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Abstract

The thesis entitled “lon implantation in nanostructured ZnO: A study on defect evolution”
deals with the defect evolution and interactions with the implanted ions in the ZnO nanorods
(NRs) and nanoparticle thin films with the detail characterizations of structural, electrical and
optical properties. ZnO is a multifunctional wide bandgap (~3.37 eV) II-VI semiconductor that
has distinctive properties, such as large excitonic binding energy of ~60 meV, high optical
emission efficiency, visible light transparency, ultraviolet (UV) sensitivity, nontoxicity, and
good compatibility, which make ZnO to be used in various low-cost technological applications
such as transparent conducting electrode, photoelectrochemical water splitting, UV light-
emitting diodes, photodetectors, solar cells, gas sensors, and so on. Moreover, as compared to
conventional devices, nanodevices based on one dimensional (1D) NRs of ZnO have
advantageous properties like ultrahigh speed as well as frequency, large integration density,
and low power consumption other than the size factor. However, the fact is that the electrical
and optical properties and therefore the applications of ZnO are vastly driven by its inherent
vacancies, interstitials, and anti-sites of Zn and O related defects. From this point of view, study
on ZnO nanostructured thin films is of great interest to the researchers because these usually
exhibit diverse material properties as compared to the corresponding bulk crystal owing to the
modified defect states, lattice imperfection, structural disorder, high surface area, exotic polar
topology, and so on. To produce highly performing devices, the key factor is the processing of
better-quality materials. Doping is one of the well-known processing steps in the
semiconductor industry for the fabrication of various optoelectronic devices. Though the
impurity incorporation into ZnO nanostructured thin films has been already achieved
successfully using doping during growth and doping by diffusion, a controllable and
reproducible doping is still difficult for 1D NRs. In such cases, the post-growth doping via ion
implantation method can be a solution for successful doping in ZnO NRs. However, in the
process of ion implantation, the interaction between the host lattice and the energetic ions
produces point defects inside the target material due to the collisions by the energetic ions.
Minute concentrations of defects and impurities can hugely alter the mechanical, electrical, and
optical properties of ZnO. The implantation induced defect states in ZnO crystal act as
recombination or trapping centres and thus affect the relaxation process of the photoexcited
carriers. In addition to it, the implanted induced complex defects control the charge carrier
profiles and modifies the conductivity of ZnO. ZnO always exhibits n-type conductivity which

can further be enhanced by doping with n-type dopants. But the formation of reproducible and
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stable p-type ZnO still remains a major challenge due to low or limited solubility and high
activation energies of the acceptor dopants and the presence of huge compensating defects.
Therefore, the effort to overcome the difficulty of achieving controllable and reproducible p-
type ZnO is still one of the needs for the successful fabrication of p-n homojunction based
nanodevices.

With the above-said motivation, the work embodied in this thesis has focused mainly on two
aspects:

Q) Studies on the role of defects on the room temperature (RT) photoluminescence
(PL) and electrical properties and the defects identification mechanism in ZnO
nanoparticle thin films as well as in ZnO NRs implanted with donor dopant (Al
ion).

(i) Studies on the evolution of the acceptor defects and their compensation with the
donor defects in ZnO NRs implanted with various acceptor dopants (N, Li ions)

under various ion fluences and post-implantation annealing ambiences.
The entire thesis consists of total nine chapters. The chapter wise contents are given below:

The chapter 1 provides a brief general introduction on ZnO and ion implantation followed
by the objectives and organization of the thesis work. In the chapter 2, a critical assessment of
the recent ion implantation efforts in ZnO mainly focusing on the status, opportunities, and
challenges in the modification of the optical and electrical properties followed by their
applications in optoelectronic devices have been presented. The chapter 3 consists two sections:
(i) Details of the growth techniques for ZnO nanoparticle thin films by sol-gel and 1D ZnO NRs
by aqueous chemical growth techniques have mainly been elaborated firstly. (ii) Secondly, the
characterization techniques used for this thesis work have been illustrated in details. The formation
of various structural defects and the modifications of the optical and electrical properties in sol-
gel grown ZnO thin films implanted with various fluences (1x10% to 6x10% ions/cm?) of 100
keV Al ions have been assessed extensively in the chapter 4. For the highest fluence (6 x10%
ions/cm?), the sheet resistance is found to be 156 Q/sq with an average visible transmission of
82%. The high figure of merit value of the Al implanted ZnO films are of prospective as a
transparent conducting electrode. Detailed investigation of the implantation mechanism reveals
that zinc vacancy (Vzn) defects are formed in large number due to implantation, which on
healing produces further higher conductivity in the films. A comprehensive study on the effect
of Al ion implantation on RT PL properties of vertically-aligned ZnO NRs implanted with 100
keV Al ions by varying the fluences from 1x10% to 1x10® ions/cm? followed by an annealing
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process at 450 °C in an inert ambient has been presented in the chapter 5. As compared to
pristine, an unprecedented enhancement (1.4 times) in the ratio of the intensities of the near
band edge, Inse (UV) to the defect level, IpL (visible) emissions has been observed for the ZnO
NRs implanted with of Al ions of 5 x10'% ions/cm?. The ratio Inse/loL decreases beyond 5 x10*3
ions/cm? with an increase in Al ion fluence. Detailed analyses of the recombination mechanism
show that the excitons bound to neutral Al donors are responsible for highly enhanced PL
emissions in lower fluence Al implanted ZnO NRs. On the other hand, the implantation induced
defects acting as non-radiative recombination centres are responsible for the reduced PL
emissions in higher fluence Al implanted ZnO NRs. In the chapter 6, the interplay of point
defects in ZnO NRs implanted with 50 keV N ions having fluences from 1 x 104 to 1 x 106
ions/cm? followed by a thermal annealing at 450 °C separately in Ar, Oz, and excess Zn
ambiences has been discussed. The detailed analyses validate the incorporation of N at O
sublattice forming isolated No acceptor and No-Vzn acceptor complex in the implanted NRs
and N implantation-induced structural disorders increase with an increase in the N ion fluence.
The study on the influence of post-implantation annealing reveals that annealing in Ar and O>
ambiences causes only No state, while annealing in excess Zn ambient induces an additional
shallow donor (N2)o by substituting N2 at O site. Thus, the post-implantation annealing in O>
and Ar ambiences play a key role to stabilize the N dopants in ZnO. The evolution of various
point defects in 100 keV Li ion implanted ZnO NRs with varying the fluences from 1x10%* to
7x10% ions/cm? has been discussed with the experimental and theoretical simulation results in
the chapter 7. The experimental results indicate that the Li'* ions are incorporated at Zn?* sites
forming Lizn acceptor in the implanted NRs and the structural disorders increase drastically
with an increase in the Li fluence. Both the formation of acceptors and implantation-induced
defects make the Li implanted NRs electrically highly resistive. The yellow-orange PL
emission of the as-grown ZnO NRs has been evolved into a green emission in the implanted
NRs. The simulation results explain the quantitative energy loss, the distributions of the
implanted Li ions and the point defects along the target ZnO NRs. The consistency between
the experimental and theoretical simulations validates our analyses on the formation and
evolution of various point defects in highly resistive Li implanted ZnO NRs. The formation
and evolution of various point defects in 1D ZnO NRs co-implanted with 100 keVV N and Li
ions as a function of various co-implantation fluences resulting in the changes in structural, and
optical properties have been presented in the chapter 8. Detailed analyses show that the
implantation-induced structural disorder increases with an increase in the implantation fluence

and both the No and Lizn acceptors are produced in co-implanted NRs. The No may form Li; —
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No complex with the Li interstitials (Li;) and thus the concentration of Lijand the possibility of
the generation of (N2)o donors are reduced. As a matter of fact, there still exits Liz, acceptors
which may contribute to creating p-type ZnO NRs in case of N-Li co-implanted ZnO NRs. Due
to co-implantation implantation, the formation of Vz, is indicated by the appearance of a green
PL emission.

A list of up-to-date references relevant to the topic has been included at the end of each
chapter.

Finally, in the chapter 9, a summary of the important results emerging from this thesis work

has been presented followed by a future outlook of the work.
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1.1 Background of the work

The advancements in the field of electronics have revolutionised the way we live. Using
electronics today is so much part of our live that we hardly think of the way the world would
be without electronics. Semiconductors are the foundations of modern electronics. During the
beginning of semiconductor industry, Si became popular in the commercial market for its
usages in computing, data storage and communications as integrated circuits. But Si failed to
meet the necessity of the optoelectronic devices such as light emitting diodes (LEDs), laser
diodes due to its indirect band gap. In the meantime, GaAs was emerged as an important class
of compounds in semiconductor industry due to its direct band gap. However, GaAs-based
devices also failed to meet the necessity of the ultraviolet (UV)/blue light emitter for display
applications. As a result, the wide band gap semiconductors like ZnSe, SiC, GaN, ZnO came
forth and became the research focus in the field of semiconductor. The past decade has seen
varying degrees of research effort and pronounced advancements of wide band gap
semiconductors-based devices ranging from the solar cells to the blue lasers [1-4]. Among wide
band gap semiconductors, ZnO has attracted invigorated interest as an optoelectronic material
for numerous applications over more than the last two decades. Lately, this effort has been
strengthened in order to have an in-depth understanding of its unique physical properties and
to grow high quality ZnO nanostructured films and nanocrystals for device applications [5-8].
As compared to other wide band gap materials, ZnO has some unique properties and some
advantages such as high emission efficiency, visible light transparency, UV absorbance
sensitivity, nontoxicity which make them to be used in various technological applications such
as photoelectrochemical (PEC) water splitting, UV LEDs, photodetectors, solar cells, catalysis,
varistors, supercapacitors, gas sensors, and so on [9-24]. ZnO is a competitor of GaN, a well-
known III-V wide band gap material which is now widely used for commercial production of
short wavelength () as well as white light emitting devices [25-27]. ZnO has many advantages
over GaN such availability of large size bulk crystals, easy growth of controllable
nanostructures, and earth abundant constituents which create a situation that allows excitation-
based lasing action with a very low threshold current [28-30]. In addition to optoelectronic and
electronic devices, ZnO has also become a key material for spintronic applications such as spin
LEDs, spin polarized solar cells, and magneto-optical switches [31, 32]. Moreover, compared
to conventional devices, nanodevices based on nanostructures of ZnO have advantageous
properties like ease in fabrication, ultrahigh speed as well as frequency, large integration

density, and low power consumption [6, 8, 33]. It has been seen that ZnO shows a diverse
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group of growth morphologies in the form of powders, single crystals, and nanostructured thin
films such as nanoparticles, nanorods (NRs) array, nanowires (NWSs), nanobelts, nanocombs,
nanorings, and so on [34-39]. With a reduction in size to nanometre regime, ZnO shows novel
physical properties as a result of surface and quantum confinement effects. In addition to that,
a large surface to volume ratio results in forming large number intrinsic or extrinsic surface
defects leading to various trap level related emission in the visible range which contribute to
the optical transitions more significantly in addition to UV emission under proper excitation.

To realize highly performing devices, the key problem lies with the grasp of better-quality
materials. Doping is one of the well-known processing steps in the semiconductor industry for
the fabrication of various optoelectronic devices. Conventional methods of doping can
generally be divided into three types: doping during crystal growth, doping by diffusion, and
doping by ion implantation. Impurity doping into ZnO nanoparticle thin films using the first
two type of methods has been achieved already [40-43]; nonetheless, a controllable and
reproducible doping technique during crystal growth is still difficult to be achieved, especially
for one dimensional (1D) nanostructure such as NRs [44, 45]. In this situation, post-growth
doping via ion implantation is believed to be a controllable and rather exact manner for any
solid target as compared with the other two methods [43, 46-48]. This method is regarded as
an advanced technology for doping which being applied nearly for the past 40 years for
modifying the surface of bulk materials as well as improving the semiconductor properties due
to its following tremendous advantages:

e An accurate fluence (number of ions implanted per unit area of the target) can be
controlled by the measurement of ion current.

e The depth distribution of the implanted dopant ions and the induced lattice disorder are
directly related to the ion energy and the masses of the target material and ion.

e By varying the ion energy and fluence, the concentration profile of the impurities and
also the structural changes can be tailored.

e In contrast to high temperature processing, the ion implantation is apparently low
temperature process, although subsequent annealing is generally required to recover
implantation induced damages. In this respect, it differs greatly from the diffusion
approach, where high temperatures during doping may lead to decomposition of the
near surface region.

e The implantation process is not constrained by thermodynamic considerations. This

means that any species of ion may be implanted into any host. A wide concentration
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range can be achieved with the upper limit generally set by the sputtering yield rather
than by equilibrium solubility.

e lon implantation can be included in the semiconductor process technology and
implantation machines can be designed for specific applications.

Thus, the ion implantation has become an important means for fundamental research as well
as applications for functional materials. In addition, material properties can be altered flexibly

if proper selection of ion species, energy, and fluencies is made.

1.2 Motivation and Objective of the thesis

From the above discussion, it is evident that ZnO nanostructured thin films are of great
interest to the researchers because these usually exhibit diverse material properties as compared
to the corresponding bulk single crystal owing to the modified defect states, lattice
imperfection, structural disorder, high surface area, exotic polar topology, and so on [49-52].
It offers immense possibility for fundamental studies as well as applications in optoelectronic
devices. But the fact is that the electrical and optical properties and therefore the applications
of ZnO nanostructured thin films are vastly driven by its inherent vacancies, interstitials, and
antisites of Zn and O related defects. A control over its inherent defects and dopants is still
lacking, which generates an obstacle in realization of practical devices [53-55]. Therefore,
before such devices can be manufactured, a vast knowledge of the evolution of the defects of
this material during various processing is needed.

Besides the incorporation of impurities, the interaction between the host lattice and the
energetic ions in the process of ion implantation produces point defects inside the target
material due to collisions by the energetic ions. Minute concentrations of defects and impurities
can hugely alter the mechanical, electrical, and optical properties of ZnO [56-60]. The ion-
induced defect states in ZnO crystal act as recombination or trapping centres and thus affect
the relaxation process of the photoexcited carriers [61, 62]. In addition to it, the implanted ion-
induced complex defects control the charge carrier profiles and modifies the conductivity of
ZnO [63, 64]. Therefore, for an application of ion implantation as a doping technique, a
knowledge of the fundamental physics and chemistry behind the interaction of the ion beam
and the target is required. Characterization of both the implanted species and the damage
introduced to the target open up a new horizon in this area of research.
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ZnO is a n-type semiconducting material irrespective of its growth technique and its n-type
conductivity can easily be enhanced by doping with elements having valency higher than +2
[65, 66]. However, a stable and reproducible p-type ZnO with good conductivity is still
difficult to achieve, which is a bottleneck for practical ZnO-based applications [67]. The low
or limited solubility and high activation energies of the acceptor dopants and presence of huge
compensating defects are main hindrances in obtaining p-type ZnO [68]. Not only the electrical
conductivity, other characteristics such as optical and optoelectronic properties show a huge
change upon doping with p-type dopants. Therefore, the effort to know the evolution in the
properties and to achieve controllable and reproducible p-type ZnO is still one of the needs for
successful fabrication of p-n homojunction based nanodevices.

Being inspired with the growing interest and gathering knowledge in the above-mentioned

issues, the objectives of the present thesis work have been defined as follows:

Q) Understanding the role of compensating defects and implantation mechanism in the
Al implanted ZnO thin films to correlate the resultant electrical properties to
develop transparent conducting ZnO films.

(i)  To study the role of defects in the modified room temperature (RT)
photoluminescence (PL) and photoconductivity properties of ZnO NRs implanted
with n-type dopants.

(ili)  To study the evolution of the acceptor defects and their compensation with the
donor defects in ZnO NRs implanted with various acceptor dopants under various

ion fluences and post-implantation annealing ambiences.

1.3 Organization of the thesis

In this thesis work, both the ZnO nanoparticle thin films and NRs arrays have been
implanted with various ions such as Al, Ar, N, Li. Comprehensive studies on the defect
evolution and their interactions with the implanted ions via structural, optical, and electrical
characterizations have been carried out. The entire thesis consists of total nine chapters. After
presenting a brief general introduction on ZnO as well as ion implantation followed by the
objectives, organization of the thesis has been presented at the end of the chapter 1. A critical
assessment of the recent implantation efforts focusing on the status, opportunities, challenges
of ion implantation in ZnO, the modified optical and electrical properties and applications of
ion implanted ZnO have been presented in the chapter 2. In the chapter 3, the depositions

methods for ZnO nanoparticle thin films by sol-gel and ZnO NRs arrays by aqueous chemical
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growth techniques have been mainly elaborated followed by the description of various types of
characterization techniques which have been particularly used in the present thesis work. In the
chapter 4, the formation of various structural defects and the modifications of the optical and
electrical properties in sol-gel grown ZnO thin films implanted with various fluences of Al ions
have been discussed extensively. In the chapter 5, a comprehensive study on the effect of Al ion
implantation fluence on the RT PL emission properties of ZnO NRs has been presented. The
role of defects and the recombination mechanism have been discussed exclusively by
comparing the results with the Ar implanted ZnO NRs. In the chapter 6, an in-depth
comprehensive study on the interplay of defects in N implanted ZnO NRs manifesting the
changes in structural, optical, and electrical properties with the increase in N ion fluence has
been presented. The properties of the implanted ZnO NRs have also been studied for various
annealing ambiences. The evolution of various point defects in Li ion implanted ZnO NRs with
the variation in fluences has been discussed with the experimental and theoretical simulation
results in the chapter 7. In the chapter 8, a study on the formation of acceptor defect complex
(instead of isolated single p-type point defect) using a technique of co-implantation with Li and
N has been explored. A list of up-to-date references relevant to the topics of the chapter has
been included at the end of each chapter. Finally in the chapter 9, a summary of the important
results emerging from this thesis work has been presented followed by a future outlook of the

work.
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2.1 Introduction

lon implantation has been identified as a process used for modifying the surface of bulk
materials as well as improving the semiconductor properties such as to make p-type or n-type
materials [1-5]. lon implanters operate in the energy range from tens eV to several MeV
according to their applications. Usually, ion implanters having low energy in 1 to 300 keV
ranges are utilized for treating the surface of solids or doping in semiconductors [6-8]. Also,
low energy ion implanter can be used for welding nanostructures like NWs, nanotubes, or
integrating NWSs in nanodevices, which are now especial applications of ion implanter in the
area of nanotechnology [9-11]. Whereas medium-energy ions in the range ~300 keV to 50
MeV are used for writing proton beam apart from synthesis, and modification of thin films
[12-14]. High-energy protons and swift’s heavy ions with energies ~50 MeV to hundreds
MeV are utilized for modifications of surface and physical properties of thin films [15-17].
Engineered defects in ZnO have received unprecedented attention because intrinsic as well
extrinsic defects play a very crucial and fundamental role in controlling the material and/or
device performance. Implantation into ZnO to modify its electrical properties not only has
important technological applications but also offers stimulating research areas involving
physical interactions in these systems [4, 18, 19]. Besides electrical, magnetic doping, optical
modifications in ZnO have also been carried out by suitable ion implantation. Furthermore,
few groups have investigated damage formation in ZnO upon ion implantation and its effect
on material properties [20-22]. All these reports show directly or indirectly that ZnO exhibits
relatively high radiation tolerance owing to its inherent property of dynamic annealing during
implantation for a large variety of ion species, energies, and implantation temperatures,
which further makes ZnO, a promising functional material to be used in radiative
environments [23-25]. For example, at and above 77 K, single-crystal ZnO exhibits very
strong dynamic annealing that is manifested in the retaining of its crystallinity though heavily
damaged, even after a heavy Au ion bombardment with a very high fluence (~10% ions/cm?)
and energy (300 keV) [26]. Lorenz et al. [27] have shown that N, Ar, and Er ion implantation
with energies of 80, 200, and 380 keV respectively build several stages of damage in single
crystal ZnO for the fluence ranges 1x10'! - 7x10% jons/cm?, but no amorphization takes
place. Surprisingly, irradiation with 60 keV Si ions at 77 K to a fluence of 8x10%° ions/cm?
has been found satisfactory for amorphizing the near-surface layer of single crystal ZnO,
which has been attributed to the strong chemical effects of implanted Si ions [26]. lon-
induced point defects play a crucial role in this radiation tolerance of ZnO. Lv et al. [28] have

[13]



A status review on ion implantation in ZnO

reported that O deficient defects in ZnO are the main causes for the radiation hardness of
ZnO. However, further extensive research and in-depth understanding are necessary for the
advances of ZnO-based devices.

The field of ion implantation is continuously developing. Advancements in equipment,
understanding of beam-solid interactions, applications of new materials, and especially the
recent progresses to use implantation for nanostructures always incline towards new
directions for ion implantation. Therefore, in this chapter, a critical assessment of the recent
implantation efforts focusing on the status, opportunities, and challenges of ion implantation
in ZnO has been presented. From a “state-of-the-art” of the domain, some obvious, as well as
non-obvious connections, have been drawn and thus hopefully would be able to offer
significant new insights for both theoretical and experimental research community working

with oxide semiconductors.

2.2 ZnO

ZnO is an 11-VI binary semiconductor that crystallizes either in cubic zinc-blende, rock
salt or wurtzite structure. Among them, the wurtzite structure is a thermodynamically most
stable phase in ambient condition. The unit cell of wurtzite structure is hexagonal with two
lattice parameters a and c in the ratio (c/a) ideally can be 1.63 [29]. It belongs to the space
group of C*%, or P6smc [30]. In hexagonal wurtzite ZnO, each O is surrounded by four Zn
atoms which are located at the corner of a tetrahedron and vice versa. This kind of tetrahedral
structure exhibit a typical sp* hybridized covalent bonding, although ZnO enjoy both covalent
and ionic nature simultaneously [30]. A schematic diagram of the wurtzite ZnO structure is
shown in Fig. 2.1. The understanding of the band structure of any semiconductor is essential
in defining its efficacy in device applications. Both the theoretical and experimental band
structure calculations confirm that ZnO is a direct band gap semiconductor with the
fundamental band gap at the center of the Brillouin zone (I" point at k = 0) [31]. The optical
band gap of ZnO has been found to be around 3.37 eV at RT along with a large excitonic
binding energy of 60 meV. After the theoretical work on band-structure calculation of ZnO
proposed by Rossler [32] using Green’s function in 1969, there have been several
experimental works [33-35] performed on the wurtzite ZnO which proved Rdéssler’s predicted
bulk electronic structure to be far from satisfactory. However, later ab initio density of states
calculations shows, that valence band maximum (VBM) and conduction band minimum

(CBM), at the I point and the surrounding parts, originate 2p states of O and 4s states of Zn
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atoms, respectively, whereas Zn 3d states are also part valence band (VB), but its location is
at about 7.5 eV below the VBM [36-39]. When the d electrons are explicitly taken as valence
electrons, the calculated lattice constants for ZnO have been found to be in excellent
agreement with the experimental value. A strong interaction between O 2p and the Zn 3d

electrons have also been observed [40].

Fig. 2.1 Schematic of hexagonal wurtzite ZnO crystal structure [41].

2.3 Native defects in ZnO

The native point defects are of particular importance in ZnO since many of the primary
intrinsic defects are electrically active and are the main source of “native” n-type conduction
in ZnO, although there is a great controversy regarding the origin of this n-type conductivity.
All the possible native point defects in ZnO are oxygen and zinc vacancies (Vo and Vzn),
interstitials (O; and Znj), and antisites (Ozn and Zno). Vo and Zn; defects have long been
considered as the source of the unintentional n-type conductivity in ZnO [42-45]. Although
Vo has the lowest formation energy among the defects that behave as donors, the density-
functional calculations indicate that Vo is a very deep rather than a shallow donor and,
consequently, cannot contribute to n-type conductivity [46]. On the other hand, first-
principles calculations show that Zn; defects are shallow donors. But they anneal out at a
temperature of 170 K. They have high formation energies in n-type ZnO and are fast diffusers
with migration barriers as low as 0.57 eV [47]. Therefore, Zn; defects are not stable at RT in
agreement with the experimental work of Vlasenko and Watkins [48]. Zno defects are also

reported to be shallow donors, but their high formation energies make their existence
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improbable in ZnO under equilibrium conditions for any position of the Fermi level in the
band gap [47, 49]. Vz, acts as an acceptor [50-53]. Vzn have exceedingly high formation
energy in p-type ZnO, and therefore exist only in very low concentrations [49]. On the other
hand, in n-type ZnO, Vzn has the lowest formation energy among the native point defects, and
therefore can more easily be formed in n-type samples and acts as a compensating center
[49]. Erhart and Albe [54] reported that O; defects are electrically active with acceptor
transition levels close to the CBM. But the results stated by Janotti et al. [49] do not support
this assignment. They suggest that the acceptor charge states found by Erhart and Albe [54]
are a result of occupying extended bulk states near the CBM, and not defect-induced states.
However, the formation energy of O; is very high (except under extreme O-rich conditions),
and therefore, it cannot be expected that O; defects to be present in significant concentrations
under equilibrium condition [49]. Oz, is an acceptor-type point defect with very high
formation energy, even under the most favorable O-rich conditions. This makes it very
unlikely that Oz, would be present in significant concentrations under equilibrium [53, 55].
From the above discussion on the native point defects, one can conclude that intrinsic
point defects are very unlikely to be the source of unintentional n-type conductivity in ZnO
[56]. However, Van de Walle using the first-principles density functional calculations at last
showed that unintentionally incorporated H impurities are the origin of native n-type
conductivity in ZnO [57]. The positions of these shallow donor states are ~ 30-60 meV
below the conduction band (CB). The contribution of H in ZnO in n-type conductivity
supporting Van de Walle et al. [57] has also been established exclusively by several

experiments [58-61].

2.4 lon implantation

The basic principle of ion implantation is that ionized dopants are accelerated to energies
high enough (eV to MeV) to impact the surface of the target and penetrated into a solid target
depending on the energy and slowed down after traversing a certain distance due to collisions
with host atoms [62]. The interaction between the host lattice and the energetic ions produces
states and structures with metastability through a non-equilibrium process which cannot be
achieved by considering other thermodynamic equilibrium means [63-65]. lon trajectories
which are composed of both lateral and vertical motions can be predicted employing
statistical means where fluences are higher than 102 ions/cm?. The average distance of the
implanted ions in the vertical direction is called the projected range (Rp), and the distribution
of the implanted ions along the Ry can be estimated as Gaussian with a projected straggle or
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standard deviation (op). While the lateral motion of the ions leads to a lateral Gaussian
distribution (o) [62, 66]. The asymmetry of the distribution is defined by the term skewness
(y)- The flatness of the top of the distribution is designated by kurtosis (B) [62, 66].

In general, when an energetic ion enters into a solid target, it traverses a random path and
transfers (loses) its energy due to the collisions with target atoms [66]. A particular collision
may consist of three independent events: electronic collision, nuclear collision, and charge
exchange [67]. Among these, electronic collision is an inelastic type of collision, leading to
an excitation and ionization of target atoms. Electronic collisions involve much smaller
energy-losses per collision, negligible deflection of the ion trajectory, and negligible lattice
disorder. The energy loss involved in this process is known as electronic energy loss (Se) [68,
69]. When the ions move deeper inside, the energy is transported to the target nuclei via
elastic collisions that is recognized as nuclear energy loss (Sn) [68, 69]. Nuclear collisions can
involve large discrete energy-losses and significant angular deflection of the trajectory of the
ion. As a result of nuclear collision, the target atoms are knocked out from their lattice
positions and a large concentration of point defects are produced inside the target material
[68]. The sum of Se and Sn is the total energy lost by an incident ion due to collisions with
target atoms. The relative value of Se and Sn depends on the charge state, mass, and velocity
of the incident ions as well as on the target. A proper understanding of the mechanisms of
energy-loss is important to control the depth profile of implanted dopant atoms and to
determine the nature of the implantation induced lattice disorders. A lattice atom can be
displaced from its lattice site after receiving a minimum energy (which is called displacement
energy, Eq) due to the collisions with the energetic ion or with a recoiling target atoms [70]. If
the transferred energy is less than Egq, the target atom starts to vibrate in its lattice position
with large amplitude. The vibrational energy of target atom is rapidly transported to the
nearest neighbors, which results the production of heat. However, If the transferred energy is
greater than Egq, the target atom comes out of its stable lattice position and starts to recoil. In
such cases, the displaced atom creates a vacancy and occupies an interstitial position and thus
a vacancy-interstitial defect known as Frenkel pair is generated [71]. A single implanted ion
can generate tens of thousands of vacancies and interstitial defects in the target materials.
With an increase in the number of incident ions, various type of individual disordered regions
are produced and they start to overlap with each other and thus a heavily damaged layer is
formed [72]. In addition, the diffusion of defects owing to dynamic annealing processes is
also active during implantation [67]. The excitation of target atoms can change the charge
state of defects and impact on their diffusivities. Besides defect recombination, the diffusion
of point defects also generates extended defects such as dislocation loops, stacking faults
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[71]. However, a post-implantation annealing is mostly applied both to eliminate lattice
disorders induced by implantation and to electrically/optically activate implanted ions by
stimulating their migration into energetically favourable lattice sites.

The orientation of the crystal plane and temperature of the lattice atoms are also important
parameters in case of single crystals. The crystal orientation affects the ion dispersion during
the implantation via the channeling effect [73-75]. When the motion of an ion is along the
atomic rows, the ion moves through the open space of the atomic rows. Initially, the ions
bounce from row to row forming an oscillatory motion with a wavelength of some hundreds
of A. These channeled ions do not undergo close encounters with the lattice atoms such as
large angle scattering and thus have a much lower rate of energy loss. As a result, the yield of
backscattered particles decreases. The reduced scattering yield related to channeling can be
used to determine the lattice site position of impurity atoms and defects in the crystal. The
channeling distribution is dependent on beam alignment, substrate temperature, surface
condition, and the disorder produced during the implantation process itself.

2.5 Simulation of ion implantation

In the field of ion implantation, Monte Carlo and Molecular Dynamics methods are
generally involved in the simulation process. Monte Carlo in particular accurately captures
the stochastic nature of the implantation process. The simulation software employed in our
work is based on this method which is called the Stopping and Range of lons in Matter
(SRIM) [76]. SRIM offers a calculation method involving a quantum mechanical treatment of
ion atom collisions based on Monte Carlo simulation method (in the range 10 eV-2 GeV),
namely the binary collision approximation with a random selection of the impact parameter
of the colliding ions. SRIM is extremely popular in the field of ion implantation.
Additionally, it is user-friendly and free. At the core of SRIM is the program called the
Transport of lons in Matter (TRIM) which accepts input parameters such as the ion type and
energy, and target material. In addition to information about the ion distribution in the target
material in three dimensions, TRIM also outputs the vacancy concentration, straggle of the
ions, and other parameters. However, SRIM only predicts the generated displacements of the
target atoms. The majority of such defects immediately are annihilated which is the origin of
radiation hardness of ZnO [24, 25]. The actual number of stable defects after dynamic
recovery is two orders of magnitude less than the generated defects at the Zn sites [68].
Though the dynamic annealing process takes place for ZnO during implantation, enough
concentration of defects remains within lattice after implantation. To recover these residual
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lattice defects and to activate the dopants, as stated earlier, the implanted samples have to be
taken through post-implantation annealing treatment. Nonetheless, it is sufficient as a tool to
estimate the ion concentration against depth. In a typical example of SRIM calculation [77],
the Gaussian depth distribution of 30 keV N ions in ZnO thin films and the corresponding
distributions of VVznand Vo are shown in Fig. 2.2(a). As the value of Eq for Zn is less than that
of the O atom, the concentration of implantation-induced Vz, is always larger as compared to
Vo at any fluence of any ion [56, 68, 78]. Fig. 2.2(b) shows the variation of SRIM simulated
Se and Sy with the implantation depth of 1.2 MeV Ar ions in polycrystalline ZnO [68]. As
shown in Fig. 2.2(b), Se dominates over Sy in first ~700 nm depth of the ion trajectory and
then Sy starts to predominate. In the case of 180 keV H irradiated ZnO NRs [69], it has been
seen that the Se of Hions distributes almost uniformly along 1.3 pm and Sn is mainly
distributed along a narrow region at a depth of 1.5 pm. Thus, the Se leads over the S, for most
of the penetration path. The values of Se and S, for 120 MeV Ag implanted ZnO are 21.67
keV/nm and 0.1054 keV/nm, respectively. The value of Se has been seen to be almost 200
times higher than that of Sn. Thus, the majority of the modifications in the properties of the
ZnO thin films are occurred due to the collisions of the implanted ion with the electrons of
the target atoms [79].
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Fig. 2.2 (a) SRIM predicted distribution of the implanted N atoms, and the corresponding

Zn and O vacancies [77]. (b) The variation of the electronic and nuclear energy losses along
the implantation depth of 1.2 MeV Ar ion implanted polycrystalline ZnO [68].
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2.6 Defect interactions in ion implanted ZnO

In the section, the existence of various primary point defects in ZnO has been discussed. The
situation becomes even more challenging in case of ion implantation, where the various type
defects are accumulated and compensated, by forming defect complexes including clusters
and extended defects. The defect formation in ZnO depends strongly on the implanted
species. For instance, it has been observed that the interaction between dopant and defect
dominates the damage in B implanted ZnO samples and an enhanced concentration of defect
clusters is formed as compared to other implanted ion species [23]. Azarov et al. [24] have
reported that Ag implantation in ZnO causes an enhanced emergence of extended defects
which act as efficient traps for highly mobile Zn;. Generally, three deep-level defects with
thermal activation energies of 300, 730, and 980 meV, respectively, appear in ZnO thin films
due to Ar ion implantation and these defects are annealed out at temperatures above 660 °C
[80]. Depending on various types of the crystal orientations, the subsequent creation of
extended defects can vary. For instance, non-polar a-plane (11-20) ZnO exhibit a lowest level
of Zn sublattice disorder evidenced by Rutherford backscattering spectroscopy after
implantation with only 5 meV Au ions; in contrast, non-polar m-plane (10-10) ZnO shows
the highest disorder [81]. The disorder in the Zn sublattice is produced progressively in the
subsurface as well as in the implanted layer in polar c-plane (0001) and m-plane ZnO, while
a-plane has shown a slight increase in disorder just in the implanted layer [81]. Therefore, it
is very important to investigate the recovery process of implantation-induced damages and
the probable interactions between dopant and various defects. In contrast to more common
semiconductors Si and GaAs, the defect accumulation and their recovery in implanted ZnO
exhibit rather a complex behavior. Chen et al. [82] have adequately addressed the evolution
and recovery of defects in P implanted ZnO single crystals. Using Positron annihilation
spectroscopy (PAS) measurements (Fig. 2.3(a)), they have shown that the S-parameter
increases continuously for annealing temperature up to 600 °C and beyond which the S-
parameters begin to drop, followed by a gradual decrease to the bulk value at 1100 °C. The S-
parameter generally represents the positron annihilation with the low momentum electrons
i.e., in vacancy sites or voids within the sample. The relative values of the S-parameter are
characteristics of the defects and their change can throw some light on the major defect
evolution process. A gradual increase in S-parameter as shown in Fig. 2.3(a) indicates that
the size of Vz, or vacancy clusters increases through the agglomeration of small vacancies up
to the annealing temperature 600 °C and after annealing up to a temperature of 1100 °C, the
vacancy clusters gradually disappear. This annealing behaviour of the Vz, related defects
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probed by positrons differs from the results obtained by the Raman-scattering experiment,
where the Vo related defects prevail up to 700 °C. Actually, the broad phonon mode at
approximately 575 cm™! in ZnO is said to be due to the presence of Vo. Fig. 2.3(b) shows the
ratio of the intensity of 575 cm™! peak to the sum of the 575 and 437 cm™! peaks. At initial
stage, the ratio decreases slowly with an increase in the annealing temperature. Beyond the
temperature of 400 °C, the ratio starts to decrease sharply reaching the same value as that of
the as-grown sample at 700 °C. From this result, it has been inferred that Vo migrates above
RT, and thus the amount of the agglomeration of vacancy clusters upto annealing temperature
of 600 °C increases and simultaneously the S-parameter as observed in PAS measurements
increases. However, the annealing behaviour of vacancy defects is significantly different in
case of N implanted sample. Chen et al. [83] have shown that the stabilized vacancy
complexes are formed in N implanted ZnO due to the strong interaction between N and
vacancy clusters. A sufficient high temperature as high as 1200-1250 °C is needed to remove
all these N-related defect complexes. Interestingly, it is seen that if N is co-implanted with O
atom, the interaction between N and vacancy clusters is weakened and the concentration of
N-related vacancy complexes are effectively removed [83]. The S-parameter of O and N co-
implanted sample reaches to a value almost similar to that of the bulk sample after annealing
at 800 °C, suggesting that the vacancy clusters are mostly removed. However, these N
impurities again combine with vacancies thereby increasing the S-parameter after further
annealing above 800 °C [83].
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Fig. 2.3 (a) The variation of average S-parameter with the annealing temperature and (b) The
variation of the ratio of the intensity of 575 cm™' peak to the sum of the 437 cm™! and 575 cm™!
peaks with the annealing temperature for P implanted ZnO with a fluence of 4.23x10%
ions/cm?. The annealing behavior of the Al implanted sample is included for comparison [82].
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The effect of both the ion implantation and subsequent annealing treatment on the
ZnO matrix can be illustrated with a schematic diagram presented in Fig. 2.4. First, the
distorted lattice positions and the formation of intrinsic defects due to energetic ion
implantation in ZnO film has been presented. Thereafter, depending on the type of ion
species, the implanted ion may substitute Zn site or O site after post-implantation annealing.

The vacancy defects (Vzn, Vo) are also recovered under annealing.
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Fig. 2.4 The effect of ion implantation and subsequent post-implantation annealing in ZnO

thin films.

2.7 Properties of ion implanted ZnO
2.7.1 Optical properties

2.7.1.1 Surface plasmon resonance property

In the past recent years, considerable fundamental and applied interest has been aroused
on the dispersion of metal nanoparticles (NPs) in optical transparent semiconductors for
surface plasmon resonance (SPR) in the visible and near-infrared region. For introducing
metal NPs controllably in the surface region of ZnO thin films, ion implantation is one of the
most capable and facile techniques. The successful embedment of NPs of a noble metal such
as Ag [84-86], Cu [87-89], Au [90, 91] in nanocrystalline ZnO thin films as well as in ZnO
single crystal by ion implantation technique has already been carried out. In the case of Ag
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implantation, a high fluence in the range of 0.25 x 107 — 1.00 x 107 jons/cm? confine Ag
NPs in the surface region of ZnO film. As a result of which, SPR occurs as confirmed by the
appearance of a selective absorbance peak at around 2.58 eV (~480 nm) (Fig. 2.5(a)) [84].
The intensity, position (Ap), and half-width (Aw12) of the SPR peak strongly depend on the
implantation fluence (Fig. 2.5(b)) [84, 85]. The analyses of the optical characteristics of ZnO
thin films implanted with Ag ions with respect to the ion current density and implantation
fluence show that the fastest and most efficient formation of Ag NPs takes place at an ion
current density of 8 A/lcm? even at the minimum implantation fluence (0.25 x 10 ions/cm?)
[86]. In contrast to Ag implantation, for Cu implanted ZnO single crystal, the distinctive SPR
peak is observed at 2.0 eV (~620 nm) after implanting the sample with a fluence of as high as
1 x 107 ions/cm? [87]. It is not difficult to realize that Cu being lighter than Ag, the damage
at higher fluence in the former case is less and thus a well-defined SPR peak sustains.
However, Karali et al. [88] have claimed that lower implantation fluence (<10%' ions/cm?)
cannot produce Cu NPs in ZnO of size >2 nm and therefore the distinct SPR absorption is not
observed for the samples implanted with Cu ions of fluence ~1 x 10% jons/cm?. As soon as
the implanted sample is annealed at 600 °C, the intensity of plasmon peak is enhanced
significantly, which indicates the fact that the annealing enhances precipitation of Cu NPs
and decreases point defects in ZnO [87]. Au has been successfully implanted into ZnO thin
films and single crystals [22, 81, 90, 91]. But any SPR characteristic in Au implanted ZnO

has not been reported.
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Fig. 2.5 (a) Optical absorption spectra of as-deposited ZnO film and ZnO films implanted
with Ag ions to different fluences, identifying the SPR absorption band in the visible region.
(b) Fluence dependencies of peak position and half-width of plasmon resonance in Ag-
implanted ZnO films [84].
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Critical analyses of the reported SPR data

The SPR is strongly dependent on the size of NPs. In the case of ion implantation,
different dimensions of NPs are formed along the depth of ZnO thin films due to the
Gaussian distribution of implanted ions and the strong sputtering effect during implantation.
Fig. 2.6 shows the Gaussian distribution of Cu, Ag, and Au in ZnO, where the energy of each
ion has been taken as 50 keV. The Gaussian-like curves in Fig. 2.6 allow one to make an
assumption that size distribution of the forming particle is wide along the depth of the
implanted region. This means that the higher density of the impurity at the peak of the
distribution stimulates the growth of NPs with larger sizes in the near-surface region, whereas
lower density of implanted ions near the tail of the concentration curve triggers nucleation of
smaller size clusters that dominate at the depth of the ZnO films. According to Fig. 2.6, the
Cu NPs are widely distributed inside ZnO films as compared to Ag and Au. The peak of Cu
concentration also arises at a higher depth of ZnO films than that of Ag and Au. Another fact
is that the maximum concentration at Rp for Au and Ag NPs is higher as compared to Cu.
Therefore, most of Au and Ag ions would produce larger-sized NPs near the surface of
implanted ZnO thin films. For Cu implanted thin films, in addition to larger-sized NPs,
smaller size clusters are also produced (because of the long-tail in concentration curve). If the
surface sputtering at the time of ion implantation is considered, the shape of the implantation
profile may be changed and the peak concentration shifts to the surface, which is observed for
Au and Ag. The lower sputtering yield is observed for Cu ions, which is 6.17 atoms/ion and
3.62 atoms/ion, respectively, for Zn and O atoms. While the sputtering yield is intermediate
for Ag ions (7.34 atoms/ion and 4.25 atoms/ion, respectively, for Zn and O atoms) and is
higher for Au ions (8.70 atoms/ion and 4.99 atoms/ion, respectively, for Zn and O atoms).
Thus, the sputtering effect can be considered as strong for Au ions, intermediate for Ag, and
lower for Cu ions. At the time of surface sputtering during implantation, the NPs with large
sizes move steadily toward the surface and disappear due to the apparent loss from the
sample surface. Therefore, the mean size of NPs at the sample surface reduces. To observe
the SPR effect, a critical size of NPs at surfaces is necessary. Because of strong sputtering
during implantation, the desired size of Au NPs is not formed in case of Au implantation into
ZnO and therefore any reports on SPR by Au implantation have not been reported. On the
other hand, the intermediate and lower sputtering effect do not disturb the formation of
critical-sized NPs in the case of Ag and Cu implantation in ZnO, which results in distinctive

plasmon resonance.
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Fig. 2.6 SRIM predicted distributions of 50 keV Cu, Ag and Au ions in ZnO.

2.7.1.2 Luminescence properties

Generally, ZnO shows a sharp near band edge (NBE) emission in the UV region at
around 3.34 eV, and a broad defect level (DL) emission in the visible region [92-94]. One or
more emission peaks in the visible region is attributed to recombination at different defect
levels, the exact origin of which is highly controversial till date. Several hypotheses for
different samples have been proposed to explain the defect-related emissions. The yellow-
orange emission band centered at ~2.2 eV, which is generally observed for ZnO NRs, is
mainly attributed to excess O./OH adsorbed on the surface of ZnO [95, 96]. The red
luminescence in ZnO appears between 1.6 eV- 2 eV and can be attributed to O; and Vo [47,
97, 98]. As far as the green luminescence at ~2.4 eV is concerned, its origin is mostly
debated. The following luminescence centres are assumed to be responsible for the green
luminescence: impurity Cu?* ions[99, 100], Vzn [51, 101, 102], Vo [103, 104], Zni [105, 106],
Ozn [107], and transitions Zni — Vz, [108]. One can consider that various centres may be
involved in the green luminescence simultaneously. Therefore, the implantation effect on the
luminescence properties of ZnO is even more complicated with the given ion-defect
interactions. All PL, cathodoluminescence (CL), radioluminescence (RL) data from ion
implanted ZnO show that implantation-produced lattice defects act as effective non-radiative
recombination centers in ZnO, resulting in a severe quenching of its characteristic
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luminescence peaks [81, 89, 109]. However, post-implantation annealing activates the
luminescent centres and enhances the emission intensity by annihilating the implantation-
induced damages. For an annealing above 650 °C, the Ag implanted ZnO NWs exhibit a
stable UV emission which is stronger than that of the as-prepared samples owing to enhanced
visible emission [109]. The V implanted ZnO nano crystalline films show an enhanced NBE
PL intensity with an increase in the fluence after annealing at 900 °C in O atmosphere. The
intensity reaches a maximum value at 2.5x10% ions/cm?, which is ~37 times larger than that
of the unimplanted ZnO film (Fig. 2.7) [110]. In another report by the same research group
[111], it is shown that after annealing at 1000 °C, the NBE PL intensity of Nb implanted ZnO
nanocrystalline films is increased with an increase in the fluence as well as annealing
temperature, and become maximally ~7.5 times stronger than that of the unimplanted ZnO
films at a fluence of 8x10%° jons/cm?. Miiller et al. [112] have investigated the CL properties
of transition metal (Ni, Fe, Co) implanted ZnO NWSs, where they have shown that the
intensity of green luminescence band increases drastically and dominates the whole spectrum
just after annealing at 700 °C.
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Fig. 2.7 RT PL spectra of unimplanted and V implanted ZnO films. The intensities of all
spectra except the fluence 2.5x10% jon/cm? are multiplied by 2 for better comparison
[110].

Apart from the effect on the luminescence intensity, ion implantation-produced lattice
defects (both before and after post-implantation annealing) also gives rise to new

luminescence peaks in the UV as well as in the visible part of the spectrum. For example, in
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addition to the NBE emission, a new transition related to donor-acceptor pair have been
observed at about 3.16 eV for V implanted ZnO thin films [113]. Na related acceptor-bound
excitation emission line centered at 3.35 eV has been reported for Na implanted and
subsequently annealed (800 °C) ZnO NRs [114]. However, when the PL measurement is
carried out at 13 K, a new violet band in the visible region is appeared in Na implanted and
subsequently annealed (600 °C) ZnO single crystal [115]. In addition to the NBE peak and
broad orange emission at ~590 nm, a weak emission at ~470 nm emerges in W implanted
ZnO NRs, which is commonly ascribed to W®* related donor level transition [116]. In
addition to green emission, Fe and Co implanted NWs exhibit a new sharp and strong
transitions in the red spectral region which is not observed in as-grown, Ni or Ar implanted
ZnO NWs. This red emission in the corresponding Fe and Co implanted ZnO samples has
been claimed to be associated with the intra-shell 3d transitions of Co?* and Fe** ions [112].

In addition to defect-mediated luminescence, highly luminescent rare-earth elements such
as Sm, Th, Gd can successfully be implanted in ZnO nanostructured films to make them
excellent and efficient luminescent material [117-119]. Fig. 2.8(a) shows the digital
photographs showing excellent visible luminescence from unimplanted and Gd implanted
ZnO thin films followed by annealing in vacuum at 750 °C, while Fig. 2.8(b) represents the
corresponding PL spectrum [117].
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Fig. 2.8 (a) Photographs and (b) spectra of visible PL emission at 4 K for unimplanted and
Gd implanted ZnO films without and with annealing. Implanted fluence is shown with unit
of 10" jons/cm? [117].
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Critical analyses of the reported luminescence data

The results discussed in the earlier section indicate that luminescence of ZnO is surely
governed by the implantation-induced lattice imperfection, defect complexes. Depending on
the mass, fluence, and energy of implanted ions, the evolution of the defect complexes is
different, though the primary defects are vacancies and interstitials. To show the dependence
of defects on implanted ions, the defect distributions in ZnO for two selective ions Nb and Co
in comparison to Ar have been simulated, as shown in Fig. 2.9. Ar is chemically inert
element. Therefore, it is expected that Ar creates only the structural damages by not
occupying any lattice site. Thus, Ar implantation into ZnO is usually carried out as a
reference to eliminate the influence of implantation-induced damages. Thus, the involvement
of any bound excitons on the improvement of PL emission can be distinguished. Fig. 2.9
clearly reveals that the defect concentration for various ions is not the same and varies widely
even though the implantation energy is fixed. It is expected that some defects might have
been migrated depending on their formation energy and annealed out upon thermal annealing.
Therefore, the crystallinity of the implanted samples is regained and improved NBE emission
is observed. However, the reported data show that the residual defects are retained in samples
for higher fluences even after annealing. In these cases, non-radiative defect centres are
produced, which leads to a decrease in the NBE. Depending on the ion-induced defect
concentration and post-implantation annealing treatment, the observed DL emission would
also be different. In addition, the implanted impurity and defects may induce new energy
levels, which produce new luminescent centres.
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2.7.1.3 Absorption and band gap

The transmittance and absorbance and thereafter the band gap of ZnO film is significantly
affected by ion implantation due to defects creation and charge carrier density. ZnO should
absorb only light of wavelength < 390 nm. The absorption edges for V [120], W [116], Cu
[121], and N [122] implanted ZnO NRs array films have been seen to be shifted gradually
toward longer wavelengths in the visible region with an increasing implantation fluencies
(Fig. 2.10). The new impurity levels in the forbidden band of ZnO NRs leads to the redshift
in the absorption edge which induces the narrowing of the band gap of ZnO. The blue shift in
absorption edge and subsequently broadening in the band gap are generally observed due to
the well-known Burstein-Moss (BM) effect, when ZnO is implanted with donor impurity
such as Al [19], Ga [123], In [124]. A high fluence of donor impurity induces higher carrier
concentration. Then the Fermi level goes into the CB filled with electrons. Then the electron
transition only happens between the VB and about or above the Fermi level, which leads to a

blue shift of the absorption edge.
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Fig. 2.10 UV-VIS absorption spectra of (a) pure ZnO and V ions implanted ZnO NRs
[120].

2.7.2 Electrical properties
2.7.2.1 n-type conductivity

Kohiki et al. [125] have reported that ion implantation with a high concentration of H
(>1x10*® ions/cm?) must result in the overlap of donor sate and the CB in ZnO and therefore,
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fluences of H more than 1x10% jons/cm? is necessary to reproducibly obtain highly
conductive ZnO thin films. With the implantation of H with a fluence of 1x10* ions/cm?, the
electrical conductivity of ZnO thin films after annealing at 200 °C in an N2 atmosphere has
been seen to be enhanced from 1x107" Qlcm™ to 5.5x102 Q *cm™t [125]. With an almost
similar fluence of H ion, Arita et al. [126] have obtained comparatively less enhancement in
the electrical conductivity from 1x10™4 Q™ cm™to 9.1x10* Q' cm™, which indicates that a
thermal activation energy is involved for making the H donors effective. As discussed earlier,
the purpose of implantation is mostly to introduce impurity atoms in a target. A lot of
implantation work has been reported to improve the n-type electrical conductivity of ZnO
using group Ill elements, such as B, Al, Ga, and In. But the reported data shows that
enhancement in n-type conductivity in case of implantation is quite abrupt. It has been seen
that the sheet resistance of B implanted ZnO films remains almost unchanged with an
increase in ion fluence [127]. After employing annealing treatment, the sheet resistance
increases with an increase in the annealing time at lower fluences (2x10'? and 1x10%
ions/cm?), and it remains almost constant at higher fluences, which indicates the non-
activation of B in the implanted ZnO thin films. The most commonly used n-type dopant for
ZnO is Al. Successful doping of Al into ZnO and achieving enhanced n-type conductivity via
implantation has been reported by various research groups, which are summarized in Table
2.1.

Table 2.1 lon energy, fluence, annealing temperature and ambient, resistivity and sheet

resistance of various reported n-type Al implanted ZnO thin films.

lon Fluence Annealing (°C) Resistivity Sheet resistance Ref.
energy (ions/cm?) and ambient (Q.cm) (Q/sq)
(keV)
25 6x10%° - 1.67x1073 - [128]
15 1.4x10%® - 7.91x101* 3.03x10* [129]
100 5x10% 500, Vacuum 9.7x107 2.87x10%* [130]
35 1x10% 300, Vacuum 8.45x10%* 1.3x10° [123]
40 1x10% 300, Vacuum 6.5x10° - [131]
40 1x10%6 - 1.2x1072 - [131]
1000 1x10%7 500, O2 4.20x10™ - [132]

*Calculated from the given data
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According to Table 2.1, the lowest resistivity has been achieved after implanting with as high
as 1x10'" ions/cm? Al ions and subsequently annealing at 500 °C in the O atmosphere [132].
In other reports, however, the resistivity is quite high as the implantation fluence is low (in
the range of 5x10%° - 1x10% ions/cm?), which is actually desirable for producing moderate
defects in the materials. Among group Il elements, Ga doped ZnO thin films show better n-
type conductivity. Resistance measurement on single Ga implanted ZnO nanorod (NR) as
performed by Weissenberger et al. [133] shows that an increase in resistivity is observed up
to a fluence of 1x10%*— 2x10%* ions/cm? and beyond which the resistivity is reduced attaining
a minimum value of 3x107 Q.cm for ion fluences between 3x10'® and 6x10'® ions/cm?. The
variation of sheet resistance with the annealing temperature for Ga implanted ZnO films as
reported by Matsuda et al. [123] indicates that Ga implanted ZnO thin films show relatively
high sheet resistance of 2.6 x 10° Q/sq upon annealing at 300 °C, which is less that of Al
implanted samples (1.3 x10'? Q/sq). Similar to Ga implantation, In implantation into ZnO
thin films is also rarely done. The fluence dependence of resistivity of In implanted ZnO
films at different annealing temperatures as demonstrated by Matsuda et al. [124] is shown in
Fig. 2.11. The resistivity of In implanted ZnO films decreases as the implantation fluence
increases for all annealing temperatures. Beyond the implantation fluence of 5x10'° jons/cm?,

the resistivity saturates and becomes as low as ~102 Q.cm.
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2.7.2.2 p-type conductivity

A p-n homojunction being an essential component in most electronic and optoelectronic
devices, it is essential to produce high-quality, stable, and reproducible p-type ZnO. Quite a
few attempts for achieving p-type ZnO by incorporating group I elements (Na, Li) and group
V elements (N, P, As, Sb) via various growth methods, such as radio frequency sputtering,
pulsed laser deposition, metal-organic chemical vapor deposition, and molecular beam
epitaxy have been carried out [134-137]. From the first-principles calculations, it has been
established that substitutional group-1 elements act as shallow acceptors, while substitutional
group-V elements are deep acceptors [138]. However, issues such as low solubility of the
acceptor defects, compensation by intrinsic defects, formation of antisites for group-V
elements and interstitials for group-1 elements result in low hole concentration and thus
unstable p-type ZnO is formed [139]. lon implantation has been claimed to be a successful
tool by various research groups to produce high-quality p-type ZnO films by overcoming the
low solubility of p-type dopants. Among group V elements, N is a very popular acceptor
dopant for ZnO. Successful production of p-type ZnO via N implantation followed by various
annealing conditions has been reported [77, 140-143], which has been summarized in Table
2.2

Table 2.2 lon energy, fluence, annealing temperature and ambient, resistivity, sheet
resistance, carrier concentration of various reported p-type N implanted ZnO thin films.

lon Fluence Annealing Resistivity Sheet Carrier Ref.
energy | (ions/cm?) | temperature (°C) (Q.cm) resistance | concentration
(keV) and ambient (Q/sq) (cm?®)
350 6x10% 600, O2 4x10° - - [140]
70 1.2x10'® | In-situ annealing, 18 - 2.4x10Y [141]
460
45 1x10Y - - - 8.36x10%° | [143]
30 5x10%® 900, N2 0.37 - 9.6x10%/ [77]
70 1x10'® 650, N2 6.33 - 7.81x10'° | [142]
80 1x10% 850, N2 10.11 - 7.33x10Y7 | [144]

Though Kumar et al. [143] have achieved a high hole concertation of 8.36x10%° cm™ without

employing annealing, the Table 2.2 shows that heat treatment is indispensable after
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implantation to achieve p-type conductivity. It is seen that relatively low resistive p-type ZnO
is possible only if it is annealed in the range of 650-900 °C in an N2 atmosphere. The stability
of the p-type N implanted ZnO thin films has been checked by Huang et al. [77], where no
reduction of hole conduction has been reported even after three months. The implanted N
ions in ZnO can occupy Vo sites or substitute in O atom sites through a kick-out mechanism.
The incorporation of N atom into O sublattice (No) is generally believed to be an acceptor
and origin of p-type conductivity in ZnO [145, 146]. According to the first-principles
calculations, it has been seen that the isolated No is a deep acceptor whose energy level lies at
1.3 eV above the VBM [147]. Using electron paramagnetic resonance spectra analyses, Stehr
et al. [148] have shown that N-induced acceptor level is located at 1.1 eV above the VBM.
The acceptor No in ZnO has a natural tendency of creating defect-impurity centres by pairing
up with intrinsic defects, which may act as donors or acceptors accordingly. Liu et al. [149]
have theoretically shown that the No-Vz, complex defect acts as shallow acceptors and is
responsible for stable p-type conductivity in N doped ZnO. Recent experimental results [77,
150-152] results also confirm the prediction made by Liu et al. In addition to the acceptor-
like defect complexes, the complex defect No-Zni behaves as the shallow donors in N doped
ZnO samples [153]. Furthermore, the presence of N. at O site (N2)o, No complexes
consisting of No-Oi and No-Vo, Zni clusters, and Vo also act as donor in N doped ZnO [154].
In fact, these donors compensate N-related acceptors (e.g., No, No-Vzn) and overall make it
difficult to achieve significant p-type conductivity. In fact, these are believed to be the cause
of n-type conductivity as observed in other studies [155, 156]. In the process of As
implantation into ZnO, As prefers to substitute on the Zn rather than the O site forming an
isolated state Asz, due to a large difference in radius and electronegativity between O and As
ions [157]. The isolated point defects Aszn and Vz, coexist in As implanted ZnO and form
Aszn—2Vzn defect complexes [157]. These Aszn—2Vzn defect complexes with ionization
energy around 136 meV are suggested to be the source of holes and are the main origin of p-
type conductivity in As implanted ZnO single crystal [157, 158]. According to a study [159],
the p-type conductivity in As implanted ZnO polycrystalline thin films is only possible if the
so-called cold implantation rapid annealing approach followed by subsequent thermal
annealing is used. In contrast, the similar method adopted for N and P implantation into ZnO
polycrystalline films has not been seen to induce p-type conductivity which may be due to the
high compensation of acceptors by the donors produced by the high temperature ex-situ
annealing of the samples [159]. The first-principles calculations [160] have revealed that the

electrical activity of P largely depends on its local configuration as well as surroundings in
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the crystal lattice. When P simply substitutes an O atom, the sate Po behaves as a deep
acceptor. Simultaneously, when P substitutes a Zn site and forms a complex with two nearby
Vzn (Pzn-2Vzn), it introduces a shallow acceptor state at 150 meV above the VB [161]. Using
conventional doping technique, several groups have indeed reported p-type conductivity in P-
doped ZnO [162, 163]. However, in many studies on P implantation [82, 164, 165], only a
significant reduction in the donor concentrations has been attained rather than achieving a
stable p-type conductivity. The success of getting p-type ZnO via Sb implantation is very
trivial. After Sb implantation and subsequent annealing at 900 °C in N2, ZnO possesses n-
type conductivity with carrier concentration 2x10%° cm™ instead of having p-type
conductivity [166]. Interestingly, it has been seen that if the Sb implanted ZnO thin film is
annealed at 900 °C in air, it displays a current-voltage (I-V) characteristics specific of
rectifying diodes which is claimed to imply that Sb implantation has induced p-type
conductivity in the film [167]. These different behaviors, under two different annealing
ambiences implies that the annealing in the air may reduce the Vo, which is the cause of
arising p-type conductivity. In contrast, in another report [168], the authors have claimed to
achieve p-type ZnO with a resistivity of 0.042 Q.cm by implanting 1x10® jons/cm? Sb into
ZnO thin films and subsequent annealing at 500 °C in vacuum. However, more systematic
investigations are needed for acquiring a more complete picture and a deeper understanding
of the defect evolution in P and Sb implanted ZnO. Further various research groups have
employed co-implantation technique to achieve stable p-type ZnO aiming to compensate the
n-type defect donors and to increase the solubility of the acceptors. The co-implantation of N
with O [169], Li [170], Na [171], and P [172] has been reported to show stable p-type
conductivity. Apart from group V elements, it has been claimed that implantation with Ag
ions of fluence 0.25x10" ions/cm? into ZnO nanocrystalline films causes a change in the type
of conductivity from n-type to p-type in ZnO films [84]. This points to the fact that a part of

the Ag ions implanted into the ZnO lattice form acceptor impurities.

Critical analyses of the reported electrical data

From a structural viewpoint, the ion implantation into a ZnO creates a defect-rich cluster
which may be either spontaneously converted into an amorphous phase or may be relaxed by
defect diffusion. From an electrical standpoint, the implantation-induced defects act as carrier
trapping centres. Thus, a decrease in the conductivity is expected to be observed in an
implanted sample. However, by employing post-implantation annealing, these problems can
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be avoided. However, residual damages retain in the implanted samples, which may
participate in the alteration of electrical properties. If the implanted ions are of light in mass,
the concentration of implantation-induced defects would be lower as observed for B in Fig.
2.12. Assuming the mass of Al, Ga and In as of intermediate (or higher) mass, the
implantation-produced defects (as depicted in Fig. 2.12) are confined more nearly to a region
of space surrounding the ion track. The density of the trap state may become quite high
within this region, which causes a high resistivity in the material. The value of S, for 50 keV
B is 0.0057 keV/A, which is much less than that of Al, Ga and In (0.039, 0.15, 0.24 keV/A,
respectively). If the projection of ions is taken as perpendicular to (0002) planes of ZnO, it is
seen that the average energy loses per lattice plane for B ion is only about ~15 eV, whereas
for Al, Ga, and In, it is 102, 390, 629 eV respectively. It can be expected that the majority of
this energy is transferred to the primary recoil atom, so the average recoil atom has energy
~15 eV for B ions, which is less enough than those of Al, Ga, and In ions. From this point of
view, the B implanted ZnO should exhibit enhanced electrical properties as compared to Al,
Ga, and In implanted ZnO thin films. However, the experimental electrical data of B
implanted ZnO is not at par with the above-mentioned prediction. Indeed, lower resistivity
has been achieved at higher fluences (>10'° ions/cm?) of Al and Ga ions. To explain this, the
electronegativity of the elements has to be considered. The trend in the degree of conductivity
enhancement (Ga>In>Al>>B) depends on the electronegativity of these atoms [125]. From
the reported data discussed in section 2.7.2.1, one interesting thing has been observed that the
resistivity becomes high for lower fluences (<10%° ions/cm?) Ga implanted ZnO films. An
increase in the resistivity at lower fluences of Ga ions suggests that the implanted Ga ions are
incorporated in the interstitial sites instead of Zn sites. According to the SRIM calculations,
Ga implantation induce more Vz, than Vo at any given fluence (Fig. 2.12). Thus, the Vz, acts
as a compensating defect and leads to a deterioration in electrical properties. But at higher
fluences, Ga ions are successfully placed into the Zn?* sites. It is quite obvious that some
complicated defect complexes are formed at higher fluence. However, due to post-
implantation annealing treatment, these defects are annealed out and improved electrical
properties appear. Thus, the electrical properties of group Ill elements implanted ZnO thin

films are dominated by proper inclusion on dopant in the Zn?* site.
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Fig. 2.12 SRIM predicted distribution of (a) Vz, and (b) Vo defects for B, Al, Ga and In
ions of energy 50 keV.

In the case of acceptor doping in ZnO, the defect complexes play a crucial role in p-type
conductivity. Fig. 2.13 shows the SRIM predicted defect distribution for 50 keV N, As, P and
Sb ions implanted ZnO thin films, respectively. As seen in Fig. 2.13, the defect concentration
for N implanted ZnO thin films is lower than that of other group V elements. The value of Sp
for 50 keV N is 0.011 keV/A, which is much less than that of P, As, and Sb (0.05, 0.163,
0.251 keV/A respectively). If the penetration of the ions is considered as perpendicular to
(0002) planes of ZnO, the average energy loss per lattice plane for N ion should be ~29 eV,
whereas for P, As and Sb, it would be ~132, 423, and 653 eV respectively. The majority of
this energy is transferred to the primary recoil atom, so the average of the recoil atom is
approaching only 29 eV for N atoms, which is less enough than that of the above-mentioned
values for P, As, and Sb ions. Thus, N produces a lower defect concentration in ZnO than that
of others. As a result, the probability of production of stable complexes with N acceptor
dopants in ZnO is very low. Therefore, N implanted ZnO thin films have shown
comparatively stable p-type conductivity under certain annealing temperatures. As the ion
mass increases, the defect concertation for P, As, and Sb increases (Fig. 2.13). The produced
simple defects migrate with other defects and produce defect clusters. Instead of an increase
in acceptor concertation, these defect clusters convert them to an electrically inactive state
and thus p-type conductivity is suppressed. In such heavy ion implantation, low energy, low
fluence, and appropriate annealing temperature should be taken to achieve p-type ZnO.

Further, more methodical and in-depth investigation are necessary in this area.
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Fig. 2.13 (a) SRIM predicted distribution of (a) Vzn and (b) Vo defects for 50 keV N, P, As
and Sb ion implanted ZnO thin films.

2.8 Optoelectronic applications of ion implanted ZnO

2.8.1 Photoelectrochemical water splitting

ZnO nanostructures exhibit a good performance of Hz production via PEC water splitting
because of their high surface area, better crystallinity, excellent pathway for carrier transport,
reduced charge recombination rate, and low charge transfer resistance [173]. However, there
is a limitation related to its chemical stability to use ZnO as photoanodes in PEC water
splitting. In presence of alkaline electrolyte solutions, the surface of ZnO nanostructures is
converted into Zn(OH)2, and the rate of conversion increases with an increase in the pH of the
solution [174, 175]. Furthermore, the photostability of ZnO decreases in the presence of
prolonged light irradiation due to photocorrosion mechanisms [176, 177]. The stability can
significantly be improved by controlling the pH of the electrolyte and by doping, however it
is expected to be highly variable even for the same dopant depending on the sample
preparation method [175, 178, 179]. In this regard, doping of either metal or non-metal ions
via ion implantation has been theoretically and experimentally proved to reduce the band gap
of ZnO by introducing acceptor or donor levels in the forbidden band, which makes ZnO
responsive to visible light (A > 420 nm) PEC water splitting. Implantation of V, Cu, and W
ions create the impurity levels in the forbidden band of ZnO, which reduce the band gap of
ZnO NRs and extend the optical absorption edges into the visible light region [116, 120,
121]. The absorption edges of these implanted samples have been seen to be red-shifted
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gradually as the implantation fluence increases. The proposed schematics of band structure of
V, Cu, and W ion implanted ZnO NRs (Fig. 2.14) shows the impurity levels introduced by
the respective ions such as V** and V>* states for V [120], Cu?** and Cu* states for Cu [121],
and W5* states for W ions implantation [116] acting either as electron donor and/or acceptor
levels, leading to the visible light assisted charge carrier generation and transition. Afterward,
the excited electrons can follow the 1D pathway of ZnO NRs and move efficiently to the
external circuit. These impurities-assisted charge transfer processes lead to the appearance of
substantial PEC water splitting activity in Cu, V, and W ions implanted ZnO NRs under

visible light irradiation.
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Fig. 2.14 The proposed microstructure and energy band diagram of (a) V [120] and (b) W
[116] ions implanted ZnO NRs.

In Fig. 2.15, it is shown that the Cu, V, and W ions implanted ZnO NRs display an
enhanced and quite stable photocurrent density as compared to that of pristine ZnO under
visible light illumination (A> 420 nm). The value of maximum photocurrent density 10.5
nA/cm? at 0.8 V (vs. Ag/AgCI) for the V ion implanted ZnO NRs has been achieved at the
implantation fluence 2.5 x10'® jons/cm?. This maximum photocurrent density is about four
times higher than that of undoped ZnO NRs [120]. In case of Cu ion implantation, the
maximum photocurrent density 18 puA/cm? at 0.8 V (vs. a saturated calomel electrode) is
achieved at the implantation fluence 2 x 10'® ions/cm?, which is about eleven times higher
than that of undoped ZnO NRs [121]. For W implanted ZnO NRs, the photocurrent density is
increased by seven times as compared to the undoped ZnO NRs, reaching 15.2 pAtm? at 1.0
V (vs. Ag/AgCl) [116]. Although the PEC performance of V, Cu, and W implanted ZnO NRs
is still low, Wang et al. [122] have reported that N implantation induces a significantly
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improved PEC water splitting activity in ZnO NRs. At 1 x 10 ions/cm? N ion fluence, the
implanted ZnO NRs exhibit a maximum photocurrent density as high as ~160 pA/cm? at 1.1
V (vs. SCE), which is almost two order of magnitudes higher than that of undoped ZnO NRs.
The highly enhanced PEC performance of N implanted ZnO NRs is not only due to the
extension of the optical absorption edges into the visible region but also due to the formation
of terraced band structure as formed by the gradient distribution of N ion along the vertical
<001> direction of ZnO NRs. The band structures of undoped ZnO, N implanted ZnO, and N
gradient-implanted ZnO are depicted in Fig. 2.16. The relative positions of CB, VB, and
Fermi level of the undoped ZnO are shown in Fig. 2.16(a). Generally, an acceptor level above
the VB is introduced after N implantation, which lowers the Fermi level of ZnO (Fig.
2.16(b)). In case of undoped ZnO/N-ZnO homojunction, the electron is transferred from
undoped ZnO to N-ZnO and equilibrate the Fermi levels, which results the formation of band
bending (Fig. 2.16(c)). For N gradient-implanted ZnO, the concentration of N dopant is the
highest (3.5%) at the top surfaces of ZnO NRs and thereafter it decreases steadily with the
increase in the depth along ZnO NRs and thus terraced band structure is obtained in N
gradient-implanted ZnO homojunction (Fig. 2.16(d)). The terraced band structure is assumed
to induce a built-in electric field for effective charge separation and promoted charge transfer
under visible light illumination. The pictorial representation of N gradient-implanted ZnO
NRs and the formation of terraced band structure with promoted charge separation are shown
in Fig. 2.16(e).
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Fig. 2.15 Photocurrent plots of (a) V [120] and (b) W [116] ions implanted ZnO NRs under
visible light (A> 420 nm) illumination. The ZnO NRs implanted with the V ion fluence of
2.5 x10% ions/cm? has been marked as V/ZnO-4. Similarly, the ZnO NRs implanted with

the W ion fluence of 5 x10%° ions/cm? has been marked as W/ZnO-3.
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Fig. 2.16 The energy band diagram of (a) undoped ZnO, (b) N-ZnO, (c) undoped ZnO/N-
ZnO homojunction, (d) N gradient-implanted ZnO homojunction, and (e) N gradient-
implanted ZnO NRs and the formation of terraced band structure with promoted charge
separation [122].

Critical analyses of the reported PEC water splitting data

From the above reported data, it is seen that the PEC performance of N implanted ZnO
NRs is better than that of V, Cu and W implanted NRs. This difference in the efficiency in
PEC can be analysed by the ion implantation-induced defects. The damages produced by the
ions at their reported energies have been calculated to compare light (N ion) and heavy ions
(V, Cu, and W ions) on an equal basis. Fig. 2.17 shows the SRIM predicted distribution of
Vzn and Vo for 30 keV N, 50 keV V, 30 keV Cu, and 50 keVV W ion implanted ZnO NRs.
From Fig. 2.17, it is clear that the ion-induced defects are always lower for N implanted ZnO
than that of others. At the beginning of ion trajectory, the Se for N implanted ZnO NRs is
about 0.014 keV/A, while the Sy is only 0.013 keV/ A. Therefore, initially, Se controls the
stopping process and the N ions lose a significant amount of total energy in the form of S,
which is not responsible for damage production. Subsequently, the primary recoil atoms with
much less energy are produced and therefore they create much less damage. The majority of
the displacements and subsequent damages are produced near the end of the track where the
Sn dominates the stopping process. The damages in N implanted ZnO, therefore, consist of
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primarily of simple Frenkel defects whose density increases to only near the end of the track.
On the other hand, the estimated value of Sy is one order higher than that of S for V, Cu and
W implanted ZnO NRs. Hence in the course of their stopping, the implanted V, Cu, and W
ions transfer a significant amount of energy to primary recoil atoms via Sn. These high-
energy recoiling atoms then move deeper inside the crystal and produce significant damages.
To understand a more typical situation, 50 keV W implantation into vertically grown ZnO
NRs is considered along <002> direction. The value of Sy for 50 keVV W is about 0.32 keV/
A, where the interplanar distance between [0002] planes is 2.602 A. As the implantation is
carried out along the NRs orientation, the projected W ions lose about 832 eV per lattice
plane on average. It can be expected that the majority of this energy is transferred to the
primary recoil atoms, so the average recoil atom will have an energy ~832 eV, which is high
enough than that of the above-mentioned values for N ions (420 eV). Thus, it is reasonable to
assume that the heavy or intermediate V, Cu and W ions more likely to produce damage
containing both simple defects and heavily disordered and overlapping cluster zones. If the
overlap is adequately enough, the most of the damages can be assumed to lie within one large
disordered region. Many of the target atoms are found to be displaced from their original
lattice position within this region. When the defect density reaches a critical value, the cluster
may result in the accumulation and recombination of holes at the electrode/electrolyte
interface and thereby retarding the surface water oxidation reaction. Therefore, a significant
low photocurrent density is observed for these V, Cu, and W implanted ZnO NRs.
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Fig. 2.17 SRIM predicted distribution of (a) Vzn and (b) Vo defects in 30 keVV N, 50 keV V,
30 keV Cu, and 50 keVV W ion implanted ZnO thin films.
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2.8.2 Light emitting diodes

Due to difficulty in achieving stable and high p-type conducting ZnO, initially, ZnO-
based LEDs have been fabricated using various heterojunctions. The performance of those
heterojunctions is not remotely close to the performance levels of competitive technologies
[180-182]. Thus, an important challenge is to avoid the use of heterojunction as well as to
overcome the surface-mediated non-radiative and deep-level recombination channels in order
to improve device performance [183]. The successful p-type doping of ZnO using ion
implantation technique has already been discussed in the section 2.7.2.2. Therefore, p-type
doping via ion implantation can be an initial solution for getting an efficient ZnO-based
LEDs. However, the reports on the fabrication of ZnO NWs based homojunction LEDs, in
which p-type dopants are introduced by ion implantation are very few [184, 185]. Yang et al.
[184] have reported stable and repeatable UV and red electroluminescence (EL) from ZnO
NRs array LEDs, where a thin p-type layer was formed on top of the vertically aligned ZnO
NRs by 50 and 180 keV As ion implantation at a fluence of 10 or 10° ions/cm?. The device
architecture of the p-ZnO: As NRs/n-ZnO NRs homojunction LEDs are shown in Fig. 2.18.

Fig. 2.18 The schematic diagram of p-ZnO: As/n-ZnO NRs homojunction device grown on Si
substrate [184].
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Fig. 2.19 (a) The I-V characteristics of a single NR at RT. The schematic diagram and a top
view scanning electron microscope image of probing are shown in the bottom inset and in
the upper inset respectively. (b) Semilogarithmic plot of curves a and b, where F indicates

the forward bias and R indicates the reverse bias [184].

The typical 1-V characteristics of the vertically aligned NRs-based p-ZnO: As/n-ZnO
homojunction shown in Fig. 2.19(a) (curves a and b) indicate the formation of a typical p-n
junction. The forward current is around two orders greater than the reverse current in the low
bias voltage range. Fig. 2.19(b) shows the semilogarithmic plots of the I-V curves, in which
two regions are observed in the positive biased region. The ideality factors (n) derived from
the curve “a” in Fig. 2.19(b) are 3.9 and 22 respectively for the regions 1 (V<0.6 V) and
region Il (0.6<V<1.3 V). The values of n derived from curve “b” show small variations from
the curve “a”, which are 3.0 and 16.6 respectively for the regions | (V<0.5 V) and region 1l
(0.5 <Vv<1.8 V). Very high values of n indicate large deviations probably due to unusual
recombination mechanisms.

The EL spectra of the ZnO NRs homojunction diode at RT for different forward injection
currents at ion fluence 10*® and 10 ions/cm? are shown in Fig. 2.20(a) and Fig. 2.20(b)
respectively. The variation of the peak intensities with respect to the injection current are
shown in the insets. In the Fig. 2.20(a), a broad red band peaked at 630 nm has been
appeared. The intensity of the red EL emission increases drastically with an increase in the
forward bias voltage from 4 to 5 V. It is assumed that the donor-acceptor pair recombination
is responsible for the observed red luminescence which is closely related to the implantation-
induced defects. As shown in the inset of Fig. 2.20(a), the intensity of the red band increases

exponentially with an increase in the injected current, indicating an increase in emission
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efficiency at higher injection current. In contrast to Fig 2.20(a), the EL spectrum of the ZnO
NR diode implanted with 10 ions/cm? ions as depicted in Fig. 2.20(b) is consist of a strong
UV band (at 380 nm) and a weak broad red band (at 630 nm). The difference in the intensity
of emission peak at 630 nm for both cases indicates that a sufficient As implantation fluence
(10*° jons/cm?) is necessary to emerge the emission of 630 nm. The high fluence of As ion
most probably induces an acceptor level in between the band gap and the transition of

excitons from CB to this energy level appears as the emission of 630 nm.
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Fig. 2.20 EL spectra of 50 keV As implanted ZnO NRs homojunction having fluence (a)
10% cm and (b) 10'* cm2 respectively. A typical PL spectrum of the homojunction is also
shown in (a) (right side) for comparison. The semilogarithmic plots of the intensities of (a)
red peak and (b) UV peak as a function of current is shown in the insets of corresponding
figures [184].

In another study, p-type doping in ZnO NRs via P ion implantation, and p-n
homojunction LEDs with UV light emission at RT have been reported [185]. The typical I-V
measurement of the LEDs shows the p-n homojunction characteristics with a low turn-on
voltage of ~0.8 V. The EL spectra of both the devices I, (wherein 50 keV P ions were
implanted with fluence 10'* ions/cm?), and 11 (wherein 100 keV P ions were implanted with
fluence 10 ions/cm?) measured at different injection currents show a strong UV emission
under the forward bias. The intensities of the UV emission increase linearly with beyond a
threshold injection current (I =18.6, and 23.5 mA for devices | and Il respectively). However,
again these performances are far from the performance levels of the presently used LEDs. In
addition to the UV emission, the device | shows a comparatively weak and broad emission

band in the visible region, which corresponds to the deep defect level emission. The defect
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emission becomes stronger in device Il, which has predominantly two components, a green

emission at ~510 nm and a near-infrared emission at ~800 nm.
Critical analyses of the reported LEDs data

Comparing the diode characteristics of As and P implanted ZnO NRs and the appearance
of new visible emission peaks, it can be said that the performance of LEDs is influenced by
the number of defects produced during implantation as well as the success of acceptor
doping. As discussed in the section 2.7.2.2, As prefers to substitute on the Zn Site and forms
Aszi—2Vzn defect complexes in ZnO, which is responsible for the p-type conductivity in As
implanted ZnO. In the case of P implantation, P may sit in the O site and/or in the Zn site
forming deep Po and shallow Pz,-2Vzn acceptors respectively. Thus, depending on different
types of acceptor states, the performance of LEDs differs which are observed in the above-
reported results. Though the As and P implantation in ZnO NRs exhibits diode
characteristics, a far deviation from the ideal case (n =1) has been observed. The deviations
may be attributed to various possible reasons such as high contact resistance, deep-level
assisted tunnelling or parasitic rectifying junctions within the diode, imperfections in making
the abrupt p-n junction using implantation technique.

2.9 Conclusions

In this chapter, an overview of the recent developments on ion implantation in ZnO has
been presented. With a brief introduction to the properties of ZnO, defects in ZnO, and ion
implantation, the chapter illustrates the defect interaction and their distribution in implanted
ZnO. Then, the recent works using ion implantation techniques in tuning the electrical and
optical properties of ZnO and their application in optoelectronic devices have been discussed.
Detailed analyses on the reported data show that in addition to the insertion of a foreign atom
into the ZnO lattice, the formation of defects and their interaction alter the electrical, and
optical properties of ZnO significantly. Crystal damage by ion implantation becomes
prominent under the following conditions, when the other conditions are unchanged: (a)
heavy ion mass, (b) high energy (>250 keV), (c) high fluence (> 10% ions/cm?), (d) high
beam current, (e) shorter irradiation interval, (f) longer irradiation time. In such situation, the
crystal damages cannot be fully repaired by post-implantation annealing. To achieve
considerably better device performance, one should choose moderately low energy and low

fluence of implanted ions. However, these ion implanted ZnO can be used in the field of
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optoelectronic applications, especially in PEC water splitting and LED. Critical correlation of
the reported properties with the implantation-induced defects as evaluated by the theoretical
SRIM simulation have been established, which supports the reported experimental results in
most of the cases.
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3.1 Introduction

This chapter presents an overview of the key experimental growth and characterization
techniques used in this thesis work. The first two sections are devoted to sample preparation,
while the rest are characterization techniques. The latter is arranged from structural,
microstructural, morphological, compositional, optical, and lastly electrical techniques,

respectively.

3.2 Growth of ZnO nanostructures

There are basically two categories of the growth techniques of ZnO nanostructures: (1)
physical vapor deposition (PVD) and (2) chemical solution deposition. The chemical solution
growth techniques have better control over the morphology and optical properties of ZnO
nanostructures besides the advantages of large-scale fabrication. Moreover, the chemical
solution deposition is a low-cost fabrication method. Keeping in mind these issues, in this thesis
work, two chemical solution growth techniques namely sol-gel and aqueous chemical growth
(ACG) have been used to synthesize the nanostructured ZnO. In the subsequent sections, these

two methods have been described in details.

3.2.1 Sol-gel

Sol-gel synthesis is a very well-known wet chemical technique to synthesize metal oxide
nanostructures [1, 2]. Basically, nanoparticle thin films are grown by this method. Here, a
colloidal solution of metal-salt (known as ‘sol’) is taken as a precursor that can produce an
integrated network (known as ‘gel’) of either discrete particles or network polymers. The
mechanism of sol-gel processing follows four basic steps: the formation of the sol, gelation,
drying, and annealing. The sol is basically a colloidal dispersion of very small particles of
suitable precursors such as metal alkoxides salts some metal salts (like chlorides, nitrates, and
acetates). To improve the stability of the precursor sol some chelating agents such as
diethanolamine (DEA) and monoethanolamine (MEA) are used. In a typical sol-gel process the

precursor is subjected to the following hydrolysis and polycondensation reactions.

M—X+H,0 > M—OH+HX e ccc e cvv ere eeee ere e e e (3.1)
M—OH+X-M->M—-0—-M+HX oo ces e . (3.2)
M—OH+HO—-M—->M—0—M+Hy0....c.occo ... (3.3)
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Here, M = metal or Si, X = reactive ligands like halogen, O-R, NR2, acetate etc. The eqn. (3.1)
represents the hydrolysis reaction and both egn. (3.2) and eqn. (3.3) represent the condensation
process. For a multi-component system, the hydrolysis rate depends on the type of precursor
and thus metal hydroxides are produced at different rates which in turn control the condensation
reactions. Metal hydroxides react further to produce metal oxide particles. In proper chemical
and the thermal environment, these metal oxide particles create a three-dimensional continuous
network which is known as gel. Finally drying of the gel is carried out in an oven so that the
pore volume collapses as a result of the viscous flow of the gel network. This gel is deposited
on the substrates to form the films. These films are annealed at high temperature to remove the
chelating agent as well as the organic residue and finally the metal oxide films are produced.
There are different types of coating techniques to form the sol-gel films. These are:

(1) Dipcoating: This is the technique where ultrasonically cleaned substrates are immersed
in the sol and then withdrawn at a particular rate under the specified temperature and
atmospheric conditions. The thickness of the film can be regulated by varying the
withdrawal speed, sol concentration, viscosity of the solvent, and number of dipping.

(i)  Drain coating: Here, the cleaned substrates are kept stationary and the sol is passed
through the substrates and consequently drained out through an outlet. Here also, the
thickness can be controlled by changing of sol flow, flow rate, viscosity, the surface
tension of the sol, sol concentration, and the atmospheric condition around the substrate.

(ili)  Spin coating: This is the most popular and widely used technique where the substrate
is kept on a holder which can rotate at a certain rotation per minute (RPM) around an
axis perpendicular to the substrate surface. The substrate surface is completely rinsed
with few drops of the sol and rotated at required speed for few seconds and then
subsequently annealed. Rotation speed, number of coatings, viscosity, and
concentration of the sol determine the film thickness. There are some other techniques
such as spray coating, capillary coating and roll coating which are mainly used in
industries for large area coating.

In this thesis work, ZnO thin films have been prepared using sol-gel spin coating
method on soda-lime glass substrates cleaned thoroughly by ultrasonication using chromic
solution, de-ionized water, HCI, KOH solution, acetone, and methanol sequentially. ZnO sol
of concentration 0.1 M was first prepared by adding the required amount of zinc acetate-2-
hydrate [(CH3COOQ)2Zn-2H,0] with dehydrated isopropyl alcohol containing DEA as a sol
stabilizer followed by a thorough mixing at RT for 2 h using a magnetic stirrer, and then the

sol was kept for 48 h for aging. Next, the cleaned substrates were spin coated with the aged sol
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at 2500 rpm repeatedly. After each coating process, the films were first dried at 120 °C for 10
minutes in hot oven and then annealed at 500 °C in a furnace for another 30 minutes to get
crystalline ZnO films. This process of coating and subsequent heat treatment was repeated
exactly similar way for 20 times to achieve the desired thickness of the films. The entire process
can be summarized by the following schematic diagram in Fig. 3.1. The sin coating unit (Apex

instruments, model: spinNXG-P1) used for this present thesis work is shown in Fig. 3.2.

|

bl ZnO Sol

ZnO sol preparation

Spin Coating

Coating for

20 times

ssazord Surdi(q

- Annealing Process

/7 e ]

ZnO Film

at ~ 500°C
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Fig. 3.1 Schematic diagram of sol-get spin coating process for ZnO thin film deposition.

Turn off

 The Vacuum Pump
f =

Fig. 3.2 Digital image of sol-gel spin coating unit (Apex instruments, model: spinNXG-P1).
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3.2.2  Aqueous chemical growth (ACG)

Aqueous chemical growth of ZnO NRs is a simple but most popular and versatile synthesis
technique to obtain highly aligned, vertically oriented nanostructures with excellent
crystallinity [3, 4], which has been used in this thesis work. The chemical reactions in ACG
method are carried out at ambient pressure and in aqueous medium. Here, the cleaned glass
substrates were spin coated by 0.1 M solution of (CH3COOH).Zn-2H,0 to obtain seed layer
of ZnO of a desired thickness. Then, the ZnO seeded substrates were immersed into a mixed
aqueous solution of (CH3C00),Zn-2H,0 (20 mM) and hexamethylenetetramine ((CH2)sNa)
(20 mM) in a beaker, which was kept at 80 °C for 1 h for growing ZnO NRs on the substrates.
The substrate containing ZnO NRs were then removed from the solution, rinsed in de-ionized

water and dried. The reaction mechanism can be understood by following equations.

(CH,)gN, + 6H,0 & 6HCHO + 4NHj; ... ..... .........(3.4)
NH; + H,0 & NH, " + OH™ oo oo e et e e e eev e o (3.5)
Zn* 4+ 20H™ > Zn0O (s) + Hy0 e v v v v v e e (3.6)

The particular experimental details of the ACG method used for this thesis have been described

in the respective chapters.

3.2.3 Other techniques

Apart from the above discussed methods, there are several techniques to synthesize ZnO
nanostructures. Among them, Hydrothermal method is very popular method for growing 1D
ZnO NRs [5, 6]. This method is nearly similar to ACG except that a higher pressure than the
ambient is maintained during the reaction. Various PVD methods are taken for the deposition
of high quality ZnO thin films. In this method, the material undergoes from a condensed phase
to a vapor phase and then comes back to the condensed phase again and form thin films. The
most common PVD methods are sputtering [7, 8], pulsed laser deposition [9, 10], molecular

beam epitaxy [11, 12].

3.3 Post-growth doping: lon implantation

This section is based on the references by Campbell [13] and Morgan [14]. The ion
implantation equipment generally comprises of a source of ion, an accelerator, a mass

spectrometer, and a target chamber. Fig. 3.3 illustrates the basic elements required for an ion
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implantation setup. lons are made from a feed gas, or vapor from a solid source, by running it
through a voltage difference, making a plasma. The ions are then accelerated into the apparatus
with an even higher voltage difference. Thereafter, a mass spectrometer is employed at the
bend in the setup to separate the incoming ions, only letting the ones with the right velocity,
mass and charge. It is even possible to separate different isotopes of the ion. Finally, the ion

beam is focused by the electromagnetic lenses over the target mounted on a sample holder.

Ion Selection Aperture Vertical Scanner
. .
50& \ Horizontal scanner Target

o
%é@
&

al

\éQ Acceleration Tube

Target Chamber

j——I0n Beam

— Cathode Filament

~——4— Plasma

Ionization Chamber

Fig. 3.3 Schematic diagram of an ion implanter.

Fig. 3.4 Digital image of the implantation unit of LEIBF at IUAC, New Delhi.
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In this thesis work, the as-grown ZnO nanoparticle thin films as well as 1D NRs were
implanted with various ions (both the positive and negative ions) using the low energy ion
beam facility (LEIBF) at Inter-University Accelerator Centre (IUAC), New Delhi. The
particular experimental details of each implantation have been described in the respective
chapters. The digital image of the implantation unit installed at LEIBF is shown in Fig. 3.4.

3.4 Characterization techniques

3.4.1 Simulation of ion implantation: SRIM

To predict the ion distributions, energy loss, vacancy distributions and other implantation
parameters inside the ion implanted ZnO nanostructures, SRIM-2008 simulation code has been
used in this thesis work. The basics of the SRIM have been discussed in the chapter 2 already.
The particular simulation details of each ion implantation have been described in the respective
chapters.

3.4.2 X-ray diffractometry (XRD)

XRD is one of the most important structural characterization tools to determine the crystal
structure, crystal phase, lattice parameter, grain size and some other physical properties of the
thin film or powder materials using X-ray of the wavelength of atomic distance (~A) [15, 16].
This technique basically collects the diffracted X-ray beam intensity as a function of the
incident or scattered angle that is getting reflected from the sample of interest, which is shown

by a schematic diagram in Fig. 3.5
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Reflected Beam
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d /

Fig. 3.5 Schematic diagram of XRD.
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The basic principle of XRD follows Bragg’s law of diffraction (eqn.3.7) [17].

2dSin@ =nA ..o v e s v (3.7)

where n =1, 2, 3........., d is the spacing between the crystal planes, and A is the wavelength
of the X-ray. According to Bragg’s law of diffraction, solid crystals are consisting of parallel
sets of planes where atoms are arranged in a periodic manner. When X-rays are incident on a
solid crystal at an angle 6 with respect to the crystal plane, they are reflected from the crystal
plane. These reflected rays produce a diffraction pattern and the diffracted rays are detected as
a function of angle (20) as shown in the above schematic diagram in the Fig. 3.5. Comparing
the peak positions (or 20 values) of the recorded diffraction pattern with the standard joint
committee on powder diffraction standards (JCPDS) data file, one can identify the structure of
the sample and the reflection planes. Lattice parameters for example, ‘a’ (a-axis length) and ‘¢’
(c-axis length) can be calculated by applying the standard equations. For a hexagonal wurtzite

crystal structure, the equation can be written as:

_ Ze_;\z 4 (h2+hk+12)+12
Sin = 4 3 az CZ

. (3.8)

where h, k, | are the Miller indices of the corresponding plane from where the diffraction
occurs. The full width at half maximum (FWHM) value (B) of a certain XRD peak gives an
idea about the crystalline quality of the thin film, where the smaller  value indicates better
crystalline quality. An estimation of the average crystallite size (D) can be made using the
following Scherrer equation [18]:

_ka

e (3.9)

where, k is the shape factor determined by the geometry of the crystallites. The value of K is
generally taken as 0.94. By knowing the value of D, the dislocation density (8) in the material

can be calculated by the following equation.

ORI ¢ % 11)
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The dislocation density is a measure of the number of dislocations in a unit volume of a
crystalline material. In this thesis work, the structural characterization of unimplanted and
implanted ZnO NRs was carried out by Rigaku Smart Lab X-ray diffractometer (Fig. 3.6) using
Cu K, radiation of A = 1.5406 A. On the other hand, for the nanoparticle thin films, XRD was
executed at Indian beamline (BL-18B), Photon Factory, Japan using the synchrotron radiation
of A =0.7749 A.

Fig. 3.6 Digital image of Rigaku Smart Lab X-ray diffractometer.

3.4.3 Scanning electron microscopy (SEM)

The microstructure and morphology of the nanostructure thin films are characterized by
SEM [19, 20]. The working principle of the SEM is equivalent to an optical microscope where
the electron beam is used instead of light. As the wavelength of an electron is much shorter
than that of wavelength of visible light (photon), electron microscopes have a higher resolving
power than optical microscopes and can reveal the structure of smaller objects, which has been

described by a schematic diagram in Fig. 3.7.

[66]



Chapter-3

7 Electron gun

&

Anode

/ \\ Condenser lens
Scanning b D_
coils

| Computer |
Scanning
Objective lens circuit
Detector
Sample ‘ | Photo- | |
multiplier
Substrate

holder

Fig. 3.7 Schematic diagram of SEM.

In a SEM setup, the electron beam is produced at the top of the microscope by heating a metal-
filament known as electron gun. The electrons having typically an energy ranging from 0.2
keV to 40 keV follow a vertical path consists of a number of electromagnetic condenser lenses
and scanning coils. As the electrons’ beam hits the sample, various types of electrons (such as
secondary electrons, reflected or back-scattered electrons, characteristic X-rays, transmitted
electrons, etc.) are ejected from the sample. Mainly back-scattered and secondary electrons are
collected by the detector that converts them to a signal which is sent to the viewing screen for
producing an image. The secondary electrons basically provide the morphology and
topography of the samples while the contrasts in the composition of multiphase samples are
offered by the back-scattered electrons. It has been found that a field-emission cathode in the
electron gun of an SEM (often called FESEM) provides narrower probing beam at low as well
as high electron energy which can provide an improved spatial resolution as well as highest
possible magnification. Use of field-emission cathode can also trim downs the possibility of
sample charging which sometime may damage the sample. Sometimes an additional

arrangement is attached to the FESEM for energy dispersive X-ray spectroscopy (EDS)
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analysis. The elemental composition of the material for all elements with atomic number
greater than B can be recognized using EDS analysis. This depends on the generation of the X-
ray fluorescence from the atoms which are struck by the scanning beam. The X-ray photon is
a characteristic of the element from which it is produced. These photons are collected and
analyzed to identify the element. Fig. 3.8 shows the digital image of the FESEM instrument
(JEOL, model: JSM-7500F) used in this thesis work.

Fig. 3.8 Digital image of FESEM instrument (JEOL, model: JSM-7500F).

3.4.4 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is popularly used for the microstructural and
morphological characterizations of any material [21, 22]. In TEM, the electron beam is
produced from a tungsten filament, or a lanthanum hexaboride source by thermionic or field
emission technique. Then the electrons are accelerated to the specimen by an electric field of
the order of 100 kV to 1000 kV which means that the corresponding wavelengths are of the
order of 0.04 A to 0.008 A. When this high energy electron beam is passed through the ultrathin
dispersion of the specimen on Cu grid, the intensity of the transmitted electron beam is spatially
distributed. From the spatial distribution of the intensity of the transmitted electron beam,
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images are formed. The operating principle of TEM can be described with the help of a

schematic diagram shown in Fig. 3.9.
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Fig. 3.9 Schematic diagram of TEM.

As shown in the above schematic diagram (Fig. 3.9), there are essentially three types of lenses
used to form the final image in the TEM. These are condenser, objective, and projector lenses.
The main function of condenser lens is to concentrate and focus the beam of electrons coming
of the filament on to the sample for uniform illumination. The objective lens and its associated
pole pieces are the heart of the TEM and the most critical of all the lenses. It forms the initial
enlarged image of the illuminated portion of the specimen in a plane that is suitable for further
enlargement. Finally, the projector lens is used to project the final magnified image onto a
fluorescent screen. Thus, the total magnification is a product of the objective and projector
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magnifications. The magnification of a TEM image depends on the ratio of the distances
between the specimen and the objective lens’ image plane. The most general mode of TEM
operation is the bright field imaging mode. There is another mode for TEM imaging, which is
called dark field mode. However, in both modes, the constructive and destructive interferences
between the scattered beams provide an image with a periodicity related to the inter-planer
spacing, d, of the specimen. The fringes in the image must match to an array of spots in the
diffraction pattern of the specimen and can be related to each other via Fast-Fourier-
transformation. Similar to the way that the diffraction spot does not have any direct relation
with the position of atom in the specimen, the lattice fringes are not the direct image of the
structure, but give the lattice spacing information. Selected area diffraction pattern can be used
to recognize crystal structures and to observe the crystal defects. The digital image of High-
Resolution Transmission electron microscopy (HRTEM) setup (model JEOL_JEM — 2010)

used for this thesis work is shown in Fig. 3.10.

Fig. 3.10 Digital image of TEM instrument (model JEOL_JEM — 2010).
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3.4.5 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is another tool for the microstructure and morphology
analyses of the thin films of any material [23, 24]. It is a very high-resolution scanning probe
microscopy with resolution in the order of fractions of nm, which is more than 1000 times
better compared to the optical diffraction limit. The basic working principle of AFM is shown

by a schematic diagram in Fig. 3.11.
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Fig. 3.11 Schematic diagram of AFM.

It operates by measuring the force between a probe that includes a sharp tip of approximately
10-20 nm in diameter, mounted on a micromachined cantilever and the sample surface. As the
tip scans the surface, the inter-atomic forces between the tip and the sample surface induce a
displacement of the tip that bends the cantilever which is then measured using a laser beam that
gets reflected from the moving cantilever. A position-sensitive detector is used to sense the
reflected laser beam which then feeds to a computer to process the data that provide a
topographical image of the surface with atomic range resolution. Generally, an AFM is
operated in two basic modes: contact and tapping mode. In the contact mode, the AFM tip is
in continuous contact with the sample surface, while in the tapping mode, the AFM cantilever
is vibrated above the sample surface in such a way that the tip is only in alternating contact
with the sample surface. This process is quite helpful to reduce the shear forces associated with
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the tip movement. The tapping mode is normally used for AFM imaging. The contact mode is
used for some specific applications, such as force curve measurements. On the variety of the
sample surfaces, the AFM is used to image and manipulate atoms and structures. The tip senses
the individual atoms on the underlying sample surface. A position-sensitive detector is used to
sense the reflected signal from sample surfaces, which provides a topographical image of the
sample surface by computing processing with atomic range resolution. The digital image of the
AFM instrument (VEECO, model: diCP-I1) used for this thesis work is shown in Fig. 3.12.

Fig. 3.12 Digital image of AFM instrument (VEECO, model: diCP-II).

3.4.6 X-ray photoelectron spectroscopy (XPS)

XPS identifies the elemental composition along with the chemical and electronic states of
any material [25-27]. The working principle of XPS is based on the photoelectric effect. Each
atom on the surface of a material has core electron with the characteristic binding energy (Eb)
ideally equal to the ionization energy of that electron. When the monochromatic X-ray falls on
the sample, the energy of the X-ray photon (hv) is completely absorbed by the core electron of
the surface atom. If the incoming photon energy is more than Ey of the core electron, then it
will escape from the atom as well as the surface with some kinetic energy (Ex). The kinetic
energy of the core electron can be determined using the famous Einstein photoelectric equation:
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where ¢ is the work function of the material induced by the analyzer. This basic working

principle of XPS is shown by a schematic diagram in Fig. 3.13.
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Fig. 3.13 Schematic diagram of XPS.

The constituent element, chemical bonding, and quantitative amount of an element can be
determined from the peak shape, exact peak position, and intensity of a photoelectron peak. As
the tool is surface sensitive, it only provides information of elemental composition of the top
80-100 A of the sample surface [27] because electron below this depth cannot reach outside of
the surface due to collision with the atoms and electrons lying above them. Fig. 3.14 shows a

digital image of the XPS instrument (Omicron, serial no: 0571) used in this thesis work.
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Fig. 3.14 Digital image of XPS instrument (Omicron, serial no: 0571).

3.4.7 UV-VIS transmission spectroscopy

UV-VIS transmission spectroscopy is one of the most useful tools to know the
transmission, absorption, and reflection of a material [28, 29]. When a light beam falls on a
material, a part of the beam is transmitted, another part is reflected, and the rest is absorbed by
the material. The ability of absorption of any material depends on the concentration as well the
absorption coefficient of the absorbing material. The absorbed beam intensity for a particular
wavelength, I(X) as a function of the thickness ‘d’ of a film can be written according to the

Lambert-Bouguer law [30]:

1) =I,()e M e (3.12)

where lo(}) is the incident beam intensity, d is the film thickness and a(}) is the absorption
coefficient. The change in the a with A is called the absorption spectrum of the medium. The
schematic diagram of UV-VIS transmission spectroscopy is presented in Fig. 3.15.
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Fig. 3.15 Schematic diagram of UV-VIS transmission spectroscopy.

According to classical electromagnetic theory, the absorption coefficient can be written as the

following equation:

a=4TK/ e (3113)

where K is the imaginary part of the complex index of refraction and it is also called extinction
coefficient and c is the speed of the light in free space. Now considering that the reflection is
insignificant for any material, then the transmittance, T()) is equal to the ratio of the intensity

of the transmitted beam to that of the incident beam and given by,

TQ) = I(}\)/IOO\) e (3.14)

From the eqn. (3.12), one can write

1 1)

e (3.15)

Using eqgn. (3.14) in egn. (3.15), one can obtain
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1 1
By putting the value of ‘d’ in the eqn. (3.16), one can easily find out the value of absorption
coefficient from its transmission value. From the Tauc plot [(ahv)" vs hv] [31, 32], the optical
band gap can be calculated where n is 2 for direct band gap and n is 1/2 for indirect band gap
materials. Fig. 3.16 shows the digital image of a UV-VIS spectrophotometer (Perkin elmer,

model: Lambda 35) used in this thesis work.

2 TR

Fig. 3.16 Digital image of UV-VIS spectrophotometer (Perkin elmer, model: Lambda 35).

3.4.8 Photoluminescence (PL)

PL is the emission of light from any form of matter after the absorption of photons
(electromagnetic radiation). By measuring the PL spectrum it is possible to observe material
imperfections (defects) and impurities [33, 34]. Due to the irradiation by a monochromatic
light, once a photon gets absorbed by a material, the electrons are excited to the higher energy
state and then fall to the lower energy state with the emission of a radiation of smaller frequency
than the absorbed frequency. Emission causes due to the transition of a molecule from the
lowest vibrational level of an excited singlet state to the ground state is known as fluorescence.
Whereas in the case of phosphorescence, the absorbed energy is released relatively slowly in
the form of light and transition occurs through a forbidden state. The decay time constant is
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~10°-107 s for the fluorescence and 10~ s for phosphorescence. In a typical PL measurement
instrument, the essential components are: (i) Excitation source, (ii) Monochromator, and (iii)
Detector. The the sample is generally excited by a monochromatic source. Then the emission
from the sample is focused by a lens and feed to a monochromator. After that, the output is
sent to a photomultiplier tube and finally the emission intensity is recorded at the detector. Fig.

3.17 shows the schematic diagram of PL measurements.
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Fig. 3.17 Schematic diagram of PL measurement.
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Fig. 3.18 Digital image of the PL measurement system.
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In this thesis work, the RT PL spectra with 1 nm resolution has been measured by exciting the
samples with a He-Cd LASER (Kimmon Koha Co. Ltd., model: KR1801C) as 325 nm
excitation source and recording the luminescence using a spectrometer (Horiba Jobin Yvon,
model: iHR 320) together with a photomultiplier tube. The digital image of the PL

measurement setup used in this thesis work is shown in Fig. 3.18.

3.4.9 Raman spectroscopy

Raman spectroscopy belongs into the category of vibrational spectroscopy [35]. This means
that it analyses a sample chemically by using light to create molecular vibration, and
interpreting the interaction of light with the chemical bonds of the substance. These yields
detailed information about chemical structure, polymorphism, defects in crystal, crystallinity
and molecular dynamics. The basic principle of Raman spectroscopy is based on the inelastic
scattering of light that occurs when a sample is irradiated by light. A very small part of scattered
lights changes its wavelength after the light interacts with the sample. This usually happens in
relation to molecular vibration. This scattered light is then collected and is used to gain
information about the sample. This scattering phenomenon, which was predicted by Adolf
Smekal in 1923 and discovered by C.V. Raman in 1930, is called the Raman effect. Fig. 3.19
shows the schematic diagram of Raman effect measurement.
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Fig. 3.19 Schematic diagram of Raman effect measurement.
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As the change of wavelength is very small compared to the wavelength of the irradiating light,
the change of wavelength is most easily observed when using monochromatic light sources.
Therefore, in Raman spectrometer, a laser beam is generally focused onto the sample we want
to investigate. That sample however, must not be showing fluorescence to the laser used for
excitation. If that is the case, the fluorescence will cover most of the Raman effect, since it is
so weak in comparison. After the laser light has irradiated the sample, the scattered light is
passed through a notch filter (to get rid of any light from the excitation laser). Then it is directed
onto a grating, which distributes the inelastic parts like a prism and according to wavelength.
At the end these rays are directed to a CCD sensor which then outputs a spectrum depending
on the intensity. In this thesis work, Raman measurements were carried out using a Lab RAM
HR800 spectrometer (Horiba Jobin Yvon) with 458 nm Argon-ion laser as the excitation

source, which is shown in Fig. 3.20.

Fig. 3.20 Digital image of Raman setup (Horiba Jobin Yvon, model: Lab RAM HR800).

3.4.10 Current-voltage (1-V) measurement

The I-V characteristic between two Ohmic contacts on the semiconductor surface provides
data on current magnitude at a particular applied voltage to judge the electronic transportation

behavior of the material. In this thesis work, two circular electrodes (diameter 2 mm) Au or Al
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were deposited on the sample surface having a separation of 2 mm to measure the the typical
I-V characteristics of the samples. The data was recorded using a programmable source meter
(Keithley, model: 2400).

3.4.11 Hall effect measurement

Hall measurement is one of the most popular methods for electrical characterization of any
material [36, 37]. Hall effect principle says that when a conductor or semiconductor with
current flowing in one direction is introduced perpendicular to a magnetic field, a voltage
(known as Hall voltage) is developed at right angles to the current path. The basic principle of

this phenomenon has been demonstrated in Fig. 3.21.

Fig. 3.21 Schematic diagram of Hall effect measurement.

In this thesis work, four-probe technique in Van der Pauw geometry has been used in hall
measurement to measure the electrical resistivity (p), carrier concentration (n), sheet resistance
(Rs), and hall mobility () of the thin films. The advantages of this technique are: (i) It can
eliminate the measurement errors due to the probe resistance or contact resistance between
each metal probe and the non-homogeneity of the thin film materials. (ii) It has the ability to
measure the electrical parameters of any arbitrarily shaped sample as long as the thickness is
very less compared to the area and the metal contact pads are deposited at the perimeter of the
films. For the experiment, first, four Ohmic contacts i.e., metal pads of same size having the
proper work function matching with the thin film material are deposited at the corner most area

of a square thin film by using the vacuum coating. The voltage drop between two contacts (1
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and 3) is measured while a current is passed through the other two contacts (2 and 4). Fig. 3.22
shows the digital image of the Hall measurement system (Nano Magnetic Instruments) used in

this thesis work.

Fig. 3.22 Digital image of the Hall measurement system (Nano Magnetic Instruments).

There are some basic equations involved in Hall measurement. The resistivity is calculated

using the following formula:

_mtV
h— ln2 I wEs was wEw wEE mEw

e (3.17)

where t is the thickness of the thin film, In2 is the correction factor, | is the applied electric

current and V is the voltage drop. The mathematical Expression for Hall voltage is (Vu) is:

_BI

Vu
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where B is the magnetic field. The Hall coefficient can be determined from the flowing

relation:

1
Ry =— oo e e e e (3.19)
gqn
where q is the charge of majority carrier and n is the carrier concentration. The mobility of the

majority carrier can also be calculated from the following equation:

1
L= e e e eee e e o (3.20)
pqn

Using the eqgn. (3.18), one can write

R
W= I—p“l et e (322D)

3.4.12 Photoconductivity measurement

Photoconductivity is an optical and electrical phenomenon in which a semiconducting
material becomes more electrically conductive due to the absorption of electromagnetic
radiation [38, 39]. A photoconductivity set-up basically consists of a light source, a
monochromator along with an electrometer for current measurements. The arrangement for the
photoconductivity measurement used in the thesis work is given by a schematic diagram in Fig.
3.23.
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Fig. 3.23 Schematic diagram of photoconductivity measurement.
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When the light with suitable energy is absorbed by a semiconducting material, its electron
jumps from the VB or from any in-gap defects state to the CB, leading to the generation of
electron-hole pairs. The excess charge carriers formed in this process is transported to the
electrode and the growth of the photocurrent is observed consequently. Photoconductivity is
very much affected by the trapping process and depending upon the depth of the trapping
centre, it can be classified as (i) shallow trapping level and (ii) deep trapping level. In
photogeneration process, the electron-hole pairs are continuously generated and at the same
time recombined too. Assuming there are no trap state or recombination centres except direct
band to band recombination, the rate equation for the transient photo current in an ideal

semiconductor can be written as

dn(®) _ . _n(®

dt T (3:22)

where n(t) is the photogenerated carrier concentration at any instant, G is the rate of generation
of carriers due to illumination and 7 the free carrier life time. At a particular instant during the

growth of photo current, the number of photogenerated carriers are given by

n(t) = ng(1 — e_%) vee e e eer e e e e (3.23)

where n(s) is the saturated photocarrier concentration When the illumination is turned off, the
current starts to decay due to recombination. The carrier concentration at the time t during
decay can be written as

n(t) = nse_% SRR € 1722 3|

Substituting t = t in the eqn. (3.23) and eqn. (3.24), the growth and decay equations become

n(t) = n, (1 - %) e (325)
DD = =2 o (3.26)
e

This means that the free carrier lifetime can be calculated easily from the growth or decay
equation. In this thesis work, to obtain the photocurrent transient spectra, the NRs were

illuminated with a monochromatic light from a Xenon lamp (150 W) fitted with a spectral
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illuminator system (New-port Corp., model: 9050). Fig. 3.24 shows the digital image of the

photoconductivity measurement system used in this thesis work.

Fig. 3.24 Digital image of the photoconductivity measurement system.
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4.1 Introduction

As discussed in chapter 2, the as-grown ZnO thin films always shows strong n-type
electrical conductivity. To further improve the n-type conductivity, ZnO is normally doped
with a group 11l elements, such as B, Ga, In and Al [1-4]. Among group Il elements, Al is
superior to Ga and In, and is the most effective donor dopant for ZnO due to its low cost and
high abundance. Moreover, Al doped ZnO (AZO) films has better thermal, chemical,
mechanical stability, and non-toxicity. Their high optical transparency in the visible region
makes them a promising candidate as an alternative of costly Indium Tin oxide (ITO) in the
field of transparent conducting oxide (TCO) layers. However, majority of the previous
studies on AZO films [3, 5, 6] deal with Al dopant incorporation into ZnO during the process
of thin film growth, which typically allows a certain degree of control over the doping level.
In contrast to these studies, very few post-growth Al doping via ion implantation technique
have been followed for ZnO thin films [7-12], which have already been reviewed in the
chapter 2. Further, among these, most of the hand on literatures studying Al implantation [7-
13] have dealt with either RF magnetron and ion beam sputtered ZnO thin films or ZnO
single crystal. To the best of our knowledge, a high-performance (Figure of merit, FOM) Al
ion implanted sol-gel ZnO thin films as transparent conducting films has not been reported
till date. On the other hand, the sol-gel process of ZnO film deposition has many
advantageous properties as described in chapter 3. Therefore, the issue being in mind, the
effect of Al ion implantation on the electrical and optical transmittance properties correlated
to the implantation-induced structural defects in sol-gel grown ZnO thin films has been

discussed in this chapter to use the later as TCO layers.

4.2 Experimental details

ZnO thin films were deposited on glass substrates using the sol-gel spin coating method
as described in the chapter 3. The as-grown ZnO films were then implanted with 100 keV Al
ions having various fluences ranging from 1x10'3 to 6x10'° ions/cm? [14]. The implantation
process was executed at RT and in vacuum at pressure of ~5x10° Torr. During implantation,
the ion beam was scanned over one cm? area of the sample and the beam current was fixed at
130 nA. After Al implantation, the implanted ZnO films were finally annealed at 450 °C for 1
h in Ar ambient. The as-grown ZnO films, which were not implanted by Al, were also

annealed using similar conditions and have been considered as the pristine sample in this
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work. A second set of implanted films were annealed in excess Zn ambient at 450 °C for 1 h
just to understand the effect of defects on the observed optical and electrical properties. The

nomenclature of the samples in this study is given in Table 4.1.

Table 4.1 Nomenclature of the samples with their specifications.

Fluence (ions/cm?) Sample name Sample name
(Annealed in Ar) (Annealed in excess Zn)
0 Pristine Zn_Pristine
1x10%® AZ0113 Zn_AZO113
5x10%° AZ0513 Zn_AZO513
1x10% AZO114 Zn_AZO114
5x10% AZ0O514 Zn_AZ0514
1x10% AZ0115 Zn_AZ0115
5x10% AZ0515 Zn_AZO515
6x10% AZ0615 Zn_AZ0O615

The structural, morphological, compositional, optical, and electrical analyses of the samples
have been carried out using XRD, FESEM, AFM, EDS, XPS, UV-VIS transmission, PL and
Hall effect measurements respectively as described in chapter-3. Here, XRD measurement as
performed at Indian beamline (BL-18B), Photon Factory, Japan as described in chapter-3.

The Hall measurement was carried out at RT by applying a magnetic field of 1.50 T.

4.3 Results and discussion

4.3.1 Characterizations of Al implanted and subsequently Ar annealed ZnO films

Fig. 4.1(a) shows the XRD patterns of pristine and Al implanted and subsequently Ar
annealed ZnO thin films exhibiting the presence of sharp, narrow and well distinct diffraction
peaks which correspond to (1010), (0002), (1011), (1012), (1120), (1013), and (1122)
reflection planes of hexagonal wurtzite structure of ZnO (JCPDS card No. 36-1451). The
existence of several peaks indicated a mixed orientation of the crystallites in all the films.
However, the random changes in the intensities of the (002) and (101) peaks are not

understood at this moment. No diffraction peak from Al-related secondary phase or
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impurities have been detected within the sensitivity of the XRD [15]. The inclusion of Al
donors in ZnO has two distinctive effects on the lattice parameters: The first effect is related
to the difference between the ionic radii of Al and the host Zn ions. The ionic radii of AI**
and Zn?* with a coordination number of 6 are 53 and 74 pm respectively, which indicates to
the fact that a decrease in the lattice parameter should occur. The second effect is related to
the deformation potentials. The occupation of Al in the antibonding state is likely to result in
a repulsive force between Zn and O, which lowers the total energy of the crystal structure,
thereby inducing expansion in the lattice [16]. Analyses of the data of the (002) diffraction
peak of the implanted films (Fig. 4.1(b)) show a shift towards lower 26 value as compared to
the pristine. A small but a gradual lower angle shift of the (002) peak indicates that the c-axis
lattice parameter (c) gradually increases (Fig. 4.1(c)) due to Al implantation [17]. Similar
lower angle shift of the (002) peak after Al doping in ZnO thin films has also been reported in
the previous studies [17-19]. Ab initio electronic band structure calculations based on the
density functional theory shows that the average bond length along the c-axis between O and
Zn locating at the second-nearest neighbor of Al replacing Zn atoms, the total number of
which is 12, is 2.04 A, which is larger than 1.98 A of the Zn-O bond length in undoped ZnO
crystal, resulting in a larger c-axis length than that of undoped ZnO crystal [16]. To
compensate the increase in c, the stress (o) parallel to c-axis can be decreased. Based on the
biaxial strain model [20], the value of ¢ along c-axis has been calculated. As shown in Fig.
4.1(c), the positive value of ¢ indicates the presence of tensile stress in all the samples [20].
The value of 6 is maximum for the pristine and with an increase in Al ion fluence, the value
decreases with a 29% drop for AZO615. The variation of FWHM of the (002) peak with Al
ion fluences in Fig. 4.1(d) shows that the FWHM remains almost unchanged till 1x10%
ions/cm? and then increases sharply with an increase in the fluence. The average crystallite
size (D) calculated using the egn. 3.9 is 41.94 nm for pristine. As shown in Fig. 4.1(d), the
value of D decreases gradually with an increase in Al fluence up to 1x10%° ions/cm?, and then
sharply falls to a value of 22.24 nm at the fluence of 6x10%° jons/cm?. The dislocation density
(0) as calculated using the egn. 3.10 shows an increasing trend with an increase in the Al ion
fluence as expected (Fig. 4.1(d)). Turos et al. [21] have shown that an increase in the
dislocation loop concentration causes lattice strain resulting in plastic deformation of the
implanted layer. However, the structural changes as compared to the pristine are modest up to

the ion fluence of 1x10%° ions/cm?, and beyond 1x10%° jons/cm?, are significant.
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Fig. 4.1 (a) XRD patterns, (b) enlarged view of (002) peak of pristine and Al implanted ZnO
films, (c) variation of c-axis lattice parameter and stress with fluence, and (d) variation of
FWHM of (002) peak, crystallite size and dislocation density with Al ion fluence.

As the microstructure has an influence on the electrical and optical properties, it is very
important to investigate the surface morphologies of the films. Fig. 4.2(a)-(c) shows the top
view FESEM images of pristine and two representatives implanted ZnO films. As seen in
Fig. 4.2(a)-(c), the surfaces of the films with uniform distribution of the grains are not much
affected by the ion implantation. The cross-sectional FESEM image of pristine in the inset in
Fig. 4.2(a) reveals that the grains are columnar in structure and a film thickness is of ~350
nm. The elemental analysis of AZO615 performed using the EDS as shown in Fig. 4.2(d)
confirms the presence of Al besides Zn and O with an average Al atomic concentration of

0.63 at.%.
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Fig. 4.2 (a)-(c) Top view FESEM images of pristine, AZO513, and AZO615 respectively, (d)
EDS spectrum of AZO615. The inset in the Fig. 4.2(a) is the cross-sectional FESEM of

pristine.

The 3D AFM micrographs (2x2 um?) of selected samples depicted in Fig. 4.3(a)-(c)
elucidate an influence of Al ions on the roughness of ZnO thin films surfaces. The value of
RMS roughness (Rms) of pristine has been found to be 5.49 nm and with an increase in Al
ion fluence, the value of Rims decreases and it reaches to a minimum value of ~1.65 nm for
AZ0615.
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Fig. 4.3 (a)-(c) AFM micrographs of pristine, AZO513, and AZO615 respectively.

The XPS survey scan of pristine and AZO615 in Fig. 4.4(a) shows the well resolved
peaks corresponding to different core levels of O and Zn. The appearance of Al 2p peak as
shown in the inset in the Fig. 4.4(a) confirms the presence of Al in AZO615. The broad Al 2p
peak can be deconvoluted into two Gaussian peaks, where the first peak (P1) at 74.65 eV is
ascribed to the stoichiometric Al-O bond, confirming the successful incorporation of Al into
Zn?* sites of ZnO [22, 23], and the second peak (P,) at 73.76 eV is attributed to the formation
of non-stoichiometric AlxOy [24]. Being asymmetric in nature, the O 1s XPS spectra of
pristine and AZO615 can be deconvoluted into three Gaussian components, as shown in Fig.
4.4(b)-(c). The O, peak on the lower binding energy side of the O 1s spectra located at around
530.6 eV can be attributed to the O  ions of wurtzite hexagonal ZnO [25]. The O. peak
towards the higher binding energy located at 532.6 eV is usually associated with the loosely
bound surface absorbed O atoms and the middle component (Op) at 531.9 eV is related to
oxygen-deficient regions within the ZnO matrix, namely Vo [25, 26]. The contributions of
Oa, Ob, and O¢ have been computed from the measured peak area, which reveals that the
concentration of Vo increases due to Al implantation. Considering the peak area and relative
sensitivity factor of three main peaks namely Zn 2ps2, O 1s and Al 2p [27], the calculated
atomic concentration of Al is 0.40 at.% for AZO615, which is quite at par with the EDS

results and SRIM calculations (shown later).
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Fig. 4.4 (a) XPS survey scan of pristine and AZO615. The inset shows the Al 2p peak and its
deconvolution, (b) and (c) O 1s peak fittings of pristine and AZO615 respectively.

As high transparency is an important factor in the application of Al implanted ZnO thin
films to TCOs, the optical transmittance has been recorded for pristine and implanted samples
in the wavelength range of 325-1100 nm as shown in Fig. 4.5(a). All the films exhibit sharp
band-edge absorption below 390 nm. The pristine ZnO film exhibits a very high optical
transmission in the visible range having average transparency (Tay) of ~92% and the value
decreases as the Al ion fluence increases (Table 4.2) with the lowest value of 82% for the
highest fluence of 6x10%° ions/cm?. The value of Ta over 80% in the visible region indicates
a quite good transmission quality of the films under study. The decrease in the visible
transmittance at higher fluences may be due to optical scattering from crystal defects
generated by the incorporation of Al in ZnO lattice, which is in good agreement with the
XRD results [28, 29]. The optical direct band gap energy (Eg) of the films has been estimated
in Fig. 4.5(b) by employing the well-known relation described in chapter 3. A plot of In(a)

vs. hv in Fig. 4.5(c) for the films show the presence of the so-called Urbach tail, related to the

hv
disorder in the films as a = aoe(ﬁ), where oo IS the pre—exponential factor and Ey is the

Urbach energy) [30]. The variation in the values of Eg with Al ion fluence in Fig. 4.5(d)
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shows that the value of E4 for the pristine is about 3.293 eV and increases significantly
beyond the fluence of 1x10% ions/cm? and reaches to a value of 3.393 eV at 6x10*° ions/cm?.
An increase in the value of Eg with an increase in the fluence is attributed to the well-known
BM effect and is consistent with the previous reports [31, 32]. This indicates that the
implanted Al is substituted in the Zn sites. The Fig. 4.5(d) reveals that the value of E,
increases with fluence, indicating creation of localized states within the band gap. A jump in
the Ey value from AZO115 indicates the formation of more disorder in the lattice of ZnO due
to higher Al ion fluences. This result is at par with the structural changes as observed from
the XRD data.
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Fig. 4.5 (a) Transmittance spectra, (b) Tauc plots, (c) Ey for pristine and Al implanted
samples and (d) variation of Eq and E, with Al ion fluence

[96]



Chapter-4

Based on the Hall measurements, the impact of Al ion fluences on the electrical
parameters such as resistivity (p), carrier concentration (n), and Hall mobility (u) of the
implanted samples are shown in Fig. 4.6. The pristine ZnO film exhibits a p value of ~
6.81x10 Q.cm with n and pn values are of ~1.29x10'° cm™ and 7.08 cm?/V.s respectively.
Interestingly, as soon as the film is implanted with an Al ion fluence of 1x10% ions/cm?, the
values of n and pn are decreased and subsequently the value of p is increased. Further
deterioration in the electrical properties occurs for an Al ion fluence of 5x10*® ions/cm?. The
minimum values of n and pn have been observed for AZO513, which are 1.64x10% cm and
1.52 cm?/V.s respectively, while the value of p is maximum (2.52 Q.cm). An increase in the
p and decrease in n values at initial fluences suggest that the implanted Al ions do not act as
donors and probably are incorporated in the inappropriate sites as observed by Jannane et al.
[33] and Kim et al. [34]. Instead of occupying the Zn sites with the tetrahedral coordination
of hexagonal wurtzite, the Al ions probably occupy the interstitial sites with octahedral voids
[33]. Also, Al ions may gather at the grain boundaries, leading to an enhanced grain boundary
scattering, which is manifested in an almost 4.6 times degradation in the pn value for
AZO513 [33]. According to the SRIM calculations, at a fixed fluence, Al implantation
induces more Vz, than Vo, as indicated in Fig. 4.7(b). The Vz, can act as a donor
compensating defect and may lead to the deterioration in electrical properties of Al implanted
samples at initial fluences. As the fluence increases beyond 5x10% ions/cm?, both pn and n
increases and subsequently the value of p decreases. However, till an Al ion fluence of
1x10% jons/cm?, the value of p remains higher and the values of n and pn remain lower than
that of the pristine, indicating implanted Al ions are rather producing defects. Beyond the
fluence of 1x10'° ions/cm?, the p decreases and n and pn increases with an increase in the
fluence. This is in corroboration with the structural changes. For AZO615, p as low as
5.46x10°% Q.cm and n as high as 2.81x10%° cm™ have been achieved. This trend of increase in
n and decrease in the p value indicates successful incorporation of Al ions in the Zn sites. For
a highest fluence (AZO615), a decrease in the pn is seen which may probably be due to an
ionized impurity scattering. To calculate the FOM value of the samples, the important
electrical parameter sheet resistance (Rs) has also been determined in Table 4.2. The lower Rs
value of 186 and 156 €Q/sq respectively has been observed for AZO515 and AZO615, which

indicates a prospective application of this Al implanted sol-gel film as TCO.
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Fig. 4.6 Variation of p, n, and pn values with Al ion fluence after annealing in Ar.

To evaluate the performance of the implanted films as TCO, the well-known parameter

10
FOM can be calculated by employing Haacke formula [35]: FOM = Ta"/R . Using the
S

values of Tay and Rs presented in Table 4.2, the FOM values have been estimated for all the
samples and noted in the same table. The FOM value gets better than that of pristine at higher
Al ion fluences (beyond 1x10% ions/cm?). The highest FOM value of 9.57x10“ Q! has been
achieved for AZO515, which is almost 4.4 times greater than that of the value of pristine. The
typical reported values of electrical and optical parameters of Al doped ZnO thin films
deposited by sol-gel techniques are summarized in Table 4.3. As compared to these reported
values, it is seen that the FOM value for AZO515 in our study with the dopant concentration
of 0.5 at% (as estimated by SRIM) is best; indicating to the fact that post growth doping of Al
via ion implantation may be more effective for controlled doping to make the sol-gel grown

films highly conducting and visible light transparent.
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Sample name Tav (%) Rs (x10° Q/sq) Haacke FoM (Q1)
Pristine 91.75 1.95 2.17x10*
AZO113 90.54 14.7 2.52x10°
AZ0513 89.83 71.7 4.77x10°
AZ0114 89.39 53.08 6.13x10°
AZ0514 89.15 6.58 4.82x10°
AZ0115 88.44 2.38 1.23x10
AZ0515 84.15 0.186 9.57x10*
AZ0615 82.20 0.156 9.03x10*

Table 4.3 Al doping %, thickness, p, Rs, n, ph, Tav Or Tmax in the visible region and Haacke

FOM values of various reported sol-gel grown AZO films.

Doping | Thickness | p (Q.cm) | Rs(€/sq) n (cm?) i Ta Or | Haacke Ref.
%ofAl | (nm) Toax | FOM (Q)
(%)
1 mol% - 2.95x10° - 8.9x10° | 0.7 | 50 - [33]
0.8 571 9.89x10 18.5 1.51x10%° | 41.9 - - [36]
mol%
1 at% - 1.49x10°2 - - - - - [37]
1 at% 12500 4.27x10°3 3.42 5.21x10% 16.2 - - [38]
2.7 at% - - 14.5 x10° - - [39]
1.25 - 1.6 %1073 - 15x109° | 6.41 [40]
at%
2 at% 550 59x101 | 1.07x10° | 3.13x10Y | 335 - - [41]
1 at% - 2.5x10°° - 6.5x10%°* 7.6 [42]
1.5 at% - - 3.53x10° - - 97.83 | 2.28x107* | [43]
1 at% 101* 2.52x10? 2.49%x10* ~3x10% 9 ~70 | 1.13x10°%* | [44]
1.6 - - 1.54x10* - - 87.5 | 1.71x10°* | [45]
mol%
0.53 300 - 1.32 x10° - - | 94.79 | 4.43x105* | [18]
mol%

[99]




Optical and electrical properties of Al implanted ZnO thin films

Doping | Thickness | p (Q.cm) Rs (2/sq) n (cm?) Uh Tav OF Haacke Ref.
% of Al (nm) Tmax | FOM (Q1)
(%)
1 mol% 150 6.45x10%* | 4.3 x10° | 5.3x10%* | 2.9* 85 | 4.58x10°* | [46]
5 at% 525 45x101 8.57x10° | 5.22x10% | 2.66 95 | 6.98x10°* | [47]
0.5 mol 234* 3.77x1072 | 1.61 x10° - - 87.2 | 1.58x10** | [48]
%
2 at% 200 4.4x107? 2.2x103 - - 90 1.58x10“* | [49]
2 at% 108.5 5.9x10°3 5.48x10? - - 79.1 | 1.72x10* | [6]
lat% 260 1.64x1072 | 6.31x10? 2.7x10% - 85* | 3.12x10** | [31]
1 at% 780* 3.2x1072 4.10%x10? - - 83* | 3.78x10** | [50]
2 Wt% 1030 2.14x10* 2.08 - - 48.99 | 3.82x10* | [51]
2 at% 326 7.56x10°% | 2.32x10% | 2.76x10% | 29.73 80 4.62x 10* | [52]
10 357 2.35x1072 | 6.58x10% | 6.78x10'° | 3.92 91.4 |6.18x10** | [53]
mol%
1 at% 200 1.1x10°2 5.5x10? - - 90 | 6.33x10“* | [54]
0.5 at% 350 6.53x107° | 1.86x10%> | 1.55x10%° | 6.16 | 84.15 | 9.57x10* | This
work

*Calculated from the given data

4.3.2 Role of defects

4.3.2.1 Defect formation: SRIM calculation

Since the films at initial fluences of Al implantation is more resistive than that of the

pristine, some structural changes in the implanted films are expected. To gain an

understanding on these implantation-induced structural changes, SRIM-2008 full-cascade

simulation code [55] has been used. The main parameters [56-58] used in this numerical

computation are shown in Table 4.4. Fig. 4.7(a) shows the Gaussian distribution of 100 keV

Al ions along the depth of ZnO films. The estimated total penetration depth of the Al ions is

about 300 nm, where the maximum concentration of implanted Al atoms is observed at a

depth of 138 nm (projected range, Rp). The estimated Al concentrations at Rp are about 0.001
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at.% for the lowest fluence of 1x10'% jons/cm? and 0.6 at.% at the highest fluence of 6x10%°
ions/cm?, which is consistent with our EDS and XPS results. The at.% of Al in our samples is
very low as compared to other reports on Al doped sol-gel grown ZnO films as shown in
Table 4.3. As discussed in the chapter 2, the energy loss process is executed via both the
electronic energy loss (Se) and nuclear energy loss (Sn), when the implanted Al ions move
inside the films [57]. The energy loss through S, knocks out the target atoms from their
lattice positions and produces large concentration of point defects, vacancies etc., inside the
target material. Fig. 4.7(b) shows the SRIM simulated distribution of Vz, and Vo due to 100
keV Al implantation into ZnO films. It clearly reveals that the number of implantation-
induced Vz is always greater as compared to Vo at any fluence of Al implantation. It can

also be inferred from Fig. 4.7(b) that the implantation generated vacancies are extended from

the surface to 250 nm depth

Table 4.4 Parameters used in SRIM calculation

lon Al
Energy of the ion (keV) 100
Incident angle of the ion (degrees) 0
Number of ions 99999
Density of ZnO target 4 g/cm?®
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Fig. 4.7 SRIM calculated distribution of (a) Al ions and (b) Vzn and Vo defects.
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4.3.2.2 Annealing in excess Zn

As observed in the above SRIM calculation that Al implantation leads to the formation of
more Vz, defects, one another set of Al implanted samples was annealed in excess Zn
ambient in order to understand the influence of these Vz, defects on the electrical properties.
The values of p, n, and pn for Zn annealed Al implanted ZnO films have been compared with
those of the Ar annealed films in Fig. 4.8. It is seen that p for Zn annealed films is much less
than those of the Ar annealed films up to the Al fluence of 1x10%® jons/cm?, beyond which
the value is almost same (Fig. 4.8(a)). On the other hand, the values of n for Zn annealed
films are greater than those of Ar annealed films up to the same fluence of 1x10*° ions/cm?
and thereafter however, the values become less (Fig. 4.8(b)). Due to annealing in excess Zn,
it is expected that Zn would diffuse into the ZnO lattice and sits in the VVz» positions and/or
creates Zn; defects. In both cases, the n-type conductivity is supposed to be increased. Since
the values of pun for Zn annealed films are larger than those of the Ar annealed films (Fig.
4.8(c)), Zni defects are not likely to be formed in this case because Zn; defects would
otherwise increase the ionized impurity scattering and thus decrease the value of .
Moreover, Zn; defects have a very low diffusion barrier, so it is highly improbable to find
these defects in annealed ZnO films. Therefore, the results indicate that Vz, defects most
probably are reduced as a result of Zn diffusion to the Vz, sites [59]. From this point of view,
it is confirmed that the vacancies like point defects are created as a result of implantation and
are increased as the fluence of Al is increased, which have already been predicted from the
SRIM calculation. The degree of repairing of Vz, with either by incident Al ion or by
recoiled Zn atoms at initial fluences is very low, rather Al ions occupy the interstitial
positions, which causes the degradation in the electrical properties for Ar annealed samples.
Due to annealing with Zn, Vz, defects are recovered resulting in restoration of the electrical
properties. As the fluence increases, a huge number of Al ions incident on the samples
resulting in more Al in the Zn sites. The plot of the ratio of carrier concentration of Zn
annealed samples, n(Zn) to the carrier concentration of Ar annealed samples, n(Ar) with the
Al ion fluences in Fig. 4.8(d) signifies the increment of carrier concentration after annealing
in excess Zn. The ratio n(Zn)/n(Ar) increases up to Al ion fluence of ~1x10'* ions/cm?
beyond which the ratio starts to decrease. The effect of Al ion implantation and subsequent
annealing treatment on the ZnO lattice structure can be explained with a schematic presented
in Fig. 4.9.
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Fig. 4.9 (a) illustrates the distorted lattice positions and the formation of intrinsic defects due to
energetic Al ion implantation, (b) shows the recovery of Vz, and inclusion of Al ions in Zn sites
due to annealing in Ar ambient, (c) elucidates the recovery of Vz, as well as proper
incorporation of Al in Zn sites after annealing in excess Zn ambient.
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4.3.2.3 PL properties

The RT PL spectra of pristine and Al implanted and subsequently Ar annealed samples
are shown in Fig. 4.10(a). The pristine ZnO film exhibits a strong NBE emission in UV
region at around 3.28 eV, mainly due to the free exciton (FX) recombination and a broad DL
emission in the visible region ranging from 1.75 to 2.85 eV peaking at around 2.40 eV [14,
60, 61]. With an increase in the Al ion fluence the intensities of both NBE and DL emissions
are reduced monotonically. Interestingly, the NBE peak is broadened gradually and merges
with the DL emission peak with an increase in the fluence. Vzn defects are mostly known to
be responsible for the DL emission at around 2.40 eV [62, 63]. With an increase in the
fluence, Vzn and their complexes as well as other defects dominate in the films and form
radiative and non-radiative recombination centres [64]. The energy levels of which are spread
right from the beneath of CBM to deep into the band gap. Thus, the band edge and DL
emission peaks broaden and merge with each other. The RT PL spectra of Zn annealed
samples in Fig. 4.10(b) as compared to the spectra in Fig. 4.10(a) show that after annealing
with Zn, the nature and intensity of the UV PL peak intensity is recovered to some extent and
enhanced for the samples up to a fluence of 1x10%* ions/cm?. The reason behind the
enhancement in the UV PL peak may be attributed to a reduced contribution from the
recombination involving Vz, due to diffusion of Zn in Vz, sites. This is at par with the

electrical transport data for the Zn annealed films.
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Fig. 4.10 RT PL spectra of pristine and Al implanted samples after annealing in (a) Ar and

(b) excess Zn ambient.
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4.4 Conclusions

In summary, implantation in sol-gel ZnO films with Al ions with various fluences lead to
the formation of structural defects causing modification in the electrical and optical
transmission properties. The implantation-induced Vz, defects play a crucial role in
controlling the electrical transport mechanism. For the highest fluence of 6x10%° ions/cm?, the
Rs is found to be 156 Q/sq with an average visible transmission of 82%. The FOM value of
our ZnO film implanted is the highest as compared to the FOM values of the reported Al
doped sol-gel ZnO films indicating not only a probable use of the film as a TCO layer but
also offers an opportunity to control the conductivity along with its transparency. Our study
also provides an in-depth understanding on the mechanism of the implantation induced

modification in the electrical transport properties.
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5.1 Introduction

In the chapter 1, it has been already described that besides incorporating impurities, the
main feature of ion implantation is the creation of point defects (vacancies/interstitials) inside
the target material due to the energetic ion collisions [1] and these implantation-indued
defects are not completely restored with subsequent post-implantation annealing treatments
[2]. It is well known that PL emission property of any material strongly depends on these
intrinsic defects as well as doping impurities. To understand the change in the defect
chemistry in ZnO NRs due to ion implantation, the PL characterization is, therefore, very
much essential. Though, a significant amount of study on the optical and electrical properties
of ion implanted ZnO thin films has been performed over the last decades [3-12] and some of
which have already been discussed in the chapter 2, studies on ion implantation on ZnO NRs
are seldom done [13-15], while these are appropriate for utilization in various nanoscale solid
state devices. Second thing is that Al ion implantation may leads to the formation of highly
conductive and highly visible light transparent ZnO films, which can be used as a TCO (as
discussed in the previous chapter). Therefore, in this chapter, we have described the effect of
Al ion implantation in the RT PL properties of ZnO NRs. The implanted ZnO NRs have been
complementarily characterized to reveal the simultaneous modifications in the structural,
microstructural, electrical, and photoconductivity properties. Being chemically inert, Ar is
believed to occupy no lattice site, but creates structural damages and therefore, Ar
implantation into ZnO NRs has also been carried out as a reference to eliminate the influence

of implantation damage [16, 17].

5.2 Experimental details

First, ZnO NRs were grown on glass substrates by ACG method. The chemical reactions
involved in ACG method has already been described in chapter 3. One set of as-grown ZnO
NRs were then implanted with 100 keV Al ions having various fluences with ranging from
1x10% to 1x10'® jons/cm? The details of the implantation have been described in the
previous chapter. After Al implantation, the implanted ZnO NRs were annealed in Ar
ambient at 450 °C for 1 h. Another set of as-grown ZnO NRs were implanted by Ar ions and
subsequently annealed under similar conditions as it was for Al implanted samples. The
nomenclature of the samples in this study is given in Table 5.1 with their detailed
specifications. The unimplanted ZnO NRs were also annealed and have been considered as

the pristine sample in this work.
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Table 5.1 Nomenclature with detailed specifications of various ZnO NRs Samples.

Sample name Specifications
Implanted lon Fluence (ions/cm?) | Annealing condition
Pristine unimplanted 0
Al/ZnO113 1x10%1
Al/ZnO513 5x10%3
Al/ZnO114 Al 1x10%

AUZnOB14 101 Annealed in Ar
nO5 5 ambient at
Al/Zn0115 1x10%° temperature 450 °C

forlh
Al/ZnO515 5x10%
Al/Zn0O116 1x1016
Ar/Zn0513 5x10%3
Ar/Zn0114 A 1x10%
r
Ar/Zn0O514 5x10%
Ar/Zn0115 1x10%

The structural, morphological, compositional, optical, and electrical analyses of the
samples have been carried out using XRD, FESEM, TEM, EDS, XPS, PL, I-V, and
photoconductivity measurements, respectively as described in the chapter 3. EDS and the

elemental mapping were carried out using an equipment attached with the same TEM system.

5.3 Results and discussion

The XRD patterns of the pristine and ZnO NRs implanted with different fluences of Al as
presented in Fig. 5.1(a) show the presence of sharp, narrow and well distinct peaks, which
can be assigned to the diffractions from the respective (1010), (0002), (1011), (1012),
(1013), and (1120) planes of hexagonal wurtzite ZnO (JCPDS card No. 36-1451). The
diffraction peak originating from 0002 plane is the strongest among all the peaks, which
implies that all of the samples share the same preferred orientation along the <002> direction
and the wurtzite ZnO structure has not been destroyed after Al implantation. No extra
diffraction peak from Al-related secondary phase or impurities is observed within the
sensitivity of the XRD. Fig. 5.1(b) shows an enlarged view of the (002) peak of the pristine
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and Al implanted ZnO NRs. Similar to the previous chapter, the (002) peak position has been
shifted towards the lower 26 value for Al implanted NRs as compared to the pristine. Though
the shift is irregular at lower fluences, a clear peak shift towards the lower angle is observed
at higher fluences. The values of ¢ and FWHM of the (002) peak have been tabulated in
Table 5.2. It is observed that the value of c slightly increases as the fluence of Al increases.
The calculated values of FWHM of (002) peak of Al implanted samples are also slightly
larger than that of the pristine and the change is quite significant at higher fluences. Fig.
5.1(c) shows the similar XRD patterns for Ar implanted NRs. Similar enlarged view of (002)
peak for Ar implanted NRs has been shown in Fig. 5.1(d). The (002) diffraction peak of ZnO
NRs has also been shifted towards lower 26 value as compared to the pristine due to Ar
implantation. The values of ¢ and FWHM of (002) peak (Table 5.2) for Ar implanted NRs is
also larger than that of the pristine. Now, the lower angle shift in both Al and Ar implanted
NRs can be assigned to the existence of the tensile stress introduced by the lattice distortion
[18]. However, an increment in ¢ may be due to the broadening effect in (002) diffraction
peak as described by Thandavan et al. [19]. The larger FWHM values of (002) peak for
higher Al and Ar implanted NRs indicate to the deterioration of the crystallinity of the NRs

[20], which is an obvious effect of ion implantation at higher fluences.

Table 5.2 Variation of the values of ¢ and FWHM of (002) peak of pristine and Al ion
implanted ZnO NRs.

Sample name c(A) FWHM (002) (degree)

Pristine 5.213 0.184
Al/Zn0113 5.214 0.184
Al/Zn0513 5.215 0.187
Al/Zn0O114 5.213 0.189
Al/Zn0514 5.214 0.187
Al/Zn0115 5.214 0.189
Al/Zn0515 5.217 0.189
Al/Zn0116 5.217 0.202
Ar/Zn0O513 5.217 0.197
Ar/ZnO114 5.215 0.184
Ar/ZnO514 5.217 0.197
Ar/ZnO115 5.217 0.197
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Fig. 5.1 (@) XRD patterns, (b) enlarged view of (002) peak of pristine and Al implanted
ZnO NRs, (c) XRD patterns, (d) enlarged view of (002) peak of pristine and Ar implanted
ZnO NRs.

Fig. 5.2(a)-(d) show the top view FESEM images of pristine and some representative ion
implanted samples (Al/Zn0513, Al/Zn0116, and Ar/Zn0115). As seen in Fig. 5.2(a)-(d), the
hexagonal ZnO NRs have been grown vertically on the seeded glass substrate, which is at par
with the XRD results. The diameter and length (the inset in the Fig. 5.2(a), cross-sectional
view) of the NRs are in the approximate range of 130 £ 20 nm and 750 + 20 nm respectively.
The top and side surfaces of pristine ZnO NRs are smooth (Fig. 5.2(a)). After implantation
with Al and Ar, the rod-like structure of ZnO NRs is well maintained as shown in Fig. 5.2(b)-
(d), suggesting ion implantation method have not destroyed the overall morphology and
arrangement of the ZnO NRs array. The top surfaces of lower fluence Al implanted NRs
(Al/Zn0O513) are also as smooth as the pristine (Fig. 5.2(b)). However, the tips of the NRs
are agglomerated to some extent (indicated by yellow arrows in Fig. 5.2(c)) for higher
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fluence Al implantation (Al/ZnO116). This is probably due to dynamic annealing effect,
resulting in an agglomeration and production of surface irregularities [21]. For Ar implanted
NRs, such type of changes in the morphology have not been observed in the FESEM
micrograph at the same magnification (Fig. 5.2(d)). However, this is in contrast with a
previous report [22], where the tips of ZnO NRs have been modified due to Ar implantation.

Fig. 5.2 FESEM images of (a) pristine and ion implanted ZnO NRs: (b) Al/Zn0O513, (c)
Al/ZnO116, (d) Ar/ZnO115.

The precise nature of the local morphological changes brought about by energetic Al and
Ar ion bombardment is again manifested in TEM images of individual NR as shown in the
insets of Fig. 5.3(a)-(d). It is noted that the mean diameter of the NRs is ~125 nm. The 1D
structure of NRs has not been destroyed for the implantation of both Al and Ar ions, even at
higher fluence of implantation (the insets in the Fig. 5.3(b)-(d)). Instead, rough surfaces are
observed for the implanted NRs as compared to the pristine. The surface roughening is
prominent in Al/Zn0O116, and Ar/ZnO115. The nature of the surface modification caused by
the ion bombardment is further studied at the atomic scale using HRTEM. The HRTEM
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image of the pristine (Fig. 5.3(a)) shows that the rods are typically single crystalline and the
outer walls are almost atomically flat with (0002) crystal planes. The clear observation of the
lattice fringes in the HRTEM image indicates that the pristine ZnO NRs are free of extended
defects such as dislocations, stacking faults, defect clusters, and so on [23]. The lattice
spacing of pristine as calculated from HRTEM image (Fig. 5.3(a)) is about 0.26 nm, which
corresponds to the interplanar distance of (0002) crystal plane of wurtzite ZnO [24, 25]. Any
aggregated nanoparticles or lattice fringes related to Al or its oxide species are hardly found
in Al implanted ZnO NRs, maybe due to the high dispersion of Al dopants in ZnO phase
[24]. The HRTEM image (Fig. 5.3(b)) of lower Al implanted NRs is similar to that of
pristine, which indicates the complete recovery of implantation induced structural damages in
lower Al implanted NRs due to annealing at 450 °C. With an increase in the implantation
fluence, the density of point defects increases because of a large number of collision
cascades. Due to their high local concentration, point defects agglomerate to form extended
defects [23], which in turns produce strain inside the ZnO lattice. As a result, the ordered
lattice arrangement of (0002) planes get distorted as indicated by yellow circle in the
HRTEM images of Al/Zn0O116 sample in the Fig. 5.3(c). The lattice distortion in the outer
part of ZnO NRs has also been observed for higher Ar implanted sample Ar/Zn0O115 (marked
by yellow circle in Fig. 5.3(d)).

Fig. 5.3 HRTEM images of (a) pristine, (b) Al/Zn0O513, (c) Al/Zn0O116, and (d) Ar/ZnO115.

The inset in each figure is the corresponding TEM image.
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The EDS spectra for lower (5x10 ions/cm?) and higher fluence (1x10® ions/cm?) Al
implanted ZnO NRs are shown in Fig. 5.4 (a)-(b), confirming the presence of Al, Zn, and O
in the NRs with the average Al atomic concentration of 0.16 at.% and 1.30 at.%, respectively.
It indicates indeed an increase in Al concentration with an increase in the implantation
fluence. No trace of Ar was found in EDS spectra of Ar/ZnO115 (Fig. 5.4(c), though, a weak
EDS peak for Ar has been reported for Ar bombarded ZnO NRs by Chatterjee et al. [22]. The
insets in the Fig. 5.4 (a)-(b) show the elemental mapping of the Al/Zn0O513 and Al/ZnO116
samples, which demonstrate that Al ions are distributed uniformly over the entire NRs. The
uniformity of Al over an entire length of the NRs can be assigned to the diffusion of Al due

to post implantation annealing treatment.
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Fig. 5.4 EDS spectra of (a) Al/ZnO513, (b) Al/Zn0O116, and (c) Ar/ZnO115. The insets are
elemental mapping of (a) a single rod and distribution of (b) Zn, (c) O, (d) Al along the NR.

In order to show the effect on the optical emission properties ZnO NRs due to both Al
and Ar ion implantations (before annealing treatments), the RT PL spectra of three
representative samples has been illustrated in Fig. 5.5(a)-(c). As evident from the Fig. 5.5(a),
as-grown NRs show a strong NBE emission in UV region at around 3.28 eV, mainly due to
FX recombination and a broad DL emission in the visible region ranging from 1.75 to 2.85

eV peaking at around 2.20 eV. The ratio of NBE to DL emission intensity (Inge / IoL) for as-
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grown NRs is ~ 9. The broad yellow-orange emission at 2.20 eV is a commonly observed
feature in the emission spectrum of ZnO nanostructures grown via solution-based methods
which is resulted from the surface regions or near surface regions of the NRs [26, 27].
Yellow-orange emission is mainly attributed to excess O2/OH adsorbed on the surface of NRs
[28, 29]. After implantation even with a lower fluence (5x10'2 ions/cm?) of either Al or Ar,
Inse is highly reduced for both cases (Fig. 5.5(b) and Fig. 5.5(c)), indicating a large onset of
structural damage in the crystal lattice due to energetic ion implantation. Ip_ also gets
suppressed and the centroid is seen to be shifted towards higher energy at around 2.40 eV,
which indicates that the visible emission shifts from yellow-orange to green one, implying the
change in intrinsic defect chemistry mediated by the implanted ions. The ratio Inse / IpL has
been calculated for the as-implanted Al/Zn0O513 and Ar/Zn0O513 samples and the values are
found to be ~2 and ~4 respectively, which are much lower than that of the as-grown NRs.
The decreased value of the Inse / IpL can be correlated to implantation induced surface

defects which give rise to non-radiative recombination paths.

(c) As - implanted Ar/Zn0O513

(b) As - implanted Al/ZnO513

x150 ’ N

(a) As - grown ZnO NRs

Intensity (a.u.)

16 2.0 25 3.0 3.5
Energy (eV)

Fig. 5.5 RT PL spectra of (a) as-grown NRs, (b) as-implanted Al/ZnO513, and (c) as-
implanted Ar/ZnO513 before annealing.
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Fig. 5.6(a) shows the RT PL spectra of the annealed samples. As the as-grown NRs are
annealed at 450 °C in Ar ambient, the Inge is increased by almost 8.5 times as compared to
the as-grown NRs signifying the good crystallinity due to just annealing. For the Al
implanted samples, post-implantation annealing activates the luminescent centers causing an
enhancement in the intensities of both NBE and DL emissions. This is the reason why the PL
peak intensities of Al implanted and subsequently annealed NRs have always been compared
with the unimplanted but annealed NRs (pristine). Fig. 5.6(a) interestingly shows that the Inge
is maximum for the NRs implanted with Al fluence of 1x10'2 ions/cm? and the enhancement
is almost 2.3 times higher than that of the pristine. With further increase in the Al fluence, the
Inse again starts to decrease. However, a blue shift of around 53 meV is found in the NBE
peak position for the higher fluence (1x10%® ions/cm?) Al implanted NRs. The blue shift in
NBE emission peak can be assigned to the BM effect due to Al incorporation inside ZnO
lattice [30]. When a high fluence of Al is implanted into ZnO, the carrier concentration
becomes high enough and thus the Fermi level moves into the CB due to the filling of the CB
by electrons [31]. Then the recombination only occurs between the valence band and about
or above the Fermi level, which leads to a blue shift of the UV peak [30]. Similar to Ingk,
initially an increase and then a decrease in the IpL are found as the fluence increases. The DL
emission center is also seen to be shifted to ~2.4 eV (green emission) as compared to the
pristine. The highly enhanced Inse for lower fluence can reasonably be assigned to a recovery
of the lattice damages by the annealing treatment, which is supported by our HRTEM results.
As the implantation fluence increases, the number of structural damages as well as the
density of the point defects are increased, which on annealing are not restored completely for
higher fluences. The large concentration of the point defects forms extended defects,
(discussed earlier) which act as non-radiative recombination centers reducing the intensity of
the NBE PL emission. In order to make a comparison of the emissive properties, the ratio
Inse / IoL has been calculated as shown as a bar diagram in Fig. 5.6(b). It is observed that the
ratio for the pristine is 54, while the ratio is highly enhanced to 73 and 75 for the lower
fluences of 1x10% and 5x10*2 ions/cm? respectively. As the fluence increases, beyond 5x10%3
ions/cm?, the ratio Inse /IoL decreases gradually and for 1x10%€ ions/cm? it becomes 47, which
is even lower than that of the pristine. To understand the role of Al in the enhancement of PL
properties of ZnO NRs at lower fluence, similar analyses of PL emission spectra have been
carried out for the Ar implanted ZnO NRs. It is seen from the Fig. 5.7(a) that as soon as Ar is
implanted even with a fluence as low as 5x10*® ions/cm?, the Inge steeply decreases as
compared to the pristine and it decreases more and more as the fluence increases. However,
in contrast to Al implantation, there is no NBE peak shift in case of Ar implantation, which
indicates Al ions cause different type of change in the exitonic emission. The Fig. 5.7(a)
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further shows that the DL emission intensity first increases and then decreases and its peak
position is shifted towards higher energy side (~2.4) as compared to pristine, which is similar
to Al implantation. Fig. 5.7(b) shows a drastic decrease in the ratio Inse / IpL as soon as Ar is
implanted in ZnO NRs, reaching a value as low as ~8 for the fluence 1x10%° ions/cm?, which
is about 7.6 times lower to that of the Al implanted sample for a similar fluence. Therefore, a
comparison of the PL spectra of Al and Ar implanted samples suggests that a different
recombination mechanism is involved in the PL emission for the Al implanted samples.
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Fig. 5.6 (a) RT PL spectra and (b) the corresponding ratio Inge / IpL of pristine and Al
implanted ZnO NRs samples after annealing.
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Fig. 5.7 (a) RT PL spectra and (b) the corresponding ratio Inge / IpL of pristine and Ar

implanted ZnO NRs samples after annealing.
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In order to understand the carrier recombination mechanisms in pristine and ion
implanted ZnO NRs, the excitation power dependence of Inse at RT has been measured,
which is shown in Fig. 5.8. The variation of Inge with the excitation power (P) follows a
power law: 1 = nP% where n is the emission efficiency, and the exponent o represents the
radiative recombination mechanism [32-34]. If the excitation energy is higher than the band
gap value, the value of a falls into one of the following ranges: 1 < a <2 for recombination of
bound-excitons; For band-to-band transition, the value of a has been reported to be ~2; 0 < a
< 1 for impurity or defect-related emission [33, 34]. As shown in Fig. 5.8(a), the value of a is
1.02 for pristine, indicating a recombination of bound excitons. Being an n-type material, the
donor bound excitons dominates in ZnO. Previous reports [35, 36] suggest that the neutral
donor bound excitons (D°X) dominate the NBE PL spectra of ZnO at 10 K and beyond this
temperature D°X gradually loses its intensity and FX becomes intense due to the thermal-
induced conversion from D°X to FX [35]. Therefore, the observed RT NBE peak in the
pristine can be assigned to the recombination of FX. For the samples Al/ZnO513 and
Al/Zn0O514, the values of o are 1.24 and 1.23, respectively (Fig. 5.8(b) and Fig. 5.8(c)),
indicating bound excitonic recombination. Neglecting acceptor concentration in Al implanted
ZnO NRs, it is more likely that the origin of UV emission is dominated by donor bound
excitons, specifically these are the excitons bound to neutral Al donors (Al D°X). The
existence of bound excitons corresponding to the shallow Al donor has been conclusively
demonstrated by a various implantation and back-doping experiments [37, 38]. The energy
position of the neutral Al donor state is about 3.32 eV [10]. For lower fluence Al implanted
samples, besides FX, Al D°X takes the dominant role in the recombination process, which
leads to the significant enhancement in the NBE emission. As the fluence of Al increases, the
value of a for Al/ZnO515 becomes 0.971 (Fig. 5.8(d)). For Ar/ZnO513 and Ar/ZnO514, the
values of a are found to be 0.996 and 0.959 respectively (Fig. 5.8(e) and Fig. 5.8(f)) and are
similar to the value found for Al/ZnO515, implying similar structural changes for both cases.
Neglecting the contribution from impurity related emission in Ar implanted samples, the
excitons bound to defect states (DBX) at the particle surface can be assumed to play a
dominant role in the recombination process for all Ar implanted as well as for higher fluence
of Al implanted samples. Thonke et al. [39] suggest that the extended defects particularly
stacking faults are responsible for non-radiative defect states. With the increase in fluence of

Al and Ar, the density of extended defect increases and produces the non-radiative defect

[121]



Role of defects in photoluminescence property of Al implanted ZnO nanorods

centers. For higher fluence Al implanted samples, the Al D°X and for Ar implanted samples,

the FX migrates at these non-radiative centers, resulting in the reduction of Inge/ oL ratio.
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Fig. 5.8 Excitation power dependence of UV emission of (a) pristine, (b) Al/Zn0513, (c)
Al/ZnO514, (d) Al/ZnO515, (e) Ar/Zn0O513 and (f) Ar/ZnO514.

The NBE peaks being an asymmetric have been deconvoluted into two Gaussian peaks
for all the samples. Fig. 5.9 shows three representative peak fittings. The estimated peak
positions and corresponding FWHM values have been noted in Table 5.3. For pristine (Fig.
5.9(a)), P1 can be assigned to the radiative transition of FX, whereas P> is related to the
surface states localized at band tail [40]. The estimated energy difference between P1 and P>
peaks as shown in Table 5.3 is 61 meV, which is actually the localization energy of DBX. For
Al implanted sample (Fig. 5.9(b)), the peak P1 is probably the superposition of FX and Al
DOX, whereas P; is related DBX. As the Al implantation carried out, the localization energy
of DBX vary from 67 to 115 meV with an increase in Al fluence (Table 5.3). As this value
exceeds the excitonic binding energy of 60 meV, it is expected that along with the excitonic

luminescence, the DBX would also play a major role in the UV PL emission [41]. The
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gradual shift towards higher energy side and an increase in the FWHM of P1 and P2 as shown
in Table 5.3 further indicates to the BM effect due to incorporation of Al donors. The energy
difference between DX (or DBX) and the corresponding peaks at lower energy side is about
an integer multiple of 72 meV, which is in consistent with the characteristic energy of
longitudinal optical (LO)-phonon replicas in ZnO [42]. The estimated energy differences
between P1 and P> peak as shown in Table 5.3 are around 71 meV for all Ar implanted
samples. From this fact, the peak P1 of Ar implanted samples (Fig. 5.9(c)) can be assigned to
DBX emission overlapping with FX and the peak P2 to the corresponding LO - phonon
replicas as supported by the reports on the existence of DBX emission and its phonon replicas
in ZnO at RT [41, 42]. Most notably, no appreciable shift in the peak position as well as
change in the FWHM values of P1 and P> for Ar implanted samples indicate to the fact of no
influence of donor defects in the excitonic recombination. In this case, only the creation of
implantation-induced surface defects is responsible for the deterioration of the NBE. In both
implantation cases, surface defects are modified and increased and thus the nature of the
emission changes from yellow-orange to an enhanced green emission. Vz, defects are mostly
known to be responsible for the green emissions [43-45]. Recent diffusion studies of Al [46]
in ZnO suggest that the migration of Al occurs via an intermediate substitutional dopant-
vacancy complex (Alz-Vzn), and if this be the case, diffusion of implanted Al in ZnO NRs
happens to be via dopant-vacancy complex, the net effect of Vz, in green emission is
expected to decrease. Indeed, the green emission intensity shows a decreasing trend as the Al
implantation fluence increases (Fig. 5.6(a)). However, the possibility of creation of other non-

radiative recombination paths cannot be ruled out.
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Fig. 5.9 Gaussian multi-peak fittings of the NBE peaks of (a) pristine, (b) Al/ZnO116, and (c)
Ar/Zn0O115 samples.
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Table 5.3 The position and FWHM of NBE fitted peaks P1 and P2 and energy their energy

separation.
Sample name | Peak P1 at higher energy | Peak P2 at lower energy | Energy difference
side side between Py and P2
Peak FWHM Peak FWHM (meV)
position position
(eV) (eV)

Pristine 3.291 0.114 3.230 0.176 61
Al/ZnO113 3.294 0.103 3.227 0.173 67
Al/ZnO513 3.296 0.108 3.231 0.180 65
Al/zn0O114 3.297 0.117 3.228 0.188 69
Al/ZnO514 3.303 0.129 3.229 0.201 74
Al/Zn0O115 3.318 0.138 3.239 0.211 79
Al/Zn0515 3.337 0.144 3.249 0.231 88
Al/Zn0O116 3.359 0.185 3.244 0.278 115
Ar/Zn0513 3.299 0.116 3.227 0.183 72
Ar/ZnO114 3.300 0.111 3.230 0.178 70
Ar/ZnO514 3.304 0.116 3.232 0.183 72
Ar/Zn0115 3.304 0.115 3.233 0.185 71

Fig. 5.10(a) shows the XPS survey scan of pristine, Al/ZnO513, and Al/ZnO116. Well
resolved XPS peaks correspond to different core levels of O and Zn are found for all the
samples (Fig. 5.10(a)). The Gaussian fittings of the Al 2p core line as shown in the Fig.
5.10(b) and Fig. 5.10(c) exhibits only one component with a binding energy around 74.37 eV,
indicating the successful substitution of Zn?*ions by AI**ions in the ZnO lattice of both
Al/Zn0513 and Al/Zn0O116 samples after implantation and subsequent annealing process
[12, 47]. The centroid at around 74.37 eV is basically a slightly shifted position towards
lower binding energies compared to the 74.60 eV peak position of Al 2ps of stoichiometric
Al>Og, indicating an O deficient ZnO matrix [48]. The increasing intensity of Al 2p peaks
(Fig. 5.10(a) and Fig. 5.10(b)) indicates that the concentration of Al increases as the fluence
increases, which is at par with the EDS data as discussed earlier.

[124]



Chapter-5

(b) = Al 2p - AIZnO513
S e Gaussian fit of Al 2p - Al/Zn0513
& Al 2
(a‘) S e —_ 74.3[;eV
N 3
= L)
: z S >
29, = B
=== - o c
~|= 38° § z 2
=15 5 = =
5 Al/ZnO116 . . . ‘ ‘ ‘ ‘
b 68 70 72 74 76 78 80
= Binding energy (eV)
= (c) = Alzp-AuZno116
8 === Gaussian Fit of Al 2p - AIIZnO116
= 74.37 eV
=] - —_ Al 2
AVZnO513 M— 3 ’
I—‘-“ 8
2
‘B
&
Pristine £
I v T v T v T v T v T
0 200 400 600 800 1000 P A TR
Binding energy (eV) Binding Energy (eV)

Fig. 5.10 (a) XPS survey scan of pristine, Al/ZnO513 and Al/Zn0O116 samples. (b) and (c)
are Al 2p, confirming the presence of Al in Al/ZnO513 and Al/Zn0O116 respectively

The O 1s XPS spectra of pristine and implanted samples exhibit the asymmetric nature.
Similar to the previous chapter, the O 1s spectra is coherently fitted by three Gaussian
components, centered at around 530.6 eV (Oz), 531.9 eV (Op) and 532.6 eV (Oc),
respectively, as shown in Fig. 5.11. The contributions of stoichiometric O (Oa), Vo (Ob) and
excess O (O¢) were computed from the measured peak area and the numerical values are
given in Table 5.4. It is clear that Vo increases both in Al and Ar implanted samples, though
at a higher rate for the later which supports our PL results.
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Fig. 5.11 O 1s peak fitting for (a) pristine, (b) Al/Zn116 and (c) Ar/ZnO115.
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Table 5.4 Areal contribution of fitted Oa, Op and O peaks in O1s peak for pristine and ion
implanted samples.

Sample name Oa (%) Ob (%) Oc (%)
Pristine 46.18 30.08 23.74
Al/Zn0513 41.61 34.61 23.78
Al/Zn0116 29.55 38.62 31.82
Ar/Zn0O513 38.64 43.03 18.32
Ar/Zn0115 38.70 60.34 0.96

The 1-V measurements results in Fig. 5.12 indicate that the rate of increase in the current for
Al implanted samples is higher than Ar implanted samples indicating incorporation of Al
donor dopants in the lattice sites, which further supports the BM effect in the PL spectra.
However, an increase in the current also in case of Ar ion implanted samples indicates

formation of more donor defects (Vo) supporting XPS result.

6.0x10°
4.0x10°4 %.
< 2.0x10°q |
c
0.0
E e Pristine
5 s o AliZnO513
O -2.0x10 e Al/ZnO514
* AlZnO115
-4.0x107 AriZn0513
e AriZnO514
6.0x10° ® AriZnO115
=0.UX T —r—TTT

5 4 3 2 10 1 2 3 4 5
Voltage (V)

Fig. 5.12 The 1-V characteristics of pristine, and some representative of Al and Ar implanted

ZnO NRs. The inset shows the variation of current at 3 V with fluence of Al and Ar.

It is well known that UV photoconductivity (PC) in ZnO NRs is influenced highly by the
surface defects [49] and therefore, PC studies on both Al and Ar implanted samples would
certainly provide us an idea about generation of surface defects. To realize the reproducible
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measurement starting conditions and to eliminate the uncontrolled influence of light on the
samples, each sample was kept in the dark for a long time and then photocurrent rise and fall
were measured in air ambient by illuminating the NRs with an UV illumination (370 nm) for
a time during of 50 minutes each (Fig. 5.13). The measurements were performed on a long-
time scale so that the photo-excitation led to a persistent photoconductivity (PPC) with long
photocurrent decay times and very low contribution of short time decay processes. There are
some controversial opinions about the origin of PPC; some authors have assigned it to the
presence of metastable conductive states corresponds to Vo [50-52], whereas others have
attributed it to the O, adsorption and desorption processes on the surface [53-55]. The
percentage of maximum photocurrent (lpn) decayed after 50 minutes of light turned off has
been calculated in Table 5.5 to get an idea about the PPC. However, Table 5.5 depicts rather
a faster decay of the pristine, whereas slower decay for the implanted samples. Among, the
implanted samples, the PPC is more pronounced for Al implanted samples than that of Ar
implanted samples. Madel et al. [56] have reported that Vo is responsible for the fast decay of
the photocurrent after turning off the light, whereas adsorption and desorption processes of
O2 on the ZnO NWs surface are related to the slow one. The surface absorbed O, dominate
the slower decay of the Ion for Al implanted samples, whereas Vo takes the main role in the
faster decay for Ar implanted samples, which is supported by the XPS results (Table 5.4).
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Fig. 5.13 Photocurrent transient spectra of pristine, Al implanted and Ar implanted ZnO
NRs (Al/Zn0O513, Al/Zn0514, Al/ZnO115 and Ar/Zn0O513, Ar/Zn0514, Ar/ZnO115).
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Table 5.5 PPC for various doses for both Al and Ar implantations.

Fluence % of Ipn decayed after 50 mins of light turned off
(ions/cm?) Al implanted Ar implanted

Pristine 82 82

5x 108 41 63

5 x 10 27 44

1x10%° 20 35

5.4 Conclusions

In summary, the effect of Al ion implantation on the RT PL properties of ZnO NRs by
varying ion fluences by three orders of magnitude has been demonstrated in details. A
comparative study with the effect of Ar ion implantation in ZnO NRs for similar ion fluences
helps to understand the mechanisms and the role of defects behind the change in the PL
properties. A dramatic improvement in the PL properties has been observed due to the
formation of neutral Al donor bound excitonic recombination centers for the lower fluence Al
implanted ZnO NRs. For higher fluences of Al and for all fluences of Ar implanted NRs, the
non-radiative recombination centers on the surfaces of ZnO NRs are formed causing reduced
PL properties. The comprehensive study provides a significant novel route for utilizing the Al

implanted ZnO NRs in a large variety of optical devices such as solid-state lighting.
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6.1 Introduction

In chapter 2, the difficulties in achieving controllable and reproducible p-type ZnO have
been described elaborately. But the formation of p-type ZnO is very much urgent for the
practical applications of ZnO as p-n homojunction-based devices. In this context, the p-type
conductivity in ZnO has been achieved to some extent by doping with group V elements [1-
4]. As earlier said, N is regarded as the most suitable p-type dopant among group V elements
for ZnO due to similar atomic radius and electronic structure between N and O [5]. Though,
the incorporation of N atom into O sublattice (No) is generally believed as the acceptor and is
the source of p-type conductivity in ZnO [6, 7], the complex of No and Vzn (No-Vzn)
theoretically and experimentally has been recognized as shallow acceptor for stable p-type
conductivity in N doped ZnO [8-11]. In addition to the acceptor like complexes, there are
many donor defect complexes in N doped ZnO, which have been described in chapter 2.
These donors compensate the effect of N related acceptors (e.g., No, No-Vzn). Chiesa et al.
[12] have shown that the insertion of N in various oxides dramatically drops the formation
energy of Vo, which causes a parallel formation of shallow donors and frustrates the effect of
low-lying N states. Therefore, as a possibility of achieving p-type conductivity in N doped
ZnO NRs, it is important to introduce not only an effective shallow acceptor level but also to
suppress donor concentration as much as possible. Therefore, the understanding of the
interplay between point defects and N impurity is very much essential, which still remains
alluring. Having all these issues in mind, in this chapter, the probable interactions between N
and various point defects and the recovery process of implantation induced defects as a
function of various implantation fluences as well as under different annealing ambiences have

been discussed.

6.2 Experimental details

ZnO NRs were first grown on the glass substrates by ACG method. The details of the
NRs preparation are described in chapter 3. The as-grown ZnO NRs were then implanted
with 50 keV N ions at RT using fluences from 1x10%** to 1x10 ions/cm?. The irradiated area
of the samples was one cm? and the beam current was fixed at 1pA. After N implantation, the
samples were subjected to an annealing treatment at 450 °C for 1 h in Ar ambient. Next, the
sample implanted with the fluence of 5x10% ions/cm? was further annealed separately in O

and excess Zn ambiences under similar conditions with an expectation that annealing in O>
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and excess Zn ambiences would diminish the concentration of Vo and Vz, defects
respectively. The as-grown NRs annealed in Ar ambient has been marked as a control

sample. The nomenclature of the samples in this study is given in the Table 6.1.

Table 6.1 Nomenclature of the samples with their corresponding fluences and annealing

ambiences.
Fluence (ions/cm?) Annealing ambient Sample name
0 ArP
1x10% ArN114
5x10% ArN514
1x10% Ar ArN115
5x10% ArN515
1x10%6 ArN116
5x10%° 02 ON515
5x10% Zn ZnN515

The structural, morphological, compositional, optical, and electrical analyses of the samples
have been carried out using XRD, FESEM, XPS, PL, Raman, and electrical I-V

measurements, respectively as described in chapter 3.

6.3 Results and discussion
6.3.1 Defect formation: SRIM calculation

The parameters described in the chapter 4 have been used again for the SRIM calculation
in this chapter. The simulated N concentration displays a well-known Gaussian profile which
is shown in Fig. 6.1(a), where the value of Rp is ~130 nm and the implanted N ions are
extended upto a depth of ~250 nm from the surface of the NRs. The distributions of
implantation-induced Vz, and Vo are shown in Fig. 6.1(b), which implies that the
implantation of low energy (50 keV) N ions can induce quite a bit of vacancy defects in ZnO
lattice. These vacancy defects are also extended upto a ~250 nm depth from the surface. As
indicated by Fig. 6.1(b), the number of implantation-induced Vz, is always higher than that of

Vo at any value of N ion fluence. Now, according to the theoretical calculations [8, 9], the

[136]



Chapter-6

Vzn defects are especially desired to realize the acceptor doping in N doped ZnO films. Under
a certain condition, the Vo also contributes to form No. Fons et al. [13] have shown that Vo is
the most preferred location for N in ZnO. Thus, the SRIM calculations indicate that the

acceptor defects are produced in ZnO due to N ion implantation.
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Fig. 6.1 SRIM predicted distributions of (a) N ions, and (b) defects (Vz, and Vo).

6.3.2 Effect of N ion fluence

The XRD patterns of the control (ArP) as well as implanted and subsequently Ar
annealed samples presented in Fig. 6.2(a) show the presence of well distinct, sharp and
narrow peaks, which correspond to the diffractions from (0002), (1011), (1012), (1013) and
(1120) planes of hexagonal wurtzite ZnO (JCPDS card No. 36-1451). The (002) diffraction
peak corresponding to the (0002) plane is the strongest for all the samples. This indicates to
the fact that the preferred orientation of ZnO NRs along the <002> direction remains
unaffected after N implantation and all the samples maintain same wurtzite structure. Any
extra diffraction peak due to N-related impurities or any secondary phase is not observed in
the XRD patterns. The enlarged view of (002) peak of all the samples in Fig. 6.2(b) shows
that the intensity of the (002) peak decreases distinctly and shifts towards higher 26 value (as
shown with a dashed line in Fig. 6.2(b)) as the implantation fluence increases. However, the
gradual decrease in the (002) peak intensity implies that N implantation probably induces
extra defects, which leads to a lattice distortion [14]. Since the atomic radius of N atom is

greater than that of O atom, but smaller than that of Zn atom, the substitution of N at O sites
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or the incorporation of N at interstitial sites in ZnO is likely to induce a peak shift towards
lower angle [15-18]. In contrast, a shift towards higher 26 value in our case probably
indicates an appearance of the additional structural defects. Similar higher angle shift of the
(002) diffraction peak after N implantation into ZnO NRs has also been reported earlier [19,
20]. The higher angle shift causes compressive strain (g) as the c-axis lattice parameter (c)
decreases (Fig. 6.2(c)) [19]. The value of & is minimum for ArP and then it increases by 23%
for ArN116 with an increase in the N fluence. In Fig. 6.2(d), it is seen that the value of
FWHM of the (002) peak remains almost unchanged upto 5x10'* ions/cm? and beyond which
it increases sharply with an increase in the fluence. The larger value of FWHM of the (002)
peak for N implanted samples as compared to the control sample signifies the presence of
dislocations and defects in the implanted NRs [21]. With an increase in the N fluence, the
creation of point defects causes strain which causes change in the FWHM values of (002)
diffraction peak. Considering the (002) peak, the average crystallite size (D) has been
estimated using Debye-Scherrer’s formula [22], described in the chapter 3. The value of D
remains almost unchanged till 5x10%* ions/cm?and then it sharply decreases with an increase
in the fluence (Fig. 6.2(d)), which is consistent with reported result [23]. The values of
dislocation density (6) have been calculated using the relation [24], described in the chapter
3. As shown in Fig. 6.2 (d), the value of & increases as the N ion fluence increases. However,
the structural changes of N implanted ZnO NRs as compared to the control sample (ArP) are
modest up to the fluence 5x10%** ions/cm?, and beyond which the change is significant (Fig.
6.2(c) and Fig. 6.2(d)).

Fig. 6.3(a)-(b) shows the top view FESEM images of ArP and a representative implanted
sample ArN515. As seen in Fig. 6.3(a), the quasi-vertical alignment of the hexagonal ZnO
NRs on the seeded glass substrate is consistent with the XRD results. The diameters of the
NRs are in the range of 80 £ 15 nm. The top as well as the side surfaces of the NRs of ArP
are smooth (Fig. 6.3(a)). After implantation, though the rod-like structure is well maintained
(Fig. 6.3(b)), careful investigation shows that the top surfaces of the ion implanted NRs are
not as smooth as that of the control sample as evident from the enlarged images in the insets
in the Fig. 6.3(a) and Fig. 6.3(b). This indicates that some damages in the morphology of the
ZnO NRs are produced at higher N ion fluence.

[138]



Chapter-6

(@) 9E g z a| (b)
S Z ArP (= Z
—
= l ArN114
3 ~
L =
z ArN514 e
g £
o 2
= 2
l ArN515 =
\ ArN116
T T k2 T T v T 2 T = T L T T l= T T T T
30 35 40 45 50 55 60 65 70 344 345 34.6 34.7 348 349 35.0 351 352
20 (degree) 20 (degree)
() (d)
-1.00 - -3.4
—a—C —A—; —=—FWHM  —e—D —A—3
0.51644 w— 0.158 'Y
= L 0.95 = 57
A
0.5162- 3 [3.3
£, 0156 N —
--0.90 ) a =l "g
T 0.51601 . = _565 12 E
£ 08:°\: S 0.154 . = =
O 0.5158 Bt 7 § —
-— w©
[ L3.1
a 0.152
0.51564 , --0.80 A A 55
0.5154 L/ ; T —-0.75 0.150 L/ . . : L3.0
0 10" 10" 10" 10" 0 10" 10" 10° 10"

Fluence (ions/cm’) Fluence (ions/cm’)

Fig. 6.2 (a) XRD patterns, (b) enlarged view of (002) peak of the samples, variation of (c) c-
axis lattice parameter, strain, and (d) FWHM of (002) peak, crystallite size and dislocation

density with N ion fluence.

(a) p=

Fig. 6.3 Top view FESEM images of (a) ArP and (b) ArN515. The corresponding insets are

the enlarged view of the NRs.
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Fig. 6.4(a) shows the XPS full survey scans of ArP and a representative implanted sample
ArN515. The XPS scans were taken after sputtering the samples for ~100 s to remove the
undesired particles from the sample’s surface. The XPS peaks corresponding to different core
levels of O and Zn such as O 1s, Zn 2p are found clearly for all the samples in Fig. 6.4(a)
[25]. The broad N 1s XPS peak of ArN515 as shown in Fig. 6.4(b) with ranging from 394 to
403 eV can be deconvoluted into two Gaussian peaks (N; and Nj) having the binding
energies at 396.5 = 0.1 and 399.6 £ 0.1 eV respectively, which is similar with the earlier
reported results [15, 26, 27]. The origins of both N; (396.5 + 0.1 eV) and Ny (399.6 + 0.1 eV)
peaks are generally ascribed to the No acceptor [15, 26, 28]. As previously reported [26], the
local structure of No may be O-rich or N-rich and the O* ions have stronger attraction to
electrons from the Zn cores than that of N®~ ions. Hence, it is reasonably assigned that the
peak N, at lower binding energy corresponds to No in N-rich environment (i.e., N-Zn-N
bond), whereas the peak Ny at higher binding energy corresponds to No in O-rich (i.e., O-Zn-
N bond) environment [15, 26, 28]. However, few previous reports [29, 30] have shown that a
third peak (Nm) at around ~ 404 eV may appear in N 1s XPS spectra of N doped ZnO. The
peak N is usually attributed to the (N2)o donor [29, 30]. As seen in Fig. 6.4(b), the N peak
is absent for the sample ArN515, which implies that the substitution of N at an O site has not
occurred after annealing in Ar ambient. As predicted from the SRIM calculation, the native
acceptor defects Vzn in ZnO are generated in large concentration due to N implantation. As
the Vzn and No both are present in N implanted ZnO NRs, one can believe that No-Vzn
complex is formed during post implantation annealing process. As described in the chapter 4,
the asymmetric O 1s XPS peak of ArP and ArN515 can be deconvoluted by three Gaussian
peaks, as shown in Fig. 6.4(c)-(d). The Oa peak in the lower energy side at ~531eV is
ascribed to the O% ions of wurtzite hexagonal ZnO [31]. The Oc in the higher energy side at
~533 eV corresponds to the surface absorbed O atoms, whereas the middle component (Oy) at
~532.5 eV is assigned to the regions with oxygen-deficient namely Vo [31, 32]. The
contributions of the fitted peaks have been calculated from their corresponding areas. As
predicted by SRIM code, along with Vz,, the concentration of Vo defects is increased due to
implantation. In Fig. 6.4(c)-(d), it is seen that Vo defects in ArN515 is slightly higher than
that of ArP, suggesting that excess Vo defects are produced due to implantation. The atomic
concentration of N has been calculated considering the relative sensitivity factor and peak
area of Zn 2pzp», O 1s and N 1s, which is about 0.85 at% [33]. The estimated dopant

concentration is quite closer to that calculated from the SRIM (1.2 at%).
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The results of 1-V measurements of ArN114 and ArN515 in Fig. 6.5 show lower current
values at all bias voltages for a higher fluence as compared to a lower fluence. As the N ion
fluence increases, the concentration of acceptor like No defects and the acceptor complexes
No-Vzn are expected to be increased. Meanwhile, the post implantation annealing also
suppresses the Zn; related shallow donors. Therefore, the measured electrical current should

decrease with an increase in the fluence.

For the hexagonal wurtzite ZnO (C%y space group), the optical phonons at the I' point of
the Brillouin zone can be represented as I'opt = 1A1 + 2By + 1E; + 2E> [34]. The modes A
and E: are polar and split into longitudinal (LO) and transverse (TO) optical phonons. The
modes A1(TO), E1(TO), A1(LO), and E1(LO) are Raman and infrared active and are found at
380, 411, 579, 594 cm! respectively [34-36]. The two non-polar E2 modes E,“¥ and E,Hioh
appear at 100, and 437 cm™? respectively. The mode at 333 cm ™ is assigned to Ex"™9" - EoLoW
[34, 35, 37]. However, the B1 modes are called silent modes because they are Raman and
infrared inactive [34]. It is normally believed that the Raman signatures for ZnO above 300
cm ! arise from the vibrations of O atoms and below due to Zn sublattice vibrations [38, 39].
Particularly, E2"'9" A1(LO), and E1(LO) modes are very much sensitive to the O site disorder
in ZnO lattice [20, 40]. Fig. 6.6 presents the RT Raman scattering spectra (200-800 cm ™) for
all the samples, where the Raman modes E,™9" - E,LoW, E,Mi9h 3 broad band and different
defect and N related modes have been appeared [37, 41]. E2""9" mode is correlated with O
atom, which represents the high crystalline order in ZnO [42]. As seen from Fig. 6.6, the
intensity of E2M9" Raman mode is gradually reduced with an increase in N ion fluence,
indicating the reduction in crystallinity of the implanted samples as well as introduction of
more lattice disorder, which are at par with the XRD results [43, 44]. A Raman mode at 275
cm ! has been appeared for N implanted samples, while it is absent for the control sample
(ArP). The origin of 275 cm™! Raman Mode is controversial. It is believed that the native
defects like Zni or Zn; clusters or N related defects are responsible for 275 cm™ Raman mode
[36, 45-49]. However, N atoms being responsible for 275 cm™ mode, Friedrich et al. [50]
have reported that the vibrational mode at 275 cm™ is due to the vibration of the Zni—No
defect complex, where an Zn; is bound to a No. Wu et al. [51] have also mentioned that 275
cm! Raman mode originates from No related complexes, likely to be in the form of Zni—No.
As the N ion fluence increases, the concentration of No increases. As the concentration of No
increases, the migration probability of isolated Zn; with No also increases and therefore, the

concentration of Zni-No defect complex increases. In fact, a sharp appearance of 275 cm™
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Raman mode for higher influence has been observed. The origin of Raman modes at 511
cm tand 645 cm™* are also controversial. Though, It has been reported that these two Raman
modes correspond to the N-related local vibration [49], the presence of this mode has also
been observed in Fe, Sh, and Al doped ZnO films [52]. However, Friedrich et al. [50] have
confirmed that the presence of N in the ZnO lattice induces a local lattice distortion that
favours the formation of Znj-related defect complexes (Zni—Qi), which is responsible for
Raman mode of vibration at 511 cm™. In our case, low intense individual peaks at 511 cm™
and 645 cm™? respectively have only been appeared for ArN515 (Fig. 6.6). No trace of these
modes has been observed for ArP and ArN114, which indicates that the defect complexes
accompanied by N are produced only at higher ion fluence. In the range of 510-605 cm™?, all
the samples show a broad band Raman mode peaking at around 579 cm™. This broad peak is
the cumulative effect of several Raman modes as reported by previous reports [53, 54].
Detailed deconvolution of the broad peak and assignment of the deconvoluted peaks to
various Raman modes would be discussed in the next section. However, Fig. 6.6 shows the
inverse-correlation between the intensities of 579 cm™ and 437 cm™ (E2"9"). It is clear that
the intensity of 437 cm™* Raman modes decreases as the fluence increases, whereas the
intensity of 579 cm™ mode increases. The reverse nature of the intensities of both 579 cm™
and 437 cm™ modes with an increase in N fluence is quite obvious because this broad band is

composed of several disorder activated Raman modes [54].
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Fig. 6.6 Raman spectra of the control and N implanted ZnO NRs samples annealed in Ar.
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The RT PL spectra of all the samples have been illustrated in Fig. 6.7(a), wherein a strong
peak at ~3.28 eV corresponds to the NBE emission and a broad hump in the visible region
from 1.75 to 2.85 eV corresponds to the DL emission [55, 56]. The Inge is maximum for the
sample ArP. After N implantation and subsequently annealing in Ar, Inge decreases and the
sample implanted with higher fluence (1x10% jons/cm?) owns minimum NBE emission
intensity, indicating a large structural defect due to higher fluence of the energetic N ion
implantation. In contrast to Inge, the value of Ip. is found to increase as compared to ArP just
at an initial fluence. As the fluence increases, Ip. then starts to decrease. The DL emission in
the visible region for ArP is observed ranging from ~1.75 to ~2.85 eV peaking at ~2.25 eV
(yellow orange emission), while the peak of DL emission for N implanted samples is seen at
~2.4 eV (green emission). Therefore, the change of the yellow-orange emission for ArP to the
green emission for N implanted samples is a clear indication of the changes in the structural
defects as well [57]. The ratio Inse / IoL has been presented using a bar diagram in Fig. 6.7(b)
in order to compare the emission properties of ArP and N implanted ZnO NRs. It is seen from
Fig. 6.7(b) that the ratio Inge / IoL is maximum for ArP and the ratio decreases just after N is
implanted with a fluence of 1x10% ions/cm? and beyond which the ratio again increases till
5x10%* jons/cm? and thereafter the ratio again starts to decrease. The concentration of point
defects is increased with an increase in the N ion fluence, which are not repaired completely
even after annealing treatment for higher fluences. The large concentration of the point
defects merges to larger open volumes defects, which act as non-radiative recombination

centres and reduces the ratio Inge / lpL.
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Fig. 6.7 (a) RT PL spectra of the control and N implanted ZnO NRs samples after annealing

in Ar ambient, (b) variation of the ratio Inse/loL with N ion fluences.

[144]



Chapter-6

To understand the possible defect energy levels contributing to DL emission, the visible
emission spectrum has been deconvoluted with Gaussian fittings. The visible emission band
of ArP and some representative N implanted samples have coherently been fitted with two
Gaussian peaks P1 and P2 as shown in Fig. 6.8(a). The peak P1 at ~2.5 eV corresponds to the
green emission. Vz, is mainly considered to be responsible for the green emissions [58-60].
The other peak P, ~2.2 eV is generally termed as yellow-orange emission which is due to
surface adsorbed excess O2/OH [61, 62]. By calculating the ratio of the area under P1 and P>
in Fig. 6.8(b), it is seen that, the green emission with respect to the yellow-orange emission
increases with an increase in N ion fluence. Due to N implantation and subsequent annealing
process, the surface defects are tailored and thus the characteristics of the emission changes
from yellow-orange to a green. This is again in concordance with the XPS results revealing
the contribution of surface adsorbed O is less for implanted samples than that of ArP. At the
same time, according to SRIM prediction, excess Vzn defects are induced due to N

implantation, which aids to increase the green emission.
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Fig. 6.8 (a) Gaussian fittings of the DL emission band, (b) bar diagram of the ratio of the
area under the peak P1 to P2 of ArP, ArN14 and ArN515, respectively.

6.3.3 Influence of post-implantation annealing ambient

The XRD patterns of ArN515, ON515 and ZnN515 (Fig. 6.9(a)) show that the intensity

of the (002) peak is the strongest for ZnN515 implying an excess Zn annealing ambient has a
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great influence on the intensity of (002) peak. It indicates that due to annealing in excess Zn,
a preferred orientation along c-axis of ZnO NRs further is strengthened. The enlarged view of
(002) peaks in Fig. 6.9(b) indicates that the peak position is similar indicating similar lattice
parameter of ZnO for all annealing conditions while a slight change in the FWHM of the
(002) peak has been observed (Table 6.2). The lower FWHM value due to annealing in O2
implies an achievement of better crystallinity. The average crystallite size of all the samples,
as listed in Table 6.2 shows that the crystallite size is slightly larger for ON515 and ZnN515.
Larger crystallite size implies lower dislocation density. The estimated value of dislocation
density indicates that the number of defects in ON515 and ZnN515 are lower than that of
ArN515 as expected. Thus, the XRD results partially support the prediction of better recovery

of defects under annealing in O and Zn ambiences.
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Fig. 6.9 (a) XRD patterns, (b) enlarged view of (002) peak of ArN515, ON515 and ZnN515

respectively.

Table 6.2 Values of c-axis lattice parameter, FWHM of (002) peak, crystallite size and
dislocation density of ArN515, ON515 and ZnN515 respectively.

Sample name ¢ (nm) FWHM (degree) D (nm) & (X107 nmr
%)
ArN515 0.5160 0.1553 55.96 3.19
ONb515 0.5160 0.1536 56.45 3.13
ZnN515 0.5160 0.1540 56.45 3.13
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The full scan XPS spectra of ArN515, ON515 and ZnN515 in Fig. 6.10(a) show the
XPS peaks, which correspond to the different core levels of O and Zn such as Zn 2p, O 1s
[25]. The N 1s XPS spectra of the corresponding samples are shown in Fig. 6.10(b)-(d)
respectively. Post-implantation annealing ambient particularly imparts a great influence on N
1s chemical state in ZnO. As observed in Fig. 6.10(b)-(d), the peaks N; and Ny have been
appeared at all annealing conditions. No additional peak is observed for ArN515 and ON515,
while an additional peak N at ~404.3 eV has been appeared for ZnN515. As discussed in
the earlier section, the emergence of Ny peak implies that some of No converts into the
undesirable (N2)o donors, because of annealing in excess Zn ambient, which is at par with the
previous study [63]. The formation energy of (N2)o is higher than No at O-rich condition, but
lower at Zn-rich condition [63]. The lower formation energy of (N2)o at Zn-rich condition
boosts the No to convert into (N2)o during annealing in excess Zn ambient [26]. This result
implies that only No state is developed during annealing in Oz and Ar ambient, whereas an
additional donors of the type (N2)o are produced under annealing in excess Zn ambient.
Another aspect of annealing is that the N related defect complexes such as No-Zni, No-Vo
and No-Vzn are prone to be dissociated during thermal annealing treatment [64] and thus the
concentration of isolated No is expected to be increased and at the same time some other
defects may be annealed out. However, the dissociated defects again may migrate with each
other at RT resulting in a very complex effect. For all annealing conditions, the isolated Zn;
defects formed from the dissociation of No-Zn; or Zn; clusters are annealed because of its low
migration barrier [65]. In case of annealing in O, the isolated Vo is expected to be repaired
and thus the concentration of donor No-Vo is reduced. Simultaneously the dissociated No and
Vzn again may migrate with each other, forming acceptor complex No-Vzn. Thus, the isolated
No is enhanced and No-Vzn complex is maintained for annealing in O, ambient. In case of
annealing in Zn ambient, the isolated Vz, is likely to be repaired and the concentration of
acceptor No-Vzn is decreased. At the same time, the dissociated No and Vo again may
migrate and form donor complex No-Vo. Thus, though the isolated No is enhanced, the
concentration of No-Vz, complex is reduced and No-Vo complex is maintained for annealing
in Zn ambient. An annealing in Ar ambient has the effect on both Vz, and Vo. It is expected
that the concentration of both No-Vo and No-Vz, defects are well maintained after annealing
in Ar. Again, an insight into the O spectra (analyses done as described earlier by fitting the
peak into three components) shows that the contribution of Oy for ZnN515 is higher than that
of ArN515 and ON515 (Fig. 6.10(e)-(g)), which indicates that Vo defects are retained

significantly after annealing in Zn ambient. From this discussion, it may be concluded that
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the net effect of the acceptors is higher for ON515 and ArN515 as compared to ZnN515.

Moreover, the contribution of O, is better for annealing in O, ambient (Fig. 6.10(f)), which

indicates that the stoichiometry of the implanted samples is well restored for annealing in Op,

which is in concord with the XRD results for ON515. From the above analyses, it may be

inferred that post-implantation annealing in O, and Ar ambient can be effective to enhance

the acceptors concentration in N implanted ZnO NRs.
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Fig. 6.10 (a) XPS survey scan, (b)-(d) N 1s spectra, (e)-(g) O 1s peak fittings of the samples
ArN515, ON515 and ZnN515, respectively.

[148]



Chapter-6

The electrical 1-V characteristic curves of ArN515, ON515 and ZnN515 in Fig. 6.11 show
that the current at all bias voltages is always lower for the samples annealed in Ar and O>
ambiences as compared to that annealed in excess Zn ambient. The enhanced current in
ZnN515 can be understood in terms of an increase in Vo and appearance of (N2)o shallow
donor, which is also at par with the XPS results. Simultaneously, the concentration of Vzn is
reduced due to annealing in Zn ambient, which seems to be another reason for an
enhancement in the current in Zn annealed sample. However, lower current of ArN515 and
ONS515 at all bias voltages also suggest that No and No-Vzn are effectively preserved during
annealing in Ar and Oz ambient. Further for ON515, the suppression or compensation of Vo

may be another reason for lower current, which is again in accordance with the XPS results.
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Fig. 6.11 I-V characteristic curves of ArN515, ON515 and ZnN515.

Fig. 6.12(a) presents the RT Raman scattering spectra in the range of 200-800 cm™* for
the ArN515, ON515 and ZnN515 respectively. It is seen that the intensity of E;''9" is always
higher for Oz and Zn annealing as compared to Ar annealing. This indicates to the fact that
the crystallinity of implanted samples is restored for annealing in both O, and excess Zn

ambiences, which is in agreement with the XRD results. The intensity of 275 cm™ Raman
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mode is through higher for annealing in O2 and excess Zn ambiences, it is quite broader than
that of Ar ambient. After annealing in Oz and Zn ambiences, the decrease in the concentration
of Vo and Vzn, respectively may induce the N related defects to broaden 275 cm™ mode. The
broad Raman mode in the range of ~510 — 605 cm™* for the samples ArN515, ON515 and
ZnN515 is quite at par with the previous results [53, 54]. Though the evolution of the broad
Raman mode has been investigated previously as a function of annealing temperature [54, 66,
67], here the evolution of the broad mode under various annealing ambiences has been
investigated. It is seen that the shape of the broad band is quite different for annealing in
excess Zn ambient than that of Ar and O2. The reason behind this can be well understood
considering the evolutions of the individual peaks under the broad mode which can
coherently be deconvoluted into three Gaussians peaks centred at around 540, 560, and 579
cm! respectively in Fig. 6.12(b)-(d). The mode at 540 cm™* is fundamentally a second order
Raman mode (2B1-°"; 2LA), which usually dominates in existence of defects [53, 54, 68].
The physical origin of 560 cm™ has been assigned to the surface optical (SO) phonon
vibration induced by the interfacial defects at the grain boundaries in the ZnO shell [67]. In
another report [69], it has been claimed that the SO phonon mode of vibration at 560 cm™
occurs within thin ZnO coatings of Zn cores. Later on, Fan et al. [66] have revealed that such
a Zn core/ZnO shell structure can be associated with the nanocrystallites, in which the
existence of Zn cores is a result of incomplete oxidation of Zn at 450 °C. Thus, the mode at
560 cm* can reasonably be ascribed to Zn; type defects. The implanted samples were
annealed at 450 °C and thus logically, our assignment of the mode (560 cm™) to the Zn; is in
line with the previous observations [53, 54, 66]. The mode at 579 cm ™ is assigned to Vo type
defects [53, 54, 68]. The areal contributions of 560 cm™ and 579 cm™ peaks for different
annealing conditions plotted in Fig. 6.12(e) shows that the area under 560 cm™ modes is
lower for ZnN515 than that of ArN515 and ON515. This implies that the Zn; defects in
implanted samples can effectively be reduced after annealing in excess Zn ambient. The area
under 579 cm™ mode is lower for ArN515 and ON515, whereas it increases sharply for
ZnN515. This implies that Vo related defects in N implanted samples are well recovered
under annealing in Ar and O2 ambiences, while these defects remain in appreciable quantity

in Zn annealed sample. This result is in concordance with the XPS results.
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Fig. 6.12 (a) Raman spectra, (b)-(d) fittings of the broad band, and (e) the variation of area
under 560 and 579 cm™* mode for the samples ArN515, ON515 and ZnN515 respectively.

The RT PL spectra of ArN515, ON515 and ZnN515 has been illustrated in Fig. 6.13(a),
where the strong peak at ~3.28 eV corresponds to NBE emission and a broad hump in the
visible region from 1.75 to 2.85 eV indicates to the DL emission. In order to carry out a
comparison, the ratio Inge/loL has been calculated in Fig. 6.13(b). It is seen that the ratio
Inge/loL i1s maximum for ON515 and minimum for ZnN515. From this point of view, it may
be inferred that the structural damages after annealing in O, ambient are well restored, which
is in accordance with the XRD, XPS and Raman scattering results for ON515. The visible
emission spectra have been deconvoluted with Gaussian’s fittings in Fig. 6.13(c)-(e). By
calculating the ratio of the area under P1 to P, it is seen that for all annealing conditions, the

green emission is higher than that of yellow-orange emission. Surprisingly, an intense green
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emission is observed for Zn annealed sample as compared to others. After annealing in
excess Zn, it is expected that Zn is diffused into ZnO lattice by sitting into Vz, positions
and/or create Zn; defects. Zn; has very low migration barrier of 0.56 eV [65] and it is
therefore highly unlikely to get isolated Zn; in annealed NRs. Vz, defects most likely are
reduced due to the diffusion of Zn into the Vz, sites, which should give rise to a decrease in
the green emission intensity in contrast to the observed emission properties. This confirms a
probable involvement of N related defect complexes in the observed green emission, which
may also be the cause of reduction in the ratio Inge / IoL for ZnN515.
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Fig. 6.13 (a) RT PL spectra, (b) comparison among the ratio Inge/low, (€)-(€) Gaussian fittings
of the DL emission band of the samples ArN515, ON515 and ZnN515 respectively.

6.4 Conclusions

In conclusion, the interaction of defects in 50 keVV N implanted ZnO NRs by varying the

ion fluences as well as annealing ambiences has been demonstrated. lon induced structural

[152]



Chapter-6

damages are increased sharply as the N ion fluence increases beyond 1x10% ions/cm?. These
structural disorders have been seen to be related to various N related defect complexes. The
incorporation of N at O sublattice induces the formation of No acceptor in N implanted NRs.
In addition, the formation of No-Vzn shallow acceptor complex has been predicted. Among
various post-implantation annealing ambiences, an annealing separately in Ar and O3
generates only No acceptor state, while an annealing in excess Zn ambient produces an
unwanted (N2)o donor state. In addition, Oz and Ar play a key role to stabilize the N dopants
in ZnO via suppressing Vo and/or preserving the concentration of N related acceptors in the
ZnO NRs. These findings not only help one to enrich the microscopic understanding of
interplay of defects but also demonstrate a way to tailor the nontrivial compensating point
defects in case of p-type doping in ZnO which could be a potential component for electronic

devices.
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7.1 Introduction

The p-type conductivity in ZnO can theoretically be achieved by substituting group-I
elements in Zn or group-V elements in O sites [1-3]. In the previous chapter, the substitution
of group-V element in ZnO by implanting N ion in ZnO NRs have been explained. Now, in
this chapter, the substitution group-I element taking Li ion implantation in ZnO NRs has been
discussed. Though there are several reports on p-type ZnO, the results are not reproducible and
still remain debatable [4-7]. In many cases, the group-1 elements have shown better success
rate in getting p-type ZnO as compared to the group-V elements. However, dopants belonging
to the group-1 often act as donors due to their tendency to occupy the interstitial sites [8-10].
Among the group-I elements, Li ion (Li'*) has the smallest ionic radius (0.60 A), which is very
close to that of Zn ion (Zn?*) (0.74 A) [11, 12]. Therefore, Li can easily occupy the Zn?* site
and produces Lizn acceptors [11-13]. Besides, Li can also occupy an interstitial position (Li;)
due to its small ionic radius [11-13]. This Li; defect acts as a donor and compensates the
contribution of Lizn and Vzn acceptors. Therefore, the introduction of an effective shallow
acceptor level, as well as suppression of the donor concentration, are prerequisites to obtain p-
type conductivity in Li doped ZnO NRs. Compared to other ion implantation [14-19], few
pieces of literature are available which have focused on Li implantation in ZnO thin films [20-
22]. In an attempt to make ZnO p-type, Nagar et al. [21] have shown that Li implantation into
ZnO thin films displays n-type conductivity even after employing annealing treatment due to
presence of donor defects. However, a free electron-acceptor peak at ~ 3.227 eV in PL spectra
appears in the Li implanted films, which indicates that some Li ions act as shallow acceptors
in ZnO [21]. Therefore, an interaction between Li impurity and the intrinsic defects as well as
its influence on the physical properties of ZnO NRs must be understood clearly for realization
of p-type ZnO for its applications in devices. Keeping these issues in mid, in this chapter, the
formation and the evolution of various point defects due to Li ion implantation in ACG grown
vertical ZnO NRs resulting in changes in the structural, optical, and electrical properties as a
function of various fluences have been investigated experimentally as well as using SRIM

simulation code [23].

7.2 Experimental details

ZnO NRs were first grown on the glass substrates by ACG method details of which are

described in chapter 3. The as-grown ZnO NRs were then implanted with 100 keV Li ions at
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RT with varying the fluences from 1x10%* to 7x10% ions/cm?. The implanted area of the
samples was around one cm? with a beam current of 80 nA. The Li ion implantation in ZnO
NRs can be illustrated with a schematic which is presented in Fig. 7.1. The nomenclatures of

the samples in this study are given in Table 7.1.

~ L &——7ZnO NRs

Ion implantation

Seed layer

Glass substrate

Fig. 7.1 Li ion implantation into aqueous chemically grown vertically aligned ZnO NRs.

Table 7.1 The nomenclature of the samples according to the corresponding Li ion fluences.

Fluence (ions/cm?) Sample name
0 Pristine
1x10% Lill4
5x10% Li514
1x10% Lil15
5x10%° Li515
7x10%° Li715

The structural, morphological, compositional, optical, and electrical analyses of the samples
have been carried out using XRD, FESEM, XPS, Raman, PL, and electrical I-V measurements,

respectively as described in the chapter 3.
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7.3 Results and discussion

7.3.1 Experimental characterizations

The XRD patterns of pristine and Li implanted ZnO NRs presented in Fig. 7.2(a) show the
narrow, sharp, and distinct peaks (according to the JCPDS card no. 36-1451), which correspond
to the diffractions from the (0002), (1011), (1012), (1013), (1022) planes of hexagonal wurtzite
ZnO. The (002) diffraction peak is the strongest among all the peaks, which indicates the
preferential growth of the NRs along the <002> direction for all the samples. Any trace of Li-
related impurities or secondary phase has not been detected by the XRD measurements (Fig.
7.2(a)). According to the enlarged view of the (002) peaks, as presented in Fig. 7.2(b), the
intensity of the (002) peak though increases at the initial fluence as compared to the pristine, it
decreases distinctly as the fluence increases. A decrease in the peak intensity indicates a
deterioration in the crystal quality, which is probably a result of the formation of defect
complexes at higher Li fluences [24]. Li doping in ZnO should lead to a shift in the XRD peak
position towards a higher 260 value because of the smaller ionic radius of Li** than that of Zn?*
[25-27]. In contrast, a gradual shift of the (002) peak position towards a lower 26 value (Fig.
7.2(b)) with an increase in the Li fluence has been observed similar to the previous studies [20,
28]. Due to the lower angle shift, the c-axis lattice parameter (c) increases and a tensile strain
(¢) arises (Fig. 7.2(c)). The value of € is maximum for pristine and then it is released gradually
with an increase in the Li fluence. A decrease in the residual strain in the system is likely to
occur resulting from implantation-induced point defects, defects complexes, or even
dislocations [24]. The value of FWHM of the (002) peak increases as the fluence increases
(Fig. 7.2(d)) due to the appearance of structural disorders in the implanted NRs [29, 30]. The
average crystallite size (D) as calculated from the well-known Debye-Scherrer’s formula,
described in chapter 3, decreases with an increase in the fluence, as shown in Fig. 7.2(d), which
is at par with the previously reported results [25, 28]. The dislocation density (8) increases
drastically with an increase in Li ion fluence beyond 5x10'* ions/cm? (Fig. 7.2(d)) revealing

the information on the evolution of structural defects in Li implanted ZnO NRs.
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Fig. 7.2 (a) XRD patterns, (b) the enlarged view of (002) peaks, variation of (c) c-axis lattice
parameter, strain, and (d) FWHM of (002) peak, crystallite size, and dislocation density with

Li ion fluence.

The top view FESEM images of the pristine and a representative implanted sample Li715
in Fig. 7.3(a)-(b) shows the quasi-vertical alignment of the hexagonal ZnO NRs, which is
supporting the XRD results. The diameter of the NRs has been estimated to be in the range of
100 = 15 nm and both the top and side surfaces are smooth (Fig. 7.3(a)). The cross-sectional
FESEM image of the pristine in the inset in Fig. 7.3(a) shows that the length of the NRs is ~850
nm. The rodlike morphology is retained after Li implantation (Fig. 7.3(b)) and no substantial

change in the NRs’ morphology is observed.
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Fig. 7.3 The top view FESEM images of (a) pristine and (b) Li715. The inset in Fig. 7.3(a)

is the cross-sectional FESEM image of pristine.

The XPS scans were recorded after a sputtering process for ~100 s to remove any undesired
particles from the sample’s surface. The C 1s binding energy level at 284.5 eV has been used
as a reference energy level to eliminate the charging-dependent shift in the spectra. The full
survey scans of pristine and a representative sample Li515 shown in Fig. 7.4(a) show the XPS
peaks corresponding to O 1s and Zn 2p. A broad peak in the region between 53.5 and 56.5 eV
due to Li 1s can be deconvoluted into two Gaussian peaks, P1 and P2 (Fig. 7.4(b)). The peak
P1 at 55.7 eV is related to Li** in Zn?* site bonded to O [27]. The peak P, at 54.9 eV is usually
attributed to Li-OH bonds on the surface [27]. Thus, Lizn is expected to form acceptor state in
the implanted sample, although a significant amount of implanted Li makes Li-OH bonds with
the surface adsorbed -OH and may limit the acceptor formation [27]. Similar to the previous
chapters, the O 1s XPS peaks of the pristine and Li515 being asymmetric in nature can be
deconvoluted into three Gaussian peaks as revealed in Fig. 7.4(c)-(d). According to Fig. 7.4(c)-
(d), the peak area of Oy for Li515 is more than double to that of the pristine, suggesting drastic
increase in the formation of Vo defects due to Li implantation. Further, the lower area of Oz in
Li515 as compared to that of pristine indicates the degradation of the crystallinity. This is at
par with the XRD results as discussed earlier. Considering the three main XPS peaks Zn 2p®?,
O 1s, and Li 1s and by using their peak area and relative sensitivity factor [31], the estimated

atomic concentration of Li is ~ 0.12 at% for Li515.
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Fig. 7.4 (a) XPS survey scan of pristine and Li515 respectively, (b) Li 1s of Li515, and (c)-
(d) The Gaussian fittings of O 1s XPS peaks of pristine and Li515 respectively.

The RT Raman scattering spectra (200-850 cm™) of pristine and the implanted samples
are presented in Fig. 7.5(a), where the Raman modes E2M9" - E;L°%, A1(TO), E1(TO), EMeM
and a broad band appear at 333, 380, 411, 437 ad 579 cm™* respectively. Ex™9" mode is
correlated to lattice O atom and is characteristic of the high crystalline order of ZnO [32]. As
observed in Fig. 7.5(a), there is an inverse correlation between the intensities of E,"'9" and the
broad band peaking at around 579 cm™X. We have plotted the variation of E;H'9" mode peak
intensity with fluences in Fig. 7.5(b) by normalizing the intensity at 579 cm™. As observed in
Fig. 7.5(b), the intensity of E,"9" mode decreases and FWHM of ExH'9" mode increases

drastically with an increase in the fluence beyond 5x10'* jons/cm?, which indicates highly
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increased lattice disorder in the implanted samples [33-35], and this is consistent with the XRD
results also. Both the A1(TO) and E1(TO) modes though are very weak, as the Li ion fluence
increases, the intensities of these two peaks decrease and from the fluence 5x10%* jons/cm?, the
TO modes disappear. There exists a subtle effect on the relative intensities of A1(TO) and
E1(TO) modes depending on the O stoichiometry [33]. The pristine does not show any Raman
mode as 511 cm™. As soon as, the NRs are implanted with Li ions, the 511 cm™ mode appears
and it becomes stronger as the samples are implanted with higher fluences. Though the origin
of Raman mode at 511 cm ™ is debated, Friedrich et al. [36] have shown that the defect complex
Zni—O; is related to 511 cm™* mode and this is very much likely in the ion implanted samples.
All the samples show an evolution of a broad band Raman mode in the range ~515-645 cm™
peaking at around 579 cm™ (Fig. 7.5(a)), the intensity of which increases as the Li fluence
increases. However, this broad band is reported to be a cumulative effect of disorder-activated
four Raman modes at 540, 560, 579, and 594 cm respectively [33, 37-39]. The 540 cm™ is
usually assigned to second-order Raman mode [2B1-°; 2LLA] [38] Previous studies [40, 41]
have shown that the physical origin of mode at 560 cm™ can rationally be assigned to the
defects related to Zni. The other modes at 579 and 594 cm™ are assigned to A1(LO) and E1(LO)
respectively. The individual contributions of these two LO modes are very much difficult to
extract because of their close proximity. However, both the modes are very much sensitive to
the O site disorder in ZnO lattice and thus these modes correspond to Vo type defects [33, 37,
38, 41]. The deconvoluted broad band of a representative implanted sample Li715 show three
Gaussians peaks cantered at around 555, 560, and 579 cm™ respectively (Fig. 7.5(c)). Here,
the peak at 555 cm™ is actually the shifted version of 540 cm™. We have considered a single
peak at 579 cm™* for 579 and 594 cm™ modes at the time of deconvolution of the broad band.
The specified area under 560 cm™ and 579 cm™ peaks for different fluences are presented in
the bar diagram in Fig. 7.5(d), which shows that the peak area under both 560 cm™ and 579
cm modes increases as the fluence increases. This result indicates that the concentration of
both Zn; and Vo defects increases with an increase in the Li ion fluence, which is at par with
the XRD and XPS results. Interestingly a broad hump ranging from 650-750 cm™ peaking at
700 cm™ has been appeared only for Li implanted NRs. In a previous report [42], two unknown
Raman modes at 651 and 737 cm™* have been reported for Li doped ZnO crystal. Drawing an

analogy, we may assign the 700 cm™ broad Raman mode to a cumulative effect of previously
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reported 651 and 737 cm™* Raman modes. However, the intensity of the 700 cm™* Raman mode

increases with an increase in the Li fluence as observed in Fig. 7.5(a). Therefore, this mode

may reasonably be ascribed to the implantation-induced defects in ZnO NRs particularly in the

presence of Li ions.
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The RT PL spectrum for the pristine in Fig. 7.6(a) shows a strong NBE emission at ~3.28
and a broad DL emission in the region 1.70 to 2.80 eV centered at ~2.2 eV [43-45]. A

drastic reduction in the Inge is observed as the implantation fluence increases resulting in the
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minimum intensity for the sample implanted with the highest fluence (7x10 ions/cm?) (Fig.
7.6(b)). This reduction in the Inge indicates the formation of hefty structural defects due to
energetic Li ion collisions with the native Zn and O atoms, which is again in concordance with
the Raman and XRD results. The NBE peak position remains fixed at 3.28 eV up to a fluence
of 1x10'° jons/cm?, beyond which a blue shift is observed (Fig. 7.6(b)). A ~82 meV blueshift
is found for the highest fluence (7x10% ions/cm?). The blue shift in NBE emission with an
increase in the Li fluence might be due to the BM effect [25, 28]. Similar to Inge, IoL is
maximum for the pristine and then it decreases with a large drop in the intensity for Li515 and
Li715. The pristine distinctly exhibits a broad DL emission peaking at ~2.20 eV (yellow-
orange), which is mainly attributed to an excess O./OH adsorbed on the surface of the NRs
[46, 47]. Fig. 7.6(c) shows that except for Lil114, the peak position of the DL emission gets
shifted towards green emission at 2.40 eV for rest of the implanted samples. The transition of
the yellow-orange emission to the green emission is a clear indication of a change in the defect
chemistry as the implantation fluence is significant. As said in previous chapters, the commonly
observed green luminescence in ZnO has many controversial defect origins [46, 48, 49].
Among these, Vzn defects are mostly claimed to be responsible for the green emissions [50-
52]. Formation of 'z, is more likely in the ion implanted samples which gives rise to the green
emission. However, a suppression in the green emission for Li515 and Li715 can be explained
by the reduction of Vz, (as discussed later in the theoretical simulation section). From the Fig.
7.6(d), it is observed that Inse/loL continues to decrease as the fluence increases, though it
slightly increases for the higher fluences (5x10%°and 7x10% ions/cm?) which corroborates with
the decrease in the radiative pathways for the DL emission. The ratio being always less than
that of the pristine, clearly indicates formation of large number point defects in all the implanted
samples, which may act as the non-radiative recombination centres. However, no defects
directly related to Li have been observed in the RT PL spectrum. A Liz, acceptor state with an
energy level 150 meV above the valence band maxima has been identified in the previous
report [53]. Being closer to the valence band, the Li-related defects may be embedded in the

defect-related band tail width in the implanted NRs.
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Fig. 7.6 (a) RT PL spectra of pristine and Li implanted ZnO NRs, (b) NBE and (c) DL
emission of Li implanted NRs, and (d) Bar diagram representation of the ratio Inge / loL at

various fluences.

To know the effect of Li implantation on the conductivity of the ZnO NRs, the electrical I-
V measurement data has been analysed. The ohmic nature of the Al contacts used for I-V
measurement has been confirmed from the linear 1-V characteristics of pristine as well as Li
implanted samples (Fig. 7.7). The value of current at a fixed bias voltage is highly lower for
the implanted samples than that of the pristine one indicating an increase in the resistivity of
the implanted NRs. For example, at a fixed 5 V bias voltage, the current for the pristine sample
is 6.54 YA, whereas, for Li514 and Li715, the current values are 0.75 and 2.72x10™* pA
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respectively. In this case, the Hall measurement has not been used to measure the electrical
parameters due to the measurement limitations. Though the previous study [53] has confirmed
p-type conductivity in Li doped films, a very high resistivity in the samples has also been
reported at high Li content and the Hall measurements provide ambiguous results in the
determination of carrier type due to their low carrier concentration and Hall mobility. However,
very high resistivity in our Li implanted samples probably indicates formation of both the
acceptor states and various implantation-induced defects in the Li implanted NRs and this is in
agreement with the XPS and PL results. Moreover, the implantation-induced defects and defect
clusters probably act as carrier trapping donor centres compensating the acceptors. As a result,

the resistivity of the Li implanted ZnO NRs increases.
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Fig. 7.7 The 1-V characteristics of pristine and Li implanted ZnO NRs.

7.3.2 Theoretical simulation of Defect formation: SRIM calculation

Now, to predict the distribution of the implanted Li ions and the implantation-induced
defects in the NRs, the SRIM-2008 simulation code [23] has been used considering the
‘Detailed Calculation with full Damage Cascades’ collision kinetics. The main parameters [33,
54, 55] used in SRIM simulation are described in the chapter 4. The Li ions implanted profile
takes the well-known Gaussian distribution in the ZnO NRs as shown in the Fig. 7.8(a) along
with the values of the main four statistical moments for all ions stopped within the target. The

value of the average depth of the implanted Li ions from the surface (known as projected range,
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Rp) is 564 nm having a standard deviation (also known as straggle) of 180 nm. The incident Li
ions penetrate the vertical NRs easily with an overall range of ~900 nm, which indicates that
the implanted Li ions are present along the entire length of the NRs. Skewness is a measure of
the profiles tendency to lean toward or away from the surface. The negative value of the
skewness in our case indicates that the distribution is shifted toward the surface, possibly due
to back scattering which is a common phenomenon for lighter elements. Kurtosis measures the
flatness of the Gaussian distribution. The value of the Kurtosis in our case is 2.98, which means
the distribution profile is sharp near its peak. The at% of Li at R as calculated from the depth
profile is about 0.20% for the fluence 5x10'° ions/cm?, which is closely consistent with the
XPS results. As described in the chapter 3, when the implanted ion enters a target material, it
transfers most of its energy to the target atom by the means of inelastic collisions leading to
excitation and ionization of the target atoms, which is known as electronic energy loss (Se). As
the ion moves deeper inside, the nuclear energy loss (Sn) occurs in terms of elastic collisions
with the target nuclei. The energy loss through S, produces a large concentration of atomic-
scale point defects inside the target material by knocking out the target atoms from their lattice
positions [55-57]. On the other hand, Se can enhance the mobility of point defects, especially
for heavy incident ions, and hence promote the formation of defect clusters [58]. Fig. 7.8(b)
shows the SRIM simulated values of Se and S, at different incident energies of Li ions in ZnO.
For 100 keV Li ion implantation in ZnO, the values of Se and Sy are 14.86 and 1.115 eV/A
respectively with a ratio of 13.37. At the beginning of the ion track, Se governs the stopping
process and the Li ions lose a significant amount of total energy in the form of Se. The Sy
dominates the stopping process near the end of the track, where the majority of the target
displacements and subsequent damages are produced. Li implantation has been carried out
along the <002> direction of the NRs. The interplanar distance between (0002) planes is 2.602
A. Therefore, the projected Li ions lose about 3 eV per lattice plane on average via Sn.
However, the majority of the incident ion energy is transferred to the primary recoil atom. The
recoil atoms again execute collisions with the target nuclei and thus collision cascade continues
until the incident ion comes to rest [59, 60]. In this entire collision process, the implanted Li
ions even at low energy (100 keV) induces both the replacement and a lot of vacancy defects
(Vzn and Vo) in ZnO lattice due to the target displacements. According to SRIM output file

“Vacancy.txt”, the total target displacements = 241/ion, whereas the total target vacancies =
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236/ion and the total target replacement collisions = 5/ion. As a gquantitative measure of the
implantation-induced damage, a well-known parameter “atomic displacements per atom” (dpa)
at each fluence (in Fig. 7.8(c)) using the SRIM results in previously reported dpa formula [61]
has been calculated. The peak value of dpa at R, increases linearly with the fluence. The
minimum value of dpa is 0.007 for the fluence 1x10'*ions/cm?, where a maximum of 0.52 is
reached for the fluence 7x10% ions/cm?. This lower value of dpa (<1) even at the highest
fluence indicates that the amorphization is not occurred in the implanted layer even though
drastic structural damages appear, which is consistent with the experimental XRD results. The
depth profiles of the implantation-induced vacancies (Vzn and Vo) are also Gaussian type as
shown in Fig. 7.8(d). The vacancy distributions are extended up to a depth of ~850 nm (Fig.
7.8(d)), which implies that the implantation-induced vacancies are present along the entire
length of the NRs. Integration of the vacancy distribution curves over the entire range of the
incident ion yields the total number of Vz, and Vo produced per incident ion. From Fig. 7.8(d),
the calculated numbers of Vz, and Vo per incident Li ions are 152 and 84 respectively. Using
this data, we have calculated the total number of both Vz, and Vo produced per fluence and
plotted them in Fig. 7.8(e), which shows that the vacancies increase linearly with an increase
in the fluence. This implantation-induced defects are confined to the surrounding region of the
ion track. Now, it is reasonable to assume that these simple defects are transformed into a
heavily disordered and overlapping cluster as the implantation fluence increases, which is
reflected in experimental XRD and Raman spectroscopy results. The high density of the
disorder states may also cause a high resistivity in the Li implanted ZnO NRs, which is at par
with our experimental electrical 1-V measurements. Another noticeable point in Fig. 7.8(e) is
that the number of Vz, is always much higher than that of Vo at any fluence, which is due to
the lower displacement energy of Zn than that of O [54, 55]. In fact, experimentally observed
green PL emission (Fig. 7.6(a)) in the Li implanted NRs is supported by the simulated higher
concentration of Vzn. For the fluence > 5x10'° ions/cm?, the intensity of the green emission has
been seen to be suppressed contradicting the simulated higher numbers of Vz.. The possible
reason can be explained by considering the effect of dynamic annealing (the change of local
temperature) of the target at the time of implantation [62]. The accumulated temperature of the
target is small when the Li implantation fluence is low. With an increase in the fluence, a rise

in the local temperature is expected. Since the migration barrier for Zn;is very low, a small
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temperature rise may cause Zn; migration at Vz,, and thus Vz, decreases apparently [63, 64].
The theoretical simulation does not consider the aspect of this dynamic annealing and thus a
contradiction arises. Overall, the good consistency between our various experimental and the
theoretical simulation results using SRIM emphasizes our interpretations on the drastic

evolution of various point defects in Li implanted ZnO NRs.

(a) (b) —— N

lon range = 564 nm —o— Li ions =

4 ——
2.5x10° syraggle = 180 nm 404 S,
Skewness = -0.5596 = .
H00KeV:S/S = 1337 o 3

2.0x10* Kurtosis = 2.98
0x10° 7

(]
>
1
*

1.5x10"

1.0x10" 4

=
.""\"'""""'
k

e

n

S (eV/ Angstrom)
*
S (eV/ Angstrom)

5.0x10"

Li I(Atoms/cm3) / (Atoms/cmz)l

= — — sy 0 i T T ' 0
0 200 400 600 800 1000 1200 0 100 200 300 400 500
Depth (nm) Energy (keV)
0.6 r 1.2x10"™
= Lfl i 0.030 I * —a—V
el o LiSI4| _ - &a . Zn -
//\,‘ & Ll::: § il ol 4 1.0x10" 4 ——v, /
A v Lisis| = k4
0.4 . R 7] 17 ]
J/’ﬁ 'o. * Li715 E 0.0204 éﬂ.ﬂxlﬂ
a“-»" "v,:o. & o ors] q 2 6.0x10" 1 .
e S5 & e
= 02 x5 § o g c 4.0x10" '/
. Z 0004 &5 24
01§ % 2 E "
i % = 0.00545% 2 2.0x10"" 4
‘o
0.0 2 0.000 . ; . e n.u-"'
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 0.0 20x10°  40x10"  6.0x10"  8.0x10"
Depth (nm) Depth (nm) Fluence (ions/cm’)

Fig. 7.8 SRIM predicted (a) depth profile of Li ions, (b) the Se and Sy values at different ion
energies, (c) distribution of dpa, (d) the defect (Vzn and Vo) distribution and (e) the number

of vacancies (Vz» and Vo) as a function of fluence in the implanted NRs.

7.4 Conclusions

In summary, the formation and evolution of various point defects in Li implanted ZnO NRs
as a function of ion fluence have been demonstrated experimentally in connection with the
theoretical SRIM simulation. The ion induced structural point defects has been seen to be
increased drastically with an increase in the fluence. The substitution of Li at Zn sublattice

forms Lizn acceptor. The Li implanted NRs are electrically highly resistive due to both
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formation of the acceptors as well as various implantation-induced defects. The transformation
of the yellow-orange PL emission into a green emission in the Li implanted NRs is due to
formation of large number of Vzn. All the experimental results match well with the theoretical
SRIM simulation results. This study can help one to understand the formation and evolution of

point defects when the p-typing of ZnO NRs is performed using group | ion implantation.
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8.1 Introduction

To overcome the obstacle of creating p-type ZnO, a considerable effort has been made in
research by doping with group | and V elements, such as Li, Na, N, P, As, Sb and so on [1-6].
As described in the previous chapters, the obtained p-type ZnO NRs are unstable, and even p-
type conductivity disappear after a period of time. So, choosing appropriate acceptor dopant
and doping method is the key problem to obtain stable p-type ZnO with excellent p-type
characteristics. Among group | and V elements, Li and N are regarded as the most suitable
candidates. As discussed in the earlier chapters, substitution of O by N (No) [7, 8] and Zn by
Li (Lizn) [9-11] has been shown to form shallow acceptor levels in ZnO. In N-Li co-doped
ZnO, the Lij and No has been proved to form Lii —No complex, which reduces the concentration
of No acceptors as well as limits the possibility of the generation of (N2)o donors. Though the
formation of No acceptor is suppressed, there still exits Lizn acceptors which contributes to
creating p-type ZnO in case of N-Li co-doped ZnO [12-15]. There are reports on the successful
preparation of stable p-type ZnO films attributing to using Li and N as p-type dopants, which
were grown by molecular beam epitaxy, pulsed laser deposition, RF-magnetron sputtering, and
so on [16-19]. Low solubility of dopants is the obstacle to hinder obtaining p-type ZnO films
with high hole concentration. So, in order to solve the problem, ion implantation is a useful and
meaningful method to introduce a precise dopant concentration, which is established owing to
its simplicity, precise depth control and compatibility with planar device technology, producing
more holes [20-22]. At the same time, the lattice disorder and damage caused by ion
implantation has negative effect on mobility and resistivity. It is reported that performing post-
implantation annealing can reduce the types of disorder and activate p-type dopants. Therefore,
it is also essential to investigate the effect of co-implantation of p-type dopant ions in ZnO NRs
after post implantation annealing in order to assess the induced defects and the resultant
properties achieved. In this chapter, the formation and evolution of various point defects and
their interactions in vertical ZnO NRs as a function of various co-implantation fluences due to
N and Li ion co-implantation resulting in the changes in structural and optical properties have
been assessed extensively though various experimental techniques. SRIM has also been used
to evaluate the quantitative energy loss, the distributions of the implanted N and Li ions and

the point defects in the target ZnO NRs.
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8.2 Experimental details

ZnO NRs were grown by the ACG method on the glass substrates as described in the
chapter 3. 100 keV N ions were first implanted in the as-grown NRs at RT by varying the
fluences from 1x10%* to 5x10% ions/cm? according to the conditions described in the chapter
6. The N implanted NRs were then implanted with 100 keV Li under the conditions described
in the previous chapter. In this case, a sample is implanted with Li ions at the same fluence
with which it was implanted with N ions. After implantation, the samples were subjected to
an annealing treatment at 450 °C for 1 h in Ar ambient. The nomenclatures of the samples in

this study are given in Table 8.1.

Table 8.1 The nomenclature of the samples according to the corresponding co-implantation

fluences.
N ion fluence (ions/cm?) Li ion fluence (ions/cm?) Sample name
0 0 Pristine
1x10% 1x10% LiN114
5x10% 5x10% LiN514
1x10% 1x10% LiN115
5x10% 5x10% LiN515

The structural, compositional and optical analyses of the samples have been carried out using

XRD, Raman, XPS, and PL measurements respectively as described in chapter 3.

8.3 Results and discussion

In the SRIM simulation, the ‘Detailed Calculation with full Damage Cascades’ collision
Kinetics has been considered. The key parameters [23-25] used in the SRIM simulation have
been described in chapter 4. The values of the main four statistician moments for all ions
stopped within the target as estimated from SRIM simulation are shown in Table 8.2. The
simulated N and Li concentration displays a well-known Gaussian profile which is shown in
Fig. 8.1(a). The value of R, for N ions is 226 nm having straggle of 84 nm, whereas the value
of Rp and straggle for Li ions are 563 nm 179 nm respectively. The incident N ions penetrate
the vertical NRs easily with an overall range of ~500 nm whereas Li ion can penetrate ~900

nm, which indicates that the implanted N and Li ions are present along the entire length of the
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NRs. In the Fig. 8.1(a), it is seen that implanted N ions are more localized in the surface regions
compared to that of Li ions. The negative value of the skewness in both ions indicates that the
distribution is shifted toward the surface, possibly due to back scattering. The value of the
Kurtosis in both ions is close to the value 3, which means the distribution profile is sharp near
their peaks. The atomic concentration at Rp as calculated from the depth profile is about 0.20
at.% for Li and 0.39 at.% for N at the fluence 5x10% jons/cm?. Fig. 8.1(b) and Fig. 8.1(c) show
the SRIM simulated values of Se and Sy at different incident energies of N and Li ions in ZnO.
For 100 keV N ion implantation in ZnO, the values of Se and Sy are 14.86 and 1.115 eV/A
respectively with a ratio of 13.37, whereas for 100 keV L.i ions, the values of Se and Sy are 24.3
and 7.668 eV/A respectively with a ratio of 3.17. In this entire collision process, the implanted
N and Li ions even at low energy (100 keV) induces both the replacement and a lot of vacancy
defects (Vzn and Vo) in ZnO lattice due to the target displacements. According to SRIM output
file “Vacancy.txt”, the total target displacements, vacancies, and replacements collisions for

both ions are presented in Table 8.3.
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Fig. 8.1 (a) SRIM predicted (a) depth profile of Li ions, the Se and Sy, values at different ion
energies for (b) N ion, (c) Li ion implantation, (d) distribution of the defects (Vz» and Vo).
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Table 8.2 Outcome of the statistical parameters in SRIM calculation.

lon N Li
Projected Range (Rp) 226 nm 563 nm
Straggle 84 nm 179 nm
Skewness -0.2908 -0.5643
Kurtosis 2.6125 2.9775

Table 8.3 Outcome of displacements, vacancies, and replacement collisions in SRIM

calculation.

lon N Li
Displacements/lon 463 236
Vacancies/lon 472 240
Replacements/lon 9 4

According to the Table 8.3, the displacements, vacancies and replacements collision events are
always more for N ions than the Li ions as the N ions are heavy in mass than that of Li ions.
The depth profiles of the implantation-induced vacancies (Vzn and Vo) are also Gaussian type
as shown in Fig. 8.1(d) for both the ions. The vacancy distributions are extended up to a depth
of ~400 nm for N ions and ~850 nm for Li ions, which implies that the implantation-induced
vacancies are present along the entire length of the NRs and the number of Vz, is always much
higher than that of Vo at any fluence. Another noticeable point in Fig. 8.1(d) is that a higher
fraction Vzn and Vo are found near the subsurface region for N implantation compared to that
for Li implantation, which indicates that N ions are more damaging for ZnO compared to Li

ions of same energy.

The XRD patterns of the pristine as well as co-implanted and subsequently annealed
samples are presented in Fig. 8.2(a), which indicates the presence of well distinct, sharp and
narrow peaks. These peaks correspond to the diffractions from the (0002), (1011), (1012),
(1013) and (1120) planes of hexagonal wurtzite ZnO (JCPDS card No. 36-1451). The
diffraction peak corresponding to the (0002) plane is the strongest for all the samples, which
indicates that the preferred orientation of ZnO NRs along the <002> direction remains

unaffected after co-implantation and all the samples retain the same wurtzite structure. Any

[182]



Chapter-8

extra diffraction peak due to N and Li-related impurities or any secondary phase is not observed
in the XRD patterns. An enlarged view of the (002) peak of all the samples is shown in Fig.
8.2(b). The intensity of the (002) peak decreases distinctly, which indicates the formation of
structural damages in NRs due to co-implantation [26]. Since the atomic radius of N atom is
greater than that of O atom, but smaller than that of Zn atom, the substitution of N at O sites or
the incorporation of N at interstitial sites in ZnO is likely to induce a peak shift towards lower
angle [27-30]. On the other hand, Li doping in ZnO should lead to a shift in the peak position
towards a higher 260 value because of the smaller ionic radius of Li!* than that of Zn?* [31-33].
As seen in Fig. 8.2(b), the (002) peak shifts towards lower 20 value up to fluence 5x10
ions/cm? as compared to pristine and then it starts to shift in reverse (towards higher 26 value).
Therefore, it can be concluded that the effect of Li ion implantation becomes prominent at

higher fluence.
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Fig. 8.2 (a) XRD patterns, (b) the enlarged view of (002) peaks of pristine and co-implanted
Zn0O NRs.

Due to the lower angle shift, the c-axis lattice parameter (c) increases and a tensile strain (g)
arises, which have been plotted with fluence in Fig. 8.3(a). In Fig. 8.3(b), it is seen that the
value of FWHM of the (002) peak decreases up to 1x10% jons/cm? and beyond which it
increases. At higher co-implantation fluence, the creation of point defects causes strain which
causes change in the FWHM values of (002) diffraction peak [34]. Considering the (002) peak,
the average crystallite size (D) has been estimated using Debye-Scherrer’s formula described
in the chapter 3. The value of D decreases till 1x10%° jons/cm?and then it increases, which is

shown Fig. 8.3(b). The values of dislocation density (8) have also been calculated. As shown
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in Fig. 8.3(b), the value of & increases as the co-implantation ion fluence increases up to fluence

1x10'® ions/cm? and thereafter however it decreases.
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Fig. 8.3 The variation of (a) c-axis lattice parameter, strain, and (b) FWHM of (002) peak,
crystallite size, and dislocation density with co-implantation fluence.

Fig. 8.4(a) shows the XPS full survey scans of pristine and a representative co-implanted
sample LiN515. The XPS scans were taken by removing the undesired particles from the
sample’s surface using sputtering for ~100 s. The C 1s binding energy level at 284.5 eV has
been used as a reference energy level. The XPS peaks corresponding to different core levels of
O and Zn such as O 1s, Zn 2p are found clearly for all the samples in Fig. 8.4(a) [35]. The N
1s XPS spectrum of LiN515 as shown in Fig. 8.4(b) reveals a single peak at 399.5 eV. The
origins of N 1s peak at 399.5 eV peak is generally ascribed to the No acceptor [27, 36, 37].
According to chapter 6, the local environment of No at 399.5 eV is O-rich (i.e., O-Zn-N bond).
Any XPS peak corresponding (N2)o donor has not been found. A broad peak in the region
between 53.5 and 56.5 eV due to Li 1s can be deconvoluted into two Gaussian peaks, P1 and
P, in Fig. 8.4(c). The peak P1 at 55.7 eV is related to Li** in Zn?* site bonded to O [33]. The
peak P2 at 53.4 eV is usually attributed to Lii [33]. Thus, Liz, is expected to form acceptor state
in the co-implanted sample, although a little amount of Li; remains left in the co-implanted
NRs. As both No and Lij are present in the co-implanted NRs, the No-Lii complex may be
formed, which decreases the concentration of Li; as well as and limits the generation of (N2)o
donors. The absence of (N2)o in the samples also satisfies this prediction. Similar to the
previous chapters, the asymmetric O 1s XPS peaks of pristine and LiN515 are deconvoluted
into three Gaussian peaks, as shown in Fig. 8.4(d-e), where it is seen that Vo defects in LiN515

is higher than that of the pristine, suggesting that excess Vo defects are produced due to co-
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implantation. This is in accordance with the SRIM result. The atomic concentrations of N and

Li are about 0.23 at.% and 0.12 at.%, respectively for Li515, which are close to SRIM results.
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Fig. 8.4 (a) XPS survey scan of pristine and Li515 respectively, (b) N 1s of LiN515, (c) Li
1s of LiN515, and (d)-(e) The Gaussian fittings of O 1s XPS peaks of pristine and LiN515

respectively.

Fig. 8.5(a) represents the RT Raman scattering spectra (200-800 cm™2) for all the samples.

The assignments of the peaks have been carried out in the previous chapters. However, two

main Raman modes at 437 cm* and at 579 cm™* are observed in this co-implantation case. The
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high intensity of E.™9" represents high crystalline order in ZnO [38]. The Raman mode in the
range of ~510-605 cm* peaking at around 579 cm™* is the cumulative effect of several disorder
activated Raman modes as reported by the previous reports [25, 39]. The inverse-correlation
between the intensities of 579 cm ™ and 437 cm™ is seen in Fig. 8.5(a), which is quite obvious
as the disorder increases with an increase in the co-implantation ion fluence. This confirms that
the crystallinity of the implanted samples is reduced as well as more lattice disorder are
introduced with an increase in co-implantation fluence. This is at par with the XRD results. In
chapter 6, a Raman mode at 275 cm™* has been reported for the N implanted NRs. Interestingly
this mode is absent in the N-Li co-implanted samples. It was discussed that though the origin
of 275 cm™! Raman Mode is controversial, the Zni—No defect complex is mostly believed to be
responsible for this Raman mode [40]. The absence of 275 cm™* Raman mode in the present
case probably indicates that the Zni—No defect complex might be decomposed into isolated No
and Zn; due to further Li implantation. The broad band has been deconvoluted into three
Gaussians peaks entered at around 543, 560, and 579 cm™ respectively for all the samples [25,
41-43]. The assignments of these modes have already been done in the previous chapters. The
specified area under 560 cm ™ and 579 cm™ peaks for different co-implantation fluences are
presented in the bar diagram in Fig. 8.5(b), which shows that the peak area under both 560
cm and 579 cm™! modes increases as the fluence increases. This result indicates that the
concentration of both Zn; and Vo defects increases with an increase in the co-implantation
fluence, which is at par with the XRD and XPS results.
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Fig. 8.5 (a) RT Raman spectra of pristine and N-Li co-implanted ZnO NRs, (b) the variation

of the area under 560 and 579 cm™ mode for all the samples.
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The RT PL spectra of all the samples have been illustrated in Fig. 8.6 (a), wherein a strong
peak at ~3.28 eV corresponds to the NBE emission and a broad emission in the visible region
from 1.75 to 2.85 eV is linked to the DL emission [44, 45]. Inge is maximum for pristine. As
soon as the NRs are co-implanted with N-Li ions, Inge starts to decreases from the very first
fluence and it continues as the co-implantation fluence increases. The NRs implanted with the
fluence 5x10%° ions/cm? (LiN515) possesses minimum Inge, indicating the presence of large
number of structural defects. Similar to Ingg, IoL is found to decrease as compared to pristine
with an increase in the co-implantation fluence. Pristine shows yellow-orange DL emission at
~2.15 eV, while the co-implanted NRs exhibit peak green emission at ~2.48 eV. The
transformation of the yellow-orange emission to the green emission is again a clear indication
of the changes in structural defects. As discussed in the earlier chapters, Vzn defects are mostly
claimed to be responsible for the green emissions [46, 47]. Formation of Vz, is more likely in
co-implanted NRs, which gives rise to the green emission. The ratio Inge / IpL has been
expressed by a bar diagram in Fig. 8.6(b). It is found in Fig. 8.6(b) that the ratio Inge / lpL is
maximum for pristine. The ratio continues to decrease as the co-implantation fluence increases.
The concentration of point defects increases with an increase in the co-implantation fluence,
which are not repaired completely even after annealing treatment. The large concentration of
the point defects merges to larger open volumes defects, which act as non-radiative

recombination centres and reduces the ratio Inse / IpL.
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Fig. 8.6 (a) RT PL spectra of pristine and N-Li co-implanted ZnO NRs and (b) bar diagram

representation of the ratio Inse / loL at various fluences.
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8.4 Conclusions

In conclusion, the formation of defects and their interactions in 100 keV N-Li co-implanted
ZnO NRs have discussed using various experimental techniques. SRIM has also been used to
evaluate the quantitative energy loss, the distributions of the implanted N and Li ions and the
point defects along the target ZnO NRs. The implantation-induced structural disorders increase
with an increase in co-implantation fluence. Between N and Li ions of same energy, N ion
implantation produces more damages in ZnO compared to Li ions. The implanted N ions
substitute at O site forming No and a considerable fraction of implanted Li ions is incorporated
into Zn?* site forming Lizn acceptor. No (N2)o donor is found in the co-implanted NRs. Thus,
both the acceptors No and Lizn are produced in Li-N co-implanted ZnO NRs and the formation
of No-Li; complex has been predicted. The appearance of a green PL emission indicates the
formation of Vz, due to co-implantation. Thus, the experimental and simulation results
combinedly confirms that the acceptor states are produced in ZnO NRs due to N and Li co-

implantation along with the production of other structural defects.
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» Summary

The evolution and interactions of various point defects in ZnO nanoparticle thin films and
1D NRs implanted with both donor and acceptor dopants have been presented in this thesis via
the characterizations of structural, electrical and optical properties. The essence of the
noteworthy outcomes of the works described in the chapters 4 to 8 is summarized below.

Al implantation in sol-gel ZnO thin films lead to the formation of structural defects causing
modification in the electrical and optical transmission properties. For the highest fluence (6
x10'® jons/cm?), the sheet resistance is found to be 156 Q/sq with an average visible
transmission of 82%. The high figure of merit value of the Al implanted ZnO films indicates
not only a probable use of the films as a TCO layer but also offers an opportunity to control
the conductivity along with its transparency. The healing of Vz, defects has been seen to
enhance the conductivity of the implanted films further.

A dramatic improvement in the RT PL properties has been observed due to formation of
neutral Al donor bound excitonic recombination centers for the lower fluence Al implanted
ZnO NRs. For higher Al fluence, the formation of non-radiative recombination centers on the
surfaces of ZnO NRs are formed causing reduced PL properties. This comprehensive study
provides a significant novel route for utilizing the Al implanted ZnO NRs in solid state lighting
applications.

In case of N implantation in ZnO NRs, the ion-induced structural damages are increased
with an increase in N ion fluence and these structural disorders have been seen to be related to
various N-related defect complexes. The implanted N ion substitutes at O sublattice and No
acceptors are formed. Under the presence of No acceptors and implantation-induced Vz,, the
formation of No-Vzn shallow acceptor complex has been predicted. Among various post-
implantation annealing ambiences, an annealing separately in Ar and Oz generates only No
state, while an annealing in excess Zn ambient produces an unwanted (N2)o donor state. In
addition, Oz and Ar play a key role to stabilize the N dopants in ZnO via suppressing Vo and/
or preserving the concentration of N-related acceptors in the ZnO NRs. These findings
demonstrate a way to tailor the nontrivial compensating point defects in case of p-type doping
using group V elements in ZnO.

In case of Li implantation in ZnO NRs, the implantation-induced structural point defects
have also been seen to be increased drastically with an increase in the fluence. The substitution
of Li at Zn sublattice forms Liz, acceptor. Due to the both of formation of acceptors and various

implantation-induced defects, the Li implanted NRs are electrically highly resistive. The
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transformation of the yellow-orange PL emission into a green emission in the Li implanted
NRs is due to formation of large number of Vz,. This study can help one to understand the
formation and evolution of point defects when the p-typing of ZnO NRs is performed using
group I ion implantation.

In case of co-implantation in ZnO NRs with N and Li ions, it has been seen that N ions
produce more structural damages as compared to Li ions of same energy. The overall structural
damages are increased significantly with the increase in the fluence. Both No and Liz, acceptors
are produced in N-Li co-implanted ZnO NRs. The No forms Li; —No complex with the Lii and
thus the concentration of Li;j and the possibility of the generation of (N2)o donors are reduced.
Therefore, Lizn acceptor still exits and may contributes to creating p-type ZnO NRs. As a matter
of fact, this N-Li co-implantation technique can be beneficial for obtaining stable and
reproducible p-type ZnO NRs.

Thus, the postgrowth doping strategy by ion implantation can open up a new avenue in the

quest of high-efficiency device applications of nanostructured ZnO.

» Future scope

From the summery of the thesis work, the future directions for utilizing ion implantation

for achieving ZnO-based high-performance devices may be summarized as follows:

(i) The impact of ion implantation on the functionality of ZnO still requires more
investigations. As a result of energetic ions irradiation, defect states, and electronic
structures are modified along with possible local lattice distortions. It can be interesting
to distinguish the individual radiation effects and identify the corresponding critical
changes, which may lead to new properties of ZnO. The combination of advanced
material characterization techniques and modeling approaches may help one to
understand various radiation effects and their impact on the electrical and optical
properties of ZnO.

(ii) It is still challenging to precisely tune the local properties of ZnO nanostructured thin
films for practical applications. The irradiation parameters, such as ion species and their
energies and fluences, intensely affect the properties of implanted ZnO nanostructures
and hence influence its device performance.

(iii) Channeling effect should be reduced to obtain precise doping profiles. The most
effective way to obtain doping profiles is to choose proper tilt and twist angles. This

aspect needs to be exploited to reduce damage in ZnO crystals.
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(iv) The in-situ characterization techniques can help us to further understand the continuous
change process of atomic structures and the relationship between them and the
evolution of defects in ZnO.

(v) Finally, ion implantation is undoubtedly a potential and efficient tool that can be
extended to many other functional oxides to modify materials at multiple levels. It can
be believed that the development of ion beam technology will attract more attention

and provide more opportunities for a wide range of material research fields.
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