15 gov-
erned by evolution of new charactenstic absorption features owing to modification in the efectromc
states Again in the lurminescence spectra though the near band edge emission was not observable for
pnstine Zn0O 1t was recovered (at ~385 nm) upon irradiation As far as the defect related emission 1s con-
cerned a competition between the formation and annihilation of different defects (especially zinc vacan-
cies and interstitials) at different 1on fluences was realized Correlating the luminescence spectra and the
theoretical investigation 1t can be understood that dunng irradiation the formation of zinc related
defects are energetically favorable than the oxygen related counterparts Exploration of defect related
radiative features corresponding to defimite structural orgamization/modification would help in making
next generation hght emitring and display devices where a select emission response is desired

Keywords

no

Ton irradiation
Nanoparticles
Emisston

© 2010 Elsevier BV All rights reserved

1 Introdaction

Nanoscale semiconductor systems have gained sigmficant
importance due to their size-dependent opticat electronic and cat-
alytic properries of plentiful technological relevance [1 2] The
wide band-gap semiconductor nanostructures 1n particular have
emerged as a center of attraction for possible deployment n the
field of optoelectronics and luminescence [3 4] Zinc oxide (ZnO)
a wide direct band gap (3 37 eV at 300 K), have been found to be
a promising candidate for optoelectronics and display devices as
1t shows intense hight emission charactenistics from UV to visible
range In the electromagnetic spectrum [5-8] With the advance-
ment tn processing techniques like chemical vapor deposition la-
ser ablation radio frequency/magnetron sputtering chemical
bath deposition rapid thermal annealing, etc it has been possible
to fabnicate quality ZnO nanoparticles as well as asymmetric struc-
tures in the form of rods pillars flowers and urchins (9-11)
Undoubtedly the concerned methods were pretty good for large
scale production with controlled size distribution

In contrast a fast moving 10n may lead to significant changes in
the material leading to the track formatton, implantation and other
such effects {12] Bombardment of the nanoparticle systems with
suitable energetic ions leads to permanent change 1n the structural

* Corresponding author Tel +91 3712 267007 fax +91 3712 267005
£ mail address best@tezu e netin (D Mohanta)

0168-583X/S - see front matter © 2010 Elsevier RV A} rights reserved
dot 10 1016/) nimb 2010 11 044

and morphological features like nanoparticle growth [13) nano-
structure elongation [14] ripple formation (15] etc Nanoparticle
growth splitting and directed growth are reported for sons having
energy in the MeV scale whereas 1on implantation and rippie for-
mation are observed on irradiat ng with ions carrying keV energies
[1315] Controlled irradiation of the semiconductor nanoparticles
with light 1ons (eg N* Ar®* etc) 1s expected to influence the
luminescelice patterns by introduction or rearrangement of the
nanoscale crystal defects [16)

The present work reports on the fabncation of sphencal Zn0O
nanoparticles by a cost-effective one-step sohd-state reaction
and their luminescence patterns due to theé 80-MeV nitrogen 1on
impact at different fluences The luminescence response and the
structural modification are being correlated followed by a relevant
theoretical treatment

2 Experimental details
21 Synthesis of ZnO nanoparticles

Zn0 nanoparticles were synthesized using a surfactant assisted
solid state reaction method A mixture of zinc acetate dihydrate
(ZAD) & cationic surfactant cetyl trimethyl ammonium bromde
(CTAB 99 9% pure Loba-Chermie) and sodium hydroxide (NaOH)
with a molar ratio of 1 03 2 were ground together in an agate
mortar for ~45 mun at room temperature The umdirectional soft
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grinding led to the excess heat release as the reaction was in pro-
gress. After ultrasonication, the product was washed repeatedly
with deionised water and ethanol to remove any unreacted spe-~
cies. Finally the’ZnO nanoparticles were obtained on drying the
product ~70°Cin air for2'h. . s

2.2. Irradiation of ZnO nanoparticles

Polymers being protecting materials -against the agglorneration
of nanoparticles, polyvinyl alcohol {PVA) matrix medium was se-
lected to disperse ZnO nanoparticles. For the irradiation purpose,
the ZnO nanoparticles-dispersed PVA films were casted on labora-
tory glass slides {1 x 1.cm?). The samples were irradiated’in the
Material Science chamber under "a high vacuum (pressure of
~107% mbar) condition and using 80 MeV-N** jon beams (with a
beam current of ~1 pnA, particle-nanoampere), available at the
15UD tandem pelletron accelerator of Inter University Accelerator
Centre, New Delhi. The ion beam fluence was measured by inte-
grating the ion charge on the sample ladder, which was insulated
from the chamber. The .ion fluence was varied as 1.25 x 10'7,
5x 10", 2 x 10" and 8 x 10'? jons/cm? '

2.3. Characterization techniques

The structural characterization of the ZnO nanoparticles were
performed by X-ray diffraction (XRD) measurements recorded on
a Rigaku D/max-2000 diffractometer employing Cu-K, radiation
(=154 A). Low resolution transmission electron micrascopy
(TEM) study was carried out-by a-JEOL JSM-100 CX microscope

working at a beam dccelerating voltage of 80 kV. In contrast, high

resolution transmission electron microscopy (HRTEM) study was
made with the help of a FEI, Tecnai S-twin electron microscope

L)
A' i) Lﬁ,"” :’5&“,'?

working under an accelerating voltage of 200 kV. The elementai
analysis was performed through the energy dispersive X-ray spec-
troscope (EDS) attached with the scanning electron microscope
(JEOL JSM: 6390 LV). The optical absorption study was performed
by the UV-Visible absorption spectroscopy (UV 2450, Shimadzu
Corporation). The room temperature photoluminescence spectra
were revealed by using a PerkinElmer LS 55 spectrophotometer,
having Xe lamp as the excitation source.

3. Results and discussion
3.1. Structural analysis

The TEM image of the as-synthesized ZnO nanoparticles are
shown in Fig. 1(a). The average size of the nanoparticles is ~10-
12 nm. The lattice fringes due to single crystalline planes are
clearly observed in the HRTEM image of the ZnO specimen
(Fig. 1(b)). The lattice spacing is found to be ~0.26 nm and it cor-
responds to the interpfanar separation between the consecutive
(00 2) planes of ZnO. The XRD pattern, shown in Fig. 1(c), shows
hexagonal wurtzite structure of the ZnQO nanoparticies (JCPDS 36-
1451) [10]. No extra peak related to other byproducts e.g.. Zn{OH),
was detected. The elemental constitution was obtained from the
EDS spectra (Fig. 1(c)). In the EDS, the detection of a small peak cor-
responding to Br-element was noticed which might have arisen

‘owing to the presence of a minor amount of CTAB surfactant used

in synthesizing ZnO specimens.
3.2. Optical absorption spectra

As can be observed in the absorption spectra'(Fig. 2), the pris-
tine ZnO nanoparticle system before irradiation is characterized

20 (degree)

Fig. 1. (a) Low resolution TEM, (b) High resolution i‘EM. (<) XRD pattern, and (d) EDS spectra of the nanoparticie system.
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Fig. 2. Absorption spectra of Zn0O nanoparticles (a) unirradiated and irradiated with
fluence (b) 125x 10", (c} 5x 10", (d) 2 x 10'% and (e} 8 x 10'Zjonsjcm?;
respectively.

by a band-edge absorption peak at ~360 nm (~3.44 eV). It signifies
strong 1s-1s excitonic absorption near the vicinity of the band gap.
On irradiation at a fluence of 1.25 x 10'! jons/cm?, a new absorp-
tion peak is evolved at ~285 nm, while signature of the ground
state absorption (~360nm) gets quenched. The newly evolved
peak and the trace of the ground state absorption peak are also vis-
ible for the specimen irradiated with a fluence of 5 x 10'! ions/
cm? The unusual appearance of a new absorption peak at
~285 nm, can be assigned to the modification in the ground state
electronic energy levels. Because of the instant rise in the elec-
tronic temperature during irradiation, the event can be treated as
a case of abrupt annealing which can lead to structural reorganiza-
tion and hence, modification in the electronic states. Again, at a flu-
ence of 2 x 10'% jons/cm? the original ground state absorption has
improved resulting in the broadening of the overall absorption
spectra. Consequently, at the fluence of 8 x 10'?ions/cm? the
spectrum (consisting of the two absorption peaks) was found to
be optimally broadened.

3.3. Photoluminescence spectra

The photoluminescence spectra of the un-irradiated and irra-
diated ZnO nanoparticle systems under 325nm excitation, is
shown in Fig, 3. Typically, the un-irradiated ZnO system exhibits
various defect related emissions. The visible impressions at
~403 nm, 428 nm and 450 nm correspond to the emission-re-
lated to the Zn vacancy (Vz,) and Zn interstitials (Zmy, Zn],
etc.); respectively [5-7]). The emission peak at ~495 and
575 nm can be ascribed to the oxygen vacancies (V§, Vy*, etc.)
[8]., while the larger wavelength side of the spectrum is domi-
nated by other defects like complex defects (Vo:Zn; at
516 nm), oxygen antisites (Oz, at 521 nm) and oxygen intersti-
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Fig. 3. Room temperature PL spectra of ZnO nanoparticles (a) un-irradiated and
irradiated with a fluence of (b) 1.25 x 10", (c) 5x 10", (d) 2% 10'%, and (¢)
8 x 10'? jons/cm?; respectively.

tials (O; at 535 nm) [5,6]. It is known that nanoparticles possess
plentiful defects owing to large surface to volume ratio. Most of
the surface defects are due to single and double ionized oxygen
vacancies and it is expected that the radiative emission via
these surface states can quench the band edge emission
appreciably.

Upon irradiation with a fluence of 1.25 x 10! ions/cm?, the PL
response gets improved with respect to Vz, related emission, while
the oxygen related emission response (V§, V§*, Vo:Zn;, Oz, etc.) is
drastically reduced. Since the V, related defect and band-edge
emissions can be correlated [S], the band-edge emission at
~385 nm can be observable upon irradiation. The band-edge emis-
sion is found to be intact even in case of irradiation at a higher flu-
ence (5 x 10" jons/cm?), while the emission response due to the
Zn vacancy and interstitial related defects become comparable.
Note that, V4, Zn; Vo and O; defects are generally encountered in
ZnO nanostructures and owing to enormous energy deposition
by irradiation events, their independent contribution to the lumi-
nescence patiern will be greatly affected. [t is possible that the va-
cancy and interstitial related defects invariably compete and/or
exchange each other. Further, Zn; atoms are mobile even at the
room temperature {17], there is a competition between the crea-
tion and annihilation of the Vz, and Zn, related defects. Towards
this end, we observe comparable emission responses from these
defects at a fluence of 5 x 10! ions/cm?. Moreover, at a moderate
fluence of 5 x 10'Y jons/cm?, the host polymer matrix that sup-
ports ZnO nanosystems experiences significant C-C bond breakage
leading to disruption in polymer chains. As revealed by the TEM
images depicted in Fig. 4(a,b), the nanoparticles tend to overcome
the polymer encapsulation (at ~5 x 10" jonsfcm?), which was not
observable in case of the sample irradiated at a lower fluence
(1.25 x 16"ions/cm?).
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On the other hand, upon irradiation at a fluence of
2 x 10'?jonsfcm?, the spectrum is found to be more symmetric
with optimum Zn; and Zn{ related emission, whilst the intensity

of the band-edge emission peak gets lowered. The suppression of

the band-edge emission intensity is ascribed to the progressive
development of the V{ related emission. As found in the TEM im-
age (Fig. 4(c)). at this fluence, the nanoparticles overcome the ma-
trix encapsulation completely along with occasional instances of
particle-coalescence. This facilitates in the recovery-of the V states
as the oxygen vacancies normally stay on the surface of the nano-
particles. The nanoparticles just recovered from the matrix encap-
sulation becomes free standing but highly reactive and might
cause coalescence with the neighboring fianoparticles. The coales-
cence of the nanoparticles under energetic ion irradiation can be
assigned to the decrease in effective cohesive energy of the nano-
particles {18]. '

At 8 x 102 ions/cm?, the spectrum becomes more and more
symmetric and peaking at the wavelength position as due to the
Vg related defect emission. In addition, the emission due to O; de-
fects can also be identified. The band-edge emission, at this flu-
ence, is substantially quenched on account of dominancy of the
aforesaid emissions. The extent to which nanoparticles will be
recovered from the matrix encapsulation, depends on the amount
of energy incident on the specimen. In this context, at the highest
‘fluence (8 x 10'?ions/cm?), ‘the energy deposition is maximum
and therefore, the matrix can be amorphized completely. The rapid
mass transport between particles with interparticle separation rel-
atively smaller than that of their dimension can result in particle
coalesce/agglomeration. An agglomerated view of the irradiated
nanostructures is evident from the electron micrograph, shown
in Flg 4(d)

3.4. Theoretical justification

In a Zn® nanoparticle embedded polymer matrix system, the
incoming ions are expected to strike both the nanoparticles as well
as the host matrix. An energetic ion while traversing through a
solid loses its energy in two ways: (i) electronic energy loss due
to inelastic collisicn of the incoming ion with the electrons of the
solid, and (ii) nuclear energy loss due to the elastic collision with
the atomic nuclei .of the solid [12]. The electronic energy loss
(Se), nuciear energy loss (S,). and the stopping range of the
80 MeV-N** ions in PVA and ZnO are shown in Table 1. It can be
seen that both in ZnO and PVA cases, S. dominates over.5,. As -
the energy deposited in the PVA film is very small compared to
the incident energy (80 MeV) of the ion, the effective energy real-
ized on the individual nanoparticles, to a good approximation will
be ~80 MeV. Considering the average size of the nanoparticles as
10 nm, the amount of energy delivered to the nanoparticle by a
single ion along its trajectory (i.e., along the diameter, D of the
nanoparticle) is SeD = 11.91 keV. According to the Thermal spike
model [19]. in the close vicinity of the projectile ion, the above
mentioned energy would diffuse to the atomic subsystem (via elec-
tron-phonon coupling). As a result, local heating of the lattice
takes place and eventually melting occurs. Later, the fast cooling
of the system causes transient atomic disorder and thereby forma-
tion of innumerable defects. Since the energy deposited at the core
is maximum and decreases gradually as one moves away from it,
we speculate the development of several concentric cylindrical
zones (each of length D), each of which representing a definite
energy value (Fig. 5).

Now, if x; (i = 1,2,3....) is the atomic percentage of each element
of diameter d; (i = 1,2,3...) present in the nanoparticle of diameter

Fig. 4. TEM ixﬁage of ZnO nanoparticles after irradiation with a fluence of(aj 125}(& 0", (b} 5 x 10", (c) 2 x 10'% and (d) 8 x 10" ionsjem?; respectively.
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Table |
Electronic energy loss (Se). nuclear energy loss (S,), and the stopping range of the
80 MeV-N** jons 1n PVA and Zn0.

Maternal Se (eV/nm) Sa (eV/nm) Projectile range (um)
PVA 3.946 x 102 2201 x 107" 12942
Znd 1,191 x 10° 6.792 x 107! 47.18

D, then the total number of atoms present in the system can be gi-
ven by:

3
N=JD -
ledl

where fis the packing fraction and "x, =1 [18].
Considering the diameter of the cylinder as §( < D), the number
of atoms present 1n the cylindrical region can be expressed by:

n-3 (g)zw. @)

From the basic understanding point of view the amount of en-
ergy deposited during the thermal spike event refers to the product
of the electronic energy loss (S,) and the electron~phonon coupling
efficiency (g) [20.21]. So, the total energy deposited along the path
of the projectile ion is gS.D and the amount of energy received by
each of the atoms in the cylindrical region of diameter § will be

gS.D
1})
_2gs.D? 3
- 362N ( )

Assuming g =04 [21], the variation of the energy received by
each atom of the cylindrical regions can be predicted (Fig. 6).

In ZnO lattice, the energy necessary to displace zinc and oxygen
atoms from their regular positions to the 1aterstitial positions are
18.5 and 41.4 eV; respectively {22]. In the plot (Fig. 6), these values
corresponded to the cylindncal region of diameters (5) 0.51 and
0.34 nm; respectively. Effectively, the Zn and O atoms present
within the cylindrical zone of diameter ~0.51 and 0.34 nm can
avail the above mentioned energy. As shown in Eq. (2), the number
of atoms n, present in the cylindrical region s directly proportional
to the square of 5. Thus the number of zinic atoms is larger than the
number of oxygen atoms so as to acquire the effective displace-
ment energies. Consequently, upon irradiation, the vacancy and
interstitial related defects 1s likely to be larger in case of Zn atoms
than O ones. Accordingly, the zinc related defects (vacancies, inter-
stinials) can be dominant for the specimens 1rradiated with flu-
ences of 1.25 x 10", 5 x 10" and 2 x 10'? ions/cm? (Fig. 3).

In order to make out a clear picture on the contribution of de-
fects responsible for a typical PL emission, we have plotted 1on flu-
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Fig. 6. Variation of energy received per atom present 1n the cylindrical region and
the radii of the concerned cyiinders.

ence vs. normalized intensity and is shown in Fig. 7. The intensity
ratio of a definite defect related PL pattern carresponding to a gi-
ven 1on fluence and that of pristine one 1s-taken as normalized
intensity. As can be seen, lower fluences are accompanied by en-
hanced defect related emission response especially, the zinc re-
lated defects (Vz, and Zn,). It is expected that irradiation can
inspire migration of a number of interstitial atoms to the vacancies.
The competition between the creation and annihilation (formation
of vacancies and migration of interstitials) of defects can be depen-
dent on the ion fluence. The peak to peak ratio of Vz, and Zn; (r.e.
Vz,/Zn,) has been calculated using the intensity profile of the PL
patterns of Fig. 3, and is shown in the inset of Fig. 7. It 1s confirmed
that before irradiation (Vz,/Zn, = 0.8), the Zn, defects were the
major contributors than Vg, whereas for irradiation at
1.25 x 10" ionsfem? (Vzn/Zn, = 1.12), V4, defects have an increas-
ing trend. Conversely, at a fluence of 5 x 10'* 1ons/cm?, the Vzo/
Zn, ratio becomes ~1.02, highhghting a competitive contribution
from both the Vz, and Zn, defects. The competition among Zn-
vacancy and interstitial related defects can be invoked as follows:
{i} V¢, decreases independently, (ii) Zn, increases independently,
and finally, (in) both (1) and (ii) take place simultaneously. The con-
ditions {i) and (1i) can be discarded as in a well defined system, a
particular defect type has to increase/decrease at the cost of the
other. Hence, the condition (1u) s most favorabie It can be clearly
observed In Fig. 7 that at the third fluence (2 x 10'" 1ons/cm?), Zn,
defects have higher normalized intensity than their Vz, counter-
parts. This feature 15 continued up to the highest fluence, where
the Vy,/Zn, ratio becomes 0.47 ensunng the dominance of Zn,
defects. "

As the increased fluence variation i1s capable of promoting the
mugration of the Zn, atoms, in principle, the zinc lattice sites are

Fig. 5. A scheine of energy deposition In concentric cylindricat regions along with defect formation upon fast coohing
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Fig. 7. Normakized emission intensity of different defects vs. fluence. Inset being
the vanation of the Vzn/2Zny before and after irradiation at different fluences.

believed to be most affected. On the other hand, the extent of
recovery from the matrix encapsulation depends largely on the
ion fluence variation which could lead to the substantial improve-
ment in V§ related emission. At the highest fluence (8 x 10'2ions/
cm?), the nanostructure clustering owing to particle-particle coa-
lesce is found to be responsible for quenching the overall emission
intensity.

4, Conclusion

Structural and optoelectronic modification of the solid-state
derived ZnO nanoparticles are studied with special reference to
80-MeV nitrogen ion irradiation. After irradiation, the absorption
pattern was found to be altered owing to the modification of elec-
tronic states. On irradiation, the band-edge emission of the nano-
particle system was recovered while suppressing the oxygen
vacancy (V3*) related emissions. The defect dominated radiative
emission patterns were modified at different fluences due to the
competition among various defects (Vz,, and Zn;), stimulated by

the irradiation events. Qwing to the less energy requred to
displace the zinc atoms from their respective lattice sites the zinc
related defects are found to be more prominent than oxygen ones,
upon irradiation. The ion irradiated Zn0O nanostructures, with a
vanation in fuminescence feature, can form the basis of modern
nanoscale luminescent/display devices,
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Inexpensive fabrication of europium (Eu**)-doped zinc oxide (ZnO) nanoparticles, nanorods, and
urchin systems obtained by rapid thermal annealing is being reported. The polyvinyl alcohol films
containing a reactant mixture [Zn(CH;C0OQ),, Eu(CH;COO);, and NaOH] were casted on Al-foils
followed by thermal annealing at 80, 300, and 650 °C. Gradual change-over from spherically
symmetric nanoparticles to nanorods along with urchin like structures are obtained under different
annealing eavironment. The nanorods and urchins are expected to have grown as a result of
spontaneous decomposition of Zn(OH), followed by unidirectional growth. The nanorods are
dislodged from the regular urchin structures at a high annealing temperature of 650 °C because of
the loss of the crystalline substrate support. The as-received ZnO products possessed hexagonal
wurtzite structure for all the annealing cases-as evident from the x-ray diffraction patterns. The
photoluminescence study on the samples has revealed dominant defect related emissions compared
to the near band edge emission. The band edge emission (~382 nm) is recovered in the urchin
systems whereas Ew’* related transitions observed at ~591 nm (*Dy— 'F,) and ~613 nm (°Dy
— 'F,) remained intact with structural modification. © 2010 American Institute of Physics.

[doi:10.1063/1.3462396]

I. INTRODUCTION

In recent years, the semiconductor nanostructured mate-
rials are being considered as the potential candidates for the
photonic and optoelectronic applications because of their
size dependent modification in electronic structures.'™
Among them, there has been a considerable interest in the
elongated semiconductor nanostructured systems owing to
tunable emission in the visible region. Earlier, doping with
suitable optically active impurities such as transition metal
ion*? and trivalent rare-earth ion®® in semiconductor nano-
systems was investigated in great detail.

Zinc oxide (ZnO), a wide-direct band gap (E,
=3.37 eV) semiconducting material has a very high exciton
binding energy (E,=60 meV) at room temperature. It exhib-
its intense light emission features from the UV to visible
range in the electromagnetic spectrum.g'“ In view of the
defect related emission caused by zinc/oxygen vacancies or/
and presence of antisites, ZnO is being considered as a tech-
nologically important system. Varieties of structures of ZnO
such as wires, rods, needles, shells, urchins, and flower like
structures can be found in the literature.'?”"* Also numerous
reports on rare-earth doped ZnO nanostructured systems are
available. In europium doped ZnO nanoparticles, a broad-
band room tem;l)eraturc emission was previously observed by
Bhargava et al. 5 White light emission response by europium
doped ZnQ urchins and nanoparticles have also been
reported.8 Similarly, the cathodoluminescence of terbium
doped ZnO nanocrystais was studied in different annealing
environments.16 However, the mechanism that govemns a spe-
cific nanostructure type has not been well addressed. In this
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work, we report on the structural evolution of europium
doped ZnO nanoscale products as a result of rapid thermal
annealing. The experimental evidence on the development of
rods and urchins are encountered by relevant theoretical jus-
tifications. Further, the origin and nature of luminescence
patterns are highlighted.

Il. EXPERIMENTAL

The europium doped ZnO nanostructures were synthe-
sized using a simple rapid thermal annealing process. Fol-
lowing our previous report,‘7 polyvinyl alcohol (PVA) was
chosen as the supporting matrix for embedding ZnO nano-
particles. 5 wt % PVA (Loba Chemie, Imw, degree of poly-
merization 1700-1800) matrix was prepared by stirring
{~200 rpm) vigorously for 1.5 h while maintaining a tem-
perature of ~70 °C, well below the glass transition tempera-
ture of PVA. As a result, a transparent viscous solution is
obtained. Europium acetate [Eu(CH;COO);, Central Drug
House, 99.9%] and zinc acetate dihydrate [Zn(CH;COO),,
(Merck, 99%)] were mixed in a weight Tatio of 0.04 and
transferred to the aqueous solution of PVA. Then, 0.6 M
aqueous sodium hydroxide (NaOH) was added dropwise un-
der continuous stirring environment for 1 h. The pH of the
final precursor was 9.0. Aluminum substrates of size 1
%2 cm? and thickness ~300 wum, were cleaned using eth-
anol and acetone in an ultrasonicator bath and finally washed
with distilled water. Then, the resulting precursor was spin-
casted onto the clean substrates followed by annealing at
80 °C, 300 °C, and 650 °C for 0.5 h in a muffle furnace
having a provision for constant air flow. The respective
samples are named as S, S, and S;.

The structural and optical properties of Eu-doped ZnO
nanostructures were characterized by high resolution scan-

© 2010 American Institute of Physics
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FIG 1 (Color onhne) SEM images at different magmfications of Eu doped
ZnO systems (a) and (b) annealed at 80 °C (c) and (d) annealed at 300 °C
with inset at higher magnification and (e) and (f) annealed at 650 °C

ning electron microscopy (SEM), x-ray diffrachion (XRD),
optical absorption, and ermussion spectroscopy tools

Il RESULTS AND DISCUSSION

The expenmental conditions facilitating development of
typical nanostructures are discussed mn conjunction with the-
oretical justificanon The optoelectronic properties of synthe-
sized samples are detailed on the basis of the nature of dis-
tnibution and orgamization of the nanostructures

A. Development ot Eu-doped ZnO nanostructures

As shown in Fig 1, the formation of ZnO nanostructures
1s clearly visible from the electron micrographs The sample
annealed at 80 °C [Figs 1(a) and 1(b)] shows the develop-
ment of sphencal ZnO nanoparticles with a vanation in av-
erage diameter ~120-200 nm The particles are umformly
distributed 1n the PYA matnix without any signature of un-
desired clustening or agglomeration

The sample annealed at a temperature of 300 °C,
showed unusual growth of urchin like nanostructures In this
case, no trace of the PVA matnix was found as PVA decom-
poses at a temperature of ~230 °C It can be observed that
the urcluns are composed of a large number of independent
nanorods, of different onentations-but onginated from the
same base (pointed by red arrows) The average length and
diameter of the nanorods are found to be 4—5 um and 120~
200 nm respecuvely As the diameter of the rods [inset of
Fig 1(d)] 1s neasly equal to the diameter of the particles [Fig
1(b)), 1t was expected that the growth of the nanorods took
place by umdirectional assimilation of individual ZnO nano-
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FIG 2 (Color online) XRD pattern of the Eu-doped ZnO nanostructures
annealed at (a) 80 °C, (b) 300 °C, and (c) 650 °C
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particles Note that upon annealing the specimen at 650 °C,
1n addition to growth of nanorods, the Al substrate develops
an amorphous layer (forming Al,O, layer 18 As a result, the
urchun like structures are not well supported The constituent
nanorods, therefore, fall randomly onto the substrate [Figs
1(e) and 1(f)] It can also be noticed that there 1s no substan-
tial variation in the length and diameter of the rods corre-
sponding to the annealing temperatures, 1€, 300 and
650 °C The rods which make up the urchins preserve thewr
structure at both the annealing temperatures

We have also studied XRD patterns of vanous nano-
structured ZnO Eu samples the results of which are shown
Fig 2 The diffraction pattern corresponds to the hexagonal
wurtzite structure of ZnO wiath preferred onientation along
(101) plane [Figs 2(a) and 2(b)] Any extra peak correspond-
ing to the byproducts (e g, EuyO3, Zn(OH),, etc) was not
detected A close look on Figs 2(a) and 2(b) reveals that
there 1s a decrease in full width half maxima of the (002)
peak from 0 023 rad to 0 011 rad for the samples annealed at
80 °C and 300 °C, respectively Ge et al have observed
simular kind of situation based on reflux tme dependent
growth of the nanoparticles along {00017 direction resulting
to nanorods '’ So, in this present study also 1t can be inferred
that on annealing at 300 °C, the growth of the nanoparticles
occurs along the [0001] direction and as a result the nano
rods are formed as supported by the SEM mucrographs The
diffraction planes for metallic Al1s visible 1n case of samgles
annealed at 300 °C because of the removal of PVA " A
small peak observed at ~59° 1s ascribed to the formation of
Al O; 18 At 650 °C, the Al surface gets oxidized (formung
Al,05) and this 1s the reason why the peaks of ZnO are not
clearly distingwishable in the XRD pattern of the sample
heated at that temperature [Fig 2(c)] This 1s also evident
from the SEM 1mages where the part of amorphized debns
can be seen clearly The compositional analysis was per
formed on the sample annealed at 300 °C the results of
which are depicted in the energy dispersive spectra (EDS) 1n
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F1G. 3. (Color online) EDS spectra of the Eu-doped ZnO nanorods (sample
S,). Inset being the spot where the spectrum was captured.

Fig. 3. The EDS was taken at a specific site of a single
nanorod (labeled by a red cross). Apparently visible peaks
due to Zn, O, and Eu elements were detected. Consequently,
the synthesized nanorodsfurchins confirm the presence of
Eu** in the host ZnO.

B. Growth mechanism of Eu-doped ZnO nanorods
and urchins

When the PVA dispersed nanoparticle system was heated
at 300 °C, owing to the decomposition of PVA (at
~230 °C), the nanoparticles gradually lose support from the
matrix. In this situation, the growth phenomena of the nano-
particles can be described by the Ostwald ripening.zo Con-
sidering two nanoparticles of radii R, and R, (where R,
>R,) the Young-Laplace equation20 can be written as

J. Appl. Phys. 108, 023512 (2010)

=2 s (n
My ‘YR_l
Q

=2y, (2)
M2 ’YR2

where u, and u, are the chemical potentials (work per atom)
of the respective particles. y and () being the surface energy
and atomic volume of ZnO.

The difference in chemical potentials between the par-
ticles will be given by20

RZ-RI PRI
Ap=2+0 =—— |=kTIn— . (3)
# 70’[ RiRy ] Pg, .

Here P; and Pg, are the vapor pressures of the two particles,
with £ and T being the Boltzmann constant and the tempera-
ture of the environment. The above equation represents the
change in chemical potential of an atom transferring from
particle of radius R, to R,. The chemical potential of a sys-
tem increases with the temperature and hence with the exter-
nal supply of heat. Now, on increasing chemical potential,
the term in the parenthesis will tend to increase for fixed
values of y and (2.

R,-R, R,-R,
So, > = (RZ - Rl)Aﬂer heating > (RZ - Rl)Before heaung
After heating Before heating

RiR, RIR,

or (RIRZ)Afl:r hecating < (RIRZ)Bcforc heating*

The above two conditions are valid only if the numerical
value of R, tend to increase while R, decreases. Given the
total number of atoms in a nanoparticle is constant, such a
situation can be realized only if mass transport takes place
from smaller particle (radius R;) to the larger one (radius R,).
Since the surrounding matrix is lost above the decomposition
temperature, interparticle mass transport is highly favorable
that results in particle growth. The role of cohesive energy in
particle—particle coalescence under energetic ion irradiation
was investigated by our group recently.21

Now we need to address upon the nature of growth pro-
cess. From the crystallographic point of view, the nanopar-
ticle growth will occur at the unit cell level along preferential
directions. However, as the surface energy of ZnO is differ-
ent along different directions of the unit cell, particle growth
would not occur in all directions equally. According to the
calculations of Fujimara et al.? surface energy per mole
along different directions varies as o013 < %1101 < A10i0)-

Following Eq. (3) after heat treatment, (R.—R)/R\R,
=Ap/20dy. Thus, we obtain AR[gei> AR[130)> AR[1670)-
In other words, the growth of the nanoparticles along [0001]
direction (along c-axis) is eneigetically favorable owing to
minimum surface energy and hence, the formation of elon-

gated nanostructures is expected (Fig. 4). Growth along the
direction [0001] results in the vanishing of (002) plane as it
is known that plane with higher growth rate disappears
quicker.® This is also predicted by the XRD results where
the full width at half maxima of the (002) peak for the urchin
system decreases as discussed above. In the formation of
urchin structures, the distribution and arrangement of the
nanoparticles in the PVA matrix play important roles. In a

FIG. ¢ Schematc of ZnO crystal structure and configuration model of the
stack of zinc and oxygen atoms.
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way, the nanoparticles lying close to the surface of the Al
substrate may act as seed particles. At the interface separat-
ing the substrate and the PVA film, due to substantial differ-
ence in thermal conductivities a temperature gradient can be
realized. This temperature gradient will enforce the seed par-
ticle clustening as a result of creation of thermal hot spots
{indicated by red arrow in Fig. 1(c)). These hot spots are
believed to be the base of the nanorods and the urchins (Fig.
5). The formation of the urchins can be understood with the
reference of the lattice parameter also. The lattice parameter
for ZnO system along the c-axis (the growth direction) is
5.206 A and for Al 4.049 A.** A substantial lattice mismatch
would prevent in forming vertically aligned nanorods, and
that is why randomly onented rods resulting urchin like
structures are obtained in most cases. On heating at 650 °C,
the base of the nanorods that make up urchins is lost as a
result of which nanorods fly apart and fall randomly on to the
substrate surface (Fig. 5).

C. Optoelectronic transitions in Eu-doped ZnO
nanostructures

Figure 6 represents the UV-visible optical absorption

~ 356 nm
~ 366 nm

Absorbance (a.u)

©)

1 o\

300 400 500 600
Wavelength (nm)

FIG 6 (Color online) UV-visible spectra of the EuZnO nanostructures
annealed at (a) 80 °C, (b) 300 °C, and (c) 650 °C

Ly
HEaTAos G pr =iy
He [P T I W)
SRR oS

FIG 5 ({Color online) The growth mechamsm of the
nanoparticles leading to naoorods and urchins.

spectra of the Eu-doped ZnO nanostructures {S;, S, and Ss).
The specimen S, (containing spherical nanoparticles) shows
an absorption peak at ~356 nm (3.48 eV), which is assigned
to the ground state excitonic state. The ground state excitonic
peak exhibits a redshift in ~90 meV in case of the systems
heated at 300 °C (specimen $,) and 650 °C (specimen S;)
compared to S,. The observed redshift, therefore, supports
particle growth (possibly, one directional to form nanorods).
No significant shift in the absorption peak of S; compared to
S, was found {Figs. 6(b) and 6(c)] indicating the fact that
annealing at 650 °C neither facilitates further growth of par-
ticles nor leads to agglomeration of the nanorods.

The photolaminescence (PL) spectra of the Eu-doped
ZnQ nanostructures (A.,=325 nm) are shown in Fig. 7.
Each of the PL spectra 1s composed of vanous defect related
enussions [Figs. 7(a)-7(c)]. Note that all the spectra are char-
acterized by peaks located at approximately same wave-
length positions. The 382 nm peak [Fig. 7(b)] is attnibuted to
the near band edge emission of Zn0.? The impressions at
~400 nm and 467 nm corresponded to the emissions related
to the zinc vacancy states (Vz,, VZ.); respectively.25'26 Fur-
ther, the peaks at ~429 and 452 nm arise due to the respec-

535 ana
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FIG 7 (Color online) PL spectra (A, =325 nm) of the Eu-ZnO nanostruc-
tures anncaled at () 80 °C, (b) 300 °C, and (c) 650 °C
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t(VC emissions via zinc interstitial related defects (Zn,

Zn). 221 On the other hand, the 492 and 535 nm peaks are
identified as emissions related to the oxygen vacancy (V)
and interstitial (O;) defects.”**® Note that the oxygen related
emissions are dominant in case of S than S, and S3, whereas
the zinc related emissions are dominant in S; [Figs.
7(a)-7(c)]. Apart from these peaks, the emission at
~592 nm is ascribed to the transition related to Eu3* cations
(SDO_' 7F1)‘8

[t can be observed that the overall PL intensity of the
urchin system (S,) gets quenched. As the growth of the
nanoparticles takes place in order to form the nanorods, the
defect state concentration responsible for the characteristic
emission also decreases. As a result, the band edge emission
at ~382 nm is recovered for the urchin systems under 325
nm excitation (Fig. 7(b)]. In contrast, for sample S; upon
annealing at 650 °C, the overall PL intensity of the system is
regained [Fig. 7(c)]. It is quite clear that the isolated nano-
rods exhibit better emission patterns than a bunch of ran-
domly oriented nanorods (urchins). Though the availability
of independent defect states (nonradiative centers) are com-
parable in both S, (urchins) and S5 (isolated nanorods) sys-
tems, the later exhibited improved defect related emission
response. The dimension (length and diameter) of the nano-
rods being same (for S, and S5 systems}, it is the structural
organization that matters the most for a typical radiative
emission. It is expected that the bunching of the closely
spaced nanorods toward the core of the urchins would sup-
press the defect related emissions appreciably. The nanorods
gradually separate from each other as we move from the core
to the tips. It is possible that most of the emission occurred
as a result of ¢—h recombination along the c-axis of the
individual nanorods. Earlier, radiative recombination emis-
sion along the c-axis was assigned to the enhanced band
edge emission whereas the defect related emission was
claimed to have originated from the curved surface of the
nanorods.? Accordingly, for the urchins, the defect related
emission gets quenched but the band edge emission is fa-
vored at large [Fig. 7(b)]. In contrast, the isolated nanorods
{S3) which were fallen onto the Al-base display beiter defect
related emission because of the fact that the radiative process
along c-axis is hindered but along a-axis Is geometrically
favored, Consequently, even though the band edge emission
(~382 nm) is suppressed, the overall defect related emis-
sion response is improved [Fig. 7(c)].

In order to avoid band-to-band transition (~382 nm),
we also took PL spectra corresponding to A.,=405 nm (Fig.
8). The oxygen interstitial defect related emission (centered
at ~535 nm) is found to be prominent for the specimen S,
and is characterized by a broad spectrum [Fig. 8(a)]. The
oxygen vacancy related peak ~492 nm is still intact. In ad-
dition, the peak observed at ~613 nm, is being ascribed to
the Eu®* related emission due to *Dy— 'F, transitions." The
most important aspect of the Eu* related emission is that it
gets quenched with the decrease in defect related emission.
So, it can be ascertained that the emission due to 5D0-+7F|
and *Dy— 'F, transitions tuke place due to the energy trans-
fer from the host ZnO via the defect states. On exciting the
systems with energy lower than the band gap of the materal,

J. Appl. Phys. 108, 023512 (2010)
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FIG. 8. {Color online) PL spectra (A, =405 nm) of the Eu:Zn0O nanostruc-
tures annealed at (a) 80 °C, (b} 300 °C, and (c} 650 °C.

the intensity of the Eu* related emissions increases (Fig. 8)
as the defect related emission (in our case, oxygen vacancies
and oxygen interstitials) gets enhanced. The emission spectra
corresponding to A.,,=325 and 405 nm, for S; are repre-
sented in Fig. 9. The peak at ~613 nm is found to be asym-
metrically stretched toward the lower-end wavelength side
which might have arisen due to the presence of an inherent
peak at ~591 nm [pointed by a blue arrow in Fig. 9(b)]. The
oxygen vacancies and interstitials capture the photoexcited
electrons and transfer some of them to the *D; level of Eu®*
cations which is then followed by a nonradiative transition
from the °Dj level to the *Dj level and later resulting in the
D¢~ 'F, and *Dy~ F, transitions (Fig. 10).

V. CONCLUSION

To conclude, Eu“-doped ZnO nanostructured systems in
the form of particles, rods, and urchins are achieved under
different annealing environments. It was found that one di-
rectional (along {00017) growth of the particles has led to the
formation of nanorods, followed by the evolution of urchin
like structures. The nature of growth process was discussed
in conjunction with a brief theory. Though the defect related
emission of ZnO was dominant, the band edge emission has
been recovered in the urchin system. The Eu®* related tran-

Excitaton WIV\:H:QI\
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{©) 405 xm
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i

PL Intensity (a.u)

400 4*57) 500 550 600 650
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FIG. 9 (Color online) Comparison of the PL spectra at excitation at 325 and
405 nm of the Eu:ZnO nanorods (sample Sy).
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FIG. 10. Scheme of energy transfer mechanism 1in Eu:ZnO nanostructures.

sitions are also noticed, which generally occurred via the
energy transfer mechanism through the defect states (espe-
clally, oxygen vacancies and oxygen interstitials), The inten-
sity of the Eu?* related emission was found to vary with the
structure type and annealing environment.
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1 Introduction Owing to increasing demands of dis-
play and optoelectronic devices, intensive research efforts
are being pursued worldwide on various aspects of
semiconductor nanostructured systems [1-3]. High-quality
semiconductor nanocrystals. can be processed by a wide
variety of physical and chemical routes. Doping with suitable
optically active impurities has its own importance when a
specific emjssion is desired. In recent years, the fabrication
of binary semiconductor nanocrystals doped with either
transition-metal ions [4, 5], or rare-earth ions [6, 7] has
gained a great deal of interest within the research com-
munity. Zinc oxide (ZnQ), a wide direct band gap (3.37eV
at 300K) semiconductor, exhibits intense light emission
characteristics from the UV to the visible range in the
electromagnetic spectrum ([8-10]. With the advent of
processing routes, it has been possible to produce not only
good-quality spherical ZnO nanoparticles (quantum dots) of
narrow size distribution but also nanostructures of a large
variety e.g. rods, needles, strips, shells, urchin and flower-
like structures (11, 12].

On the other hand, bombardment of the nanocrystal
systems with energetic ions is an interesting concept o
reveal in-depth informuation with regard to structural and

DWIEY
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morphological evolution during ion—nanomatter interaction.
Attempts have been made so far that highlight ion-induced
nanoparticle growth {13), nanostructure elongation {14, 15],
ripple formation [16] and other such effects. While
nanoparticle growth, splitting and directed growth are
reported for ion energy in the MeV scale, ion implantation
[17] and ripple formation are observed for ions carrying
energy in the keV scale. The effect of controlled ion
irradiation on asymmetrically shaped nanostructures could
reveal many exciting properties that include surface polish-
ing, polarized light emission, tunability in the trapped related
emission, etc. In particular, irradiation-related study on rare-
earth-doped elongated systems is rarely discussed in the
existing literature. In this report, we present cost-effective,
one-step solid-state fabrication of quality Tb-doped Zn0O
nanorods and explore their structural and luminescence
responses after $0-MeV pitrogen ion irradiation.

2 Experimental details

2.1 Synthesis of ZnO and Th/ZnO nanorods

700 nanorods were svnthesized using a simple solid-
state reaction approach. A mixture of zinc acetate dihydrate
(ZAD), a cationic surfactant cetyl-trimethyl ammonium

n 2010 WILEY-VCH Vodizg Gmbtl & Co. KGaA, Weinheint
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bromide (CTAB, 99.9% pure, Loba-Chemie), and sodium
hydroxide (NaOH) with a molar ratio of 1:0.4:3 were ground
together in an agate mortar for ~1h at room temperature.
The unidirectional soft grinding was accompanied by the
abrupt decomposition and excess heat release while the
reaction was in progress. After ultrasonication, the product
was washed repeatedly with deionized water and ethanol and
finally dried in air (~70°C) for 2h.

For preparing Tb-doped ZnO nanorods, at first, terbium
oxide (Tb404, 99.9% pure, Otto) was converted to terbium
acetate. 0.5 gm of terbium oxide was reacted with a 0.4 mL of

conc. nitric acid (maintaining pH ~ 7 by dropwise addition’

of sodium hydroxide solution) resulting in a white
precipitate. In order to remove unwanted byproducts, the
product was subjected to repeated washing with distilled
water. Finally, the product was treated with 0.4 mL glacial
acetic acid to give rise to terbium acetate [Tb(CH;COO),}.
The Tb-doped ZnO nanorods were developed by adding as-
received terbium acetate in the reactant-mixture (weight
ratio Tb/Zn = 0.02) followed by unidirectional grinding.

2.2 Irradiation of the nanorods Nontoxic and
transparent polyvinyl alcohol (PVA) matrix medium was
selected to disperse ZnO nanorods. ZnO nanorod- dispersed
PVA films were casted on laboratory glass slides (1 x 1cm )
for the irradiation expenment The samples were irradiated
in the Material Science chamber under a high vacuum
(pressure of ~107% mbar) condition and using 80 MeV-N**
ion beams (with a beam current of ~1pnA, particle-
nanoampere), available at the 15UD tandem pelletron
accelerator of Inter University Accelerator Centre, New
Delhi. The ion-beam fluence was measured by integrating
the ion charge on the sample ladder, which was insulated
from the chamber. The ion fluence was varied in the range of
5 x 10"'-8 x 10'?ions/cm®. o

The structural and optical properties of undoped and Tb-
doped ZnO nanorods were characterized by X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), absorption and
emission spectroscopy tools. The results are discussed with
a specific objective to understand irradiation-induced effects
on Tb-doped ZnO nanorod systems.

3 Results and discussion Figure 1 illustrates the
XRD patterns of the pure and Tb-doped ZnO nanorods. In
consistency with the other reports [7, 8], the diffraction peaks
corresponded. to the hexagonal wurtzite structure of ZnO
with preferred orientation along the (101) plane (Fig. 1A).
The XRD pattern of the Tb-doped system is similar to the
undoped_one and no extra peak was detected that might
correspond to other byproducts or reactant species (e.g.
TbO,, Tb05, Tb4O5; etc.). Since terbium crystallizes into
hexagonal. closed- -packed structure, it can easily be
accommodated into .the hexagonal ZnO host lattice
(a=3.257 A .c=5233 A) .As.shown in the magnified
version of Fig, 1A (i.e. Fig. 1B), the. characteristic XRD
patterns reveal -a uniform_shift in the diffraction peaks

© 2010 WILEY-VCH Verlag GmbH & Co KGaA, Weinheim
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Figure 1 (onlinecolourat: www.pss-a.com) (A)is the XRD pattern
of (a) undoped ZnQO nanorods, and (b) Tb-doped ZnO nanorods. (B)
represents the magnified view of (A) that is shown in the selected

diffraction angle range. (C) corresponds to the EDS spectra of Th-
doped ZnO nanorods.

towards larger angle in the case of Tb-doped ZnO nanorods
(a=3.250 A, ¢ =5.197 A) with respect to its ZnO counter-
part. This may be attributed to the lattice rmsmatch aroused
due to the incorporation of the larger-sized Tb* cations
(1.18 A) into the Zn2* site (0.74 A) of the host lattice. A
similar kind of shift of the diffraction peaks towards larger
diffraction angle on doping with rare-earth elements was
reported by Zhang et al, [18]. It is necessary to make an in-
depth analysis on the structural modification due to Tb
doping. Applying the Williamson~Hall model [19], given
by: B cosd=09A/D -+ 4¢ sinf, one can obtain the average
crystallite size (D) and microstrain (g) for a system of
interest. Here, B is the full width at half maxima (FWHM)
at Bragg's angle (26), with X being the X-ray wavelength
(CuK,=1.54A). Since the expression represents the
equation of a straight line, the lattice strain can be calculated
from its slope, whereas the intercept on the y-axis gives the
crystallite size. Accordingly, the values of lattice parameter,
microstrain and average crystallite size for undoped and Tb-
doped ZnO nanorods can be estimated (using Figs. 2a and b)
and are presented in Table 1. The microstrain experienced by
the Tb-doped ZnO system is about eight times more than its
undoped counterpart. The substantial increment in strain

a) b)
0.008 oo 0.012
0.006 P 0.010 /
3 : « 0.008 ey
¢ 7] R
8 0.004 § 0.006
= [N -
0002 0.004
’ 0.002
0
000 o7 75 20 25 000 5% 10 15 20, 25
4 5ine . 45n9

Figure 2 (online colourat: www.pss-2.com) Williamson—Hall plot
of (a) undoped'and (b) Tb-doped ZnO nanorods.

.
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Table 1 Lattice parameter, microstrain and crystallite size of
undoped and Tb-doped ZnO nanorods.

——r—

sample microstrain  crystallite size lattice parameter
(nm) (A)

Zn0 6.87x10™*  28.84+0.11 a=23257, ¢=5233

TW/ZnO 211 x 107> 29.16+£0.03 a=3.250, c=5.197

value is assigned to the inevitable chemical incompatibility
arising due to Tb incorporation into the ZnO host. The
presence of Tb in doped ZnO nanorod system was also
verified from the energy-dispersive spectra (EDS). Zinc and
terbium atoms corresponding to the lowest ground-state
energy were found to be located at the same position
(Fig. 1C).

The visible evidence of nanorods was obtained from
SEM (JEOL-JSM6390LV) and TEM (JEOL JSM-100 CX)
studies which are presented in Figs. 3a and b. The average
length and diameter of the nanorods are found-to be ~600
and ~75 nm, respectively. The diameter of the nanorods at
the extreme ends is found to be considerably smaller than the
central parts. Since the decomposition of hydroxides into
oxides is accompanied by a strong heat of reaction, the
nanoparticle growth is expected to be slow during the
initiation and termination of the final product (nanorods).
The nanorods are found to be surface polished and resemble
with the structure of solid-cylindrical ballpoint pens.

Figure 4 depicts the UV-visible absorption spectra of
both the irradiated and unirradiated samples of Tb-doped
Zn0O nanorods. The un-irradiated nanorods (Figs. 4a and b)
show long tailing and two prominent peaks at ~365nm
(~3.4¢eV) and ~270nm (~4.59eV). The 365-nm peak is
attributed to the excitonic ground-state (n = 0), whereas the
270nm corresponds to the first (n=1) excited excitonic
state. The ground-state excitonic energy (~3.4eV) is
enhanced compared to the free exciton energy in the bulk
(~3.30eV) owing to 1D confinement of carriers {20]. The
ground-state excitonic energy (3.4eV), in our case, is
comparatively smaller than the reported value (3.53¢€V)
where the nanorods are considered in the strong quantum
confined regime. However, the first excited-state (4.59eV) is
consistent with the reported one [20]. The presence of long
tailing due to significant inhomogeneity in the sample is
found to be suppressed for ion-irradiated samples (Figs. 4c

& ’ﬂﬂﬁ' 3 00 ,.1,%:{‘., x4 _g" RF 30 r‘x',- e A= e
Figure 3 (a) SEM image of Th-doped ZnO nanorods, and (o) TEM
image of a fully grown isolated nanorod of diameter ~73 nm.
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Figure 4 (online colour at: www.pss-a.com) UV-visible spectra of
(a) unirradiated undoped ZnO; (b) unirradiated Tb-doped ZnO
nanorods, and Tb-doped ZnO nanorods irradiated with a fluence
of (¢} 5 x 10", (d)2 x 10'?and (e) 8 x 10*2ions/cm?; respectively.

and d), though the ground-state excitonic absorption position
is found to be undisplaced. This clearly indicates that
controlled nitrogen irradiation could bleach out the unde-
sired species at best along with improved surface passivation
and without affecting the ground-state excitonic feature.
Conversely, the excited-state absorption peak of irradiated
nanorods was shifted to 285 nm (Figs. 4c—¢). So, there is an
appreciable redshift of ~235meV in the first excitonic
excited-state absorption of irradiated specimens, compared
to the pristine one. It is now clear that a metastable-state is
created between the ground-state and the first excited-state as
a result of nitrogen ion irradiation. This newly generated
state could be due to the improved symmetric distribution of
the nanorods owing 10 recovery from matrix encapsulation
which is otherwise suppressed in a given matrix. The
excited-state excitonic absorption feature is found to be more’
prominent with increased ion fluence. In contrast, the
ground-state absorption that was sharp in the case of.the
unirradiated nanorod specimen becomes broad owing to
relaxed ground-state absorption. At the highest fluence
(8 x 10'%ions/cm?) the ground-state absorption becomes
featureless followed by a long tailing. We have thus shown
that with the proper selection of fluences, energetic nitrogen
beam can improve not only the quality but also help in
preserving ground-state and excited-state carrier population
of elongated nanosystems (nanorods) under investigation.
The PL spectra of the nanorods (4ex =325 nm) before
and after irradiation are shown in Fig. SA. In- the
asymmetricaily broadened PL spectra, the defect-related
emissions dominate the band-edge emission of ZnO and
hence the band-edge emission (~370nm, dashed line) is
only poorly resolved. The central maxima at ~405nm are
ascribed as the emission from zinc vacancies preseat in the
ZnQ lattice [21]. The asymmetric nature of the luminescence

"patterns is ascribed to the presence of other inherent emission

peaks (due to distributed defect states on the surface and in
the interior of a given nanostructured system) at higher
wavelengths owing 10 the asymmetric geometry of the
nanosystems. In particular, the impression at ~430 nm is the
emission due to the presence of zinc imerstitials-[’l}]. The
zinc-interstitial-related emission.becomes more prominent

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheirn
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for Tb-doped ZnO nanorod system (Figs. 5Ab,b"). Further,
for irradiated Tb/ZnO samples, this emission gets suppressed
owing to the improvement in zinc-vacancy-related emission
(~405nm). A feebly resolved peak at ~490 nm of the un-
doped nanorods (Fig. 5Aa) is attributed to the blue emission
of ZnO [21]. The same peak corresponding to the Tb-doped
Zn0 nanorods gets enhanced (Figs. SAb,b") because of the
superimposition of the Tb**-related >D,~"F; transition that
occurs almost i1n the same wavelength range [22). Another
weakly resolved band centered at ~535 nm was seen for
undoped nanorods, which corresponds to, the oxygen-
vacancy-related green emission (23, 24]. This peak becomes
distinct and broad in the spectrum of Tb-doped ZnO
nanorods as a result of the overlapping emission pattern
arising due to the transition (°D4—"Fs) of Tb>* at ~548 nm
with the aforesaid green emission {25]. The probable
transition events are also shown in schematic Fig. 5B.

The PL spectra of the irradiated nanorod samples exhibit
significant alteration. The PL response of the nanorods,
uradiated with a fluence of 2 x 10'2ions/cm? is more intense
‘han the unirradiated nanorods, but irradiation with a fluence
of 5 x 10" jons/cm” exhibits the highest PL intensity (Figs.
5Ab-d). Note that the central peak-to-blue, and central peak-
10-green emissions are found to be enhanced for irradiated
Tb-doped ZnO nanorods, upto a fluence of 2 x 10'?ions/cm?
Table 2). It is expected that upon ion irradiation the
1anorods overcome the PVA matrix encapsulation allowing
‘ecovery of free excitons and resulting in the enhancement of
lefect-related emission. The Tb**-related emission peaks
are still in view after irradiation (Figs. SAc—e). This indicates

Tb-doped ZnO nanosystem.
, )

that the Tb**-related peak appears due to the energy transfer
from the deep level states to the 5D, energy level of Tb**
cations (Fig. 5B). While returning from the conduction band,
most of the photoexcited electrons relax in the defect states,
and transfer their energy to the D, energy level of Tb*
resulting 1n the D4~'Fg and *D4~Fs transitions. The visual
evidence of recovery from matrix encapsulation can also be
seen in the electron micrographs (Figs. 6a and b). In contrast,
the same sample that was irradiated with a fluence of
8 x 10'%2jons/cm?, the PL intensity decreases drastically
along with a redshift in the PL spectra (Fig. SAe). This
indicates that at this fluence, the nanorods get completely
dislodged from the supporting matrix, leading to agglomera-
tion events (Figs. SAe and 6¢,d) The agglomeration leads to.
the suppression of thé zinc vacancy and zinc intersutial
related emissions. The agglomerated system 15 charactenized
by a disordered phase where the quantum confinement effect
would no longer be valid. However, the Tb-related emission
peak remained intact even if the structural ordering was lost.
The agglomerated nanosystem (corresponding to a fluence of

. 8 x 10*jons/cm?) is found to have a symmetric peak at

~455 nm. ]

Taking PL maxima into consideration, the variation in
the symmetry factor vs. ion fluence can be plotted (Fig. 7).
The improvement 1n the symmetry factor (8/4, & is the
magnitude of the lower-end asymmetry and 4 1s the FWHM)
from 0.28 to 0.48 was observed while flugnce was varied
from 5% 10! to 8 x 10'%ions/cm® Thus, one can ade-
quately improve the symmetry factor without retaining
structural ordering for overexposed samples. It is believed

lable 2 Characteristic PL response vs. ion fluence variation for Th/ZnO nanorods.

luence (1ons/em?) energy absorbed (J/em?)

central peak position (nm)

relative PL intensity

- cential-to-blue central-to-green

) (undoped) 0 405 S523 42
) (Th-doped) .0 405 I A 1.9
5 x 10" 6.4 405 L 25 40
1 x 1012 25.6 405 28 49"
3% 10" 1024 - ° 405 (455%) 0.7 1.0

p
Though the central positien is shifted to 455 nm, the original cenwral peak at 405 am (corresponding to zinc vacancy) remains ntact
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Figure 6 TEMimage ofthe Tb/ZnOnanorodsafter uradiation wath
a fluence of (2) 5 x 10, (b) 2 x 10'? and (c) 8 x 10" j0ns/cm%;
respectively. Anoverview of the agglomerated nanorods (case ‘c’) at
lower magnification is shown 1n (d).

0.50;
<
©
0.254
0.00E+000 8.00E+012
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Figure 7 (online colour at: www.pss-a.com) Symmetry factor vs.
ion fluence vanation

that with controlled nitrogen ion irradiation, one can recover
not only band-edge ermssion but also improve the defect-
related tunable and selective emissions.

4 Conclusions By adopting a user-friendly surfactant-
assisted growth process, one can produce high-quality Tb-
doped ZnO nanorods. The excitonic ground-state and
excited-state absorption features are evident in the optical
absorption spectra. Nitrogen ion irradiation, at selected
fluences, has a direct impact on defect-related emission
owing to significant surface modification. Recovery of the
nanorods from the polymer matrix due to ion irradiation
enables the suppression of the non-radiative emission and
improvement of the radiative emission via surface traps.
The Tb-related 5D4—7F5 and 5D4—7F5 transitions are found
to be overlapped with the respective blue and green bands
of the luminescence patterns. The quantitative aspects
correlating structural modification and juminescence pat-
terns, applicable for rarc-earth-doped uradiated ZnO
nanorods might forin the basis of nanoscale luminescent/
display devices and are currently being investigated by our
group.

WWW.pss-a.com
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ARTICLES

Role of cohesive energy on the interparticle coalescence
behavior of dispersed nanoparticles subjected to
energetic ion irradiation

Sayan Bayan and Dambarudhar Mohanta®

Nanoscience Laboratory, Department of Physics, Tezpur University, PO Napaam,
Assam 784028, India

(Received 14 August 2009; accepted 21 December 2009)
The present work reports on the conditions of nanoparticle growth and splitting under

energetic ion irradiation. Cohesive energy that determines the thermal stability of a given
nanoparticle system was calculated by extending surface area difference (SAD) and liquid

drop model (LDM). Based on the size-dependent cohesive energy calculations, the
interparticle coalescence mechanism is discussed for a ZnS-based nanoparticle system
with special reference to a variety of matrices. The interparticle separation is found to play
key role in particle—particle coalescence leading to nanoparticle growth or partial

evaporation that results in splitting.

I. INTRODUCTION

Matrix-encapsulated metal/semiconductor nanostruc-
tures are considered technologically important assets for
displaying size-dependent optoelectronic properties in
the nanoscale regime. In recent years, size-selective
quality nanostructure formation and modification by
energetic ion beams using ion implantation,' ion beam
mixing,? etc. have gained interest for obtaining better
control over growth and recrystallization processes. It
was demonstrated in previous studies that the energetic
ion irradiation could play a major role in tailoring size,
shape, and distribution of the nanostructures.>* This is
because the energy deposited during irradiation leads to
either particle growth or splitting of the nanostructures.
lon-induced particle melting and growth are generally
attributed to the Ostwald ripening process.’ In contrast,
nanoparticle fragmentation into still smaller particles
was considered to be the result of the ion hammering
effect.®

The cohesive energy of a material system is the amount
of energy required to separate out its constituent neutral
atoms. It is an important physical quantity as it is directly
related to the melting temperature of the crystalline mate-
rial.” In earlier studies, the size-dependent cohesive energy
of the nanoparticles was computed using different models
such as surface area difference (SAD) model®® and liquid
drop model (LDM).101 Though each of these models has
its own merits and limitations, they adequately relate the
cohesive energy, the melting temperature, and the onset
temperature (temperature at which atoms escape from the

»Address all correspondence to this author.
e-mail: best@tezu.ernet.in
DOI: 10.1557/JMR.2010.0119
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nanoparticle surface). The models can also be extended to
explain the particle splitting or coalescence under ion-irra-
diation events. It is expected that ion irradiation will in-
crease the internal energy of the nanoparticle system as a
result of which cohesive energy will be suppressed. The
reduction in interatomic cohesion results in competition
with regard to particle evaporation, growth, and splitting,
which in fact depends on the interparticle separation of the
nanoparticles within the matrix host. To this end, we pro-
pose here a model that highlights the mechanism of nano-
particle growth/splitting under energetic ion irradiation.
Using an expansion of the LDM model, we show how
cohesive energy of the nanoparticles is strongly influenced
by the irradiation condition and matrix encapsulation lead-
ing to particle coalescence or splitting.

. THEORETICAL TREATMENT

. . . . 7

Based on the Linderman criterion of melting, Tateno

has shown that the melting point of a bulk material can
be expressed in terms of its cohesive energy:

sEgn?
Tmp = 3kgZ

Here, s is the exponent of the repulsive part of the inter-
action potential (proportional to r~°) between the constit-
uent atoms separated by a distance r, Eg is the bulk
cohesive energy, kg is the Boltzmann constant, and Z is
the covalency of the atoms. The characteristic function 1
is defined as the ratio of the atomic displacement at Tp,p
to the interatomic separation at equilibrium.

Nanda et al.'! have correlated the melting point with
the cohesive energy per coordination number for both the
nanoparticles and the bulk given by

(1)
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E
= = 1T + G

2)
Ep ? (
— = C T C

N 1{mp + C2

where T, and Ey, are the melung pomt and the cohesive
energy of the nanoparticles, respectively N 1s the coordi-
nation number per atom, and C,, C, are respective on-
stants for a given crystal structure

Let us consider a system of spherncal nanoparticles of
average diameter D that are embedded 1n a suitable host
matrix Further, we assume that the nanoparticles are
composed of multielements The atomic percentage of
each element of diameter d, : = 1, 2,3, ) in each of
the nanoparticle 1sx, 0 = 1,2, 3, ) suchthat Zx, =1
Defining f as the packing factor, the total number of
atoms that make up each of the nanoparticles can be
represented by’

D3
b ©

According to the LDM,'" the cohesive energy of a
nanoparticle represents the difference of the bulk cohe-
swve energy per atom (Eg) and the surface energy of the
nanoparticle The cohesive energy per atom can be
expressed as

nD%y
R @

where v,, 1s the surtace energy per umit area of the
nanoparticle of diameter D contamning n number of
atoms

Now, the size-dependent cohesive energy per atom of
the nanoparticles embedded in a dielectric matrix of sur-
face energy per unit area ¥,,,'' can be reformulated as

nD? <
Eup =FEp — _n—' (an - me) (3)

Compared with the nanostructured systems (interparticle
separation close to the dimension of the particles), the
embedded nanoparticles are unique tn the sense that they
do not expenence grain-boundary effects that generally
act as major source of weak link resistivities (Fig 1)
Moreover, nanoparticles dispersed in desired matrices
were shown to be useful candidates for optoelec-
tronic,'? 13 photocatalytlc,14 and photovoltaic applica-
tions '° In addition, an embedded system would provide
a suitable scheme where ion—matter interaction at the
nanoscale level can be studied, 1n great detail

It 1s known that a projectile 10n (with S, > §,,, where S,
and S, represent electronic and nuclear energy losses,
respectively), at first, excites the electronic subsystem of
the target material. This results 1n the instantaneous rise
of the electronic temperature (N]O5 K) within a time

FIG 1 Schemauc of nanosystems (a) Nanoparticles dispersed in a
matrix and with large interparticle separation (b) Nanostructures with
mnterparticle separation close to the particle size

scale of 107" s Later, within a timescale of 107'? S,
the electronic energy 1s translated to the lattice causing
an increment 1n the kinetic energy of the atoms and
hence, lattice temperature rise (~103 K) 16 The deposited
energy 1s believed to be uniform throughout the speci-
men If F 1s the number of ions 1incident per unit area
(te, ﬂuqnce), then the number ot 1ons received by each
of the nanoparticle of diameter D 15 FrD?/4 The energy
deposited per atom of the nanoparticle 15 (FrDE)/4n,
where E 1s the energy carned by the projectile 1on As
the uradiation process would increase the internal energy
of the nanoparticles, the cohesive energy of the particles
will be suppressed by this amount of energy In reality,
however, all of the incident energy E 1s not delivered to
the sample contaimng nanoparticles, only a fraction of 1t
1s deposited because of the finite thickness of the target
sample Therefore, the new cohesive energy of the
nanoparticles embedded 1n a matrix of thickness z can
be expressed as

FrD?

Ec=Ep—E = Ep ~ Sez
) (6)
FnD* [ dE ,
T dn \dz
[+
The second term on the right-hand side of Eq (6) 15
dependent on F and shoula increase with the increase n
ion fluence As a result of the enormous energy depo
sition caused by iradiation, the internal energy of the
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system would increase, making the nanoparticles ther-
modynamically unstable. At a critical fluence, the irradi-
ation energy can be comparabie to the cohesive energy of
the nanoparticle such.that the effective cohesive energy
(E.) would be vanishingly small. At higher fluences, the
irradiation energy will dominate the cohesive energy of
the nanoparticles, making E. < 0. The negative effective
cohesive energy signifies that the atoms would dislodge
and fly out of the nanoparticle surface, leading to particle
fragmentation. Nevertheless, if the particles are closely
spaced (interparticle separation is comparable to or
smaller than the particle dimension), then mass exchange
would result in particle growth.

Ions traversing through the matrix create ion tracks
of several nanometers diameter.'” If a sufficient number
of tracks are created between any two adjacent nano-
particles, then the medium separating the particles
(i.e., interparticle spacing) would become amorphized
with weakly bonded constituents. The diffusion-led mass
transport among adjacent nanoparticles, followed by
rapid solidification, results in particle growth.*'8? This
is analogous to the coalescence of the nearby islands
during the growth of thin films.?°

In a previous study, the nanoparticle size reduction as a
result of progressive evaporation was supported by SDE
model.?! For large interparticle separation, it is unlikely
that the particles in the molten state would coalesce and
grow. Under continued irradiation conditions, the parti-
cles would reach the onset point, forcing atoms to escape
from the nanoparticle surface. As a result of such partial
evaporation events, the particle size can be drastically
reduced. It is now apparent that the growth and the frag-
mentation of nanoparticles under irradiation are accom-
panied by the decrease of cohesive energy but highly
dependent on the interparticle spacing. To visualize it
more clearly, consider two nanoparticles, each of diame-
ter D and separated by a distance R (Fig. 2). Upon melt-
ing, to minimize the surface energy the molten species
condense and acquire a spherical shape. As irradiation
has to proceed along a certain direction (e.g., z direction),
uniformly dispersed nanoparticles will pass through the
molten phase, giving rise to regular oblate ellipsoids
{Figs. 2(a) and 2(b)]. The three sides of a regular oblate
are a, b, and ¢ such that a > b = ¢. Now, as the mass is
conserved in the irradiation process, we can write

4 D) 4 .,
E“H p=3zmabp

or

1 D3>p
a==\7)1"7= . 7
8A<b2 p . ™ ‘

where p and p’ (<p) are the density of the system before
and during irradiation. In the case of-complete melting,
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(a)
FIG. 2. Different stages of nanoparticle melting. (a) Growth (R < 2a),
and (b) fragmentation (R > 2a) under energetic ion irradiation.
(Fluence Fy > Fy > Fy).

the two oblates will be in the closest proximity if the sum
of the two equatorial radii (along the z direction) of the
two oblates is equal to R. Such a situation can facilitate
exchange of atoms with great ease. In principle, upon
coalescence, two or more particles can grow into an
independent particle of larger size [Fig. 2(a)].

Therefore,
1 /D3 p
a=-{5)52R
¢ 4(“)9“

is the growth condition for the nanoparticles subjected to
ion irradiation. In other words, the equatorial diameter of
the oblates should be at least equal or larger than the
interparticle separation between the two nanoparticles
of interest. On the other hand, when 2a < R, it is
unlikely that the molten particles would exchange mass
for coalescence, rather evaporation-led particle splitting
would occur under continual irradiation. environment
[Fig. 2(b)].

Jll. RESULTS AND DISCUSSION

We apply our model to-Zn$ nanoparticles (hexagonal
wurtzite structure) that aré dispersed independently in
four varieties of matrices, namely, polyvinyl alcohol
(PYA), amorphous SiOz; borosilicate glass, and alumina
(a-Al,05): The physical properties of the materials under
study are presented in Table I. We consider the typical
energy of the incident ion to be ~100 MeV, and-the
fluence varied between | x 10° and 1-x 10'? jons/cm”.
Since we are interested in the deposited energy, the elec-
tronic energy loss corresponding to given ion energy
and for a particular dispersed system plays vital role in
deciding particle growth and splitting. Note that -the
electronic energy loss for a pure -Zn$S film and a matrix
are drastically different from each -other. For instance, '
a 100 MeV, chlorine ion experiences a S, value of ~261

- and 497 eV/A for PVA and ZnS, re'spectively.‘zz In other -
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words, with more and more ZnS$ particle dispersion into
the PVA matrix, the S. value will gradually shift from
261 to 497 eV/A. In the present work, for simplicity, we
consider S, values corresponding to 50% volume disper-
sion of ZnS nanoparticles in a specified matrix of thick-
ness z = 1 pm. The S, values are computed using SRIM

Figure 3 depicts a comparison between the irradiation
energy received and the cohesive energy for different
sized nanoparticles, corresponding to a given matrix. As
shown, with the increase of fluence (1 x 10°to 1 x 10'?
ions/cm®), the deposited energy per atom increases from
several meV/atom to tens of eV/atom. As a general trend,

program and are listed in Table .72 the irradiation energy (£,) corresponding to a particular

TABLE 1. Physical properties of the materials used in the present study.

Density Thermal conductivity Surface energy per unit area
Materials Melting point (K) (g/cm?) (W/m-.K) Dielectric constant (eV/m?) x 10"
ZnS 1458 4.09 27 8.9 0.356
PVA 503 1.19-1.31 0.2 1.9-2 0.023
a-Si0, 1883 22 1.3 4.2 0.187
Borosilicate glass 1094 2.24 0.88-1.09 4.6-5.2 3.437
a-Al0O; 1373 3.97 40 45 1.437
TABLE II. Electronic energy loss (S.) of 100 MeV chlorine ion beam in host materials and dispersed systems.
Materiat ZnS PVA  ZnSinPVA  4-85i0; ZnSina-Si0;  Borosilicate glass  ZnS in borosilicate glass ~ @-Al,0;  ZnSin a-Al;0,
S.(eVIA) 497 261 249 359 432 423 540 640 571
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fluence was found to decay exponentially with the in-
crease of particle size. The horizontal line at ~6.4 eV/atom
(highlighted in the insets of Fig. 3) actually describes
the size-dependent cohesive energy characteristic of
nanoparticles for a definite matrix encapsulation. In all
the cases, it is seen that the irradiation energy (up to
a fluence ~1 x 10'% fons/em?) is completely dominated
by the respective cohesive energy. Conversely, at the
fluence of 5 x 10' ions/cm?, the irradiation energy de-
posited on the particles dominates the corresponding
cohesive energy. However, the critical size at which the
irradiation energy dominates the cohesive energy would
vary with the nature of the surrounding matrix. Cor-
responding to the fluence of 5 x 10*° jons/cm?, the critical
sizes for PVA, a-Si0,, glass, and «-Al,O5 are 3.88, 6.31,
7.54, and 8.33 nm, respectively (see solid arrow in Fig. 3).
Thus, for a ZnS-dispersed a-SiO, system, the particles
having size <6.31 nm can participate in the initial melting
process, while bigger particles, to a large extent, would not
qualify for melting because of a relatively large cohesive
energy. Moreover, for a particular host matrix, the critical
size is found to increase with the increase in ion fluence
(Fig. 4, Table T). On plotting, we notice a linear Telation-
ship between ion fluence and the critical size (Fig. S,
Table OI).
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Since the surface energy of borosilicate glass and
a-Al,O3 (Table I) is greater than the surface energy in
the ZnS system, the ZnS nanoparticles embedded in these
two matrices show superheating effects as predicted by
Jiang et al. in Pb/Al nanoscale system.*>** In these matri-
ces, cohesive energy and hence the melting point of the
nanoparticles increases with the decrease of particle size.
As shown in the insets of Fig. 3, as a result of strong
interatomic bonding in the nanoscale regime the effective
cohesive energy has an increasing trend from the bulk
value of ZnS (i.e., 6.33 eV/atom?>). The reduced thermal
vibration of the interface atoms separating the nanoparti-
cle and the surrounding matrix triggers superheating
characteristics.>> For particles of ~2 nm size, the cohe-
sive energies of ZnS/borosilicate and ZnS/a-Al,O5 sys-
tems are found to be as large as 7.4 and 6.8 eV/atom,
respectively. With an increase, in particle size, cohesive
energy drops exponentially until it attains the bulk value.

The traces for the effective cohesive energy (E.) ver-
sus nanoparticle size for different matrices are shown
in Fig. 4. It is clear that for the nanoparticles of finite
size, with the increase in ion fluence, the E. value
decreases substantially. In addition, at a low fluence (e.g.,
1 x 10° ions/cm®) the superheating nature is clearly visible
for nanoparticles encapsulated in borosilicate and a-Al; 03
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TABLE Tl Critical nanoparticle size (nm) versus corresponding
fluence (icns/cm?).

Fluence . ZnS in ZnS in ZnS in ZnS in
(ions/em?) " PVA a-Si0, borosilicate glass a-Al04
5% 100 3.88 631 754 8.33
L x 10, 7.75 12.81 15.72 16.77
5 x 10" 38.43 63.61° 78.78 83.45
1 % 10" 76.14 126.46 158.21 167.45
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FIG. 5. Fluence dependent variation of critical nanoparticle size in
different matrices.

»*

matrices. Alsc, note that the cohesive energy dominates
the irradiation energy up to a fluence of 1 % 10'% ions/em?
even for the ZnS/PVA system, which possesses the lowest
cohesive energy (Fig. 3). This accounts for radiation-resis-
tant behavior of the embedded nanoparticles. Beyond this
value of fluence, the physical condition is decided by the
irradiation 2nergy irrespective of the nature of matnx.
The E. value slowly reduces to zero from the bulk value
at the comresponding critical size of the nanoparticles

(Fig. 4, Table INI). A vanishing £, represents no interactive *

force between the atoms that constitute the nanoparticle,
and the negative values (not shown) would lead to condi-
tions of flying out of atoms (partial evaporation) from the
nanoparticle surface. If two identical nanoparticles (with
sizes larger than interparticle spacing) are completely
melted (E. =~ 0) at a finite fluence, then it 1s likely that
they will coalesce when interparticle-diffusion-led mass
transport satisfies 2a = R [Fig. 2(a)]. As a resull, two
particles will grow into an independent nanoparticle of
bigger size. However, when the interparticle separation is
relatively large than the particle dimension (2a < R),
interparticle mass transport will not be favorable. In this
case, each particle would undergc independent evapora-
tion, leading to size reduction [Fig. 2(b)).

To strengthen our arguments, we now discuss how
the matrix could play vital role in the particle coales-
cence process. As evident from the plots skown in

Figs. 4(a)-4(d), the fluence required to melt the ZnS
nanoparticles is highly dependent on particle size. The
growth process would occur through particle coalesce in
the matrix medium, which is amorphized as a result of
treation of ion tracks. For nanoparticles of definite size,
melting followed by coalescence would certainly depend
on the fluence, which is again dependent on the nature of
the host matrix. The matrix with lower thermal conduc-
tivity would dissipate heat at a slower rate from the point
of ion impact to the surroundings. Since the critical size
corresponding to a given fluence is maximum for a
matrix of larger thermal conductivity, controlled growth
can be achieved in a matrix of lower thermal conductiv-
ity (Tables I and III). Essentially, the particle growth
in PVA matrix will start at relatively higher fluence
compared with a-SiO,. In our previous experimental
work on PV A-encapsulated CdS, ZnS, and ZnO nanopar-
ticle systems, we noticed that the light ions (chlorine,
oxygen) of energy 80 to 100 MeV can initiate nanoparti-
cle growth at a fluence of 1 x 10 ions/cm?. 2627 On the
other hand, the growth of metallic nanoparticles (e.g.,
Ag, Au, etc.) in a-Si0, by MeV irradiation was found to
occur at a significantly larger fluence (~10"? ions/cm?).
Note that because of a value of cohesive energy of ZnS
(6.33 eV/atom) that is larger than that of the metallic
systems (EA8 & 2.95 eV/atom; £, =~ 3.81 eV/atom),
the former has higher melting point (T 2" =~ 1458 K) as
compared to the metallic systems (T"" = 1337 K).
However, excessively high thermal conductivity of the
metaliic systems (e.g., ~318 W/m-K, for Au) allows
them'to grow at a comparatively higher fluence.

It is now clear that the nature of matrix also govermns
the growth kinetics apart from the interparticle separation
and size dispersion. We infer that because of the larger
difference in thermal conductivity {with respect to ZnS)
for PVA than a-SiO,, the former requires relatively
higher fluence for complete amorphization through the
creation of ion tracks allowing melted particles to
approach.and coalesce. For example, for a track of diam-
eter ~10 nm, the fluence required to cover the whole
sample area (1 x 1 cm), is 1 x 10'? ions/cm®."® Such
conditions assist in the interparticle coalesce without hin-
drance, but fluence beyond this value would lead
to unavoidable overlapping ion impacts on the specimen.
The spontaneous particle-particle coalesce followed
by rapid solidification results in large sized particles.
Ideally, a coalescence-led recrystallization process could
fesult in a spherical shape because of minimum surface
energy. However, there'can be instances where particles
can facilitate in the formation of oblate and elongated
nanostructures.?® The departure from the spherical sym-
metry can be attributed to the fact that the coalescence
form, because of the abrupt change in elasticity, is unable
to regain its minimum energy configuration prior to
instant solidification. Hence, it is now evident that the
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nanoparticle growth 1s bound to occur n particles of size
compardble with the interparticle separation The fluence
at which growth will initzate 1s decided by the nanoparu-
cle size, type, and the nature of the surrounding matrix
Conversely, m the case of nanoparticles with large
interparticle separation, fragmentation will occur as a
result of partial evaporation

IV. CONCLUSIONS

To summanze, our model suggests that under ener-
getic 1on uradiation, particle growth or fragmentation
can be initiated by the suppression of the effective cohe-
sive energy Particle growth occurs through interparticle
mass transport during wradiation On the other hand,
particle sphtting can be ensured 1n samples with large
interparticle spacing The dispersing media (matnix) and
the particle size would decide the fluence at which coa-
lesce of particles can be achieved The embedded nano-
particle system with relevant size dispersion and
exposure to radiation can be used 1n future photonic and
optoelectromc components In addition, as a conse-
quence of ion—matter interaction, any fluence < 1 x
10*? 10ns/cm? 1s recommended to observe and control
nanoparticle coalescence 1n a designated host matnx
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