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Synopsis

Since last few decades, direct and wide band gap semiconductor-based nanostructures and thin
films have been studied extensively for various optoelectronic, photonic and electronic device
applications including phonon tunnel devices, lasers, optical switches, field emitter etc [1-4].
At nanoscale regime, these semiconducting nanostructures often exhibit distinct properties
from their bulk counterparts due to their size, shape, surface roughness, crystal defects and
surface area to volume ratio [5, 6]. Therefore, by tuning preceding described parameters semi-
conducting materials can be potential candidates for various device applications like optoelec-
tronic, photonic, sensors, solar cells, semiconductor memories. Often, crystal imperfections
introduce unexpected phenomena in nanostructures unlike their perfect nanocrystals [6]. Thus,
for technological aspects, the high-speed performance of nanoscale devices is desired and for
that, better understanding of effects of crystal imperfections on their optical and electrical prop-
erties is indeed requisite. Except for the application based feasibility, crystal imperfections in
semiconducting nanostructures also play a vital role in various fundamental theoretical con-
cepts of Physics like electron-phonon coupling, electronic band structure, exciton emission,
excitonic fine structure and recombination dynamics etc. This thesis is devoted to defects driven
phenomena (applications) in ZnO nanorods. For this purpose different ZnO nanorods includ-
ing twin nanorods, nanotapers, and nanorods have been grown by the wet chemical method
on thin ZnO seed layer coated Si and Indium Tin Oxide (ITO) coated glass substrates. Ex-
tended and point defects in nanorods were incorporated intentionally. In the case of the ex-
tended defects, we introduced defects in ZnO nanorods by two methods. In the first method,
a thin amorphous layer of ZnO was sandwiched between two identical crystalline segments
of ZnO nanorods, which we called twin nanorods (TNRs) and in second method we coated
Au nanoparticles on the surface of vertically aligned nanotapers. The point defects were cre-
ated by adding impurities into host matrix using chemical doping route, and ion implantation
technique. For the growth of TNRs, a simple hydrothermal reaction method was used, which
allowed us to engineer the amorphous and the crystalline sections of nanorods via reaction tem-
perature. A systematic study of the morphology and dimensions of the nanorods grown under
various conditions was performed using a combination of scanning and transmission electron
microscopes. Transmission electron microscopy (TEM) clearly showed an amorphous sepa-

ration between the two crystalline segments of ZnO. The study of an optical band of TNRs
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showed a redshift as a function of growth duration, which indicates slightly stressed growth
of the crystalline segments. For longer growth duration, lateral growth of crystalline ZnO
over amorphous gap fills the separation between two crystalline segments, and as a result the
redshift in optical band gap saturates. The saturation in optical band gap confirms a true me-
chanical gap between the two crystalline segments of the nanorods. The room temperature
photoluminescence (PL) spectra of TNRs exhibit a strong near band edge (NBE) emission with
convoluted phonon side bands. Deconvolution analysis of these PL spectra showed that be-
yond a certain thickness, the amorphous interlayers becomes transparent for phonon modes.
Results show that such oriented crystalline-amorphous-crystalline (CAC) structures may be a
suitable test system for fundamental studies of phonon tunneling in nanorods. Obtained results
showed the viability of engineering embedded interfaces via chemical routes. The temperature
dependent PL spectra of these TNRs showed variation of free exciton (FX) emission energy,
which fitted perfectly with a model including lattice dilation with the standard electron-phonon
interaction. In low-temperature regime (below180K) different visible emission peaks appear,
due to the localization of defect centers and a loss in NBE emission intensity was observed
as a consequence of a non-radiative carrier transfer from the conduction band to the defect
centers. The enhanced exciton-acoustic phonon coupling strength obtained from temperature
dependent linewidth of the FX peak supported our argument for non-radiative carrier trans-
fer to defect centers. Confocal temperature dependent PL spectra of these TNRs recorded at
an excitation energy 3.49 eV showed weak asymmetrical FX emission followed by a stable
and strong red emission. Deconvolution analysis of FX emission peaks exhibits weakening of
electron-phonon coupling at higher temperature range. The calculated integrated intensity ratio
of red emission to FX emission showed a noticeable change in magnitude for the temperature
range between liquid Nitrogen temperature to 175 K, which can be suitable for non-contact
cryogenic thermometry applications. In continuation of the role of crystal defects on optical
properties of ZnO nanorods, we doped ZnO nanorods with Mn dopants at four different dop-
ing concentration (0.5, 1.5, 2, and 2.5%) and compared their nonlinear optical behavior with
as-grown ZnO nanorods. In this study, Mn-doped ZnO nanorods were grown on ITO coated
glass substrates using low-temperature aqueous growth technique. UV-Vis absorption spec-
troscopy showed that after Mn doping the absorption edge of ZnO nanorods exhibit redshift,
which remains almost constant for all doping concentrations. The measured absorption edges

of Mn-doped nanorods closely matches with the Zn/O vacancies, and we expect a two-photon
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absorption (TPA) in these nanorods, when to shine with frequency-doubled near-infrared lasers
of wavelength 532 nm. Except for TPA, the defect states may also enhance the efficiency of
the non-resonant nonlinear optical process. The nonlinear optical measurements were carried
out using Z-scan technique in which a Q-switched diode-pumped solid-state laser (A = 532 nm)
emitting linearly-polarized, sub-nanosecond pulses in a TEMg, mode intensity profile was used
an excitation source. The pulse energy varied from 1 pJ to 125 J for the measurements with
pulse width t, ~ 0.7 ns at 40 Hz repetition rate to minimize the impact of thermally induced
optical nonlinearities. The beam was focused to a spot size of wy ~ 45 m using a converg-
ing lens (f = 150 mm) which resulted in a Rayleigh length (z = m,ug/)\) of ~ 12 mm, which
ensured negligibly small “sample + substrate” thicknesses compared to zy. The samples have
translated a distance of 100 mm through the beam focal point and the transmitted power in
an open-aperture (OA) as well as in a closed-aperture (CA) configuration was measured using
a fast photodiode sensor. In nonlinear measurements, all samples showed a self-defocusing
effect with the significantly higher nonlinear refractive index as compared to ZnO thin films.
Un-doped and 0.5% Mn-doped nanorods showed TPA features although saturable absorption
behavior was observed for other doping concentrations. Additionally, the difference in non-
linear absorption response for OA measurements, the magnitude of TPA absorption coefficient
(8) for varies slightly against Mn concentration in ZnO nanorods. The investigations suggested
that Mn-doped ZnO nanorods can be employed for designing ultrafast photonic devices like
optical switches, optical limiters, and efficient optical phase shifters. Since coating of metallic
nanoparticles on the surface of nanostructures modifies the surface states, which induces un-
usual changes in the electrical properties of nanostructures. In the same spirit, hydrothermally
grown, ZnO nanotapers were coated with Au films of two different thicknesses of 3 and 5 nm.
The uneven surface and rotation of substrate (20 rpm) caused the formation of Au islands on
nanotapers, evaporated by electron beam technique. Since the metal coating may induce mid-
gap states at the ZnO-Au interface, which essentially lowers the effective work function (®) of
nanotapers. A direct measurement of ®, using Kelvin probe force microscopy indeed showed
a drop of 0.14 and 1.12 eV for 3 and 5 nm Au-coated samples respectively. Synchrotron radi-
ation based, extended x-ray absorption fine structure spectroscopy measurements showed that
Au decoration on ZnO nanotapers affected the bond length of both the Zn-O and Zn-Zn shells.
Apart from that, a change in DebyeWaller factor (02) indicates that Au decoration introduced

disordered environment at Au-ZnO interface. The field emission studies on these Au-decorated
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nanotapers showed significantly low turn-on fields compare to as grown nanotapers, and the
tunneling atomic force microscopy measurements revealed a very uniform spatial emission
profile for 5 nm Au-coated nanotapers which are essentially required for large scale efficient
applications. From our experimental findings, we conclude that Au decoration on ZnO nan-
otapers, induced mid-gap states at Au-ZnO interface, and are responsible for lowering the P,
which promoted enhanced field emission characteristics. In general, ZnO nanostructures show
n-type conduction owing to the presence of intrinsic defects in the crystal including Zn intersti-
tials (Zn;), Oxygen vacancies (Vp), Vo complexes and residual impurities, the deep acceptor
levels, low dopant solubility, which are also the bottlenecks for the p-type conduction. How-
ever, several experimental efforts have realized p-type conduction in ZnO nanostructures by
various methods like doping of group V elements, N-implantation, Li doping and growth of
Zn0O nanostructures in Oxygen rich environment, wet chemical method etc. In order to con-
quer the low dopants solubility and achieve high-quality p-type conduction, ion implantation
is suitable and widely used technique due to its ability of dopant selectivity and precise depth
distribution features. The depth distribution feature may allow the formation of p-type ZnO
over a selected depth, by which tandem p-n junctions can be formed in single ZnO nanostruc-
ture. With the same spirit, we successively implanted ZnO nanorods by O ions of two different
energies (50 and 350keV respectively) with a fixed ion fluence 5 x 10'% ions/cm?®. The SRIM
simulation showed that the maxima of distribution of O ions of energies 50 and 350keV are
separated by 400 nm, which suggests that the successive implantation are leads to the forma-
tion of oxygen-rich/As grown/oxygen-rich/As grown tandem structures in ZnO nanorods. The
room temperature PL spectra showed that after O" implantation the NBE emission is com-
pletely suppressed as a consequence of the formation of competing non-radiative transitions
which reappear followed by a dominant visible emission band, after annealing the samples in
vacuum at 500°C for 3 hours. The deconvolution analysis of post-annealed PL spectra exhib-
ited six peaks centered at around 377 nm (3.29 eV), 385 nm (3.22 e¢V), 557 nm (2.23 eV), 600
nm (2.07 eV), 660 nm (1.88 eV) and 732 nm (1.69 eV). Which are attributed as free exciton
(FX) emission, longitudinal optical phonon mode (FX-1LO), transitions from conduction band
(CB) to oxygen interstitial (O;) and zinc interstitial (Zn;) to O,, transitions from CB to oxy-
gen vacancies (Vo) and V to valance band respectively. The deconvolution analysis revealed
that transitions initiated by O; dominate over UV and red emissions which are attributed to

acceptor levels in ZnO. In PL spectra, the relatively higher intensity of O; compared to Vo, is
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an indication of p-type conductivity in the annealed samples. The conducting AFM mapped
current images show that all the samples exhibit low-intensity current maps compare to pristine
sample and we attribute it as trapping of free charge carriers in the defect states introduced
by ion implantation. From mapped current images of implanted samples, the observed bright
contrast on side facets of nanorods indicates that more free charge carriers are present on side
facets. Comparison of I-V characteristics recorded from as grown and post annealed implanted
samples showed that all the samples exhibit formation of Schottky junctions between C-AFM
tip and nanorods, but as grown sample have low knee voltage than others. Thus on the basis of
our experimental findings we conclude that p-n-p-n tandems are fabricated in ZnO nanorods by
successive O implantation. In summary, the experimental findings of this work indicate that
defects created in ZnO nanorods lead to modifying their optical and electrical properties which
can be used in various ZnO-based devices applications like phonon tunnel devices, optoelec-

tronic, photonic, field emitting devices, electronic devices etc.
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Chapter 1

Introduction

Materials at nanoscale length exhibit distinct physical, chemical and mechanical properties
from their bulk counterparts, owing to their size, shape, and surface area to volume ratio. In
nanostructures, crystal imperfections often add/modify many important crystal properties, un-
like their perfect nanocrystals [1]. The magnitude of these properties far exceeds that from their
perfect nanocrystals. Thus, their in-depth understanding is essential for both the technological
aspects and fundamental theoretical concepts of physics. Despite several reports on defects
induced phenomena in nanostructures, a systematic study of influence of crystal imperfections
on crystal properties is still remains an open topic for research [2—4]. A systematic approach
on proving crystal imperfections over available large surface area of nanostructures can bring
an upsurge for both the fundamental physics and nanotechnology applications. The funda-
mental importance of one-dimensional (1D) inorganic semiconductor nanostructures of diverse
morphologies including nanorods, nanotapers, nanotubes, nanobelts etc. in nanoscience, and
their wide range of technological applications in nanotechnology have received much atten-
tion [5-11]. Among the wide range of inorganic semiconductor nanostructures, ZnO based
1D nanostructures are of immense interest owing to their applicability in versatile applications
like optoelectronic, photonic, electronic devices, sensors [8—25], and are in trend for different
research interests. In order to utilize the extended and point imperfections in the optical and
electrical device applications this work is focused on the engineering of these defects in the
matrix of ZnO nanorods by using different methods.

In material point of view, ZnO is a direct and wide band gap semiconductor having peerless
material properties suitable for versatile applications [26,27]. At room temperature (RT), its
direct and wide bandgap of around 3.4eV along with large exciton binding energy of 60 meV

enables it a suitable candidate for RT optoelectronic and photonic devices [13—18]. Its high



cohesive energy enables it as highly mechanical stable and the non-toxic nature makes it as
an environment-friendly material. The absence of inversion symmetry incorporates inbuilt po-
larity in the ZnO matrix, which causes the excitation of phonon modes, suitable for phonon
based optical studies. Except for the inbuilt polarity, the absence of inversion symmetry makes
it a suitable material for both the piezoelectric and nonlinear optical studies also. The ZnO
exhibit inherent n-type conductivity nature and can be easily doped with n-type dopants like
Al In, Ga, Si etc. [28-32]. The ZnO doped with n-type dopants can be used as a cost-effective
alternative to ITO for transparent conducting electrodes due to its highly conducting nature and
transparent behavior in the visible region. In literature, ZnO nanostructures and thin films have
been grown by various methods including wet chemical, molecular beam epitaxy (MBE), sput-
tering, pulsed laser deposition (PLD), atomic layer deposition (ALD) etc [33-38]. Depending
on the degree of defects, the optical and electrical properties of ZnO nanostructures and thin
films can be tailored, irrespective of intrinsic or extrinsic in nature. The degree of intrinsic de-
fects/disorders in ZnO nanostructures and thin films depends on many factors including growth
temperature, the vacuum of the deposition chamber, method of preparation, mismatch between
the lattice parameters of ZnO and substrate used for the growth etc., whereas the extrinsic de-
fects/disorders are artificial and their characteristics depend on the nature of dopant/impurity.
Band gap narrowing/broadening and emission of different deep level emissions are few ex-
amples of the influence of defects on the optical properties of ZnO nanostructures and thin
films [39,40]. The presence of defects may provide additional free charge carriers and their ex-
cess presence may bring a transition from semiconductor to the metallic phase [41,42]. In case
of higher defect density, the charge carriers can be strongly localized resulting the transition

from semiconductor to insulator phase [45].

1.1 ZnO: A promising direct and wide band gap semicon-
ductor

ZnO is known for its potential in efficient optoelectronic and photonic applications with high
carrier mobility, high electrical breakdown voltage, high melting point, and strong RT lumines-

cent properties [15,26,43,44]. This section is devoted to the general properties of ZnO.



1.1.1 Crystal structure

Zn0 is a II-VI binary compound semiconductor sharing three different crystal structures named
as wurtzite, zinc blende, and rocksalt (or Rochelle salt). In all these structures each anion is
surrounded by four cations at the corners of a tetrahedron, and vice versa [26]. The tetrahedral
coordination of ZnO shares sp® covalent bonding. A report by Ozgur et al. [28] state that it’s
between covalent and ionic bonding. Under different ambient conditions, the wurtzite structure
of ZnO is a thermodynamically most stable phase, whereas the zinc blende and rocksalt phases
are stable only for the growth on cubic substrates and relatively high pressure, respectively.
The unit cell of wurtzite structure of ZnO is hexagonal in nature and belongs to the space group
c?w or P6smc. In wurtzite structure, there are three parameters which describe the lattice: a,
the length of sides of the basal plane, ¢ (c/a = \/8/_3), the height of the hexagonal cell, and the
internal parameter u. The internal parameter (u) is defined as the length of the bond parallel to

the c-axis divided by the lattice parameter c.

Dangling Bonds

RV

T
Seve

Figure 1.1: (a) Schematic diagram of a hexagonal wurtzite crystal structure. The blue solid
lines show its unit cell of hexagonal structure. (b) shows ...ABABAB... stacking of atoms in
hexagonal structure.

The schematic picture of the conventional wurtzite structure of ZnO is shown in figure
1.1(a), where the wurtzite structure is made of two interpenetrating hexagonal close-packed
sub-lattices and each atom shares tetrahedral coordination. In each sub-lattice there are four
atoms per unit cell and each atom of group II is surrounded by the four atoms of the group VI,
or vice versa [26,28]. Figurel.1(b) represents the ABABAB type stacking of Zn and O atoms

(through dangling bonds) along the c-axis. In wurtzite structure, the crystallographic vectors



@, b and & are described as @ = a(1/2, \/3/_2 0), b= a(1/2, -\/3/_2, 0), ¢=a(0, 0, c/a) and the
cartesian coordinates of basis atomic sites are (0, 0, 0), (0, 0, uc), a(1/2, \/3_/6, c/2a) and a(1/2,
\/%, [u+1/2]c/a). A brief comparison of the major properties of ZnO with other generally
used semiconductors is summarized in table 1.1, where ZnO turns out to be a multifunctional

material suitable for various applications [44,46-50].

Table 1.1: Comparison between basic physical properties of ZnO and other widely used
semiconductors.

Physical Property Si AIN GaAs GaN ZnO TiO,
Electronic band structure Indirect direct direct direct direct quasi-direct
Band gap (eV) 1.1 6.2 1.4 3.4 3.37 3.03,3.20
Exciton binding energy (meV) - 57 4.8 22 60 130
Bohr radius (nm) 5 1.9 14 2.9 1.4 1.5
Breakdown field (MV/cm) 0.3 1.8 0.4 3.0 - -
Thermal conductivity(W/cm.K) 1.5 2.9 0.5 2.1 0.6-1 0.58
Dielectric constant (¢,.) 11.8 8.5 12.8 8.9 10.4 17.0

1.1.2 Optical properties

The direct band gap characteristics of ZnO aligns the minima of the conduction band (CB)
and maxima of valance band (VB) at the I' point of the Brillouin zone, which allows the deep
UV absorption from VB to CB and NBE emission from CB to VB. The VB and CB of ZnO
comprise of filled 2p states of O?~ and empty 4s states of Zn?* respectively, where the VB
further splits into three sub-bands because of the spin-orbit (S.O., as shown in figure) and
crystal field splitting. The excitonic transitions taking place from these sub-bands are marked
as A, B, and C, and the schematic of these excitonic levels in the valence band is shown in figure
1.2. The splittings of A-B and B-C exciton levels are associated with spin-orbit splitting and
crystal field splitting respectively, which are of magnitude ~ 6 meV and 38meV respectively.
[28]. The electrons in CB experience the Coulombian force caused by the presence of holes
in the VB, which may lead to the splitting of CB (0.22eV) as shown by dotted line in the
figure 1.2. The absorption of a photon of energy equal or greater than the band gap generates
electron hole pairs in CB and VB, respectively, forming the hydrogenic bound states (exciton)

as a consequence of Coulomb interaction between them.
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Figure 1.2: Schematic diagram of band splitting in E-K diagram of a direct band gap semicon-
ductor.

The binding energy of an exciton can be described in a similar fashion like a hydrogen atom

and is described as follows:

Eegciton = _2h2€2n2 = - n2 (1.1)

Where, e, h, € and n are electronic charge, the Planck constant, dielectric permitivity of ZnO,
and principal quantum number, respectively. The effective reduced mass of the exciton is
represented by p* and is expressed as following:

1 1 1
% me mh

Here, m} and mj, represent the effective mass of electrons and holes, respectively. The high
exciton binding energy (60 meV) of ZnO preserves its excitonic transitions even at above room
temperature, which are desired for operating optoelectronic and photonic devices at room tem-
perature [27]. The line width of excitonic transitions (at [' (k=0) point) exhibits temperature
dependent behavior, which normally broadens with increasing temperature [45,51]. The ex-
citonic transitions associated with the levels n > 1 can be seen in low temperature optical
absorption/emission spectrum of pure ZnO crystals. However the population of excitonic tran-

sitions associated with higher n values is quite low compare to n = 1 [52]. The ionic bonding
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between cations and anions of ZnO leads them to vibrate in opposite directions to each other,
resulting in a long range polarization field and is considered as a superposition of longitudinal
optical (LO) phonons. The scattering of free excitons from these LO phonon modes results in
LO phonon assisted excitonic transitions. The energy of these transitions in optical emission

spectrum is described as following [39]:
hv = Eg - Eezciton - nthO (13)

where, hv, E,, nhw;o are energy of LO mode mediated excitonic feature, band gap and en-
ergy of LO phonon mode of corresponding n value, respectively. The excitons screen strong
influence of defects/impurities present in ZnO matrix and are normally trapped inside them.
The trapped excitons give rise to bound excitons and are called donor or acceptor bound ex-
citons, depending on the nature of defect state. Sometimes, bound excitons form two electron
satellites (TES), in which the excitons associated with neutral donor bound states recombine
by leaving donor in an excited state. The transition energy of TES is less than the transition
energy of donor bound excitons (DBE) [28]. Although the bound excitons are localized in
trapping centers, but at the higher temperature they decay to free exciton states. The spread
of kinetic energy of bound excitons is quite small resulting in narrower transitions compare to
free excitons. Normally, the LO phonon replicas of bound excitons of ZnO can be observed
in low-temperature (liquid helium temperature) photoluminescence spectrum. Except for the
DBE donor-acceptor pair (DAP) transitions are also observed in ZnO, in which the excitonic
transitions take place between shallow donor and acceptor species. Apart from such transitions,
other defects/impurities mediated emissions in the visible range including green emission, red
emission, white emission, orange emission are also seen. Such emissions are associated with
various vacancies or interstitial like Zn vacancy (Vz,), O vacancy (Vo), Zn interstitial (Zn;),
O interstitial (O;) and other extrinsic impurities [5S3-58].

7ZnO also shows nonlinear optical properties including second harmonic generation (SHG),
third harmonic generation (THG) owing to the non-centrosymmetric nature of wurtzite crystal
structure of ZnO. A perturbation in linear susceptibility caused by high external electric field
introduces nonlinear polarizability in the bonds of ZnO. The polarizability of higher order can

be expressed by Tailor series expansion of polarizability and is expanded as following:
P =eoxWE + eoxPE® + oxWE® 4 .. (1.4)
Where, P is polarizability, x is nonlinear optical susceptibility, €y is the permittivity of ZnO.
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Crystal defects / imperfections contribute to the nonlinear optical transitions in ZnO by provid-
ing some additional states/levels suitable for nonlinear transitions to take place. Despite few
reports on nonlinear optical studies on ZnO nanostructures including SHG, saturable absorp-
tion, two photon absorption, a detailed and systematic study of nonlinear optical transitions
based on crystal defects / imperfections is still an open problem [5,59-61]. In general, the
optical properties of ZnO are studied using absorption spectroscopy, photoluminescence and
Raman spectroscopy. From the analysis of the data of these techniques the information about
the optical transitions in ZnO like absorption edge, NBE emission, different exciton complexes,

phonon modes etc. can be extracted.

1.1.3 Electrical properties

Zn0O exhibit n-type conductivity and in literature the native defects (shallow donor levels) like
Zn;, Vo, zinc anti-sites, and deep acceptor levels are believed to be responsible for this char-
acteristics [27, 63—65]. However, there exist controversies on the contribution from the few
of these defects to the n-type conductivity. The first-principles based studies counter with the
logic that Zn; have high formation energy albeit it is a shallow donor, and even though V has
low formation energy, but a deep donor, which can hardly contribute to the high concentra-
tion of carrier electrons [2,66—71]. The calculations proposed other possible candidates like
unintentionally incorporated H impurities into an interstitial site or into the O site [72, 73],
metastable shallow donor state of the V [68], complex of Zn; [74], and Zn; stabilizes in the
presence of high concentration of the Vo [26]. In literature, some experimental efforts have
been carried out to obtain p-type conductivity in ZnO by using different methods like doping
of Li, group V elements, and Nitrogen implantation [76—81]. In these reports authors observed
that post-doping of above dopants, the concentration of hole charge carriers measured using
Hall measurements significantly increases. Except for these methods, creating O-rich envi-
ronment in ZnO matrix is an another possible method, where O; also contribute to the p-type
conductivity by acting as acceptor levels [18, 19, 21].However, the stability and reproducibility
of p-type conductivity in ZnO is still an open issue to be resolved. The deep acceptor levels,
intrinsic defects and low dopant solubility are the bottlenecks for the stable p-type conductivity
in ZnO [15]. In general, the electrical properties of ZnO thin films and nanostructures are stud-
ied using different techniques like Hall measurements, C-AFM, and typical I-V measurements

tools.



1.2 Defects in ZnO and their influence on its optical and elec-
trical properties

Defects/crystal imperfection (intrinsic and/or extrinsic) exhibit profound influence on optical
and electrical properties of ZnO nanostructures. For the successful utilization of these defects in
device applications, the in-depth understanding on their genesis, behavior and control over them
is essentially required. The native defects are often believed to be source of unconventional
properties of ZnO like inherent n-type conductivity, RT ferromagnetism etc. However, most of
the proposal are based on circumstantial evidences. In ZnO, typically Zn;, Vo, O;, Vz,, Zn
and O anti-sites are considered as native point defects. Before going into the details of native
defects in ZnO, theoretical understandings on their concentration and formation energy can
provide better insights. The concentration of native defects depends on the formation energy of

the respective defect centers and at thermodynamic equilibrium is described as following [2]:

—EJ
B

In above equation, the E/ and N,;,., describe the defect formation energy and the number of
sites where defects are incorporated, respectively. Essentially the formation energy of defects
is a controlling parameter for the different possible defects. As an example, forming a Vz,
requires removal of one Zn atom and the energy required for this which we called formation

energy is described as following [2]:
EN (V) = Ewa(VE,) = Biota(Zn0) + pon + ¢(Er + E,) (1.6)

Here, E; (V‘IZH) is the net energy of supercell which have V,,, in charge state q, E;q; (ZnO) is
the total energy of ideal ZnO crystal in the same supercell, ., Er and E, are zinc chemical po-
tential, Fermi level and maxima of valance band, respectively. Similarly the formation energy
of other defect states can be calculated by using the initial parameters of the respective defect
states. Among the native defects described in above the donor defects Zn;, Zn anti-sites and Vo
are associated with Zn excess and oxygen deficiency respectively, and the acceptor defects O,
O anti-sites and Vg, are associated with oxygen excess and zinc deficiency respectively. Nor-
mally, the Zn; and O; are located at the octahedral and tetrahedral sites, respectively. However,
the phonon calculations predict that the Zn; associated with the tetrahedral site are dynamically
unstable [17]. The first principle calculations predicted that oxygen vacancy has deep donor

level, and for any value of Ep each + charge state belonging to it is unstable [2, 66-69, 71].
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Later on this was experimentally verified by Vanheusden et. al. [87]. The first principle calcu-
lations have proposed Zn; as shallow donor. In the context of experimental verification, Look
et. al [88] reported its donor energy of 30 meV, which is roughly similar to the theoretical
predictions. At thermal equilibrium, the concentration of Zn; in n-type ZnO is quite low owing
to its high value of formation energy of amount 4eV. A report by Kim and Park et. al [26]
proposed that Zn; can be stabilized in the presence of high concentration of V. In the O-rich
environment, the formation energy of Vo and Zn; is about to zero and ~ 0.5 eV respectively,
whereas in the O-poor environment it is negative for both the Vy and Zn;. Hence, in p-type
Zn0O both the V and Zn; can strongly compensate for the holes. The theoretical calculations
suggest that in ZnO, V2, is a dominating acceptor type defects [2, 66—70] with the lowest for-
mation energy in the O-rich environment, whereas in the O-poor environment the high E/(~
4eV) is unfavorable for the formation of Vz,. The native defect Zn anti-site is defined as an
additional Zn ion situated at the O site. Theoretically it shows a transition level near the minima
of the conduction band, except for that it also has two deep levels which are located below the
middle of the band gap. The first principle calculations predict that in the n-type environment
the preferential formation of highly positive charge states leads to very low formation energy
of the Zn anti-site and negative formation energy in the O-poor environment [67]. With such
characteristics of E/ in the O-rich and O-poor environment, the Zn anti-site is also predicted
to compensate for the holes in p-type ZnO. In case of O;, theoretically, they are expected to
occur in various configurations like dumbbell [89] or split [2] interstitials, where an O ion is
located at the octahedral interstitial site and in O5 molecule-like configurations. In addition,
the octahedral interstitial configuration has higher E/ value than the V ,,, and propels two deep
acceptor levels [2]. The first principle calculations show that the split configuration exists in
the neutral charge state over the entire range of the Fermi level. The oxygen anti-sites are rarely
formed owing to their higher formation energy compared to oxygen interstitial [2].

In a real crystal of ZnO, except for native defects, extended defects often occur and are re-
lated to stacking faults, clusters of defects, interface disorder, random grain boundaries and
much more. Such defects are called as grown-in or process-induced defects and can be formed
by growth parameters, external mechanical forces, extrinsic doping etc. The extended defects
have significant impact on the optical and electrical properties of ZnO nanostructures and thin
films. From fundamental physics and device applications point of view, the extended and point

defects in ZnO nanorods are expected to play an important role on the optical and electrical



properties of ZnO nanorods. In this context, this thesis is focused on the engineering of both
the extended and point defects using different methods and studied their influence on the optical

and electrical properties of ZnO nanorods.

1.2.1 Influence on the optical properties of ZnO

At RT, the optical emission spectrum of a perfect crystal of ZnO exhibit only band to band
optical transitions, which are associated with exciton recombination. The band to band tran-
sitions are also called as near band edge emissions (NBE), which appear in the UV range of
electromagnetic spectrum. The presence of crystal imperfections incorporates localization of
charge carriers, which give rise to various additional optical transitions together between dif-
ferent defect centers and the valence band or conduction band. However, the strength of such
emissions depend on their localization energy. In a recent report by Singh et. al. [S8] (a part
of the thesis) showed temperature dependent quenching behavior of deep level emissions in
twin ZnO nanorods originating from extended crystal imperfections and attributed it to the
de-localization of imperfections at above certain temperature (180K). In literature, the optical
transitions associated with crystal imperfections are mainly classified into three color emission
bands named as: green, yellow, and red luminescence band [87,92,93].

In PL spectrum of ZnO, the green luminescence (GL) band genesis around between 2.4eV
and 2.5eV in the visible range of radiation spectrum, and there can be multiple sources for
the origin of this band including Vz,,, Vo [53, 54, 80, 87,90-93]. The first principle calcula-
tions by Janotti et. al. [67] predicted the GL emissions from Vy,,, where V4, level occurs at
2.5eV. Since the hydrogen atoms passivate the V2, in ZnO by establishing strong O-H chemi-
cal bonds [95]. The experimental efforts by Sekiguchi et al. [94] and Lavrov et al. [95] showed
robust passivation of GL using this concept, which reveals that V4, are responsible GL band.
The yellow luminescence (YL) in ZnO appears at around 2.2eV, with a large life time com-
pare to GL band [96]. The experimental results are in agreement with theoretical studies and
confirm that the YL originates from the transitions between shallow donor levels to deep ac-
ceptor levels associated with additional oxygen (O;) in ZnO [4,96,97]. However, a report by
Radoi et al. [99] proposes that dislocations related luminescence centres can also contribute
to the emission of yellow band. In PL spectrum of undoped ZnO, the red luminescence (RL)
emerges at ~ 1.75eV. The origin of RL is still under debate. Few reports attribute it to the
transitions from hybridized Zn; to Vg+, whereas few from C.B. to O; [100-102]. Except for
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the native point defects, extended defects/imperfections also modify the optical properties of
ZnO. These extended defects may include edge dislocation, slips, line imperfection etc. In this
thesis, we introduced extended defects in twin ZnO nanorods by sandwiching an amorphous
layer between two crystalline segments of nanorods, where the amorphous layer acts like a
phonon barrier and becomes transparent for phonons beyond a certain thickness of 10nm [24].
Subsequently we also showed that extended defects have a strong influence on NBE emission
of twin ZnO nanorods, where nonradiative optical transitions take place between minima of
the conduction band to defect states followed by radiative transitions from these defect states
to the maxima of valence band [58]. In a study by Azarov et. al [103] it has been shown that
extended defects can be utilized as trappers for highly mobile vacancies. In their study Azarov
et. al created extended defects in ZnO by the implantation of B and Ag, and trapped the Zn; by
using Li atoms as tracers.

Apart from optical emissions, defects/crystal imperfections also have significant impact on the
absorption of ZnO. Generally, a perfect crystal of ZnO, exhibit absorption in UV range of
electromagnetic spectrum. Imperfections/defects in ZnO, introduce modifications in the ab-
sorption spectrum, depending on their nature and concentration. Band tailing and band gap
narrowing/broadening are some of the exemplary phenomena caused by defects/crystals im-
perfections. The Burstein-Moss (BM) effect broadens the optical gap in ZnO, where with an
increase in donor concentration shifts Fermi level upward into the conduction band [104, 105].
In this process the Pauli exclusion blocking prevents transitions from valence band maximum
to conduction band minimum and transitions take place between the maximum of the va-
lence band and unoccupied higher states of the conduction band, resulting in an increase in
the band gap [104, 105]. The localized shallow donor and acceptor levels (Vo, V,) create
band tailing (Urbach tailing) in ZnO. In literature, experimental studies predict the band tailing
in ZnO due to cumulative effect of impurities, crystal imperfections, and exciton lattice inter-
action [104, 106]. In addition the lattice strain also causes the band gap narrowing/broadening

of the ZnO depending on its nature, tensile/compressible [107, 108].

1.2.2 Influence on the electrical properties of ZnO

As it is already discussed that defects in ZnO can alter the conductivity (n-type to p-type and
vice versa) of ZnO depending on their nature, formation energy, and concentration. In semi-

conductors, when concentration of donor/acceptor exceeds certain value depending on mate-
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rial, semiconductor to metal transitions may take place by following Mott-transition phenom-
ena [41, 109, 110]. However, for attaining Mott transition, the density of free electrons and
Bohr radius (aj) of donor/acceptor must satisfy the relation N'/3 az ~ 0.25. In case of ZnO,
theoretical Mott critical concentration value is &~ 5x 10" cm~3. However, the experimental
values may differ depending on the experimental conditions. In literature, several reports claim
semiconducting-to metallic behavior of ZnO by using different dopants [30, 111-113]. Report
by Brochen et al. [111] observed Mott-transition in Al and Ga doped ZnO thin films at critical
concentration of carriers = 4.2x10'® cm™3. Similarly, in other recent reports by F. Singh et
al. [112], Bhosle et al. [30] and Lu et al. [113] reported Mott-transitions in ZnO by doping of
Ni, Ga, Ti respectively.

The extended defects residing at the surface of semiconductors modify the surface electronic
states, causing modifications in the electrical properties. As an example the thin metallic layers
deposited on the surface of a semiconductor effectively tailors the interface properties of metal-
semiconductor interface [114—117]. The utmost accepted mechanism is metal induced mid gap
states caused by pinning of the Fermi level, where the pinning of Fermi level is introduced by
the persisting surface states. Such metal induced mid gap states leads to band bending at the
interface. A report by Heine [114] has shown that such band bending can reduce the effective
work function of the semiconductor leading to enhanced electronic activity of the semiconduc-
tors in response to external stimulus. Subsequent calculations and experiments by Nakato et
al. [116, 117] have shown that nano-scale metallic islands on a semiconductor surface, can also
result in very effectively band bending in the metal free part of the surface. Reports by Park
et al. and Sheng et al. have shown that coating of Au on ZnO nanorods and Ag on ZnO thin
films, respectively exhibit much improved electrical characteristics owing to the existence of
interfacial layer and surface states [118, 119]. A report by Brillson et al. reported the influence
of near-interface defects in Au-ZnO and Pt-ZnO diodes, on their Schottky barrier heights. The
results show that resident native defects in ZnO single crystals and native defects created by the

metallization process dominate metal-ZnO Schottky barrier heights and ideality factors [120].

1.3 Theme of the thesis

This thesis explores the engineering of extended and point defects in ZnO nanorods and their

applications in optical and electrical devices. In this context, the extended defects in ZnO

12



nanorods were created in two ways: (i) Twin nanorods, and (ii) Au coating on the nanorods.
i. In twin nanorod architecture, intentionally we introduced extended defects in terms of the
amorphous layer between two crystalline segments of ZnO nanorods and studied the influence
of extended defects on the optical properties of nanorods and application to phonon tunnel de-
vice.

ii. The influence of extended defects formed at the Au-ZnO interface on the electron emission
properties of ZnO nanorods were studied.

On the other hand, the point defects in ZnO nanorods were created by two methods : (i) Oxy-
gen ion implantation, and (ii) Chemical doping of Mn in ZnO nanorods.

i. The oxygen ion implantation was carried out to create an oxygen-rich environment in ZnO
nanorods, which can create the p-n junction in a single nanorod depending on the energy of
incident oxygen ions. In this part, we studied the optical and electrical properties of implanted
nanorods.

ii. The Mn doping in ZnO nanorods of different molar concentration was carried out using
chemical doping method. In this section, we studied the influence of Mn-induced point de-
fects on nonlinear optical properties (two-photon absorption and saturable absorption) of ZnO

nanorods. Figure 1.3 represents the graphical theme of this thesis.

Extended Point
defects defects

Twin Au-coated Ton Chemical
nanorods nanorods implantation doping

Oxygen Tons

R\

Temp (°C)
—_—

ITO Coated glass /

-
g

©

1.0

©

o 08
£
S o0s

]

Tntensity (a.u.)

Eos
£
02

Norm. Transmittance
o o o o

o

' a0 Vo

00 02 04 06 08 10 12 14 1.‘6
E(V/um)

Figure 1.3: The graphical theme of the thesis.
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Chapter 1 provides the motivation for the study of extended and point defects in one-
dimensional nanostructures of ZnO including pervasive review of latest advancement and dis-
cussion on possible prospects. It also includes basic physical properties of ZnO, and influence
of extended and point defects on the optical and electrical properties of ZnO.

Chapter 2 sheds light on the experimental methods and characterization techniques used for
this thesis. In this context, the DC magnetron sputtering used for the deposition of the seed
layer on Si substrates and aqueous growth of ZnO nanorods on different substrates are detailed.
In addition to this, the working principle of various characterization techniques including FE-
SEM, HRTEM, XRD, XPS, PL, Raman, UV-Visible spectroscopy, Z-scan technique, EXAFS
AFM, KPFM, and TUNA is also briefly discussed. For the doping of O ions, the working
principle of ECR ion source for low energy ion implantation is also discussed.

Chapter 3 covers the aqueous growth and optical properties of unique twin ZnO nanorods
(TNRs), in which an amorphous layer (extended defects) is sandwiched between two crystalline
segments of nanorods. Initially, to synthesize the twin nanorods, the growth parameters were
optimized by interplaying with the temperature ramping rate of the aqueous reaction medium,
growth time and molar concentrations of precursors. A simple model is used for the growth of
TNRs and is discussed in details. The FESEM, HRTEM, EDX, XRD techniques were utilized
to explore the underlying growth mechanism of TNRs and investigate their crystal structure as
well. The UV-Visible and PL studies were performed to study their optical properties. The
deconvolution analysis of phonon replicas of FX emissions showed that the amorphous layer
(extended defects) of a certain thickness (10nm) in TNRIJs blocks the phonon modes and acts
as effective phonon barrier. The results showed that the engineering of the thickness of the
amorphous layer makes it transparent (4nm and 1.5nm) for the phonon modes and the TNRJs
can be used as phonon tunnel device. This is a major finding of this work and has never been re-
ported earlier. The results of temperature dependent PL spectra showed strong electron-phonon
interaction in TNRs, which along with the lattice dilation contribute to the redshift of FX emis-
sions. The results of temperature sensitivity of TNRs showed their applicability as temperature
Sensors in cryogenic temperature regime.

The hydrothermal growth and FE characteristics of Au decorated ZnO nanotapers are pre-
sented in chapter 4. The corrugated Au decoration on nanotapers was carried out using simple
evaporation technique. The FESEM and XRD techniques were employed for investigating the

topography and crystal structure of nanotapers, respectively. The study of influence of extended
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defects present at Au-ZnO interface on the local crystal structure of Au-decorated nanotapers
around the Zn-K edge was performed using EXAFS technique. The nanotapers display efficient
FE characteristics with low turn on field by a corrugated decoration of Au and are consistent
with the KPFM results where the work function of nanotapers decreases with Au coating. We
believe that metal induced mid-gap states formed at the Au-ZnO interface are responsible for
the observed low turn-on field, as a consequence of the drop in the effective work function
of Au decorated ZnO nanotapers. The study of local conductance of nanotapers was carried
out using TUNA measurements, and the results showed a very uniform and efficient tunneling
current profile for Au-decorated nanotapers compared to as-grown nanotapers.

Chapter 5 includes the aqueous growth of vertically aligned ZnO nanorods and influence of
O™ ions on their optical and electrical properties. The O™ ions were implanted in nanorods
with three different energies 50, 100 and 350 keV. The O™ ions of 100keV were implanted in
nanorods at three different fluence (®): ® = 5x 10' jons/cm?, ® = 5x 10'° ions/cm?, & = 5x
10%¢ ions/cm?. The FESEM and XRD techniques were employed for the morphological and
structural characterization, respectively. The concentration of point defects at all the three ¢
values was calculated using XPS technique. In order to create point defects at different depths
in a single nanorod itself the O™ ions of energies 50 and 350keV were implanted successively in
nanorods. The influence of point defects induced by O ion implantation on RT optical proper-
ties of nanorods were studied by UV-visible, PL. and Raman spectroscopy. After implantation,
the optical absorption edge of samples showed a red shift compared to as-grown nanorods. The
PL studies exhibit formation of nonradiative transition centres leading to complete suppression
of NBE emission of ZnO nanorods. The post-annealing treatment in a vacuum, exhibit recov-
ery of NBE emission followed by deep level emissions. C-AFM technique was employed to
investigate the local electrical transport characteristics of implanted samples.

Chapter 6 covers the aqueous growth of Mn doped ZnO nanorods on the ITO coated glass sub-
strates and study the influence of point defects created by Mn doping on their nonlinear optical
properties. In this context the Mn-doping in nanorods was confirmed using EDX technique.
The shift towards lower 26 value of (002) peak in XRD pattern further confirmed the doping
of Mn at Zn sites resulting in expansion of ZnO unit cell. The deconvolution analysis of PL
spectra showed that Mn-doping in ZnO nanorods introduces various defect centers including
Zn;, O;, V4, and Vo, where the Zn; dominate over other centers. The presence of dominating

Zn; supports the shift in XRD pattern and confirms the Mn doping at Zn sites. Plots for the
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Ipefeci—state/Ipx versus Mn-doping percentage showed that with increasing doping percentage
of Mn the defect densities in nanorods increases and was found maximum for 2.5% Mn-doping
concentration. The investigations on NLO characteristics suggest that point defects in ZnO
nanorods created by Mn-doping facilitate improved NLO interactions. The NLO results sug-
gest that Mn-doped ZnO nanorods can be utilized for fabricating ultra-fast photonic switches,
efficient optical phase-shifters, and optical limiters etc.

A brief summary of this thesis along with the future prospective is given in Chapter 7, where
we conclude that how extended and point defects in ZnO nanorods were engineered to enable

them to be utilized in different optical and electrical device applications.
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Chapter 2

Experimental methods and analysis
techniques

This chapter includes a brief description of experimental methods and analysis techniques used
in this thesis. The ZnO nanostructures studied in this work were grown by relatively low-
temperature aqueous growth method. Morphological and structural studies of nanostructures
were carried out using FESEM, TEM, XRD, EXAFS techniques. UV-visible, PL, and Raman
spectroscopy were employed to investigate their optical properties, and Z-scan technique was
utilized to study the nonlinear optical properties. Extrinsic doping in nanorods was carried
out using two different methods: (i) chemical doping and (ii) low energy ion implantation.The
electrical and emission properties of ZnO nanostructures were investigated using AFM and
field emission techniques. The work function of ZnO nanotapers was mapped using Kelvin

probe force microscopy.

2.1 Sample preparation
2.1.1 Substrate cleaning

In this thesis, the ZnO nanorods were grown on two different substrates: (a) Si p-type (100),
and (b) Indium Tin Oxide (ITO) coated glass. Depending on the substrates, two different stan-
dard cleaning processes were used which are described below.

Prior to the growth of nanorods, Si substrates were cleaned for 5 minutes in a solution of de-
ionized water (DI-H,0O) and hydrofluoric acid (HF) prepared in a ratio of 9:1. Post-cleaning
in this solution, substrates were ultrasonically cleaned in three different media of acetone, iso-
propyl alcohol (IPA) and DI-H,O, for 10 minutes in each media. After completion of the

cleaning process, the substrates were dried by the purging of Nitrogen gas.
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ITO coated glass substrates were cleaned in freshly prepared aqua regia (3HCI + HNO3) solu-
tion for 5 minutes in an ultrasonic bath followed by thorough ultrasonic cleaning in acetone,

ethanol and DI-H,O for 10 minutes each. After cleaning, substrates were desiccated by Nitro-

gen purging.

2.1.2 Seed layer coating

The cleaned Si substrates were placed on a rotatable sample holder with a rotation speed of 20
rpm, in a vacuum chamber at a base pressure of 2 x 10~7 mbar. Using pulsed DC magnetron
sputtering technique, a thin layer of 1% Aluminum-doped ZnO (AZO) of thickness ~ 30 nm
was deposited at a normal incident angle between target and substrates. The sole purpose of
using seed layer was to ensure a fixed surface chemistry through out the substrate and avoid the

lattice mismatch.

2.1.3 Room temperature growth of ZnO nanostructures

In recent years, miniaturization of devices has gained immense interest, and achieving an eas-
ier and adaptable method for the growth of nanostructures for the fabrication of such devices
is essentially required. In commonly used growth techniques the engrossed complex growth
parameters, sophisticated equipment, high growth temperature and uncontrollable orientation
of nanowire/nanostructures prevent their growth over the large scale for commercial utiliza-
tion. To overcome these issues, in this work we used room-temperature based wet chemical
aqueous growth process, which requires a simple experimental setup and easily scalable pa-
rameters unlike the other growth techniques and also maintains the standard properties of ZnO.
To study the influence of extended and point defects on optical and electrical properties of ZnO
nanorods, we have grown three different types of ZnO nanorods, which are subdivided into two

categories and a pictorial view of their subdivision is shown in figure 2.1.
e Nanorods grown on ZnO seeded Si.

e Nanorods grown on ITO coated glass.
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Zn0O Nanorods

Figure 2.1: Schematic representation of types of ZnO nanorods used in this work.

2.1.4 Nanorods grown on seeded Si

In this part of work, prior to growth, the p-type Si (100) substrates were coated by a thin seed
layer of ZnO. The Coating of seed layer on substrates ensures a fixed surface chemistry for
all samples and efficiently lowers the interfacial energy between ZnO, and substrate [21]. On
varying the growth parameters, ZnO seeded substrates allowed the growth of two different

types of ZnO nanorods.
e Twin nanorods. (TNRs)

e Vertically aligned nanorods/nanotapers.

2.1.5 Nanorods grown on ITO coated glass

In this part of work, we measured the transmission spectra of ZnO nanorods, to study their
optical switching behaviour. For this purpose, we have grown ZnO nanorods on commercially

purchased Indium Tin Oxide (ITO) coated glass substrates. The nanorods were found randomly
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oriented, owing to the lattice mismatch between ZnO and ITO, unlike the vertically aligned

nanorods.

2.1.6 Growth process of ZnO nanostructures

ZnO nanostructures used in this work, were synthesized by a wet chemical aqueous growth
method [2], for which the substrates were immersed into the aqueous solution of precur-
sors Zinc nitrate hexahydrate (Zn(NO3), 6H,0, 99%) and hexamethylenetetramine (HMT,
(CH3)6N4, 99.99%) of GR grade. The aqueous solution of precursors were prepared at 1:1
ratio. After immersion of substrates, the aqueous solution was allowed to react at a fixed tem-
perature in a laboratory oven for a desired growth duration. The substrates were immediately
taken out from the solution after reaching desired growth duration, followed by rinsing in de-

ionized water for removing residuals from the surface.

2.2 DC magnetron sputtering

Sputtering is a physical vapor deposition (PVD) process in which the atoms are ejected from
a solid target material by the bombardment of highly energetic particles. In the laboratory,
usually Ar ions are used for bombardment. In this process, positively charged ions from the
plasma of gas species are accelerated towards the target, a negatively charged electrode, where-
upon collision with the target the incident ions transfer their momentum to the target atoms,
resulting in the ejection of atoms from the target material. In a typical magnetron sputtering
technique a magnetic field is applied near the target for trapping the ions, causing the enhanced
efficiency of the initial ionization process. During this process, the ejected atoms condense on
the surfaces of the substrates placed in the proximity of the magnetron sputtering cathode.

For this thesis, AZO films were deposited at a normal incident angle using a pulsed DC mag-
netron sputtering technique with an additional load-lock feature. The substrates were mounted
on a rotating substrate holder kept at a distance of 10 cm from the target. For deposition, the
base pressure was maintained at 2x 10~7 mbar. Prior to deposition, ultra-pure (99.999%) Ar
gas was injected into the chamber at a flow rate of 30 sccm (standard cubic centimeters per
minute), until the pressure reaches a working pressure of 5x 1073 mbar. In order to generate
the plasma of Ar gas, a DC voltage (Pinnance Plus, Advanced Energy, USA) was applied be-

tween the target and the substrate. In addition, prior to deposition, pre-sputtering for 5 minutes
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was carried out to remove the trapped impurities from the surface of the target, and during this
process, a movable shutter was used to protect the substrate from getting contaminated. The

entire deposition process was carried out at room temperature.

2.3 Ion implantation

Ion implantation is a powerful and unique technique for extrinsic doping in materials. The
depth selectivity and spatial implantation features make it more suitable compared to other
doping methods like chemical doping. In ion implantation process, the energetic ions interact
with the target atoms, and come to rest by losing their energy. As a consequence of this, sev-
eral processes including modification in lattice composition, displacement of atomic position,
and sputtering take place. The ion implantation also builds-up of the concentration profile of
impurity atoms within the host matrix, and alters the composition and lattice structure in the
implanted zone. However, the spatial distribution of implanted impurities depends on the nu-
clear and electronic stopping processes and energy of incident ions.

Generally, low energy (keV) ion implantation causes sputtering of the target, whereas high
energy (MeV) implantation results in the structural modifications of the material. During the
interaction of energetic ions with surface of solids, the energy transfer mechanism takes place
by following two energy loss processes: Nuclear energy loss (S,, = (‘fl—f)n) and electronic energy
loss (S, = (%)e). Here % is stopping power and defined as energy transfer per path length.
Normally, in case of elastic collisions, energy loss mainly occurs through S,,, whereas for in-
elastic collisions it occurs through S.. However, the dominant collision process depends on the
energy regime.

For this thesis work, ZnO nanorods were implanted with low energy oxygen ions at the normal
incident as shown in figure 2.2, using low energy ion beam facility (LEIBF) at Inter Univer-
sity Accelerator Centre (IUAC), New Delhi, India. The LEIBF uses Nanogan type Electron
Cyclotron Resonance (ECR) based ion source, equipped with a permanent magnet (NdFeB),
which is designed for radial and axial confinement of the plasma. All peripheral electronics
(10 GHz (200 W) ultrahigh frequency transmitter, power supplies and vacuum components
together with ECR ion source are installed on a 400 kV HV platform. The high current of
multiply charged positive ions, with energy varying, from few tens of keV to few MeV, can be

extracted from this ion source.
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Figure 2.2: Schematic representation of O™ ion implantation in ZnO nanorods.

In a conventional ECR implanter, a beam of positively charged ions is produced from the
plasma of injected gas molecules, under a high vacuum of the order of ~ 1075 mbar. The ions
are extracted by applying an external electrostatic field and are accelerated inside the acceler-
ating tube by creating a potential gradient between the high potential deck and the ground. The
beam of accelerated ions is bent at 90° using a bending electromagnet, and is focused by using
quadrupole-triplet, placed in the path of beam-line. A magnetic steerer placed in the path of the
beam aligns the beam on the surface of the samples. The beam can be seen on the display in
two perpendiculars (x and y) directions using a beam profile monitor and the size of the beam
spot is controlled by a double slit. A Faraday cup is placed in the path of the beam to stop
it, when needed. During the beam tuning, a mass selection magnet is used for detecting the
ions by analyzing their mass as well as for focusing them into fine circular spots. An electro-
magnetic beam scanner is used for homogeneous irradiation. For implantation, the beamline is

always kept at a high vacuum of the order of ~ 1076 mbar.

2.4 Characterization techniques

In this work, for characterizing ZnO nanostructures, the emerging nano-characterization tech-
niques of high spatial and analytical resolution including field emission electron microscope
(FESEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), and X-ray absorption fine structure (XAFS) were employed. The
optical and electrical properties of ZnO nanorods were studied using UV-Visible spectroscopy,

Photoluminescence (PL) spectroscopy, Micro-Raman scattering, Z-Scan technique, Field emis-
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sion,and Atomic force microscopy (AFM) respectively.

2.4.1 Electron microscopes

The electron microscopes are meant for high resolution imaging. The resolution of a micro-
scope is defined as the minimum separation between two objects by which they can be sepa-
rated and distinguished as two distinct objects. The Rayleigh criterion [19] describes the spatial
resolution () of a microscope and is as follows.

5 0.61A
- pSina

2.1

where d, A\, p and « are the spatial resolution, the wavelength of light source, the refractive
index of medium and semi-angle of the magnifying lens, respectively.

However, at the dimension of sub-wavelength regime of photons, the resolution of optical mi-
croscopes is limited by the Fraunhofer diffraction limit and can be further exalted by replacing
the photons with the sources of relativistic wavelength like electrons, having wavelength up
to 10° times shorter than photons. The relativistic corrected wavelength of an electron is as
follows -

\ = h 2.2)

\/QmoeV (1 + %)

where h is Plank’s constant, mg is the mass of the electron, e is the electronic charge, V is

the applied electric potential and [1+(eV/ 2mC?)]'/? is the relativistic correction term applied
when the incident electron energy is >100 keV.

Implementation of relativistic wavelength concept has replaced the optical microscopes by high
spatial resolution electron microscopes like scanning electron microscopes, transmission elec-

tron microscopes.

Scanning electron microscope

Scanning electron microscope (SEM) is an extensively used equipment for the studies of the
surface topography of microstructures and chemical compositional characterization of species
[20]. In a typical SEM, an energetic beam of electrons interacts with the substance and transfer
its kinetic energy to the electrons present in the sample, causing the emission of secondary
electrons as a consequence of inelastic scattering, back-scattered electrons by elastic scattering

along with electromagnetic radiation. The electrons, ejected through these phenomena are
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collected at some special detectors attached with the system, followed by their conversion into
intensity for each pixel on a computer which gives rise the morphology of the sample. The
narrow electron beam used in SEM insists a large depth of field, yielding a 3-D appearance of
the SEM micrographs.

In a conventional SEM, the electron gun of small energy dispersion(source) is utilized for

achieving a stable electron beam with high current, and small spot size, which is mainly two

types:
e Thermionic electron gun
e Field emission electron gun

In a typical thermionic electron gun, electrical heating of the filament induces the emission
of electrons from the filament. However, the relatively low brightness, low thermal drifting
while in operation, and a high-temperature requirement for electron emission hinder the use of
thermionic electron guns in conventional SEM systems. The utilization of field emission elec-
tron gun in SEM yields high spatial resolution (~2nm) with bright contrast and low electrostatic
distortion, owing to less crossover diameter, small spot diameter, and coherent emission, unlike
thermionic guns. In a conventional field emission electron gun, the electron emission is induced
by an applied electrostatic field. A better spatial resolution with bright contrast and low electro-
static distortion enable field emission electron guns, superior to thermionic electron guns and
are widely used in present day scanning electron microscopes. In the present thesis, the field
emission scanning electron microscope (FESEM) of Zeiss (model-Sigma) was used to investi-
gate the morphology and interface structure of ZnO nanorods. The schematic ray diagram of a
standard FESEM system is shown in figure 2.3, where a field emission electron gun is used as
a source of electrons. An extracting voltage is applied to the anode to accelerate the electrons.
This model of FESEM allows the maximum extracting voltage up to 30 kV, however, all the
images presented in this thesis were captured at an extracting voltage 5kV. For imaging, the
column chamber was maintained at a vacuum range between 2 x 1075 to ~ 1075 mbar, whereas
a base pressure of around ~ 3x 10~ mbar was always maintained for the gun chamber. In the
figure, the electromagnetic lens marked as the condenser lens is used to render the divergent
beam into a converging/parallel beam, whereas the focusing lens is used for aligning the beam

on the specimen.
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Figure 2.3: A schematic of typical field emission scanning electron microscope.

As described above, the resolution o of an optical microscope is defined in terms of classical
Rayleigh criterion, where the maximum spatial resolution can be 6 = A/2, if uSina = 1. For
an example, the o for the green light (A ~ 550 nm), is ~ 300 nm. The spatial resolution 300
nm corresponds to the diameters of about 1000 atoms, but several materials, exhibit unusual
properties on a scale below the resolution of the optical microscopes. Therefore, the details of
the materials down to the atomic level are inevitable.
TEM is a powerful technique, for disclosing the material details down to the atomic level using
the highly energetic beam of electrons. By ignoring the relativistic effects, we can correlate the

resolution of a TEM with the energy of incident electrons with the Louis de-Broglie relation:

A:

sle
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Where A and E are wavelength (nm) and energy (eV) of incident electrons, respectively. As
an example, for the electrons of energy 100 keV, the corresponding wavelength is ~ 4 pm
(0.004nm) and is much below than the atomic diameter. Such features of TEM, provide pre-
cious information about crystallography and chemistry of the specimen.

The technical advancements have introduced a wide range of TEM, named as High voltage
electron microscope (HVEM), analytical electron microscope (AEM), high-resolution trans-
mission electron microscope (HRTEM), scanning transmission electron microscope (STEM),
and are capable of providing more accurate insights about the specimen at atomic resolution

limit.
o Working principle

In a typical TEM, a beam of energetic electrons is transmitted through an ultra-thin specimen,
where the interaction between transmitted electrons and atoms within the specimen leads to the
formation of the image/diffraction pattern depending on the focusing of the electro-magnetic
lenses and apertures. In order to obtain selected area diffraction (SAD) pattern of the specimen,
an aperture (SAD) is placed around the selected area of the specimen above the intermediate
lens, whereas for conventional imaging, the SAD aperture is replaced by an objective aperture
as shown in figure 2.4. For both modes, the diffracted beam of electrons follow Bragg diffrac-
tion condition (2d sinf = n\), where the constructive and destructive interference of diffracted
electrons results in a phase contrast in the image. The phase contrast of an image can be de-

scribed by the following relation:
T(U) =2A(U) x sin(X(U)) (2.4)

Where U, A (U) and X (U) are reciprocal lattice vector, aperture function and phase distortion
function respectively. The appearance of phase contrast depends on the T (U), if T (U) is
positive, a negative phase contrast appears (atoms appear bright against a dark background) and
vice-versa. The SAD or SAED pattern offers the information of the crystallographic structure
of the specimen, in reciprocal space. In SAED patterns, the central bright spot is corresponding
to the direct beam of electrons with few scattered electrons and its distribution depends on
the nature of the specimen. The spherical aberrations of the objective lens constraint the areal
selectivity. For imaging of a very small area, usually a different method is preferred than

SAED, known as fast Fourier transform (FFT) of HRTEM image, in which, the FFT is collected
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from the area of interest. The FFT processing of the interference pattern of an HRTEM image
provides the similar pattern like SAED. In figure 2.4, two basic working modes, diffraction

pattern mode and imaging mode of a TEM are demonstrated.
e Limitations

1. Poor depth sensitivity

2. Limited projection

3. Ultra-thin specimen requirement
4. Limited sampling capability

5. Complex sample preparation process
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Figure 2.4: (a) and (b) show the schematic representation of the diffraction pattern operational
mode and imaging mode of TEM, respectively. [21]

However, in recent years, the technical advancements have reduced some of the the above
mentioned limitations. In this thesis work, a high resolution transmission electron microscopy
from TITAN (Model: FEI Tecnai G? S-Twin) having 200keV electron energy was employed.
The electron energy loss spectroscopy (EELS) was performed using an EELS detector (electron
spectrometer) attached with HRTEM. In conventional EELS a beam of electrons of narrow
range kinetic energy is exposed on specimen, where the incident electrons lose their energy

through inelastic scattering with the atoms of specimen. The lose in energy of electrons is
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measured by the electron spectrometer. The electron specimen interaction include phonon
excitations, inter- and intra-band transitions, plasmon excitations, inner shell ionizations, and
Cherenkov radiation. A typical EELS spectrum plots electron energy loss (eV) vs number of

electrons detected by the detector.

2.4.2 X-ray diffraction

X-Ray diffraction (XRD) is a widely used technique for determining the crystal structure of a
material. When a monochromatic X-ray beam encounters on a target material, is scattered by
the specimen atoms and undergoes by the constructive and destructive interference. The inter-
ference of X-rays of the comparable wavelength to the atomic periodicity provides diffraction
pattern of the specimen. The Bragg’s law describes the criteria on the incident angle # for the

maximum constructive interference. [22]
nA = 2dSinf (2.5)

Where n is an integer, A is wavelength of incident X-rays, € is incident angle, and d is the
spacing between adjacent planes. Figure 2.5 represents the schematic diagram of X-ray diffrac-
tion from a periodic chain of atoms. The structural information of materials is extracted from
diffraction patterns, which can be recorded in various geometrical configurations like 6 to 26,
grazing angle etc. In this work, Bruker D8 Advance diffractometer was used to record the XRD

patterns of ZnO nanorods.
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Figure 2.5: Typical ray-diagram of X-ray diffraction from a periodic chain of atoms.
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2.4.3 X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique, which is em-
ployed for measuring elemental composition, electronic states and chemical states existing in
the material. In a typical XPS measurement, the sample is illuminated with a beam of X-rays
with simultaneously measuring the kinetic energy and electrons escaping from the surface (~ 1
to 10nm) of the material. Usually the measurements require ultra-high vacuum (~ 10~ mbar).
The illumination of x-ray photons of energy greater or equal to the binding energy of the elec-
trons on a solid leads to ionization of atoms by ejecting the core/inner shell electrons from the
atoms in the solid. The binding energy of the ejected electrons and energy of incident photons

are related by the following relation:

Ebmding = Liphoton — (Ekinetz’c + (I)) (26)

Where, E,poton 18 the energy of the x-ray photon, Ejperic 18 the Kinetic energy of the electron,
and @ is the work function of the material. The ejected electrons from different shells are ef-
fectively separated out in a desired narrow band of energies using electron analyzers, which
are ideally electrostatic/magnetic lens units. The atomic species dependent characteristics of
binding energy of electrons result in the identification of the existing element in/on the surface
of the analyzed material. The characteristic spectral peaks in XPS spectrum correspond to the
electron configuration of the electrons within the atoms. The area under the curve of spectral
peaks describes the amount of the element within the sampling volume.

In this thesis, the XPS measurements were carried out using an experimental setup obtained
from VG Instruments. During experiments, the base pressure of main chamber was maintained
at 1x107 !0 Torr. The system is equipped with a load-lock feature, and an Ar-ion gun is at-
tached with the load-lock chamber as shown in figure 2.6. Dual Mg/Al anodes, a hemispherical
analyzer and a channel electron detector are attached with the XPS unit, where the dual anodes
generate non-monochromatic X-ray emissions of energies 1253.6 eV for Mg-K, and 1486.6
eV for the Al-K,, lines. The analyzer is operated with the pass energy of 200 eV for the large

survey scans in the range of 11000 eV, and 20 eV for the high-resolution scans.
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Figure 2.6: Schematic diagram of conventional XPS unit.

2.4.4 X-ray absorption fine structure spectroscopy

The X-ray absorption fine structure (XAFS) spectroscopy is a unique technique for the study
of local crystal structure around a selected element within the material at atomic/molecular
scale. The XAFS is a purely intrinsic quantum mechanical process, based on the X-ray pho-
toelectric effect. In this process, the X-ray photons incident on an atom within a sample is
absorbed, which results in the ejection of electrons from the inner atomic orbitals. However,
for this process to take place, the energy of incident photons must be greater or equal to the
binding energy of the respective orbitals. The interference between the photon waves scattered
from the absorbing atoms and photoelectrons lead to an energy dependent variation in the X-
ray absorption probability. The absorption probability is proportional to the X-ray absorption
coefficient (1), a measurable quantity. In experiments, the ;1 can be measured in two ways,
either on transmission mode or fluorescent mode, depending on the sample. For this thesis, the
measurements were performed in fluorescent mode, where the absorption coefficient is defined
by the following equation:

u(E) oc =L 2.7)

where, u(E) is energy dependent absorption coefficient, Iy and I, are intensity of fluorescent
and incident photons, respectively. The absorbing atoms get excited and the transition prob-

ability from ground state to excited state is governed by Fermi’s golden rule. The absorption
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coefficient depends on the transition probability between ground state and excited state. The

mathematical expression for absorption coefficient from an isolated atom is described as:

2 2
p(E) = TN, S < fleli > P6(E; ~ B~ o) X
f

Where, w, C and N, are frequency of incident photons, speed of light and Avogadro’s number
respectively. The first term after summation represents transition probability between initial
and final states, E, E;, fiw are energy of final unoccupied states, energy of initial (ground state)
state and energy of incident photons respectively. In XAFS spectrum the interference patterns
at high energy side give rise to extended X-ray absorption fine structure (EXAFS).

For this thesis, the EXAFS measurements were performed around Zn K-edge, at BL-9, Scan-
ning EXAFS Beam-line of Indus-2, RRCAT, Indore, India. The beam-line mainly consists of
Rh/Pt coated meridional cylindrical mirror for collimation and Si (111) based double crystal
monochromator to select excitation energy. The X-ray absorption near edge structure (XANES)
and EXAFS measurements were carried out in fluorescence mode using Vortex energy disper-
sive detector (VORTEX-EX). The energy range of EXAFS was calibrated by simultaneous

measurements on a commercial Zn foil.

2.5 Optical properties measurement techniques

Reflectance, Transmittance, Photoluminescence (PL) and Raman spectroscopy are widely used
techniques for studying the optical properties of materials. In this work, PL, Raman spec-
troscopy, and Z-scan technique were employed to study the influence of extended and point

defects on optical transitions in ZnO nanorods.

2.5.1 Ultraviolet-visible near-infrared spectroscopy

When we shine electromagnetic radiation on the surface of a material, three different processes
Absorption, Reflection, and Transmission of radiation take place depending on the nature of
the material. These processes hold the law of conservation of energy in an optical medium by
following the relation: A+R+T = 1. These processes are powerful analytical tools to charac-
terize the optical properties of a material and are utilized for this thesis, and their details are
described in following paragraphs.

The absorptance (A) of a medium is a measure of the effectiveness of absorbing power of the
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medium and can be described as the ratio of the absorbed light to incident light.

Reflectance is the quantum of the incident light reflected from a surface [23]. The optical re-
flectance measurements were performed using Shimadzu (Model: UV 3101PC) UV-Vis-NIR
spectrometer setup equipped with a specular reflectance measurement accessory, having the
spectral range from 200 to 3200nm. The schematic of UV-Visible spectrometer is shown in fig-
ure 2.7. However, in this thesis, all the spectra were recorded over a wavelength regime between
300 to 800 nm. For calculating reflectance, initially, setup measures the absorbance spectrum
which is converted into reflectance spectrum using Kubelka Munk function [24] followed by

their conversion into Tauc plots using Tauc relation [25].
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Figure 2.7: Schematic diagram of UV-Visible spectrometer setup.

For example the Tauc plot of AZO seed layer on Si substrate is shown in figure 2.8. The
transmittance (T) of a medium is defined as its efficiency for transmitting the incident light.

Mathematically, this can be described as the ratio of the intensity of the transmitted to incident
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light. The transmission process occurs by following the diffusion and scattering phenomenon,
where both the processes can take place simultaneously. In absence of diffusion, the incident
beam follows the laws of geometrical optics resulting unidirectional transmitted beam called

specular transmission. The net T of a medium is a superposition of specular transmittance T

and diffuse transmittance T,.
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Figure 2.8: Tauc plot of AZO film deposited on Si substrate. The red line shows extraction of
band gap by fitting a straight line.

2.5.2 Photoluminescence spectroscopy

Photoluminescence (PL) phenomenon is a consequence of radiative recombination of electron-

hole pair between electronic bands, caused by an external optical excitation [26,27]. In PL

process, the optical excitation of energy hw ; > E, are absorbed by the host material, causing
the simultaneous ejection of electrons and holes of finite momenta (k) into the conduction and
valance bands respectively. Once the electrons and holes are injected into respective bands,
the excited electrons undergo the relaxation of energy by emitting Phonons of very short life
time ~100fs and accumulate at the bottom of conduction band, as shown by the cascade lines
of figure 2.9(a), and finally by emitting photons, the annihilation of electron - hole pairs occur

through the electronic transitions from the minima of conduction band to the maxima of valance
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band. Figure 2.9 depicts a typical energy band diagram representation of PL process in a direct

band gap semiconductor.

E (b) E

(a)

electrons

Density of States

Figure 2.9: (a) schematic of PL process in a direct band gap semiconductor. The dotted green
lines show electronic transition. (b) schematic for density of states occupancy of electrons and
holes in corresponding states.

In a direct band gap semiconductor, optical transitions are governed by the dipole selection
rules. During PL process, except band to band transitions some other electronic transitions
like free to bound transition, donor-acceptor-pair (DAP) transition, free and bound exciton
transitions may also take place, depending on the population strength and life time of respective
states. In general, such additional electronic states are associated with various defect states like
native point defects, and impurities. Absorbed molecular species also affect the luminescence
of a material by creating different color centers. The intensity of direct band to band electronic
transitions (near band edge emission ) is expressed as:

I(hw) = y/ (hw — Ey) <exp %) (2.9)

Where (h w - Eg)l/ 2 factor arises from the joint density of states for the band to band transition
and the second factor, from the Boltzmann statistics of the electrons and holes [26]. Figure

2.10 depicts the schematic representation of PL set-up used in this study (FLS 920, Edinburgh
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Instruments) . A 325 nm He-Cd laser and a 355 nm laser were used as optical excitation
sources. The low temperature PL measurements were carried out in liquid N, environment. In
figure 2.10, the violet line represents the path of incident photons and the red line represents
the emission from the sample. To prevent the detector from the incident light, different high
pass filters are used as shown in figure. In setup, a neutral-density filter kept at beam entrance
window endows the desired intensity of incident light for controlling the population of carriers.
The objective lens placed in the path enables a precise probing of sample, as well as collection

and focusing of emitted photons as consequence of luminescence of specimen.
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Figure 2.10: Schematic block diagram of PL set-up used in this study.

Temperature dependent PL. mapping of twin nanorods was performed using alpha300 R
Confocal Raman Imaging system from WITec, where a 355nm diode laser was used as an
excitation source.

2.5.3 Raman spectroscopy

Raman spectroscopy is based on inelastic scattering process of photons, which is sensitive to

the vibrational, rotational modes of atomic/molecular species. In this process, the electric field
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of the electromagnetic radiation excites atomic/molecular species of the specimen either in
the ground vibrational/rotational states or in the excited vibrational/rotational states depending
on the energy of incident radiation. Upon excitation, the change in polarizability occurs and
induces a dipole moment of the molecule, leading to inelastic scattering of photons (stokes or
anti-stokes lines). The difference in energy between the initial vibrational/rotational state and
final vibrational/rotational state leads to a shift in the frequency of emitted photons than the

excitation frequency (Rayleigh line) and can be described as:
Er=FE,— E; (2.10)

Where Ep, E; and E; are Raman energy shift, energy of incident photon and scattered photons

respectively. Figure 2.11 shows the energy level diagram of Raman scattering process.
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Figure 2.11: The energy level diagram of Raman scattering process.

In scattering process, the phonons are introduced to satisfy conservation of energy and

momentum of incident and scattered photons, as described below.
hw; = hws + hS) (2.11)

hk; = hk, + hq (2.12)
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Where () and q are phonon frequency and phonon wave vector respectively. In our experimental
setup, we used back-scattering geometry, where the scattered photons follow the path of the
incident photons but in opposite direction and the max possible value of wave vector (|q|)
is of the order of 10" m~! [26], and in a crystal it is quite small compared to the size of
the Brillouin zone (10'° m~!). Thus, in back-scattering geometry the phonons of very small
q ~ 0 are probed, due to which Raman scattering provides the frequencies of longitudinal
optical (LO) and transverse optical (TO) phonon modes near the Brillouin zone center and
very less information about the dispersion of the optical phonons. The non-destructive and
contactless features of Raman spectroscopy make it more suitable over other techniques to
characterize the materials. In addition, Raman spectroscopy is also used to observe the low
frequency excitation of solids such as plasmons, magnons and superconducting gap excitation.
For Raman spectroscopy, a setup from Horiba LabRAM HR was used. For excitation, a 532

nm green diode LASER was used as an excitation source and the Raman signals were recorded

at a CCD.

2.5.4 Z-scan technique

The Z-scan technique is widely used in nonlinear optics to measure the non-linear refractive

index(n,) of the medium via close and open aperture methods.
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Figure 2.12: Schematic drawing of standard Z-scan technique [28].

As the name reflects, in this technique the change in transmittance of the sample is measured

by translating the sample from -Z to +Z length scale. Figure 2.12 shows the sketch of the
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experimental setup of Z-scan technique used in this study.
e Theory

In a linear medium the electric polarization depends on applied electric field and is expressed

as:

P =exE (2.13)

Where, f’ €, x and E are the polarization vector, permittivity of the medium, dielectric suscep-
tibility of the medium and applied electric field, respectively. At large E, the linear dependence
of polarization vector on applied electric field breaks down and shows non-linear characteristics

and it’s Taylor series expansion about E=0is expressed as:
P= exE + eX(Q)E2 +exWE + exyWE 4+ — — — (2.14)
Where
E = (e/2)[Aexp(ikZ — iwt) + A* exp(—ikZ + iwt)] (2.15)

For centrosymmetric medium (-r =) E?=0,and polarization vector is modified as:
P=exE+exPE + — — — (2.16)

by simplifying above equation we obtain the relation between effective refractive index (n. s y)of

the medium and polarization vector and is expressed below.

P=cni,—1)E (2.17)
with n.;y = n + ny, and this phenomenon of change in refractive index is called optical kerr
effect [29], Where n (cm?/W) and n, (cm?/W) are the linear and non-linear refractive index,

respectively.
e Experimental process

In a typical Z scan technique, the LASER sources with Gaussian beam profile are used as
source and transmittance of the sample is measured by using conventional photo-detectors.
During experiments the position of detectors is fixed and the sample translates with respect to
the focal point of a lens set at Z = 0. The measurement starts away from focus point (-Z), where

the transmittance T(Z) is relatively constant and sample keeps on translating towards the focal
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point and then to the +Z as shown in figure 2.12. If the sample has n, > 0, the transmittance
T(Z) gives a valley followed by spire and vice versa for n, < 0.The beam narrows at the focal
point, which results in the increased transmittance at the aperture. As defocusing occurs, the
beam starts to broaden at the aperture and results in the decrease in the transmittance. The
normalized transmittance is expressed as:

[0 Pr(AD(t))dt
=5 P

(2.18)

where P;(t) is instantaneous input power in the sample, S is the aperture linear transmittance,
Pr(Ady(t)) is transmitted power. The T (Z) is measured using mainly three different modes of
aperture:

1. Closed aperture

2. Open aperture

3. Eclipsing aperture

Closed aperture

In this geometry, an aperture placed in the path of the transmitted light, which allows passing
only the central region of the transmitted light reaching the detector, and blocks the rest of the
radiation. This configuration allows the detector to measure only the focusing or defocusing
that a sample may induce.

Open aperture

In this configuration, the aperture is either enlarged are completely removed from the path of
the transmitted light and the entire transmitted light is reaching the detector. This configuration
is used for measuring the nonlinear absorption coefficient(A/3) of the medium.

Eclipsing aperture

In this geometry a disk is placed at the place of aperture, which blocks the central region of
transmitted light and passes the outer edges of the radiation reaching the detector.

To measure the AS and third order non-linear refractive index of a material, Z-scan technique
is widely used due to it’s simplicity, accuracy and non destructive nature. In this study, we used
a femto second (532nm) diode pumped solid state laser in a TEM,, mode intensity profile. For
the measurements the pulsed energy varied from 1 pJ to 125 pJ with pulse width t, ~ 0.7 nS at

40 Hz repetition rate to minimize the impact of thermally induced optical nonliearities.
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2.6 Electrical properties measurement techniques

In this work, the influence of extended and point defects on electrical properties of ZnO
nanorods were studied using field emission study, Atomic force microscopy (AFM), Kelvin

probe force microscopy (KPFM) and Tunneling atomic force microscopy (TUNA).

2.6.1 Field emission study

The field emission is a quantum mechanical phenomenon, which occurs by the tunneling of
electrons through a potential barrier at the solid-vacuum interface into the vacuum under an
applied electrostatic field. The field emission process is highly efficient than the other emission
processes like thermionic emission etc. However, for this process to take place high electric
field (~ 107-10° Vem™!) is required. The applied high electric field narrows the potential
barrier at the metal-vacuum interface and the tunneling of electrons takes place by following
Fowler-Northeim (F-N) mechanism [30]. Normally, the emission current density against ap-
plied electric field is described by the F-N equation which is as following:

2E2 . 3/2
J=A <¥) exp ( BBE(I) ) (2.19)
app

Where, J (mA/cm?) and E(V/um) are the emission current density and applied electric field

respectively. A = 1.56 x 107'° AeVV~2, B = 6830 V/eV~3/2/ um, j3 is field enhancement

factor and ® (eV) is the barrier height. However, the FE process from semiconductors is quite
complicated, owing to their low carrier concentration in bulk compared to metal emitters. The
F-N plot (In(J/E?) vs. 1/E) provides the information about the emission characteristics of the
emitting surface. The FE studies given in this thesis were carried out in a vacuum chamber
at a base pressure of 4x 107 mbar. The emission current density was recorded using a two
electrode configuration (area ~ 0.05cm?) made of copper as shown in figure 2.13. The samples
were attached to the bottom cathode with a conducting copper tape (sheet resistance ~0.004
Q/sq). The field induced emission current was recorded at a fixed separation of 100um between
the sample and top cathode. A Keithley 2410 source meter was used for supplying the voltage

and recording the emission current.

47



Emission current

.

Gauge

Top ——
Electrode

Vacuum
chamber

Computer

Sample

Bottom
Electrode

Figure 2.13: Schematic diagram of field emission unit.

2.6.2 Atomic force microscopy

The AFM is a localized real space imaging technique, which maps the tip-sample interaction
due to the action of atomic forces between them. In an AFM, a platinum coated sharp tip of
radius ~ 10s of nm controlled by feedback loop is attached to the cantilever, which raster scans
over the surface of the sample. During scanning over the surface, a LASER beam is focused
on top of the cantilever [31]. The cantilever reflects the focused LASER beam to a photodiode,
whereas the z-piezo movements re-adjust the bounced laser beam at the same position through
a feedback loop, leading to the formation of the surface topography of the sample. Figure 2.14
shows a typical schematic of an AFM setup. The forces between AFM tip and sample have
a direct impact on sample image and depend on deflection and stiffness of cantilever. The
inter-atomic force versus distance curve between tip and sample is presented in figure 2.15.
The point Z, in figure, corresponds to the transition point between contact and non-contact
mode of AFM. In a typical contact mode, both the tip and sample remains in close contact and
tip experiences a strong repulsive force and while scanning over the surface of the sample the
repulsive force causes bending of the cantilever as per change in the topography. In non-contact

mode, as the name indicates, a separation between the AFM tip and sample is maintained and
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the tip experiences an attractive force, due to which the sample cantilever starts vibrating near

the surface of the sample without touching it.

Quadrant Photodiode

Ly Stz

Pt-coated Si tip

Feedback Loop

Piezo-Stage
Figure 2.14: Schematic drawing of a conventional AFM setup.

In tapping mode (intermittent contact mode), the tip is oscillated (at its resonance fre-
quency) very close to the sample surface and taps the surface only for a very small fraction
of its vibration period. In tapping mode the the lateral forces between the tip and the sample

can be eliminated, which results into a better image resolution.
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Figure 2.15: Inter-atomic force versus distance curve.
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2.6.3 Kelvin probe force microscopy

The Kelvin probe force microscopy (KPFM) is a technique which enables nanometer-scale
imaging of the surface potential of a material [32]. Unlike the typical AFM, KPFM operates
in a non-contact mode, where the cantilever oscillates at its resonance frequency. The contact

potential difference (V¢ pp) between conducting AFM tip and a sample is described as:

(I)tip - (I)sample

Verp = (2.20)

—e
Where, @, and @0 are barrier height of tip and sample respectively and e is the electronic
charge. Figure 2.16 (a) shows the energy levels of AFM tip and the specimen surface when
separated by a distance d and not electrically connected. Upon electrical contact between tip
and sample surface, the Fermi levels of both the tip and sample (E;; and E,) align through
the electron current flow, as shown in figure 2.16 (b). The alignment of Fermi levels forms an
apparent Vo pp, resulting in an electrical force on the contact area. An applied external DC
bias (Vp¢) with opposite polarity nullifies both the electrical force and surface charges on the
contact area (figure 2.16 (c)). The amount of V- which nullifies this electrical force is equal
to the work function difference between the tip and sample. In order to generate oscillating
electrical forces between the AFM tip and specimen surface an additional AC voltage is applied
to the AFM tip. In the present thesis, the KPFM measurements were performed using an AFM

system (MFP-3D) from Asylum Research, with the spring constant 42 Nm™,
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Figure 2.16: Schematic presentation of electronic energy levels of the sample and AFM tip for
three different cases: (a) tip and sample are separated by distance d with no electrical contact,
(b) tip and sample are in electrical contact, and (c) external bias (V) is applied between tip
and sample.
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2.6.4 Tunneling atomic force microscopy

The TUNA is an AFM based dual pass technique, which allows measuring ultra-low current
even from the low conducting surface. During measurements, in the first scan, tip scans the
surface in contact mode and records the surface morphology, whereas in the second scan, the
tip scans the surface in lift height mode by following the morphological information collected
in the previous scan. In the second scan, a DC bias is applied between tip and sample resulting
in a tunneling current, collected by a current amplifier [33]. The measurements of tunneling
current with simultaneously following the morphological information provides a correlation

between morphology and local conductance of the sample.

2.7 Summary

This chapter highlights experimental approaches used for the growth and characterization for
different kind of ZnO nanorods. DC magnetron sputtering was used for the seed layer coating,
and low temperature hydrothermal method was used for the growth of ZnO nanorods. Ion
implantation in ZnO nanorods was carried out using low energy ion implanter facility. The
structural characterization of ZnO nanorods were carried out using FESEM, TEM and XRD,
XPS, XAFS techniques. Application potentials including phonon tunneling, nanothermometry,
optical switching, reflection and transmission and current emission calibers were studied by
techniques including Photoluminescence, Raman scattering, Z-Scan, UV-Visible spectroscopy,

field emission, AFM, KPFM and TUNA respectively.
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Chapter 3A

3A. 1 Introduction

Deoxyribose nucleic acid (DNA) is the genetic material and exists as double helical
structure. ! DNA has the phosphate back bone which is negatively charged. Due to the
biological significance of DNA the structural analogues of DNA have been developed.
Peptide nucleic acid (PNA) has emerged as potential DNA analogues which backbone
is peptide oligomer from rationally designed aminoethylglycinate (aeg) amino acid
(Figure 3A.1).2 However the backbone of this peptide is acyclic and achiral, unlike
deoxyribose sugar ring of DNA. In course of structurally modified PNA, Didersion
and co-workers have reported alanyl-PNA containing alanine amino acid derivative as
backbone, which is emerged a potential chiral PNA analogue.®* Importantly, alanyl-
PNA has less distance between nucleobase for increasing the m-m interactions and
stabilizing PNA-PNA duplex/tetraplex structures.™® However duplex structure from
alanyl-PNA are unabled to form perfect duplex structure, unlike DNA duplex, due to
short distance between nucleobases and poor flexibility in the backbone. Further
consecutive repeated cytosine rich sequence as TCsg are reportedly formed stable i-
motif tetraplex type of structure.” Alanyl nucleobases are also incorporated into
protein.’ Further a modified PNA as alanyl Peptides nucleic acid (PNA) have been
explored as the formation of stable i-motif tetraplex'? structureand other biological

applications

Moreover similar analogue as glycerol nucleic acid (GNA) are synthesized and
studied in the formation /stabilizing of DNA duplex type of structure. GNA
oligomers/homo oligomer are synthesized from its phosphoramidites using DNA

synthesizer. % GNA units are also biosynthetically introduced into DNA primer from
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its triphosphate analogue as glycerol triphosphate in presence of template DNA and
DNA polymerase enzyme and however it is found to be poor substrate of various

1011 Further alanyl nucelobase are incorporated into Peptides

DNA polymerases.
nucleic acid binds strongly to RNA and DNA.!? Alanylnucelo bases incorporated into

protein are synthesized and used as probe for DNA binding protein.'?

B
B B Base o Base

o . N e
O\F§ O\/Ff% ”/\/ \)J\N/\/N\)‘l‘v\, NH H
0 0o d H
ala-PNA
aeg-PNA
DNA
Base Base 9 9 9
Base
P PP~
i .9 HO™ 10" 10 1 O\ ___/
”'"O\P\O /O—?JW OH OH OH Ho‘:
WO '(I) o
Glycerol-Nucelic acid Glycerol triphoisphate

Figure 3A. 1 Structure of aeg-PNA, Ala-PNA, glycerol nucleic acid, and glycerol

triphosphate.

3A 1.1 Hypothesis and objectives

Since alanyl-PNA is neutral acyclic chiral PNA analogue which encourage us to
design its triphosphate analogue and incorporate into DNA primer enzymatically. This
chapter describe the synthesis of rationally designed alany/-nucleoside triphosphate
analogue and its biochemical evaluation as enzymatic incorporation into DNA primer

with DNA ploymerases.
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0 O O Base
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3A.2 Results and discussion

3A.2.1 Synthesis of alanyl thymidine triphosphate

The synthetic scheme of alanyl triphosphate analogue is described in Scheme 3A.1.
Herein the synthesis of alanyl thymidine triphosphate was started from the naturally
ocuuring amino acid L-serine (1). The carboxylic acid and amine groups were
protected as methyl ester and N-Boc respectively. The hydroxyl group of protected N-
Boc-Aminoacid-ester was modified as active mesylate derivative (2) with mesyl
chloride. This mesyl derivative (2) was treated with nucleobase thymine under basic
conditions (K>CO3/DMF) and isolated as desired N-Boc-thyminyl-alanyl methyl ester
(3) after purification by column chromatography. In next, the methyl ester group of
nucleoside (3) was reduced into alcohol as compound 4 with versatile reducing agent
NaBHs4. This nucleoside alcohol (4) was phosphorylated with phosphorylating
reagents by treting with salicylchlorophosphidite, tributylammonium pyrophosphate
followed by oxidation with iodine pyridine/water solution then hydrolysed the cyclic
triphosphate to triphosphate. Finallythen N-Boc group was deprotected with aq. HCI
(1.0N). As resultant the desired compound as N-Boc-alanyl-thymidine triphosphate

(ala-TTP, 5) was isolated in moderate yield and purified by Sephadex-Gel column and
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HPLC methods. All new intermediates of this scheme are well characterized by NMR

(‘H/"3C/*'P) and ESI-Mass techniques.

Scheme 3A. 1 synthesis of Alanyl thymidine triphosphate

| (6]
0=8=0 NH
OH (i) soCl,/MeOH O  Thymne, K,CO3 |
Lﬁo (ii) Boc,0/CH3CN-H,0 18-crown-6, DMF,rt,35% o N AO
H2N BocHN ©

> \O/U\)

(iii)MeSO,CI, TEA,DCM

OH 70 % o H
~ NHBoc
1 2 3
NaBH,4, EtOH,
80%
0
(0]

NH
\fk/g 1.Salicyl chlorophosphidite,Pyridine,Dioxane | NH
(e} O O O 2.Tributyl ammonium pyrophosphate, TBA,DMF /g
1l - N~ ~0O

N
1} |l
K‘/\o/'?\o"?\o"?\o- 3.1p,Pyridine,Water.
H O O O 4.Ammonia OH
+
2 (EtyNH), 5.1N HCI, TEAB. NHBoGc
S 4

The nucleobases are known in hydrogen bonding and self-assembled with unique
pattern. Thus we desired to obtain any self-assembly structure in alanyl-thymidine
nucleoside for structural organizations. Thus we attempted to get single crystal from
alanyl-thymidine nucleoside ester (3)/alcohol (4)/ triphosphate (5). However we got
crystal of only alanyl nucleoside ester (3) in solid state after many attempts. The single
crystal of nucleoside (3) was analysed by single X-ray diffractometer and its data are

deposited to Cambridge crystallographic data centre (CCDC) with 1568315. number.
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3A.2.2 Biochemical evaluation of alanyl thymidine triphosphate

The biochemical evaluation as examination of genuine substrate of DNA is studied
with primer extension reaction method. In comparison, the known substrates of DNA,
dTTP & ddTTP, are employed as control studies with following DNA polymerases:
Tagq, Vent exo, Deep vent-exo, Bst and Therminator. The DNA primers (P1/FAM-P1)
and DNA template (T1/T2) are used for incorporation of ala-TTP or/& control
dTTP/ddTTP under primer extension reactions. The sequence of DNA primer and
templates are following: primer (P1) 5-TGTAAAACGACGGCCAGT-3’; labelled
primer (FAM-P1) Fam-5’TGTAAAACGACGGCCAGT-3’; Template (T1)

3I’ACATTTTGCTGCCGGTCAA*GTCGAGGCAT-5; template (T2)

3’ACATTTTGCTGCCGGTCAAAAAAAAAAAA-5. The underline sequence are

complementary to primers.

For gel electrophoretic studies, the FAM labeled primer (5°’FAM-P1) as FAM-
5"TGTAAAACGACGGCCAGT-3" was treated with alanyl-TTP and enzyme (DNA
polymerase) in presence of DNA template (T1) at 55°C. The labelled DNA and its
incorporated products, after primer extension reactions were visualized by
denaturating PAGE. Their gel images are depicted in Figure 2. In Figure 2 A, the gel-
band of L1 belongs to labelled DNA primer. While the gel-bands of L2/L3/L4 belong
the extended labelled primer with respective dTTP,/ddTTP/ala-TTP with therminator
DNA polymerase (Figure 2A). The remarkable gel-bands shift of FAM-DNA primer
are visualized with ala-TTP as like control (dTTP & ddTTP). However with dTTP the
shift is comparatively more than ddTTP and ala-TTP. In literature, the multiple

incorporations of dNTP into primer are reported with high fidelity DNA polymerase.'*
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Since ddTTP is well known as terminator of DNA synthesis after single incorporation
into DNA primer. In case of also the gel-shift band of extended labelled primer is
closely matched with that of ddTTP. These gel-shift band analysis strongly support
the only single incorporation of alanyl-TTP into DNA primer with highly efficient
DNA Therminator polymerase. With vent-exo & Tag DNA polymerases, the similar
gel-shifts of DNA primer (FAM-P1) are noticed with ala-TTP and control ddTTP

(Figure 3A, 2.A L4 & L5).

FamP1 dTTP OOTTP AITTP gdTTP AI-TTP odTTP AI-TTP Fam P2 gdTTP ALTTP QdTTP ALTTP

Therminator Taq VENT-ex0 Bst Deapvent

Figure 3A. 2 PAGE analysis of primer extension reactions of Ala-TTP with DNA
polymerases (A) L1 FAM P1, L2, L3 and L4 extended primer with dTTP, ddTTP and
Ala-TTP byTherminator DNA polymerase, L5 and L6 extended primer with ddTTP
and Ala-TTP by TagDNA polymerase, L7 and L8 extended primer with ddTTP and
Ala-TTP by Vent exo-DNA polymerase (B) L1 FAM P1, L2 and L3 extended primer
with ddTTP and Ala-TTP by Bst DNA polymerase, L4 and L5 extended primer with

ddTTP and Ala-TTP by Deep vent DNA polymerase

With Bst & Deepvent DNA polymerses, the gel-shifts of DNA primer (FAM-P1)’s
gel-band are consistently similar. (Figure 3A.2B; Lane 2-5). These gel studies

strongly support the single incorporation of a/a-TTP into DNA primer as like control
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ddTTP with other DNA polymerases too. The incorporation of dTTP/ddTTP/alanyl-
TTP into labeled primer with DNA polymerase are also summarized in Table 3A.1.
As like control dTTP and ddTTP, alanyl-TTP is also get easily incorporated into DNA
with all given DNA polymerase. Hence ala-TTP is another terminator of enzymatic

DNA synthesis after single incorporation.

Table 3A. 1 DNA polymerase ativity of alanyl-TPP & control (ANTP &ddNTP)

reaction results

(:—:F Primer

Primer
- DNA polymerase
-

I A
NTP (dTTP/ddTTP/ Template

Template pro-TTP/ala-TTP)

A

Single Extension of primer
Sr. No DNA dTTP ddTTP ala-TTP
Polymerase
1 Bst v v v
2 Deepvent v v v
3 Taq v v v
4 Vent-Exo v v v
5 Therminator v v v

Further to investigate for multiple incorporations of ala-TTP into primer, we designed
a template (T2) which could incorporate multiple thymidine triphosphate. Herein, we
performed primer extension reactions with designed primer/template and a/a-TTP and
control dTTP by gel-electrophoretic methods. Their gel-shifts are depicted in Figure 3.

In case of dTTP, the synthesis of multiple dTTP incorporated DNA, almost full
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L1 L2 L3 L4

Figure 3A. 3 PAGE analysis of primer extension reactions of ala-
TTP/dTTP/ddTTP with DNA polymerase L1 FAM P1, L2, L3 and L4 extended

primer with dTTP, ddTTP and Ala-TTP byTherminator DNA polymerase

length DNA sequence were noticed (Figure 3, L2). However, with ala-TTP, gel-shift
band (Figure 3A. 3, L3) is almost equal to that of ddTTP (Figure 3A. 3, L4). Hence
ala-TTP also could not extend the synthesis of DNA after single incorporation like

ddTTP. In literature, glycerol NTP is known for single incorporation into DNA.

3A.2.3 Liquid Chromatography —Mass Spectrometry (LC-MS) Studies

Finally the incorporation of ala-TTP into DNA primer was analyzed by LC-ESI-Mass
analyses. We recorded the mass spectra of DNA primer (P1) and Template (T1)
before and after treatment with al/a-TTP/ddTTP in presence of one of the enzyme,
Therminator DNA polymerase. The mass spectra of primer/extended primer with ala-
TTP and control ddTTP are provided in Appendix of this chapter. The mass spectrum
of DNA primer P1 exhibited a prominent peak at 1381.99 (m/z) which belong to
molecular mass ion (M) of primer as [Mp-4H]*, while the mass of template(T1) as

[M1-6H]% is appeared at 1483.57 In presence of therminator polymerase and ala-TTP,
polym
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the mass of DNA primer (P1) is increased and appeared at 1447.28 (m/z) (Figure

3A.4) which belong to the

Intens. Py — M8, 7.1-7.2min #(423-430)

200 1447.0238 1447.5412
1447.8024
1501
100
sa‘w
1446.0 14465 1447.0 14475 1448.0 14485 1449.0 miz

Figure 3A. 4 Mass spectra of extended mass of primer with ala-TTP

molecular mass ion of single ala-TTP extended DNA primer (M,") as [M, -4H]*.
However, with control sample, ddTTP, the mass of DNA primer P1 is also increased
and appeared at 1454.16 (m/z) as [M, -4H]* under similar primer extension reaction
conditions which belongs to the mass of single ddTTP extended DNA primer. Hence
these mass results confirm the single enzymatic incorporation of ala TTP into DNA

primer in presence of DNA Template and DNA polymerase.

3A.2.4 Self-assembly study of alanyl-thymidine ester (3)

Importantly we got single crystal of alanly nucleoside ester (3), precursor of ala-TTP
(5), and studied by X-ray diffractometer which confirmed the chemical structure of
nucleoside ester (3) in solid state. The X-ray data is deposited to Cambridge
crystallographic data center (CCDC) with reference CCDC 1568315. The ORTEP

diagram of compound 3 are depicted in Figure 3A.5.
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»
ceco

Figure 3A. 5 ORTEP diagram and Phase data of ala-thymidine ester (3): Space-group
P 121/c 1 (14) — monoclinic; Cell a=5.2456(3) A b=26.0994(15) A ¢=12.1838(7) A

B=99.467(4)°; V=1645.33(16) A3

After the confirmation of ala-thymidine ester (3) crystal structure, we attempted to
find its (compound 3) supramolecular assembly in solid state. Using crystal
visualizing software Diamond 3.2, the packing arrangement of thymidine ester 3 was
obtained (Figure 3A.6, top left). The viewing from one axis ‘b’ indicate two thymidine
ester (3) are assembled by an unusual hydrogen bonding pattern between their
thymidine residues in plane’s axis ‘a’ and ‘c’ (Figure 3A .6, top right). Herein a
unique type of nucleobase pairs, Thymine: Thymine (T:T) are noticed by two
hydrogen bonding between two thymine residues as following: N3-H of one thymine
(T) with O=C? of other thymine (T) and vice versa. In literature too, such type of
hydrogen bonding are called as reverse Watson-Crick hydrogen bonding which are
noticed in the supra molecular assemblies of Ferrocene linked Thymine/Uracil
conjugated compounds.'*!® However, Watson-Crick and Hoogsteen types of hydrogen
bonding are found in nucleobase supramolecular self-assembly in many modified

17-21

nucleosides. In addition further the side view of ala-Thymidine ester

supramolecular assembly are depicted in Figure 3A.6 (bottom left) which indicate the
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formation of anti-parallel self-duplex type of structure. Each strand of this duplex is
formed by hydrogen bonded backbone as —C=0------- HN of Boc- group of ester 3.
Interesting unique ©-7 interactions are noticed between thymine residues of one stand
with that of other strand and further stabilized that self-duplex structure of alanyl
nucleoside in solid state. The distance of hydrogen bonds and =-7 interactions are
extracted from the supramolecular structure of alanyl ester (3) (Figure3A. 6, bottom
right). The hydrogen bond distances between two thymine are 2.0A; hydrogen bond
distances between two Boc groups are 2.4A; the distance of m-m interactions in
thymine are 3.7A; the distance between two strands of that duplex are 10A, and
distance between two units of each strand are 5.2A (Figure3A.6, bottom right). 6,

bottom right).
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PooxX
P g
’ !
Rt
!
s %
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bonding and 7n-m interaction (Bottom right)

Figure 3A .6 Structural studies of single crystal of Boc-N-alanylthymidine methylate (3)
by X-analyse: (a) Packing diagram (top left); (b) diagram of selected region (top right);

(c) Hydrogen bonding pattern (bottom left) and (d) Detail of distance for hydrogen
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3A. 3 Conclusion

We have successfully synthesized alanyl thymidine triphosphate (ala-TTP), and
performed its biochemical evaluation with various DNA polymerases in presence of
DNA primer and DNA templates. The alanyl thymidine triphosphate is a substrate of
several DNA polymerases. The ala-TTP involves in primer extension reaction and and
incorporated one could extend the primer only one extension like glycerol NTP due to
its flexible backbone and rotational degrees of freedom. The ala-thymidine
triphosphate can be used to synthesize the 3’-amino functionalized DNA. We have
also studied the self-assembly of crystal structure of ala-thymidine ester. The
compound shows self-assembly and duplex type of structure aided by hydrogen

bonding and pi-pi interactions.

3A.4 Experimental section

All chemicals and reagents purchased from commercial sources and used as received.
Oilgo nucleotide purchased from IDT. All enzymes purchase from NEB .DMF and
DCM distilled over CaH; and stored on molecular sieves. THF and dioxane dried over
Sodium benzophenone and stored over sodium. Pyridine distilled over potassium
hydroxide and stored on CaH,.Triethyl ammonium bicarbonate (TEAB) prepared by
passing CO> gas into 2M aqueous triethylamine solution and stored at 4°C. HPLC
performed on Waters semipreparative HPLC using sunfire column(C18 ,4.6X150
mm) using 20mM TEAB and Acetonitile (0-10 % 30 min). LC-MS experiments
performed on Bruker microTOF-Q II coupled with a Waters Acquity UPLC auto
sampler .Primerextension reaction products(25 pul) were diluted with 25 pl Milli-Q

water and 10.0 pl from this mixture injected by auto sampler by following programme
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at a flow rate 0.2ml/minute linear gradient.0-10 min80% A gradient, 10-12 min 30%
A gradient, at 12- 13 min30% A isocratic, 13-14min 100% A gradient, at 14-15 min
100% A isocratic. A C-18 RP UPLC column (2.1 x 5.0 mm, 1.7um, Acquity Waters)
used for LC-MS experiments. Column temperature maintained at 30°C during the

experiments (buffer A: SmM ammonium acetate (pH 7.0) and buffer B: methanol)

Primer extension reactions for LC-MS analysis were carried out with 5 pM of primer
and template, 100 uM ala-TTP or ddTTP in a total reaction volume of 25 pl with 2

units of Vent exo- DNA polymerase

All primer extension reactions performed with 1uM FAM labelled primer, 1uM
template 100 uM NTP in 10.0 ul with reaction buffer provided by the supplier. All
reactions performed at 55°C for 60 minutes. 2 units of each therminator, Vent exo-
and Deep Vent exo- DNA polymerases were used in 10.0 pl reactions .Bst and Taq

DNA polymerases were used 8.0 units and 10.0 units in 10.0 pl reactions.

Gel experiments performed with 20% PAGE (29: 1 Acrylamide ,bis acrylamide) and
7M urea .Gels prepared and ran in 1x TBE and visualised under trans UV using Bio-

Rad gel doc system.

133



Chapter 3A

Experimental procedures form the synthesis of compounds 2-5

(S)-methyl  2-((tert-butoxycarbonyl)amino)-3-((methylsulfonyl)oxy)propanoate (2):
Boc serine ester (2.0 g, 9.13 mmol) dissolved in anhydrous pyridine (10 ml) and
stirred at 0°C under nitrogen atmosphere. Mesylchloride (1.06 ml, 13.7 mmol) was
added dropwise with a syringe and the reaction stirred at 0°C for one hour. The
reaction mixture concentrated in roto and extracted with water and DCM. The DCM
layer washed with sodium bicarbonate solution followed by brine solution, dried with
anhydrous sodium sulphate and concentrated followed by purification using ethyl
acetate and hexanes on silica gel gave 1.89 g of oily compound in 70% yield. '"H NMR
(400MHz ,CDCl3) 6 ppm 1.36 (9H, s), 2.95 (3H, s),3.71(3H, s),4.39-4.42(1H, m),
4.47-4.53(2H, m),5.53-5.55(1H, m) *C NMR (100MHz ,CDCl3) § ppm 28.11,37.17,
52.89,53.01,68.99,80.43,155.07,169.15. HRMS (ESI-TOF) Calculated (CioH1707N S

+Na) 320.0774, Measured 320.0775

(S)-methyl2-((tert-butoxycarbonyl) amino)-3-(5-methyl-2,4-dioxo-3,4-
dihydropyrimidin-1(2H)-yl)propanoate ~ (3): Thymine (0.2g, 1.58 mmol)
dissolved in anhydrous DMF (5 ml), K,CO3 (0.328 g, 2.38 mmol) and 18-
Crown-6 (0.083 g, 0.31mmol) added and stirred under nitrogen atmosphere
for 10 minutes. Mesyl derivative (compound 2) (0.471 g, 1.58mmol) was
added to the reaction and stirred at room temperature overnight under
nitrogen atmosphere. The reaction mixture concentrated followed by
purification on silica gel using methanol and dichloromethane as solvents
gave 0.181 g white solid in 35% vyield. 'H NMR (400MHz, DMSO-Ds

+CD;OD) § ppm 127 (OH, s), 1.72 (3H, s), 3.54-3.60(1H, m), 3.633H, s),
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4.18-423 (1H, m), 4.44-446 (1H, m), 7.18(1H, m). °C NMR (100 MHz,
DMSO-Ds + CD;OD) § ppm 11.23, 27.49, 49.19, 51.78, 51.88, 79.40, 109.05,
14220, 15143, 156.01, 16526, 17.42 HRMS (ESI-TOF) Calculated

(C14H2106N3 +Na) 328.1503, Measured 328.1509.

(S)-tert-butyl (1-hydroxy-3-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-
vl)propan-2-yl)carbamate (4): Thymine ester (0.15 g, 0.45 mmol) dissolved in
anhydrous ethanol, stirred under nitrogen atmosphere for 10 minutes followed by
addition of sodium borohydide (0.05 g, 1.37 mmol) and stirred overnight under
nitrogen atmosphere at room temperature .The reaction mixture concentrated and
extracted with ammonium chloride and ethylacetate. Ethylacetate layer washed with
brine solution, dried with anhydrous sodium sulphate and concentrated .The crude
compound purified on silica gel column using methanol and dichloromethane to
obtain 0.11 g of white solid in 80% yield. '"H NMR (400MHz ,DMSO-Ds) & ppm
1.29 (9H, s),1.72 (3H, s),3.23-3.29(1H, m),3.34-3.41(2H, m),3.74-3.80(1H, m),3.95-
4.00(1H, m), 4.80-4.83(1H, m),6.54-6.57(1H, m),7.31(1H, s),11.12(1H, s) '*C NMR
(100 MHz ,DMSO-D¢ ) 6 ppm 12.51, 28.52, 49.98, 51.18, 61.90, 78.25, 107.90,
142,58, 151.43, 155.72, 164.81. HRMS (ESI-TOF) Calculated (Ci3H2105N3)

300.1554, Measured 300.1556.

Triethylammonium  (S)-2-amino-3-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-
vl)propyl triphosphate (5): Triphosphorylation was performed by following reported
literature. ' Compound 4 (0.04 g, 0.13 m mol) taken in a 25 ml round bottom flask
dissoloved in 3 ml of anhydrous pyridine and dried in roto followed by drying in a
vacuum desiccator at ambient temperature for one hour. Descicator opened under

argon atmosphere and closed with septum. All the further steps performed under argon
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pressure. Salicylchlorophosphidite (0.03g, 0.160mmol) dissolved in dry dioxane (1.0
ml) was added and stirred at room temperature for 10 minutes. Immediately a cock tail
containing tri- butylammonium pyrophosphate (0.14 g, 0.26 mmol) and tri-butylamine
(0.26 mL, 1.07 mmol) in anhydrous dimethylformamide (DMF) (1ml) injected into
the flask and stirred for 10 minutes followed by the addition of Iodine in
pyridine/water solution (1% in pyridine/water 98/2). After 10 minutes 10 ml of 100
mM TEAB buffer (pH 8.0) was added and stirred for one hour followed by
lyphilzation .The reaction mixture dissolved in 10 ml water and extracted with ethyl
acetate. Aqueous layer lyophilized followed by anion exchange column (DEAE
Sephadex A-25) chromatography eluted with TEAB buffer (0.1M-1.0M) compound
containing fractions were pooled and concentrated followed by boc deprotection with
IN HCI .The reaction was quenched with aqueous ammonia and concentrated
followed by HPLC purification and lyophilzation of the HPLC purified samples gave
Ala-TTP as a white powder dissolved in nuclease free water and used for primer
extension reactions. 'H NMR (400 MHz, D20) § 7.57 (s, 1H), 4.41 (dd, J = 6.7, 3.1
Hz, 1H), 4.26 (dd, J = 14.7, 7.3 Hz, 1H), 4.20 — 4.04 (m, 2H), 3.94 (s, 1H), 1.94 (s,
3H). 3IPNMR (162 MHz, D,0): (-22.13, t,1P, Pp), (-11.16,-11.04,d ,1P, Py), (-
10.4,-10.16 ,d ,1P,Py) (Juy=19.44Hz , J3~=19.44Hz) HRMS, 'HNMR ESI-TOF calcd

for [CsH1sNO12P3(M-H)] m/z437.9863, found m/z 437.9969.
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3A.6 Appendix
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LC-MS of primer,template and extended primer with ala-TTP and ddTTP
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3B.1 Introduction
Dideoxy nucleoside triphopshates (ddNTP) are the sequence terminators developed by

Sanger.! After Sanger’s report researchers have been developed alternate ddNTP
analogues. Amino ethyl glycinyl (aeg) Peptide nucleic acids (PNA) are nucleic acid
analogues where phosphate back bone is replaced by neutral amide backbone. Aeg
derived triphosphate analogues have been synthesized and studied as ddNTP
analogues.>® A4eg PNA are the acyclic and flexible molecules. Proline derived
conformationally constrained PNA analogues have been synthesized and their binding
properties with complementary DNA/RNA have been studied (Figure 3B.1).*® We
have synthesized and studied the biochemical properties of 4-hydroxy proline derived
pyrrolidine nucleoside triphosphates (Pr-NTPs) as ddNTP analogues.” PNA analogues
with prolinol acetyl nucleobase have been synthesized and incorporated in PNA at
terminal and interior positions which stabilized the duplex with complementary

DNA.8’9 10,11

Base

0
Y \
o e
ﬁ) 0 00 o-P—OY"

N -t HO \é
AN \)ko)% E\\ ?H_ d\ OH
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\ O-R=0
aeg-PNA Base O)4. (0)

Base
Prolamide nucleic acids

HN Base

Z—>\(° Ea K‘fo PR3

N P___P. P N oo F’\o

o) HO™ 1> O~ HO

o)\ A, O 5 P oH OH” o oH 0
Base Base
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Prolamide peptide nucleic acids Prolamide NTP

Figure 3B. 1. Structure of aeg-PNA, Prolamide nucleic acids, Prolamide PNA,

Acyclic N-methyl NTP and Prolamide NTP
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The 4-hydroxy /3-hydroxy prolinol acetyl nucleobase modified phosphoramidates
have been synthesized and studied the stability of the hybrid duplex with

complimentary DNA/RNA . !>14

3B.1.1 Hypothesis and rational of present work

As prolinol acetyl nucleobase nucleic acid analogues forms stable duplexes with
complementary DNA/RNA we hypothesized to synthesize nucleoside triphosphates
derived from prolinol acetyl thymine/ uracil and study the biochemical activities of

with DNA polymerase as alternate ddNTP analogues.

3B.2. Results and discussion

3B.2. 1 Synthesis of prolamide thymidine/uridine triphosphates
We started the synthesis of prolinol acetyl thymine/ uracil form N-Boc proline (1).

N-Boc proline was treated with bornae dimethyl sulphide to obtain N-Boc prolinol (2).
The alcohol was protected as benzoate (3).The N-Boc proline benzoate was treated
with 20% TFA/DCM to remove the boc group and insitu it is treated with chloroacetyl
chloride to afford chloro derivative (4). The chloro derivative treated with
thymine/uracil in dimethylformamide using potassium carbonate to obtain the benzoyl
protected nucleoside analogue which was treated with potassium carbonate in
methanol to obtain the nucleoside alcohols (5a&5b).Nucleosides 5a & 5b were

characterized by single crystal X-ray diffraction. The nucleoside alcohols (Sa & Sb)
phosphorylated by Yoshikawa’s method. The alcohol treated with phosphoryl chloride
in trimethylphosphate followed by treatment with tributylammonium pyrophosphate
to obtain thymine/uracil triphosphate analogues.The synthetic steps are depicted in

scheme 3B.1
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Scheme 3B. 1: Synthesis of prolamide thymidine/uridine triphosphate
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3B.2. 2 Biochemical evaluation of prolamide thymidine/uridine triphosphate
analogues

The synthesized analogues were tested with many DNA polymerases therminator, taq,
vent, deepvent, bst, and klenow DNA polymerases to study the primer extension
reaction. Both the thymine and uracil analogues are the substrates for none of these

enzymes.
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3B.2. 3 Self-assembly prolinol acetyl thymine/uracil

The single crystal structure analysis of nucleosides show the helical self-assembly by
hydrogen bonding interactions. Helix is the spiral symmetrical arrangement of
molecules by supramolecular interactions. Helix is the supramolecular structure with
coiled topology present in biological systems. !° The helical supramolecular
assemblies are formed by hydrogen bonding interaction originated in intra or inter
molecular fashion as seen in alpha- helix of proteins '® and double helix of DNA.
"The helices assemble to supramolecular structure by interaction with other
molecules to form coil-coiled structure, DNA-protein, super helices of DNA structures
to form functional supramolecular system which are vital for life and involved in
many biological function such as ion-transport, molecular recognisation, catalysis and
genetic information storage.'® Hydrogen bonding is the key element in the formation
and maintenance of the supramolecular structures in biomolecules. ' Chemists used
many strategies to make artificial helical systems to mimic the nature. Foldamers,
small molecules, oligomers, double stranded helical polymers have been synthesized
to mimic the helix topology.?’*? Nucleic acids attain different conformations under
given physiological condition to adopt a secondary structure which play crucial role
in biological systems.>* Many nucleic acid based supramolecuar structures have been
developed. Small molecule based supramolecular self-assembled systems have been
developed and studied their structural features by X-ray crystallography and other
techniques 2. The supramolecular self-assembly of molecules at nucleobase level

have been studied by designing small molecules based on homo or hetero dimerization
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/self-assembly of nucleobase derivatives. 2> 2Adenine nucleobase derivatives forms

2728 or metal mediated ?° self-

supra molecular structures by hydrogen bonding
assembled structures. Guanosine derivatives self-assemble to supramolecular structure
by Hoogsteen hydrogen bonding. *° *'Hemi protonated cytosine and its derivatives
self-assemble to form supra molecular structures by hydrogen bonding.>? Ferrocne
linked Thymine/Uracil conjugates forms supra molecular assemblies by Watson-
Crick/reverse Watson-Crick hydrogen bonding.**** Thyminyl/uracilyl N-acetyl
prolinol derivatives have been syntheisized and incorporated in DNA/PNA analogues
and their binding properties have been studied.We are interested to study the
supramoleculcuar self-assembly formed by Thyminyl/uracilyl N-acetyl prolinol
derivatives. Herein we describe the synthesis, self-assembly study of
Thyminyl/uracilyl N-acetyl prolinol derivatives by X-ray crystallography, ESI-MS
studies and SEM image techniques.

Helical self-assembly of prolinol acetyl uracil: The crystal structure of prolinol
acetyl uracil is depicted in (Figure 3B .2). The supramolecular helical self-assembly in
prolinol acetyl uracil originated from the hydrogen bonding interactions between the
alcochol OH and carbonyl group. The helix formation from the hydrogen bonding
interactions is explained here by taking 3 residues of prolinol acetyl uracil. The single
crystal X-ray structure of prolinol acetyl uracil shows the arrangement of alcohol and
carbonyl groups oriented in such a way that the carbonyl group can accept the
hydrogen from another molecule in upward direction and the alcohol group can donate
the proton to carbonyl group of another molecule in downward direction. This
continuous arrangement of the residues by hydrogen bonding interactions build a helix

around a pseudo axis. The puckered conformation of proline ring facilitated
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Figure 3B. 2 Crystal structure and self-assembly of prolinol acetyl uracil

such an arrangement of donor-acceptor to make stable helix. The uracil units flanked
around the helix provides further supra molecular interaction with the uracil units of
adjacent helixes. An uracil moiety donates its N3 H to O 4 of uracil in downward
direction and accepts hydrogen form N3 H to its O4 in upward direction. The

hydrogen bonding distance between the alcohol OH and carbonyl group is 1.926 A
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and the distance between N3 H and O4 is 1.913 A both are strong hydrogen bonding

interactions.

Figure 3B. 3 Crystal structure and self-assembly of prolinol acetyl uracil
Helical self-assembly of prolinol acetyl thymine: Prolinol acetyl thymine also forms
helical supramolecular self-assembled structure.The crystal structure of prolinol acetyl
thymine illustrated in Figures 3B.4 and 3B.4 In contrast to the prolinol acetyl uracil in
thymine analogue with same backbone the carbonyl group of acetyl unit is not
involved in the hydrogen bonding but here thymine take part in the helix formation
and the alcohol acts as both donor by donating hydrogen to the carbonyl of thymine O
4 and acceptor by taking hydrogen from the N3 of thymine. Here the thymine residues
are arranged in such a way that O4 accepts hydrogen from upward direction of alcohol

and N3 accepts hydrogen from the alcohol from down ward direction and the
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repeating units makes helix. Hydrogen bond distance of N3-H and alcohol oxygen is

1.902 A and OH and O4 of thymine is 1.723 A both are strong hydrogen bonds.

-

8414

Figure 3B. 4 Crystal structure and self-assembly of prolinol acetyl Thymine

3B.2.4 Self-assembly study by scanning electron microscopy (SEM)

We recorded SEM images of prolinol acetyl thymine/uracil to study the morphology
of self-assembled structuresThe SEM image of prolinol acetyl thymine show rod like
structures (Figure 3B.5). The rods are in nanometer size. At micrometer size also we
observed the rod like structures and some aggregation. The SEM image of prolinol
acetyl uracil (Figure 3B.5) show high aggregation in comparison to the thymine
analogue. The crystal structure of prolinol acetyl uracil (Figure 3B. 2) show the

helical self-assembly formed by the hydrogen bonding interactions of alcohol OH and
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carbonyl oxygen .The flanking uracil units around helix connects other helixes by
hydrogen bonding interaction with adjacent uracil units forming a high aggregation.
The crystal structure of prolinol acetyl thymine show that thymine residue is involved
in the helix formation along with alcohol OH of proline ring where as in uracil case
the carbonyl oxygen of acetyl group and alcohol OH of proline ring are involved in
helix formation and uracil units take part in the connection of helixes by hydrogen
bonding interactions. Due to extension of aggregation of helixes by joining uracil
units a high aggregation seen in uracil analogue (Figure 3B.6). In thymine analogue
thymine residue involves in helix formation and not available to extend the attachment
of helixes as like in uracil. Due to this a symmetrical rod like structure are observed in
thymine case.

Overall the SEM studies support the self-assembly of prolinol acetyl thymine/uracil
and also provide an evidence to understand the nature of aggregation as seen in crystal

structures.
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Figure 3B. 5 SEM image of prolinol acetyl thymine
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Figure 3B. 6 SEM image of prolinol acetyl uracil

3B.2.5 ESI-MS studies

The self-assembly of nucleobase/nucleosides derivative have been studied by ESI-MS.
For example Guanine nucleosides forms G-quartets which formed by the self-
assembly four quinine units in presence of metal ion. 5-substituted thymine and uracil
derivatives also forms pentameric structures in presence of metal-ions have been
studied by ESI-MS studies. As our helical structures are formed by the self-assembly
we are interested to study the self-assembly by ESI-MS. We recorded the ESI-MS of
thymine and uracil derivatives (Figure 3B.7& 3BS8). In both cases the monomer is
predominate and the dimer and trimers were also observed with less intensity. A
tetramer also observed with less intensity. The higher order aggregates are not stable
in ESI conditions. However ESI-MS results support the self-assembly of these
analogues though they not stable enough to determine the high order self-assembled

structures.
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Figure 3B.7. ESI-MS of prolinol acetyl uracil
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Figure 3B. 8. ESI-MS of prolinol acetyl uracil
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3B.3 Conclusion

In conclusion we synthesized prolinol acetyl thymine/uracil triphosphates and studied
their biological activity with DNA polymerase. The triphosphate analogues are not
substrates of DNA polymerase. We have studied the self —assembly of prolinol acetyl
thymine/uracil by single crystal X-ray Diffraction. The two analogues form
supramolecular helical self-assembly by hydrogen bond interactions as shown crystal
structure. Importantly the puckered nature of prolinol acetyl moiety plays crucial role
in the orientation of helix structure. The systems can help to understand and design the

helical self-assembled structures.

3B.4 Experimental section

(S)-tert-butyl 2-(hydroxymethyl)pyrrolidine-1-carboxylate (2) 4.0g (18.6mmol) boc
proline was dissolved in 30 ml dry THF and stirred at 0°C for 10 minutes under
nitrogen atmosphere,borane dimethyl sulphide (5M in  diethyl ether) 3.71ml
(18.6mmol) was added drop wise with syringe at 0°C .After 10 minutes the reaction
mixture warmed to room temperature and stirred for 6 hours. The reaction mixture
evaporated to dryness and coevaporated with methanol (2x30 ml) and extracted with
water and ethylacetate .Ethyl acetate layer washed with brine solution and dried with
anhydrous sodium sulphate and concentrated at reduced pressure. White solid 3.73 g
obtained in quantitative yield used directly in next step without any purification. TLC
DCM Ry =0.43 '"H NMR (400MHz in CDCl3) §1.45(s,9H),1.84-1.85(m, 3H) ,1.95-
2.04(m, 2H) ,3.26-3.32(m, 1H),3.41-3.49(m,1 H),3.54-3.62(m, 2H),3.85-3.94(m, 1H)
4.74(s, 1H) *CNMR(100M HZ in CDCl3) &24.18, 28.57, 2822, 47.66, 60.30,
67.78, 80.33, 157.26 HRMS (ESI-TOF) Calcd for (C10H19NO3 +Na)" 224.1257 found

224.1231
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(S)-tert-butyl 2-((benzoyloxy)methyl)pyrrolidine-1-carboxylate (3)

To a solution of Boc prolinol 3.6 g (18.15mmol) in dry DCM (30ml), triethylamine
5.0ml(36.3mmol) was added at 0°C followed by addition of benzoyl chloride 3.1 ml
(27.2 mmol) drop wise and the reaction was stirred at room temperature overnight.
50 ml water was added to the reaction mixture and stirred for 10 min and organic layer
was separated. Aqueous layer extracted with DCM (2x50 ml) .Combined organic layer
washed with brine solution and dried with anhydrous sodium sulphate ,concentrated at
reduced pressure and purified by silica gel column chromatography (ehtylacetate and
hexane) to afford 4.9 g of white solid in 90% yield. TLC DCM R;=0.32 'H NMR
(400MHz CDCls) o6 1.45(S,9H),1.85-2.0(m,4H), 3.29-3.53(br, 2H) 4.10-
4.42(m,3H),7.43(t,2H 8hz),7.55(t,lH 8hz),8.03(d ,2H 8hz). *CNMR(100 MHz
CDCl3) 623.30,23.98, 28.05,28.59,29.00, 46.62,48.5, 55.79, 65.20,65.39,
79.55,79.92,128.50, 129.74, 130.18, 133.16, 154.61, 166.51. HRMS Calcd for
(C17H23NO4+Na) “: 328.1519 found 328.1542.
S-(1-(2-Chloroacetyl)pyrrolidine-2-yl)methyl benzoate (4): 530 mg (1.73mmol) of
compound 3 was treated with 10 ml of TFA.DCM (20%) at room temperature. After
3hours the reaction mixture was evaporated to dryness and diluted with 5ml dry
acetonitrile, triethylamine 0.48 ml(3.47mmol) was added at 0° C under N, atmosphere
followed by chloroacetyl chloride 0.20 ml (2.6mmol) at 0° C and stirred overnight at
room temperature .The reaction mixture concentrated and extracted with ethylacetate
and water .Ethyl acetate layer washed with brine solution, dried with anhydrous
sodium sulphate and concentrated followed by purification on silica gel column

chromatography to obtain colurless oily compound 380 mg in 78% yield. TLC DCM
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Ry =0.64 'H NMR (400MHz CDCl3) & 1.96-2.13(m,4.3H), 3.57-3.64(m,2H),
4.04(s,1.42H), 4.12-4.17(m,0.45H),4.29-4.74(m, 3H), 7.44(t,2H, J= 8 HZ),7.56 (t,1H
J=8 HZ) 8.01(d,2H J=8 HZ ) 3*CNMR (100MHz , CDCls) § 21.16, 24.40, 27.39,
28.89, 41.62, 42.36, 46.33, 47.32, 56.25, 56.96, 63.93, 65.13, 128.48, 128.66, 129.33,
129.61, 129.96, 133.13, 133.57, 165.49, 165.76, 166.32, 166.36. HRMS (ESI-TOF)
Cald for (C14H1sO3NCI+H) *: 282.0891 found 282.0889.
(S)-1-(2-(2-(hydroxymethyl)pyrrolidin-1-yl)- 2-oxoethyl) -5-methylpyrimidine
2,4(1H,3H)-dione(5a)

0.126 g (1.00mmol) of thymine dried under high vacuum at room temperature for 2
hours and dissolved in 4 ml anhydrous DMF followed by addition of 0.2g (1.5mmol)
anhydrous potassium carbonate and 18-crown-6, 52mg (0.2mmol) and stirred at 60°c
for 20 minutes under N> atmosphere followed by addition of anhydrous DMF
solution (2.8ml) of compound 5 0.28¢g (1.0mmol) by a syringe and stirred over night
at 60° .The reaction mixture was concentrated to dryness and extracted with water
and ethyl acetate. Ethylacetate layer dried with anhydrous sodium sulphate and
concentared to get white pluffy compound which was dissolved in methanol, stirred at
room temperature for 10 minutes followed by addition of 0.276 g (2.0 mmol) of
potassium carbonate  and stirring was continued for 24 hours at room temperature,
the reaction mixture was concentrated and purified by silica gel column
chromatography using DCM/MeOH to obtain a white solid 0.262 g in 95% yield. TLC
10 % MeOH/DCM Ry =0.56 'H NMR (400 MHz CD;OD) 1.88(s, 3H), 1.93-
2.11(m,4H),3.41-3.66(m,4.0H),4.08-4.18(m, 1H),4.50-4.71(m, 2H),7.32(s,1H) 3C

NMR (CDOD;100MHz) 612.33, 22.54, 25.09, 28.01, 29.14, 60.42, 61.21, 62.92,
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64.48, 110.79, 110.96, 143.74, 143.99,153.18, 166.97,167.84,168.34 HRMS (ESI-
TOF) Calcd for (C17H12N304Na) 268.1292 found 268.1290
(S)-1-(2-(2-(hydroxymethyl)pyrrolidin-1-yl)-2-oxoethyl)pyrimidine-2,4(1H,3H)-dione
(5b): 0.112 g(1.0 mm) of uracil used to syntheisize the compound 5b in a similar
procedure to obtain 0.24 g Sb in 95% yield as white soild. TLC 10 % MeOH/DCM Ry
=0.43'H NMR (400 MHz CDs0D)1.69-2.27,(m,4H)3.28(m, 2H),3.61-3.85(m,
3H),4.30(s, 1H) 4.56 (s,1H),5.64-5.70 (m, 1H) 7.49-7.60 (m, 1H) (CD;OD, 100MHz )
22.67, 24.38, 25.21, 28.13, 29.72, 60.55, 61.31, 63.12, 64.57, 102.21, 102.36,
148.13, 148.38, 153.27, 167.05, 167.91, 168.35. HRMS Calcd for C;1HisN30OsNa
276.0955 Found 276.0970.

((S)-1-(2-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin- 1 (2H)-yl)acetyl)pyrrolidin-2-
vl)methyl trihydrogen triphosphate (6a)

Compound 5a 0.03 g (0.112mmol) dried in high vacuum at room temperature for 2
hours, dissolved in 3ml trimethyl phosphate and stirred under nitrogen atmosphere at -
20° for 10 minutes. 0.03 ml (0.33 mmol) of phosphorous oxy chloride was added and
stirred at -5% for 2 hours followed by injection of a cocktail containing 154 mg
(0.28mmol) tributylammonium pyrophosphate and 0.21ml (0.89mmol) of
tributylamine in 2 ml of anhydrous DMF and stirred at room temperature for 30
minutes. 5 ml of 100ml of 100mM TEAB buffer added and stirred at room
temperature for one hour the hydrolysis step was monitored by mass spectrometry
after one hour another 5Sml TEAB buffer added and stirred for 30 minutes. The
reaction mixture lyophilized and purified by DEAE sephadex column using
ammonium bicarbonate as eluent (0.1M -1.0 M) .The compound further purified by

HPLC using 10 mM TEAB buffer (A) and acetonitrile (B). 'HNMR (400 MHz D>0O)
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o 2.01.2.11(m,1H), 3.36-3.40(m,1H), 3.53-3.67(m,2H) 3.97-4.13(m,1H),4.29-
4.44(m,3H), 4.91-5.0(m,1H), 5.87-5.89((m,1H), 7.60-7.71(m,1H) 3P NMR
(162MHz,D,0): & -22.05,-22.79 (br ,1P, ), -9.91(br, 2P) HRMS: Calcd for
C12H19N3013P3 506.0125 Found 506.0178

((S)-1-(2-(2,4-dioxo-3,4-dihydropyrimidin- 1 (2H)-yl)acetyl)pyrrolidin-2-yl)methyl
trihydrogen triphosphate 6b

Compound 5b 0.03 g (0.11 mmol) phosphorylated as described above to obtaine
prolamiode uridine triphosphate (6b) '"H NMR (400 MHz D,0) 2.01-2.11(m ,4H),
3.50-3.71(m,2H), 3.94-4.17 (m,2H), 4.28(br,1H), 4.44 (br,1H), 5.83-5.89(m,1H),
7.60-7.70 (m,1H), *'P NMR(162MHz,D,0): § -22.05,-22.44 (br ,1P, ), -10.34(br, 2P)

HRMS: Calcd for C11H17N3013P3 499.9969 Found 499.9918
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Chapter 4

Au decoration on ZnO nanotapers for field
emission applications

One-dimensional nanostructures with tailored morphology and desirable surface properties
have gained attention owing to their nanoelectronic applications like flat panel displays, field
effect transistors, solar cell applications. From device application perspective, cold-cathode
electron field emitters have emerged as a potential candidate for next-generation electronic de-
vices like electron microscopes, microwave amplifiers, field emission displays, x-ray sources
[1-6]. For device fabrication, materials having high thermal stability and mechanical strength,
low electron affinity and high oxidation resistivity properties all together are desired. In this
prospect, ZnO has been considered as a suitable candidate. Several studies on field emission
behavior of various ZnO nanostructures including nanowires [7], nanoneedles, nanocavities,
bottle shaped [8], branched nanowires [9], and nanowires on carbon cloths [11] have been car-
ried out. However, a better control over the vertical alignment of nanostructures, and difficulties
in achieving high emission current density with low turn-on field and long stability are the bot-
tleneck for fabricating field emission based devices.

The field emission (FE) characteristics of materials are explained by the Fowler-Nordheim (FN)
theory, which describes that both the field enhancement factor () and work function (P) of the
material strongly affect their FE characteristics. The factor 3 is defined as the ratio of local
electric field to the applied electric field, in which the local field is directly associated with the
geometry of the emitter and is 1 for flat surface whereas large for tip kind geometries. The ¢
associated with the electronic structure of the material can be tuned by modifying the electronic
structure. Except for the modifications made the in the architecture of ZnO nanostructures as

mentioned in above paragraph, several attempts have been taken to modify the electronic struc-
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ture of ZnO nanostructures using various methods like hydrogen plasma treatment [12], n-type
doping [13], annealing in different ambiences [14], coating them with noble metal nanoparti-
cles like Au, Pt [15, 16]. Among all the adopted methods, the coating of metallic nanoparticles
on the surface of ZnO is widely accepted because in metal-semiconductor junctions, the in-
terface formed between metallic nanoparticles and ZnO may modify the electronic structure
in two possible ways: Thermal equilibrium of Fermi levels of both the metallic nanoparticles
and ZnO, or metal-induced midgap states at the interface of metal-ZnO. The relatively low-
temperature growth of ZnO nanostructures may induce near-surface defect states like oxygen
vacancies (V), Zinc interstitial (Zn;) [17-19], depending on growth conditions, and the pres-
ence of such surface states can be more suitable environment for the formation of metal-induced
midgap states than the alignment of Fermi levels at the interface. Such midgap states are likely
to play a significant role in modifying the electronic structure at the surface and may change
the @ of ZnO. In this chapter, the influence of corrugated Au decoration induced midgap states
(at Au-ZnO interface) on the work-function of ZnO nanotapers is studied using Kelvin probe
force microscopy. This decoration of Au on the surface of ZnO introduces extended defects
at Au-ZnO interface, which may play an important role to change the electronic properties.
The obtained results showed that as a consequence of the reduction in work-function as a func-
tion of the thickness of Au, the field emission characteristics of Au decorated nanotapers is

significantly enhanced.

4.1 Methodology and growth of ZnO nanotapers

For this study, ZnO nanotapers were grown using standard aqueous growth method [20]. The
aqueous solution of precursors zinc nitrate and hexamethylenetetramine (HMT) was prepared
in a molar ratio of 1:1. After filling the aqueous solution in glass bottles, substrates placed on
a glass slide, were dipped into the solution in a lateral way as shown in figure 4.1, followed
by subsequent placing of bottles into the preheated water bath (at 90°C) in a laboratory oven
for three different durations 1, 3 and 6 hours. The nanotapers grown for l1hour duration were
of very short length, whereas for 6 hours duration the nanotapers tend to attain the nanorod
architecture. The samples grown for 3hours were of tip geometry, as shown in next section and
are used in this thesis work. The Si (100, p-type) substrates were coated with a thin seed layer

of ZnO film (~ 30nm) using pulsed DC magnetron sputtering system, which effectively lowers
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Figure 4.1: A schematic for the sample preparation unit.

the interface energy between ZnO nucleation points and substrates, and initiates vertical growth
of nanotapers of smaller diameter [21]. Here it is worthwhile to mention that the pre-heating of
water bath provides sufficient thermal energy for the crystallization in the reaction medium, and
initiates the growth of ZnO as well. During nucleation, the HMT a non-polar chelating agent
attaches to the non-polar facets of initially grown crystalline ZnO and initiates the growth along
(0001) direction. With increasing the growth duration, the epitaxial growth of crystalline ZnO
leads to vertically aligned ZnO nanotapers. Post-growth, samples were rinsed with de-ionized
water to remove residuals. The corrugated Au films of five different thickness of ~ 1, 2, 3, 4
and 5 nm were coated on nanotapers using electron beam evaporation technique, in a vacuum
chamber while maintaining the base pressure at 2x 10~7 mbar. The KPFM and field emission

characteristics were studied on some selective samples: as-grown, 3 and 5 nm Au decorated.

4.2 Morphological and structural studies

4.2.1 SEM and XRD study

Figure 4.2 (a, b) depict the cross-sectional FESEM images (tilted at 10°) of nanotapers deco-
rated with Au of two different thickness of 3 and 5 nm, respectively. The inset of figure 4.2
shows top view of as-grown nanotapers. In both of these samples, bright spots on nanotapers

are observed, which indicate that Au is coated on nanotapers in the from the islands. The
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uneven surface of samples as seen in FESEM images and substrate rotation (20 rpm) drove

the formation of Au islands on all faces of nanotapers. For confirming the presence of Au on

200nm

2 ﬂnm

Figure 4.2: Cross-sectional FESEM images of nanotapers decorated with Au of thickness (a)
3 nm and (b) 5 nm. The inset of (a) shows top view FESEM micrograph of as-grown ZnO
nanotapers.

ZnO nanotapers, the EDX spectroscopy was employed on both the 3 and 5 nm Au decorated
samples. The appearance of Au signal along with the Zn and O signals in the EDX spectra of
both samples indicates the decoration of Au on nanotapers. As an evidence the EDX spectrum
recorded from 3 nm Au coated sample is shown in figure 4.3 (a). The structural characteriza-
tion of nanotapers was carried out using synchrotron radiation based X-ray diffraction (XRD)
technique of wavelength 0.8293A. The XRD patterns of as-grown and Au-coated (3 & 5Snm)
nanotapers are shown in figure 4.3 (b), where the (002) Bragg diffracted peaks of ZnO domi-
nate over (101) peaks. The dominating (002) Bragg peak indicates the preferential orientation
of nanotapers along the c-axis, initiated by the minimum surface free energy along (002) and
are parallel to the basal plane of Si substrate. We notice that in XRD patterns of Au decorated
samples, an additional peak is apparent between the 38 to 40 26 values, which is associated
with the (111) plane of Au. The appearance of Au signal further confirms our FESEM and
EDX results.
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Figure 4.3: EDX spectrum acquired from 3 nm Au coated ZnO nanotapers (a) and X-ray
diffraction patterns of as-grown and Au coated nanotapers.

4.2.2 TEM study

Figure 4.4 (a) shows annular dark field (ADF) STEM image of ZnO nanotaper decorated with
Snm Au, where the difference in color contrast confirms the presence of Au particles on the
surface of nanotaper. In order to investigate the local electronic structure the EELS measure-
ments were performed across the Au-ZnO interface (green line shown in STEM image) and the

obtained results are shown in figure 4.4 (b).

1004

804

604

Counts 103

404

_on Au particle

530 535 540 545 550 555 560 565

204
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Figure 4.4: (a) ADF STEM image of Snm Au decorated ZnO nanotapers. The Au particles
on the surface can be easily seen. (b) O-K edge EELS spectra extracted across the Au-ZnO
interface and away along the green line as shown in panel (a).

Significant changes in EELS spectra are observed, in particular the peaks marked as 2 and 3
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are much more defined than those in the spectrum recorded on the ZnO surface away from the
Au particles. Dileep et al. showed that the typical O-K edge EELS peak appearing at 535eV
(labeled as 1) is associated with the transition from p unoccupied levels of O hybridized with
4s levels of Zn [22]. The additional peaks at 537eV and 545eV (labeled as 2 and 3) appearing
in EELS spectrum of Au-ZnO interface are associated with the O;.,; and O, respectively
[23]. The appearance of these additional peaks in EELS spectrum of Au-ZnO interface clearly
indicate that Au decoration onto the surface of nanotapers modifies the surface states and Zn-O

bonding, which can modify the optical and electrical properties of nanotapers.

4.2.3 X-ray absorption fine structure study

The X-ray absorption fine structure (XAFS) spectroscopy endow the local crystal environment
of a material at the atomic scale, by measuring the X-ray absorption coefficient around a se-
lected element present in the sample [24]. The XAFS spectra were recorded from all the sam-
ples including as-grown and 1 - 5 nm Au decorated. Figure 4.5 summarizes the results of XAFS
measurements for as-grown and 3 & 5 nm Au coated ZnO nanotapers. Figure 4.5 (a) shows the
normalized XAFS spectra of ZnO and Au decorated (3 & 5 nm) ZnO nanotapers, around the
Zn-K edge. Noticeably, for all the samples, no change in XANES region is observed as shown
in Figure 4.5 (a) (Shaded region). In order to investigate Au induced changes in the local crys-
tal structure of ZnO nanotapers, the normalized X-ray absorption spectra were analyzed using
FEFF 6.0 code [25]. This includes the background reduction followed by Fourier transform
(FT) of each spectrum and generation of the theoretical EXAFS spectra starting for an assumed
crystallographic structure. Finally the experimental data is fitted with the obtained theoretical
spectra using ARTEMIS software [26]. In figure 4.5 (b), (c) and (d), the dotted lines show
the FT transformed EXAFS oscillations of as-grown, 3 and 5 nm Au coated ZnO nanotapers
respectively, and the solid lines represent theoretical fitting of corresponding EXAFS oscilla-
tions for k-range from 2.5 9.5 Al Ina pure ZnO crystal, Zn is coordinated by four oxygen
atoms at about 1.98 A~ distance in first coordination shell, whereas the next-nearest-neighbor
Zn is surrounded by 12 Zn atoms at 3.21 A1 distance, and by considering all these facts, the
fittings were performed in R-space in the range 1 - 3.21 A~1. For fitting, the coordination num-
bers were kept fixed to those of crystalline ZnO. The mean value of inter-atomic distance and
Debye-Waller factor (0%) were fitted as free parameters. The obtained fitting parameters for all

the samples are tabulated in table 4.1. The fitting parameters reveal that, around the Zn-edge,
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the Au decoration affects the local crystal structure in both the Zn-O shell and the Zn-Zn shell
and further supports our EELS results. The change in the local crystal structure may affect the

electronic structure and electrical properties of nanotapers.
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Figure 4.5: Normalized X-ray absorption spectra of as-grown and Au coated samples (a) and
(b - d) around Zn K-edge, Fourier transform of k*-weighted EXAFS spectra of as-grown, 3 and
5 nm Au decorated ZnO nanotapers respectively.

Table 4.1: Extracted EXAFS fitting parameters

Sample Ry oA | A) |Ryzm@)| > AR)
As-grown nanotapers | 1.944 (1) | 0.0087 (2) 3.205 (2) 0.0105 (2)
1 nm Au decorated 1.945 (3) | 0.0096 (2) | 3.228 (5) | 0.0098 (3)
2 nm Au decorated 1.942 (2) | 0.0102 (3) | 3.224 (4) | 0.0095 (2)
3 nm Au decorated 1.949 (3) | 0.0095 (3) | 3.196 (5) | 0.0107 (3)
4 nm Au decorated 1.951 (1) | 0.0094 (4) | 3.212(2) | 0.0106 (3)
5 nm Au decorated 1.954 (2) | 0.0093 (2) | 3.216(4) | 0.0104 (2)
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4.3 Absorption characteristics

The optical absorption characteristics of as-grown and Au decorated nanotapers is presented in

figure 4.6 (a) - (f). Figure 4.6 (a) represents the absorption spectrum of as-grown sample, and
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Figure 4.6: (a) - (f) RT absorption spectra of as-grown and 1-5 nm Au decorated samples,
respectively. Their corresponding Tauc plots are shown in (g) - (h) respectively.

figure 4.6 (b) - (f) are from the 1-5 nm Au decorated samples, respectively. We notice that with
Au decoration the absorption spectra exhibit redshift as a function of thickness of Au, indicating
the influence of Au decoration on absorption edge of nanotapers. Here, it is worthwhile to
mention that no signature of surface plasmons characteristics is seen in the absorption spectra of
Au decorated samples, which normally appears between 500nm to 600nm [27]. In order to find
the absorption edge (bandgap), each absorption spectrum was converted into the Tauc plot using
Tauc relation (as described in chapter 3) and are shown in figure 4.6 (g)-(1). The Tauc plot of the
as-grown sample is shown in figure 4.6 (g), and for Au decorated samples are shown in panel
(h) (1), respectively. At the hy turning point, the Tauc plots of Au decorated samples exhibit
remarkable shift towards the lower energy as a function of the thickness of Au, compared to the

as-grown nanotapers. The absorption edge of samples was extracted by fitting a straight line in
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a similar way as described in chapter 3. For clarity, the extracted bandgap of all the samples
is plotted in figure 4.7 with respect to the thickness of Au. In plot, the bandgap narrowing
characteristics is apparent. The bandgap narrowing of Au decorated nanotapers is attributed to
the interface coupling between Au and ZnO by the electron transfer between Au and ZnO and
alignment of their Fermi levels [28]. The observed bandgap narrowing characteristics supports
our argument of modification in the electronic structure at the Au-ZnO interface, as already

shown by EELS and XAFS study.
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Figure 4.7: Extracted bandgap of nanotapers vs thickness of Au. The error bars were obtained
from the straight line fitting of Tauc plots.

4.4 Field emission characteristics

The field emission (FE), also known as field electron emission, is quantum tunneling of surface
electrons from a solid into the vacuum. In this process, the emission of surface electrons is
induced by an external electric field (E,,,;). Ralph H. Fowler and Lothar Wolfgang Nordheim
(F-N) proposed the theory of FE from bulk metals [29]. In this theory, F-N derived a couple of
equations named as “Fowler-Nordheim equations” which describe the characteristics of emis-

sion current. However, the F-N equations are applicable for bulk materials but are often used
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at the nanoscale, as a rough approximation of emission current. The FE results of as-grown
and Au coated ZnO nanotapers are summarized in figure 4.8. The emission current density
(J) versus applied electric field (E) plots for as-grown (sample a), 3 and 5 nm Au coated ZnO

nanotapers (samples b and c¢) are shown in figure 4.8 (a). Here it is worthwhile to mention that,

14

(a) —o0—27n0 el 0-0‘(b) O ZnO Nanotapers
1.24 o —O—ZnO_Au_3nm ’g O ZnO_Au_3nm
’ & —o—ZnO_Au_5nm 5 -0.54 O ZnO_Au_5nm
1.0+ g 2 -1.04
g N
— 0.8+ g ol 154
" 5 g g 15
% 0.6 g g 204
B /é\f > 254
E o4 y. S = 25
& & 8 m
0.2 054Vim & 097Vim & = -3.0
S eSS =
0.0 - TR e g 35-
00 02 04 06 08 10 12 14 16 07 08 09 10 1.1 12 13 14 15
E(V/um) 1/E
10”? 10"
—~ (c) o ZnO Nanotapers — (d) ZnO_Au_3nm
“g 2 ZnO_Au_5nm
2 2
2wl :
N N’
2 2 103
210 o3
i ol ¥ N NSRS e
-~ -~
=] =]
5} 5 |
5 5
O &) 1%
10°
0 5 10 15 20 25 30 0 2 4 6 8§ 10 12 14 16 18 20
Time (minute) Time (Hour)

Figure 4.8: (a) Emission current density vs applied electric field, (b) F-N plots of samples a, b
and c. (c - d) emission stability plots of as-grown nanotapers, 3 and Snm Au-decorated ZnO
nanotapers, respectively.

to establish an abiding emission current density, each data was recorded by applying 10 bias
cycles. The Au decoration on ZnO nanotapers has shown a strong influence on its current den-
sity profile, as shown in figure 4.8 (a). At a fixed emission current density J ~ 100 A/cm?, the
turn-on field of samples b and ¢ were found ~ 0.97 V/pm and ~ 0.54 V/um, respectively com-
pared to ~ 1.1 V/um of sample a. The threshold field, a measure of quality parameter of field
emitters, are found to be ~1.24 V/um, ~1.12V/um, and ~0.7 V/um at a fixed J ~ 0.2 mA/cm?
for samples a, b and c respectively, which are lower than the existing values 2V/um, and 3.5
& 5.6V/um [30,31]. For the analysis of FE characteristics of samples, we have employed FN

theory [29], which establishes a relation between tunneling current density and applied electric
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field.

2 2 B33/
J=A (%) exp ( ﬂBE(I) ) 4.1)
app

Where, J (mA/cm?) and E(V/um) are the emission current density and applied electric field
respectively. A = 1.56 x 10719 AeVV~2, B = 6830 V/eV*?um, B and ® (eV) are field en-
hancement factor and barrier height (work function), respectively [30]. The slope of F-N plots
shown in figure 4.8 (b) yield the field enhancement factor /3 for respective samples and equation
2 describes the essential relation between their slope and 3 [32]:
—BP¥/?
B

In order to calculate the slope, we have plotted F-N plots of each sample as 1/E vs In(J/E?)

(4.2)

SFN =

followed by fitting with a straight line and are shown in figure 4.8(b). The blue, green and red
dotted curves in figure 4.8(b) show the F-N plots of samples a, b and ¢ respectively, where,
the solid lines represent the linear fits. The linear fits to F-N plots imply the applicability of
F-N mechanism for emission of electrons from the surface of as-grown and Au-coated ZnO
nanotapers. For samples a, b and c, the extracted slopes from the linear fits, are found around
-7.561, -4.0426 and -2.0987 respectively. However, to calculate /3 of each sample, the work
function of the respective sample is required. In this context, the average ® for each sample
was calculated from their 2D contact potential difference measured using Kelvin probe force
microscopy (KPFM). The average ® values of samples a, b, and ¢ were found to be 5.1£0.3
eV, 4.96+0.07 eV, and 3.98+0.02 eV, respectively. Here, we notice that the experimentally
calculated ® of as-grown nanotapers is consistent with the standard ® of ZnO (5.3eV) [33],
whereas it decreases from 5.1 eV to 4.96 and 3.98eV for the samples b and c, respectively. The
decrease in ¢ and mapping process will be discussed in detail in the succeeding paragraph. The
substitution of the values of Sgy and @ of the individual samples a, b, and ¢ in the equation
4.2 provided the 3 for samples a, b and ¢, as 1.04x 10%, 1.87x 10%, and 2.6 x 10*, respectively.
The calculated 3 values for Au coated samples are higher than the as-grown nanotapers and for
sample c it is almost 2 times than the sample a, which implies that Au decoration on the surface
of nanotapers improves the field emission characteristics of ZnO nanotapers [30]. Figure 4.8 (c)
and (d) show the emission stability plots for samples a, b and c, respectively. In figure 4.8 (d),
the green and red curves represent the emission stability plots for samples b and c, respectively.
Notice, nanotapers showed enhanced emission stability behavior with increasing the thickness

of Au, whereas the as-grown nanotapers showed temporal stability. Sample b was found to be

100



stable only for 5 hours, compared to sample ¢ (20 hours) and due to which in figure 4.8 (d) the
green plot is plotted only up to 5 hours.

4.5 Work function calculations using Kelvin probe force mi-
Croscopy

Figure 4.9 summarizes the KPFM results of samples a, b, and c. Panels (a), (c) and (e) show the
AFM images of samples a, b, and c, respectively from where the Vopp values were mapped,

and their corresponding 2D Vpp maps are shown in panels (b), (d) and (f), respectively.

Figure 4.9: (a), (c) and (e) The AFM images of samples a, b, and c, respectively from where
the Vopp values were mapped. (b), (d) and (f) 2D maps of Vepp of samples a, b, and c,
respectively.

Each 2D map was analyzed to calculate the average Vopp value of the respective samples.
The average work-function of each sample was calculated by substituting their average Veopp
value into the expression 4.3 which describes a relation between Vpp value and sample work

function.

(I)sample - (I)tip - qVCPD (43)
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where q is the electronic charge, P, and Py, are the sample and tip work functions
(4.85eV), respectively [34]. The average local work function of samples a, b and c calcu-
lated by using above equation are found to be 5.1+£0.3 eV, 4.961+0.07 eV, and 3.98+0.02 eV
respectively. Since both the FESEM and STEM images show that on the surface of ZnO nan-
otapers the Au is deposited in islands like morphology (discontinuous), and don’t cover the
entire surface of the nanotapers, we believe that the calculated values of average work-function
of samples a, b, and c, are contribution from the entire surface of Au-ZnO. The thin metallic
films effectively modify the interface properties of metal-semiconductor contacts [35-38]. The
most widely accepted mechanism behind such effects is the metal-induced sub-gap states, in-
duced at the metal-semiconductor interface, which leads to band bending. Heine et. al. [35]
showed that such band bending can reduce the effective work function of the semiconduc-
tor leading to the enhanced electronic activity of the semiconductors in response to external
stimulus. Subsequent calculations and experiments by Nakato et al. [37, 38] have shown that
nanoscale metallic islands on a semiconductor surface, as seen in our case, can also result in
very effectively band bending in the metal-free part of the surface. By considering the EELS
& XAFS results, bandgap narrowing characteristics, and KPFM measurements, we attribute

the reduction of effective work function to a similar band bending in the metal free zone of

nanotapers.
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Figure 4.10: (a) The continuum of Au Bloch state leaking into the ZnO forbidden gap and
representation of reduced work function, (b) Au induced gap states (interface states) caused by
leaking of Bloch states.

A schematic representation of band-bending is shown in figure 4.10, where panel (a) repre-

sents the continuum of Au metal states leaking into the induced gap states of ZnO and (b) shows
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the formation of interface states and band-bending leading to reduction of work-function. Our
experimental findings are in good agreement with latest progress on field emission based stud-
ies of ZnO nanostructures. For comparison, a detailed list of recent updates in this area, is

presented in table 4.2.

Table 4.2: Summary of recent updates on field emission characteristics of ZnO nanostruc-
tures

ZnO samples E (V/ipm) J (1LA/cm?) P (eV) Ref.
Nanorod arrays 6.00 50 - [7]

Nano-needles 2.40 10 - [9]

N-implanted nanowires 2.40 0.1 - [10]
Nano-pins 1.92 0.1 - [13]
Au caped nanowires 0.86 100 5.04 £ 0.05 [19]
Triangular nanoflakes 0.52 100 47 4+0.1 [19]
Au-coated nanowires 2.00 0.1 - [30]
Pure Nanowires 4.90 10 - [31]
In-doped Nanowires 2.40 10 - [31]
Tetrapod-like 1.60 1.0 - [39]
N-doped nanobullet 2.90 10 - [40]
Zn0 on rough-Si Rods 2.90 10 - [41]
Tailored nanorods 1.80 0.1 - [42]
Urchin-like 3.70 10 - [43]
In doped-nanorods 4.70 10 - [44]
Nanorods on seed layer 20-27 10 - [45]
V205 nanoparticles coated 3.25-4 100 - [46]
ZnO NWs/MgO buffer 39 100 - [47]
Zn0O nanotapers 1.1 100 5.1+ 0.03 [48]
Au decorated ZnO nanotapers 0.97, 0.54 100 4.96 +£0.07,3.98 £0.02 [48]

4.6 Study of local conductance using tunneling atomic force
microscopy

Figure 4.11 summarizes the obtained TUNA results of as-grown, and Au decorated (3 & 5 nm)
ZnO nanotapers. Figure 4.11 (a) shows the surface morphology of sample a. TUNA mapped
2D tunneling current images of samples a, b and ¢ are shown in figure 4.11 (b), (c) and (d)
respectively. The insets of figure 4.11 (c) and (d) depict the surface morphology of the respec-
tive samples. For each sample, the 2D map of tunneling current was recorded at a DC bias of
3V applied between the tip and sample. The current image of sample a exhibits a non-uniform
and low-intensity current. The current maps of samples b and ¢ show a very uniform and rel-

atively high-intensity tunneling current profile. If we notice carefully, a significant difference
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is observable even between the current profiles of samples b and c. This implies that the Au-
decoration on ZnO nanotapers modify the surface states and provides additional free electrons
to participate in conduction with an applied potential, and causes the improvement of the lo-
cal conductance of nanotapers. The very uniform and intense tunneling current profiles of Au

decorated ZnO nanotapers indicate their applicability for large-scale device applications.

28.07um 1.08nA

0.00nm -0.21nA
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Figure 4.11: (a) C-AFM image of as-grown ZnO nanotapers. (b - d) 2D tunneling current maps
of as-grown, 3 nm and 5 nm Au-decorated ZnO nanotapers respectively . The inset of (c¢) and
(d) show C-AFM images of 3nm and 5 nm Au-decorated nanotapers respectively.

4.7 Summary

Vertically aligned ZnO nanotapers were grown on seed layer coated Si substrates using the
wet chemical route. Nanotapers were coated with Au layers of five different thickness 1-5 nm,
using e-beam evaporation technique. For their characterization, field emission scanning elec-

tron microscope, EDX, EELS spectroscopy and synchrotron radiation based XRD techniques
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were employed. The FESEM images showed corrugated decoration of Au on ZnO nanotapers.
The presence of Au particles on the surface of ZnO nanotapers shown in ADF-STEM image
confirms the Au-decoration. In addition, the appearance of Au signal in both the EDX spec-
trum and XRD patterns further confirmed the Au-decoration on ZnO nanotapers. The EELS
spectrum recorded at Au-ZnO interface exhibits distinct features compared to the spectrum
acquired from the ZnO surface. This is the evidence that interaction with the Au particles mod-
ifies the ZnO surface. The local crystal structure of as-grown and Au-decorated nanotapers
were studied by XAFS technique, where no change in XANES region was observed. However,
the fitting of Fourier transformed EXAFS oscillations showed modifications in the local crystal
structure of Au-decorated nanotapers compared to the as-grown nanotapers, which implies fine
modifications in the electronic structure of the samples. The bandgap narrowing characteris-
tics of Au-decorated nanotapers were consistent the results of EELS and EXAFS, regarding
the modification in electronic structure. The ZnO nanotapers showed efficient field emission
characteristics with low turn-on field by a corrugated decoration of Au, especially of thickness
5 nm. The TUNA results showed a very uniform and efficient tunneling current profile for Au-
decorated nanotapers. A direct mapping of effective work-function using Kelvin probe force
microscopy displayed a drop of 0.14 eV and 1.1 eV in the effective work-function of 3 and 5
nm Au decorated ZnO nanotapers compared to as-grown nanotapers. On the basis of our ex-
perimental findings, we believe that Au decoration on ZnO nanotapers modifies the electronic
structure by forming metal induced mid-gap states at Au-ZnO interface. This results in the
observed low turn-on field, as a consequence of the drop in the effective work-function of Au

decorated ZnO nanotapers.
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Chapter 5

Point defects in vertically aligned ZnO
nanorods by O ion implantation

In general, the ZnO nanostructures exhibit strong room temperature UV emission with large
exciton binding energy and long exciton diffusion length, which enable them for various op-
toelectronic, and photonic applications [1-4]. However, their utilization is not limited only
to these applications, and can be used further as multifunctional nanostructures by modifying
their physical properties. In literature, various methods including the chemical doping [5-7],
coating of metallic nanoparticles [8, 9], ion implantation [10, 11] etc. have been reported for
the modification of the optical and electrical properties of ZnO. Nevertheless, the modifications
in these physical properties completely depend on the management of defects inside the host
matrix. In present research on ZnO, the controlled production of defects and their management
inside the matrix is the main focus. Among all above-mentioned techniques, ion implantation
is an effective technique to introduce controlled defect states into a material and has been used
in ZnO as well [10, 11]. Meanwhile, among various reports on tailoring the optical and elec-
trical properties, it is to be noticed that for realizing the ZnO based electrical devices, high
p-type conductivity in ZnO is essentially required and is still under debate. Its inherent n-type
conductivity hinders the fabrication of ZnO based electrical devices. Theoretical calculations
by Zhang et al. [12] propound that the n-type conductivity in ZnO occurs from the presence
of intrinsic defects in the crystal, which include Zn interstitial (Zn;), Oxygen vacancies (Vp),
Vo complexes, residual impurities, the deep acceptor levels, and low dopant solubility. These
intrinsic defects and low dopant solubility are the bottlenecks for the p-type conductivity in
ZnO. In literature, several experimental efforts have been made to obtain p-type conductivity

in ZnO nanostructures by various methods like doping of group V elements (P, N, Li, and
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As), and the growth of ZnO nanostructures in the Oxygen-rich environment using wet chem-
ical method [13-21]. The reports by Butkhuzi et al. [22] and Georgobiani et al. [23] claim
intrinsic p-type conductivity in ZnO thin films deposited by radical-beam gettering epitaxy by
heat-treating ZnO in an oxygen ambient. In a similar way, a report by Ilyas et al. claims [21]
p-type conductivity in ZnO thin films grown using wet chemical method and PLD. In their
report, the ZnO thin films were deposited on Si (100) substrates using PLD technique, for
which the ZnO targets (pellets) were synthesized by wet chemical route. The experimental
investigations showed that high-temperature annealing in air, the dynamic recovery of defects
resulted in the synthesis of O rich thin films. The produced acceptor levels of O; (O rich) con-
tributed maximum p-type conductivity at 700°C. In another report Oh et.al. [19] also claimed
p-type conductivity in ZnO thin films deposited using PLD technique, when oxygen pressure
changed from 6x 107 to 3x10~* Torr. Despite several reports on the p-type conductivity in
ZnO nanostructures, the reproducible and stable p-type conductivity is still under debate. The
point defects may significantly alter the conductivity of ZnO by changing the stoichiometry.
However, it strongly depends on the distribution and nature of the defects. Hence, in this con-
text, during doping, both the dopant concentration and control over a range of doping become
an important and challenging task as well. The ion implantation technique provides an advan-
tage over the other techniques owing to its ion selectivity, selected areal doping and precise
depth distribution features.

This chapter deals with the incorporation of point defects in vertically aligned ZnO nanorods,
at different depth and their influence on physical properties of vertically aligned ZnO nanorods.
For this purpose this chapter is subdivided into two parts. The first part describes the influence
of ion fluence (®) of O™ ions of energy 100 keV on the structural and optical properties of ZnO
nanorods. After considering the literature that O-rich environment in ZnO produces p-type
conductivity, we tried to create an oxygen-rich environment in ZnO nanorods by implantation
of OT ions. Since the O ions of different energies have a different projectile range (Rp) in
the ZnO matrix, which enables this technique as doping range selective. The different Rp
of O™ ions at different energies can create an O-rich environment in ZnO nanorods at differ-
ent depths, which can fabricate oxygen-rich/n-type environment in a single vertically aligned
ZnO nanorod. However, the energy loss processes involved during the ion-matter interaction
also determines the number of defects inside the crystal, and one has to select an appropriate

energy for implantation for creating an O-rich environment in ZnO nanorods. During ion im-
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plantation, the charged projectile collides with the target material through both the elastic and
inelastic collision processes and is stopped inside the material (if the projectile range is less
than the thickness of the target) by transferring its energy to the atoms of the target material. In
this process the inelastic collisions contribute to the electronic energy loss (S.), whereas elastic

collisions nuclear energy loss (S,,).
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Figure 5.1: Simulated electronic and nuclear energy losses of O ions in ZnO with respect to
different energies.

The S, contributes to both the ionization and atomic excitation as well, whereas the S,,
contributes to the formation of atomic displacements (vacancies). The relative contribution
from the S, and S,, is dependent on the mass of the projectile ion, its kinetic energy, charge
state, and density of the target material. Remarkably, stopping and Range of Ions in Matter
(SRIM) simulated S, and S,, values plotted in figure 5.1 show that with increasing O" ion
energy, the S, dominates over S,,. As the ions travel into the nanorods they are slowed down
by losing their kinetic energy resulting in the domination of S,,, which can create vacancies in
nanorods [24]. The SRIM simulations shown in figure 5.1 showed that for O implantation
in ZnO the nuclear energy loss decreases monotonically with increasing energy, whereas the

electronic energy loss increases with increasing energy. From the SRIM results we expect
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that implantation of ZnO nanorods with 350keV energy may create O-rich environment in
the nanorods. In this context, the second part includes the successive O ion implantation in
nanorods of two different energies 50 and 350 keV at a fixed ® of 5x 10 ions/cm? in the same
sample. The modifications in optical properties were investigated using room temperature PL,
UV-visible, and Raman techniques. The C-AFM technique was employed for the study of their

electrical properties.

5.1 Growth methodology and O" ion implantation in verti-
cally aligned ZnO nanorods

For this study, vertically aligned ZnO nanorods were grown on p-type Si (100) substrates using
standard hydrothermal process [25]. Prior to growth, substrates were coated with a thin seed
layer of ZnO deposited. Here, it is worthwhile to mention that the vertically aligned nanorods
were grown for 6 hours growth duration, for which the entire experimental procedure remained
similar to the growth of nanotapers as described in the previous chapter. The inclusion of
both the seed layer and HMT induces the growth of closely packed and vertically aligned ZnO
nanorods. After subsequent growth of nanorods, samples were characterized using FESEM,
XRD and XPS techniques. The optical properties of nanorods were studied using UV-visible
spectroscopy, PL, and Raman techniques, and the electrical properties were investigated us-
ing C-AFM measurements. In order to create point defects vertically aligned ZnO nanorods,
samples were implanted with O" ions in two sets. In the first set of samples, the O ions
were implanted at a fixed energy of 100keV, but at three different ® 5x 10'* ions/cm?, 5x 10
ions/cm?, and 5x10'¢ ions/cm?. In the second set of samples, two successive energies of 50
keV and 350 keV at a fixed ® of 5x10' ions/cm? were implanted successively in the same
sample to create the O-rich/as-grown/O-rich/as-grown environment in a single nanorod, which
we called p-n-p-n tandem junction. Post-implantation, the samples were annealed at 500°C for

3 hours, in vacuum at a base pressure of 5x10~* mbar.

5.2 Simulated projectile range

Since, in a material, the ion species have different projectile range, depending on their kinetic
energy, and for the appraisal of the Rp of O" ions in ZnO, at different energies used in this

thesis, the SRIM simulation was performed, which is a computational tool for the study of
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ion matter interactions in a material [26]. Figure 5.2 represents the Rp of O ions in ZnO at
three different energies of 5S0keV, 100keV, 150keV, 250keV and 350keV. We notice that for
each energy the Rp of O ions is different and the maxima of Rp of 50 and 350keV energies
are separated by around 400 nm, indicating that the successive O ion implantation creates
O-rich/as grown/O-rich/as-grown tandem patterns in ZnO nanorods. The inset in figure 5.2

represents the schematic of an ideal p-n-p-n type tandem pattern in a single nanorod.
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Figure 5.2: The simulated projectile range profile of O ions in ZnO for different energies
50, 100, 150, 250, and 350 keV respectively. The inset shows the schematic diagram for the
distribution of oxygen ions of two different energies of 50 and 350keV in a single ZnO nanorod.

5.3 Morphological and structural studies

5.3.1 SEM and XRD study

Figure 5.3 (a) shows the cross-sectional FESEM micrograph (Tilted at an angle of 12°) of as-
grown ZnO nanorods (Sample A), where closely packed nanorods appear vertically aligned

having hexagonal shape [27]. The vertically aligned nanorods are suitable nanostructures for

113



the 1D based device fabrication. Figure 5.3 (b ) & (c) shows the top view FESEM images
of ZnO nanorods implanted with O ions of energy 50 keV (Sample B) and successively 50
and 350 keV (Sample C), respectively. The post-annealed FESEM images of samples A, B,
and C are shown in figure 5.3 (d), (e) and (f), respectively. The FESEM images reveal that
the morphology of nanorods remained unaffected after ion implantation and high-temperature

annealing as well, which is essential for device fabrication and their sustainability. The grazing
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Figure 5.3: (a) Cross sectional FESEM image of as-grown ZnO nanorods (sample A). (b - ¢)
Top-view FESEM images of ZnO nanorods implanted with 50 (sample B) and gradual 50 &
350 keV (sample C), respectively. (d - f) Post-annealed FESEM images of samples A, B and C
(called as samples D, E and F) respectively.

angle X-ray diffraction patterns of two different set of samples are presented in figure 5.4. The
influence of @ at a fixed energy 100keV on crystal structure of ZnO nanorods is shown in panels
(a) - (c) of figure 5.4. Panels (a), (b) and (c) show the XRD patterns of nanorods implanted
at three different ® 5x10'* ions/cm?, 5x10'® ions/cm?, and 5x 10'% ions/cm?, respectively.
Figure 5.4 (d), (e), and (f) represents the XRD patterns of samples A, B and C respectively.
Here we observe that the both sets of samples show a sharp and strong Bragg diffracted peak
marked as (002). In all the diffraction patterns, the appearance of (002) Bragg peaks associated
with the wurtzite structure of ZnO, and the absence of any other phase of ZnO is exhibiting the
preferential growth along the c-axis (as seen in FESEM images) and good quality crystalline
nature of the nanorods as well. The perseverance of the wurtzite structure of nanorods against
implantation ensures the properties of ZnO associated with its crystal structure and indicates

their applicability in device fabrication.
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Figure 5.4: (a) - (c¢) Grazing angle X-ray diffraction patterns recorded from the samples im-
planted with ® 5x 10 ions/cm?, 5x 10'® ions/cm?, and 5x 10 ions/cm?, respectively. (d), (e)
& (f) XRD patterns of samples A, B and C, respectively.

5.3.2 XPS study

The XPS results of as-grown, and 100keV O ions implanted samples are summarized in figure
5.5 & figure 5.6. Figure 5.5 compares the Zn core levels of implanted samples(at 100keV and
three different ® 5x 104, 5x 10%, and 5x 10' ions/cm?) with the as-grown sample. At Zn
core, each XPS spectrum consists of two distinct peaks corresponding to Zn2ps/, (1021.57¢V)
and Zn2p, /» (1044.67 €V), with the spin-orbital splitting of 23.08¢V. The spin-orbital splitting
(A metal) of Zn peaks is a signature of +2 oxidation state of Zn atoms [28]. Except for the
Zn core level, the electronic states and chemical stoichiometry at Ols level were also care-
fully investigated by deconvoluting the Ols spectra of as-grown and implanted samples. Each
deconvoluted spectrum consisted of three different Gaussian peaks, labeled as O?~ (530.12),
0y(531.26) and O(532.46eV). The peaks O?~, Oy, and O represent the lattice oxygen (Zn-
0O) of the wurtzite structure of ZnO, oxygen vacancy (Oy) and OH molecule attached to the

surface of ZnO nanorods, respectively [29]. Figure 5.6 (a) plots the O 1s core level XPS spec-
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trum of the as-grown sample, where the black dotted curve shows the experimentally obtained

data. The Ols XPS spectra of samples implanted with three different ® (fixed energy 100keV)

5x 10, 5x 10*?, and 5x 10'® ions/cm? are shown in panels (b), (c), and (d), respectively. In

order to investigate the influence of implantation, the composition concentration of all the three

states in the O 1s level were calculated and are presented in Table 5.1. The table shows that

with increasing ® the concentration of V increases and the concentration of O~ decreases.
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Figure 5.5: Zn 2p core level XPS spectra recorded from the as-grown and 100keV O™ ions
implanted samples. The spectra from implanted samples were recorded from the samples im-
planted with ® 5x 10" ions/cm?, 5% 10'® ions/cm?, and 5x 106 ions/cm?, respectively.
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Figure 5.6: (a) O 1s XPS spectrum of as-grown sample. (b) - (d) O 1s core level XPS spectra
of nanorods implanted with O ions with ® 5x 10** ions/cm?, 5x 10'> ions/cm?, and 5x 106

ions/cm?, respectively.

Remarkably, at & of 5x 106 ions/cm?, the concentration of V, drops (47.24%), whereas

the concentration of O?~ rises (34.67%). For clarity, the ratio of V/ O~ is also tabulated in

the table. This characteristic indicates that at 5x 10' ions/cm? ®, the concentration of Vo

in nanorods saturates and incoming ions replace the vacancies, which may create oxygen rich

environment in nanorods [30, 31].

Table 5.1: Concentration variation of O>~, Oy, and O states.

()2__ ‘]() ()(7 9
Sample %) %) %) VolO
As-grown 57.36 | 25.94 | 16.69 0.45
5x10" jons/ecm? | 34.14 | 49.46 | 16.40 1.45
5x10" ions/cm? | 27.12 | 54.76 | 18.12 | 2.02
5x10'° ions/cm? | 34.67 | 47.24 | 18.09 1.36
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5.4 Optical studies

Room temperature (RT) optical properties of ZnO nanorods were studied using UV-visible, PL.

and Raman spectroscopy and the obtained corresponding results are presented in respective

sections.

5.4.1 Room temperature UV-visible spectroscopy:
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Figure 5.7: (a - b) Absorption and Tauc plots of samples A, B and C, respectively. (c) Demon-
stration of band gap extraction from the Tauc plot of sample A by fitting a straight line. (d) A
plot for extracted band gap of samples A, B, and C, where the solid line is a guide for the eyes.
The error bars were obtained from the fitting of a straight line in the Tauc plots.

Figure 5.7 encapsulates the results of UV-visible spectroscopy. The absorption spectra of sam-
ples A, B and C are shown in figure 5.7 (a). Remarkably, as a function of energy of implanted
ions, the absorption shows a blueshift of 0.09 eV. For extracting the optical band gap, we con-

verted each absorption spectrum into Tauc plots by using Tauc relation [32].

ahv =/ [B(hv — E,)] (5.1)

Where o, /3, hv and E, are interband transition absorption coefficient, constant term, incident

Photon energy and optical gap, respectively. The Tauc plots of the absorption spectra of samples
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A, B, and C are shown if figure 5.7(b), where the optical transitions from the valance band to
conduction band for samples B and C differ from the as-grown nanorods (sample A). Figure
5.7(c) shows the image of extracting bandgap (3.22eV) from the Tauc plot of sample A by
fitting a straight line (green line). The optical band gap for samples B and C were extracted
by following the same procedure. The extracted band gap of samples A, B and C are plotted
in figure 5.7 (d), where both the samples B and C showed a drop of ~ 0.1eV compared to
the sample A. The blueshift in the band gap is consistent with the fact that oxygen vacancies

induced by O™ ion implantation are responsible for that [33].

5.4.2 Photoluminescence spectroscopy

In order to investigate the influence of point defects created by O™ ion implantation on the
luminescent characteristics of ZnO nanorods, room temperature PL. measurements were per-
formed and the data is shown in Figure 5.8. The PL spectra of samples A, B and C are shown
in figure 5.8 (a) [27], where for the as-grown nanorods only a strong UV emission is present.
This UV emission arises from the annihilation of band edge electron-hole pairs. Interestingly,
we observe that after implantation the NBE emission is completely suppressed (samples B and
C), unlike the sample A. In literature, a report by Chen et al. [34] attributes the suppression
of NBE emission to the formation of competing nonradiative recombination transition centers
influenced by the ion implantation. Authors claimed that upon post-annealing treatment recov-
ered the NBE emission. However, except for the temperature, the recovery of NBE emission
depends on other parameters like environment, ambient pressure and annealing time also. In
this work, we annealed the samples in vacuum at relatively low temperature (500°C) compared
to other reports [10, 34], and the post-annealed PL spectra of samples A, B and C (named
as samples D, E, and F respectively) are shown in figure 5.8 (b) [27]. For all samples, the
post-annealing treatment recovered the NBE emission along with a broad DLE band. Here we
notice that for implanted samples the broad DLE band dominates over NBE emission, whereas
its vice versa for sample D. As compare to sample D, a significant decrease in the intensity of
NBE emission of samples E and F are also noticed. In order to find out the origin of DLE, we
deconvoluted each PL spectrum, and simultaneously the positions of deconvoluted peaks were

corrected by following the approach suggested by Bebb and Williams [35].
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Figure 5.8: (a - b) Pre-annealed and post-annealed room temperature PL spectra of samples A,
B and C, respectively. (¢ - d) Deconvoluted PL spectra of samples E and F respectively [27].

The deconvoluted spectra of samples E and F are shown in figure 5.8 (c) and (d), respec-
tively. In both figures, the NBE emission peak is fitted by two peaks associated with FX emis-
sion and FX-1LO phonon mode and the broad DLE band is best fitted with four peaks centered
around 555nm, 610nm, 655nm, and 710nm. The deconvoluted PL spectrum of sample D is
shown in figure 5.9 (a), in which, like the deconvolution of samples E and F, the NBE and DLE
emission bands are best fitted with two and four peaks, respectively. The peaks originating
at 555nm, 610nm 655nm and 710nm are attributed to optical transitions from the conduction
band to O;, Zn, to O;, conduction band to V and V to the valance band respectively [36-38].
Here, it is to be noticed that the integrated intensity of NBE band is large for sample D as com-
pared to both the samples E and F, whereas the integrated intensity of DLE bands of samples
E and F is higher than the sample D. In figure 5.9 (b), we have plotted the ratio of the total
integrated intensity of Ip. fecssiates/Ipx for samples D, E and F. From the plot, we observe that
for the samples E and F, the ratio of integrated intensity of Ip,/I»x is almost double to the ratio

of the integrated intensity of Iy, /Irx, and for sample D the Iy, /Irx is higher than the 1o, /Irx.

120



a Raw Data
@ Sample D Fitted Data
—FX

——FX-1LO _

=

—_ 3
= &
< x
~— =

4?:‘ ~
‘% 8
£ L
g Z
= 2

o, o Yo Yo -

400 500 600 700 800 900 0 50 50+350
L (nm) Energy (keV)

Figure 5.9: (a) Deconvoluted PL spectrum of sample D, (b) Plots the integrated intensity ratio
of Ipeectstates/Trx peaks for the samples D, E and F.

The enhancement in the area under the curve of O; over Vo is consistent with the fact that
at above certain value of ® the concentration of V saturates and the excess of incoming O
ions ( 5 x 10'° ions/cm?) concentration of O; increases. During high-temperature annealing
treatment of samples, some of the interstitials may significantly annihilate the V, whereas
few of them may remain attach at the interstitials sites leading to dominating optical emissions
over emissions associated with V. We attribute the decrease in intensity of NBE emissions
of samples E and F to the nonradiative carrier transfer from the conduction band to the defect
centres. From the results of PL. measurements, we expect that the oxygen-rich environment in
ZnO nanorods can be created by annealing the O ion implanted nanorods, where O; may act

as acceptor levels and provide the p-type conductivity in ZnO nanorods as reported earlier [21].

5.4.3 Raman spectroscopy

In ionic crystal/polar semiconductors, the optical transitions are mainly governed by Frolich
interactions [39,40], in which the relaxation of excited charge carriers occurs through the tran-
sition from the excited state to the ground state accompanied by the phonons. The Raman
scattering measurement is a well-suited tool to obtain information about the sample quality in
wide bandgap semiconductors [41-43] as well as to analyze more specific aspects of the lattice
dynamics such as isotopic effects [44,45] and phonon lifetimes [46,47]. In group theory, the
wurtzite structure ZnO belongs to the C* ¢, space group with two formula units in the primitive

cell, and consists of eight zone-center(I") optical phonon modes and are described as:
I'=2A,+2E,+2E,+ 2B, (5.2)

121



These phonon modes are classified as Raman active (2A; + 2E; + 2E,), infrared active (2A;
+ 2E,), and silent (2B;) modes. The room temperature Raman spectra of samples implanted
with energy 100 keV (at three different ® values) and samples A, B and C are shown in figure
5.10 (a) and (b), respectively. Two Raman peaks centered at 438 and 520cm ™" are appearing in
the Raman spectrum of sample A, whereas in the Raman spectra of all the implanted samples
(100keV and Samples B, and C) these two Raman modes are accompanied by an additional
peak centred at 575cm~*. The Raman peaks centered at 438 and 520 cm ™! are associated with
E, mode of wurtzite structure of ZnO and Si substrate, respectively. The additional Raman
peak centered at 575cm ! is assigned to the A;(LO) mode [48,49]. The appearance of ad-
ditional A;(LO) phonon mode is a characteristic of incorporation of defect states by O™ ion

implantation [49].
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Figure 5.10: (a) and (b) RT Raman spectra of samples implanted with 100 keV energy, and
samples A, B, and C, respectively.

5.5 Local electrical transport studies

The C-AFM technique was employed to address the influence of O™ ion implantation on local
electrical transport properties of ZnO nanorods. Figure 5.11 summarizes the pre-annealing and
post-annealing treatment on the local electrical transport characteristics of implanted samples.
The AFM images of the first derivative of local current maps of samples A - F were recorded
at a fixed tip voltage Vy;, = +5V, and are shown in panels (a) - (f), respectively. The inset of
figure 5.11(a) shows the topography of as-grown nanorods. It is seen that the current maps of

samples A, B, and C, and their respective post-annealed maps differ from each other. Here it is
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worthwhile to mention that the first derivative of the current maps locates the current extrema.
The points where the current derivative reaches its extrema correspond to the situations when

the current changes its behavior from rising to decay or vice versa [50]. The figure 5.12 (a)and
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Figure 5.11: (a - c¢) First derivative 2D current map of sample A, B and C respectively. The
inset of (a) shows topography of corresponding sample. (d - f) Post-annealing First derivative
2D current map of sample A, B, and C, respectively. The spatial scale in topography image and
all current maps is kept fixed at 600nm.

(b) represents the magnified 2D current map of samples A and B, respectively. Panel (a) reveals
a number of clear bursts coming from the side planes of the ZnO NRs. The current maps of
the samples B and C exhibit more localized and intense current bursts compare to sample A
(shown in figure 5.12 (b)), and we attribute it to the trapping of charge carriers in defect states
present in the samples. A similar behavior is seen for the samples E and F, where samples E
and F show more localized and intense current bursts compared to sample D. The high surface
conductivity, and presence of various adsorbates on the surface of nanorods can be two different
possibilities for such burst of current from the side facets of nanorods [51, 53]. Here, for
the presence of various adsorbates to be a possible mechanism for such burst of current, the
samples B and C must show improved current maps compared to samples D, E, and F because
the high-temperature annealing eliminates the surface adsorbates. The post-implantation first
derivative 2D current maps of samples B and C (figure 5.11 (b) and (c)) exhibit localized

current burst indicating lowering the surface conductivity by trapping of free charge carriers
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into defect states. The localization of current bursts suggests that high surface conductivity can
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Figure 5.12: (a) and (b) Magnified view of first derivative 2D current map of samples A and B,
respectively.

be a possible mechanism for the current from the side facets of sample A. As we have seen in
figure 5.9 (b) that after annealing the samples at high temperature, the relative concentration
of O; increases (favored by excess of O ions), which may be responsible for the modified
local electrical transport characteristics of samples E, and F [52]. However, the calculations of
charge carrier concentration by direct techniques like Hall measurements may provide in-depth

insights about the influence of O ion implantation on p-type conductivity in ZnO nanorods.

5.6 Summary

In summary, vertically aligned ZnO nanorods were grown on seeded Si substrates using the
wet chemical method. The contributions from stopping energies (S, and S,,) were simulated
using SRIM simulation. The obtained results indicate that in ZnO matrix the electronic energy
loss increases with increasing the energy of incident oxygen ions, whereas the nuclear energy
loss decreases. As a result of this process, at low energies, the oxygen ions contribute mainly
to the formation of vacancies, whereas at higher energies where S, dominates over S,, the in-
cident ions may create oxygen interstitials. The results of SRIM simulations showed that the
projectile range of oxygen ions in ZnO matrix varies according to their energies. The FESEM
and XRD measurements reveal the c-axis oriented hexagonal structure of ZnO nanorods and

remain preserved even after implantation. The XPS results show that concentration of Vo is
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lowest for the ion fluence of 5x 101® ions/cm? compared to other ® values. We attribute it to the
saturation of Vo and excess of O ions in the ZnO nanorod matrix. Post-implantation, the opti-
cal absorption edge of samples showed a drop of ~0.1e. This we attribute to the V¢, induced by
O™ ion implantation. Pre-annealing PL studies exhibit formation of nonradiative transition cen-
ters leading to complete suppression of NBE emission of ZnO nanorods. The post-annealing
treatment in a vacuum, exhibit recovery of NBE emission followed by deep level emissions.
The post-annealed PL spectra of implanted samples showed strong and dominating DLE band,
whereas the post-annealed PL spectrum of as-grown nanorods showed dominating NBE emis-
sion over DLE band. The deconvoluted DLE band peaks are associated with O;, and V. The
strength of these transitions was found few orders of magnitude higher than the DLE transitions
in as-grown sample confirming the formation of O ion implantation induced point defects in
nanorods. The analysis of deconvoluted PL spectra exhibited that with increasing energy (at
a fixed ® 5x10'¢ ions/cm?) the transitions from O; dominate over the transitions associated
with Vo, indicating O-rich environment in ZnO nanorods. Such characteristics are consistent
with the fact that at higher ® values (here ® 5x 10'® ions/cm?) the concentration of Vo satu-
rates and the excess of O™ ions may not only annihilate them at high-temperature annealing
but also may create O;. By considering previous reports, we expect that the dominating point
defects associated with O; in ZnO nanorods may form shallow acceptor levels, leading to the
p-type conductivity in samples. However, measurements of majority carrier concentration us-
ing techniques like Hall effect measurement will provide in-depth insights about the p-type
conductivity in ZnO nanorods by creating an O- rich environment using O™ ion implantation.
The first derivative 2D current map of as-grown nanorods exhibits current burst from the side
facets of nanorods, whereas it is more localized for implanted samples. The high surface con-
ductivity of ZnO is responsible for such burst from side facets, whereas the defect states created
by implantation may be responsible for the localization of current bursts. The post-annealing
treatment improved the local electrical transport characteristics of the samples compared to the
pre-annealing treatment of their counterparts. The findings suggest that ion implantation facili-
tates defects formation up to the desired depth in nanorods by choosing appropriate energy. The
excess of O™ ions increases the concentration of point defects associated with O; in the specific
regions. Such depth selective defects can be utilized for the fabrication of p-n junction/p-n-p-n

tandem junction in a single ZnO nanorod.
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Chapter 6

Nonlinear optical properties of Mn-doped
ZnO nanorods

The materials possessing noncentrosymmetry (absence of inversion symmetry) exhibit second-
order non-linear characteristics, whereas, the third-order nonlinear optical process may occur
for both centrosymmetric and noncentrosymmetric materials. In the era of quantum electronics,
materials of large third order susceptibility are of immense interest owing to their applications
in high-speed nonlinear optical devices like optical switches, self-phase modulators [1, 2]. In
recent years, the nonlinear optical studies on ZnO have gained wide attention for its special
properties like non-centrosymmetric crystal symmetry, direct and wide band gap with large
exciton binding energy and a wide range of sub-wavelength nanostructures. In ZnO based sub-
wavelength structures, the structural resonance effects significantly enhanced optical nonlinear
characteristics compared to their bulk counterpart [3,4]. In addition, the resonant excitonic
transitions from defect states and the inbuilt polar potential with unequal atomic radii also
significantly contribute to enhancing their nonlinear characteristics [5-7]. However, the struc-
tural arrangement and spatial atomic arrangement strongly depend on their growth process [8].
Interestingly, the magnetization induced modifications in nonlinear optical (NLO) susceptibil-
ities can improve the NLO characteristics remarkably. In literature, the ferromagnetic ordering
in ZnO sub-wavelength structures is achieved by doping of impurities like Mn, Co, Ni, and
Fe [9-12]. Among these dopants, Mn doping in ZnO has gained wide attention owing to its
high thermal solubility, isovalent bonding nature, match of the ionic radius (Mn** = 0.84) with
Zn (Zn*t = 0.76/1) and fine lattice-matching with the ZnO lattice constant [3, 13]. The theo-
retical calculations predict the max solubility of Mn in ZnO matrix about 35% while keeping

wurtzite structure of ZnO, which limits the doping of Mn into ZnO at higher concentration [3].
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In literature, it reported that Mn doping in ZnO stabilizes an oxygen-deficient Mn, O, sec-
ondary phase, resulting in an exchange interaction between magnetic moments localized at Mn

sites mediated by free charge carriers. Such exchange interactions lead to a resultant mag-

3)
(ijk

stated above. By considering all the above facts, one can expect that the Mn doping in ZnO

netization which can contribute in enhancing nonlinear susceptibilities (ng?k)’ X(ijk) etc.) as
sub-wavelength structures may incorporate additional electric-dipole contribution from struc-
tural resonance and magnetization-induced effects, which may considerably differ their NLO
characteristics from bulk ZnO and/or thin films. However, despite numerous studies on NLO
characteristics of ZnO [14-17], detailed investigations on third-order NLO properties of Mn-
doped ZnO based sub-wavelength structures still need to be accomplished. In this chapter
comprehensive investigations on nonlinear refractive-index (NLR) and two-photon absorption
(TPA) coefficient for different molar fractions of Mn-doping in ZnO nanorods grown by the

aqueous growth method are presented.

6.1 Experimental specification

As mentioned in chapter 2, commercially purchased glass substrates coated with a thin layer
(500 nm) of Indium Tin Oxide (ITO), were used for the growth of ZnO nanorods. Prior to
growth, substrates were cleaned in solution of 3HCI + HNO; followed by cleaning in deion-
ized water. The details of substrate cleaning are described in chapter 2. For the growth of
nanorods, the wet chemical single-step hydrothermal method was employed, where the Mn
ions were doped into nanorods at four different molar percentages of 0.5%, 1.5%, 2.0%, and
2.5%. For this purpose, an appropriate amount manganese chloride tetrahydrate was added in
aqueous solutions of precursor zinc nitrate hexahydrate and HMT [5] and followed by heat-
ing the solution in in a laboratory oven at 90°C for 6 hours. The rest of the process remained
similar to the growth of vertically aligned nanorods described in chapter 5. The morphologi-
cal and structural characterization of Mn-doped nanorods were carried out using FESEM and
XRD techniques. For the confirmation of Mn-doping, the elemental analysis of nanorods was
performed using energy dispersive X-ray spectroscopy (EDX), attached with the FESEM sys-
tem. The impact of Mn-doping on optical absorption edge and NBE emissions of nanorods
were investigated using UV-Visible and PL spectroscopy, respectively. The Z-scan technique

was employed for the study of the influence of Mn-doping on NLO characteristics of nanorods,
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where a Q switched diode-pumped solid-state (DPSS) laser emitting linearly-polarized, sub-
nanosecond pulses in a TEMy, mode intensity profile was used as an excitation source [5].
During experiments, the pulse energy varied from 1 pJ to 125 pJ with pulse width t, ~ 0.7ns at
40 Hz repetition rate, to minimize the impact of thermally induced optical nonlinearities. Us-
ing a converging lens of focal length 150mm the beam was focused with a spot size wo=45um,
resulting in Rayleigh length (zo = mw3/ \) ~ 12mm. This Rayleigh length ensures negligibly
small sample plus substrate thicknesses compared to z,. Throughout the measurements, the
samples have translated a distance of 100 mm across the focal point followed by measuring the
transmitted power both in open-aperture (OA) and closed-aperture (CA) configuration using
a fast photodiode sensor(Model S120C, Thorlabs Inc.). The experimental setup of the Z-scan
technique is shown in chapter 2.

The outcomes of influence of point defects on structural and optical (Nonlinear) properties are

discussed in following sections.

6.2 Morphological and structural studies

6.2.1 SEM and XRD study

Figure 6.1: (a) FESEM micrograph of undoped ZnO nanorods,(b) enlarge view of red marked
area of panel (a). (c - f) FESEM images of Mn-doped ZnO nanorods at molar concentration
0.5%, 1.5%, 2.0% and 2.5% respectively [5].
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The morphological evolution of undoped and Mn-doped ZnO nanorods is presented in figure
6.1, where panel (a) shows the FESEM micrograph of undoped ZnO nanorods, and the images
of nanorods doped with Mn at molar concentrations 0.5%, 1.5%, 2.0% and 2.5% are shown in
panels (c - f) respectively. Figure 6.1 (b) shows the magnified view of the rectangular area (red
marked) of the panel (a). From FESEM images it is clear that on ITO coated glass substrates,
nanorods are randomly oriented unlike the vertically aligned nanorods shown in chapter 5.
However, the hexagonal shape of ZnO nanorods remains preserved even after Mn doping. The
dimensional analysis of nanorods carried out using software ImagelJ [18] reveal that nanorods
were of average length ~ 2 - 4 ym and diameter ~ 400 - 600nm. In order to ensure the Mn
doping in ZnO nanorods, energy dispersive spectroscopy was employed. Figure 6.2 shows the
EDX elemental mapped results of sample doped with 2.0% & 0.5% molar concentration of Mn.
Panel (a) represents the EDX image of 2.0% Mn-doped nanorods from which a single nanorod
was selected (Red-marked area) for the elemental mapping. Panels (b), (c) and (d) show the

elemental maps of Zn, O, and Mn respectively. A combined mapping of all these elements is

Spectrum 1

0 2 4 6 8
Full Scale 1298 cts Cursor: 0.000

Figure 6.2: (a) EDX image of the nanorods doped with 2.0% of Mn. The red-marked zone
represents the area from where the elemental mapping was performed. (b), (¢) and (d) EDX
mapped elemental maps of Zn, O, and Mn signals, respectively. (e) EDX spectrum acquired
from the 0.5% Mn-doped ZnO nanorods.
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shown in the Red-marked zone of panel (a), where the presence of Mn maps confirms the Mn-
doping in nanorods. In addition, an EDX spectrum recorded from the sample doped with 0.5%
Mn is shown in panel (e), where the presence of Mn signal further confirms doping in nanorods
even at low concentration. Typical glancing angle (0.5°) X-ray diffraction patterns of undoped
and 2.5% Mn-doped ZnO nanorods are shown in figure 6.3 (a). The sharp and intense (002)
Bragg diffracted peak in both XRD patterns exhibit the preferential growth of nanorods along
the c-axis with wurtzite hexagonal phase. The appearance of hexagonal phase of nanorods is

consistent with the FESEM results.
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Figure 6.3: (a) Glancing angle XRD patterns of undoped and 2.5% Mn-doped ZnO nanorods.
(b) The magnified view of (100), (002) and (101) Bragg diffracted peaks. The Green vertical
lines are guide for eyes and show the difference between two Bragg peaks [5].

The perseverance of wurtzite structure indicates possible Mn-doping throughout the nanorods
as also seen in the EDX mapping [5]. We notice that except for the (002) peaks, some other
Bragg peaks of ZnO indexed as (100), (101), (102), (110), (103), (201), (004) and (202) are
also present. However, none other phases related to other oxides or Mn ions are observed.
The lattice mismatch between ITO and ZnO can be a possible cause for the presence of such
additional phases of ZnO. The panel (b) of figure 6.3 represents the enlarged view of (100),
(002) and (101) Bragg diffracted peaks. Interestingly post Mn-doping, these Bragg peaks show
a remarkable shift towards lower theta value like the earlier reports [10]. The shift in Bragg
peaks is consistent with the fact that such shift in XRD patterns originates from the replacement
of Zn** ions by Mn?* ions. The replacement of Zn** ions of lower ionic radius by Mn?* ions
of larger ionic radius results in the evolution of stress in the host matrix, which is responsible

for such shift by the expansion of the unit cell [10]. In XRD patterns, the peak marked as * is
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originating from ITO substrate.

6.3 Optical properties

This section is devoted to the study of the influence of Mn-doping on luminescent, absorp-
tion and nonlinear absorption characteristics of Mn-doped ZnO nanorods, using P1l, UV-visible

spectroscopy, and Z-Scan technique respectively.

6.3.1 Study of near band edge emission and absorption edge

Panel (a) of figure 6.4 shows the PL spectra of Mn-doped samples. For a comparative study of
the influence of Mn-doping on luminescent characteristics of ZnO nanorods, the room tempera-
ture PL spectrum of un-doped nanorods is shown in the inset of figure 6.4 (a). The PL spectrum
of each doped sample shows a dominating UV emission followed by an emission center in the
visible range, whereas the PL spectrum of the undoped sample exhibits only the NBE excitonic
transition. The presence of such additional emission is a distinct signature of the presence of
defect states caused by Mn-doping and can be associated with either zinc vacancies (Vz,) or
oxygen vacancies (Vo). Except for additional emission center, an asymmetry is also seen in
the PL spectra of Mn-doped samples, indicating either the strong electron-phonon interaction
in the subsystem or the presence of some other transition centers. However, a detailed analysis
of these PL spectra can provide better insight into the evolution of various defect states induced
by Mn-doping, and is presented in the next section. The appearance of visible emissions and
asymmetry in PL spectra of Mn-doped nanorods insist for the study of the absorption edge
of the samples, because the presence of defect states may modify the absorption edge of ZnO
nanorods [19]. For this purpose, the study of the absorption edge of Mn-doped ZnO nanorods
was carried out using UV-visible spectroscopy and the absorption spectra of undoped and Mn-
doped samples are presented in panel (b) of figure 6.4. An asymmetry in the absorption spectra
of Mn-doped samples is observed. This can be attributed to the presence of various defect
states like Zn ;, V4, or Vg, close to the band-edge, and may offer new absorption edge. In
order to extract the absorption edge of undoped and doped samples, their respective absorption
spectra were converted into Tauc plots [20] and are shown in figure 6.4 (c¢). At the hv turning
point, the linear part of each Tauc plot is fitted with a straight line (dotted line) followed by

its extrapolation up to the intersection at the energy axis. Panel (d) plots the extracted values
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of absorption edge (band gap) as a function of Mn concentration(%), where the zero value of
Mn concentration represents the undoped sample. From the plot, it is observed that the band
gap of Mn-doped samples shows a drop of around 0.7¢V compared to un-doped sample. Such
narrowing nature of absorption edge of nanorods is reported as due to Vz, or Vo [21] and
supports our argument to assign visible emission in PL spectra to V4, or V. The presence
of these defect states may introduce two-photon absorption (TPA) in Mn-doped nanorods for
a frequency-doubled near-infrared laser excitation source of wavelength 532 nm. For the de-
tailed study of asymmetry in PL peaks and confirmation of the presence of defect states we

deconvoluted each PL spectrum.
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Figure 6.4: (a) Room temperature (RT) PL spectra of Mn-doped ZnO nanorods. The inset
shows RT PL spectrum of undoped ZnO nanorods. (b) Absorption spectra of undoped and
Mn-doped ZnO nanorods. (c) Tauc plots of Mn-doped nanorods, the dotted lines are eye guide
for extracting band gap from these plots. The inset depicts extraction of the band gap from
the Tauc plot of undoped nanorods by fitting a straight line (Black solid line). (d) A symbolic
plot for extracted band gap of undoped and Mn-doped nanorods. The black solid lines are eye
guides for variation in band gap [5]. The error bars were obtained from the fitting of straight
line in the respective Tauc plots.

Figure 6.5 (a) and (b) show the sample images of deconvoluted PL spectra of un-doped
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and 0.5% Mn-doped samples. Distinct differences are seen in these spectra. The PI spectrum
of the un-doped sample is fitted with two peaks centered at 382.5 nm (3.24eV), and 391nm
(3.17eV), and we attribute them as FX and FX-1LO peaks. Each PL spectrum of Mn-doped
samples was fitted with six peaks including FX (382.5 nm) common to un-doped sample and
five other peaks originating at 395nm (3.14eV), 418.5nm (2.96eV), 436.5nm (2.84eV), 477nm
(2.59¢V), and 498nm (2.49¢V). In literature, the transition energy 3.14eV is attributed to the
optical transitions from Zn; to the valence band [22]. The optical transitions originating at
2.96¢eV, and 2.84¢V are attributed to the transitions from conduction band (C.B.) to O; [23],
and Zn; to Znp [22], respectively.
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,5 Un-doped ZnO Nanorods — f-ixm data ,; 0.5%Mn-doped — g(m Dua| 296 6V ’ }
< ——FX-1LO K 5 4 v—284eV Vil
2 2 3 * 2596V V/
3 g > /
] | |
8 2 2
s ] E]
| | =
k|
¥ T % 2
N N Q
—_— _— (o
< < 4=
: . 2
Z Z
T T T T T T T T T 7 T T 0 T T T T T
360 390 420 450 480 510 540 570 600 360 400 440 480 520 560 600 0.5 1.0 15 2.0 25
A (nm) ) (nm) Mn-molar percentage(%)

Figure 6.5: (a), (b) Sample deconvoluted spectra of un-doped and 0.5% Mn-doped ZnO
nanorods, respectively. (c) Plots for the Ipe fect—state/Irx versus Mn-doping percentage.

The peaks emerging at 2.59e¢V and 2.49eV are attributed to the C.B. to Vp and Zn; to
Vo [22]. In addition, the PL spectra of doped samples exhibit dominant nature of transitions
associated with Zn; over FX emissions, which indicates that after Mn-doping has replaced Zn
ions at the interstitials as seen in XRD pattern as well (figure6.3 (b)), and the optical transition
probability of these states is higher than the FX emissions. For clarity, with Mn-doping per-
centage, we have plotted the ratios of the integrated intensities of each defect-related emission
and the integrated intensity of FX emission (Ipefeci—state/Irx) and is shown in figure 6.5 (c).
The variation in the plot shows that with increasing doping percentage, the concentration of

defect-levels increases which further confirms Mn-doping in nanorods.

6.3.2 Nonlinear optical properties

The NLO spectra of undoped and 0.5% Mn-doped nanorods are presented in figure 6.6, and
were recorded in the transmittance mode by translating the samples about their focal points.

The transmitted light from the samples is measured in two geometries: (a) close aperture (CA)

137



and (b) open aperture (OA) modes. The power density of the incident light was ranging be-
tween 1-3 GWcm ™2, for both the geometries. The CA transmittance plots of undoped and 0.5%
Mn-doped nanorods are shown in figure 6.6 (a) and (c), respectively, and panels (b) & (d) show
the OA transmittance spectra of both the respective samples. Details of the NLO characteristics
of Mn-doped samples as a function of doping % can be found in our paper Singh and Kumar
et. al. [5]. The pre-focal maxima and post-focal minima in CA transmittance plots of both the
undoped and 0.5% Mn-doped nanorods samples exhibit the feature of self-defocusing effect
or negative value nonlinear refractive index (ny). A similar characteristic was seen for other
Mn-doping concentrations (not shown here). In both the figures 6.6 (b) and (d) a dip are seen at
the focal point in the OA transmittance, suggesting a positive value of the TPA coefficient(/3).
Interestingly, for other Mn-doping concentrations, at focal point a peak is observed in the OA
transmittance plots [5], which was not seen earlier. The peak in OA transmittance plots indi-
cates saturable absorption characteristic for Mn-doping greater than 0.5%. In order to identify
any contribution from the substrate, CA and OA transmittance measurements were performed
under identical experimental conditions, indicating an almost negligible contribution from the
substrate. For the analysis of NLO characteristics of both samples, the experimental plots were
fitted with equation 6.1 and 6.2, which provide the theoretical essence of normalized transmit-

tance in CA and OA geometries respectively [24,25].

B 1A pox 2(x? 4+ 3) Ay
T(z Ago) =1— E19@ D) i) (6.1)

BloLeyy
P22 + 1)

Where x = z/zg, A¢y = knalgLsy is phase change due to nonlinear refraction, and A=

T(2,S=1)=1— (6.2)

BlgLess/2 is phase change due to nonlinear absorption. I is the on-axis irradiance at focus
(z=0), L.y is the effective sample thickness and S = 1 corresponds to the OA geometry.

The nonlinear optical parameters (ny and [3) for undoped nanorods were found 2.1x 1010
cm? W1 and 3.5x 1075 cm W™, whereas for 0.5% Mn-doping were found -1.88x 107° cm
W~ and 1.32x 107° cm W™ respectively [5]. From CA transmittance plots it can be seen
that both the undoped and Mn-doped ZnO nanorods exhibit self-defocusing effects with an or-
der of magnitude higher n, values compared to ZnO thin films [14, 16, 17,26]. Even though,
there is a significant degree of inconsistency in the sign of nonlinear absorption (/3) of ZnO

thin-films, and the 3 values for Mn-doped ZnO nanorods exhibit significantly higher values in
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comparison to ZnO thin-films [14, 16, 17,26]. One may notice the geometrical arrangement
of nanorods from the figure 6.1, where even nanorods are randomly oriented but a small scale
ordering exists in the geometrical arrangement of nanorods. Such small-scale ordering within
the architecture provides a FabryPerot-like localized resonance resulting in the enhancement of
the local field and resulting in the higher ny and /3 values in undoped nanorods as compared to
thin films [27, 28]. For Mn-doping, along with the enhancement of the local field the presence
of additional defect states enhances NLO interactions causing the higher n, and 3 values. We
notice that both the undoped and 0.5% Mn-doped nanorods samples TPA absorption unlike the
higher doping concentration of Mn (not shown here). For 0.5% Mn-doping, TPA is attributed
to its absorption edge, whereas for undoped ZnO nanorods it takes place through some virtual

states [17].
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Figure 6.6: (a, ¢) Close aperture (CA) transmittance plots of undoped and 0.5% Mn-doped
nanorods respectively. (b, d) open aperture (OA) transmittance plots undoped and 0.5% Mn-
doped nanorods, respectively. In each plot, solid lines are the theoretical fits to the experimental
data.

Assuming band-to-band transitions take place via the simultaneous absorption of two pho-

tons, the defect-state essentially mediates the transition from lower energy band to a higher

139



band. In addition, the relaxation lifetimes from defect-state to ground-state are smaller for
lower Mn-doping concentrations. This reduces the possibility of saturation for the defect state

and enhances the probability of absorption of photons at higher intensities.

6.4 Summary

In summary, Mn-doped ZnO nanorods were grown on ITO coated glass substrates using the
relatively low-temperature wet chemical method. The FESEM investigations exhibit that the
hexagonal morphology of nanorods remains preserved even after Mn-doping. The presence
of Mn signal in both the EDX map and spectrum confirmed Mn-doping in ZnO matrix. The
shift towards lower 260 value in XRD pattern further confirmed the doping of Mn at Zn sites
resulting in expansion of ZnO unit cell. The study of the influence of point defects introduced
by Mn doping on optical properties of ZnO nanorods exhibit a significant impact on PL and
absorption edge. The Tauc plots showed a drop of 0.7eV in the band gap of Mn-doped samples
compared to un-doped sample, and we attribute this to V2, and/or V. A significant difference
between PL spectra of undoped and doped samples is seen, where the doped samples exhibit
asymmetric UV emission followed by deep level emission, whereas the undoped nanorods
exhibit only NBE emission. Such deep level emissions are the distinct signature of defect
states associated with either V4, or Vo. The deconvolution analysis of each PL spectrum
showed that Mn-doping in ZnO nanorods introduces various defect centers including Zn;, O;,
Vzn, and Vg, where the Zn; dominate over other centers. The presence of dominating Zn;,
supports the shift in XRD pattern and confirms the Mn doping at Zn sites. The CA nonlinear
optical measurements on undoped and 0.5% Mn-doped nanorods exhibit self-defocusing effect
with significantly higher n, values as compared to ZnO thin films. Mn-doping introduced
randomly distributed point defects in ZnO nanorods. The defects introduce virtual mid-gap
states resulting in the modifications in the band structure of nanorods. This leads to the large
third-order NLO behavior of ZnO nanorods with Mn-doping. In OA measurements the TPA
characteristics for 0.5% Mn-doping is attributed to its absorption edge, which is modified by the
point defects. The NLO characteristics investigations suggest that Mn-doping in ZnO nanorods
facilitates improved NLO interactions and can be utilized for fabricating ultra-fast photonic

switches, efficient optical phase-shifters, and optical limiters etc.
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Chapter 7

Summary and future prospectives

This thesis is devoted to study the influence of extended and point defects on optical and elec-
trical properties of aqueous grown ZnO nanorods. For this purpose, the extended defects in
ZnO nanorods were incorporated in two different methods.

(I) In the first method, the extended defects were incorporated into the twin nanorods by sand-
wiching an amorphous layer between two crystalline segments of ZnO nanorods.

(II) In the second method, extended defects were produced by coating thin layers of Au (1 -
5Snm) on the surface of vertically aligned ZnO nanotapers.

The point defects were created in ZnO nanorods using O™ ion implantation and chemical dop-
ing of Mn. The point defects created by implantation are distributed inside the nanorods up to
certain depth depending on the projectile range of ions, whereas the point defects created by
chemical doping are randomly distributed throughout the nanorods. This dissertation aimed at
the engineering of extended and point defects in ZnO nanorods and their utilization in opto-
electronic, photonic and electronic applications. This chapter is dedicated to the conclusions of
this study and their future perspectives in device applications.

The motivation for the study of 1D-ZnO nanostructures with a brief review of the literature
was introduced in chapter 1. The literature also included the potential research area related to
the direct and wide band gap ZnO nanostructures, showing the current state of the art ideas
on the topic. The experimental and characterization techniques used in this thesis work were
briefly described in the chapter 2. The findings of this thesis and their future prospectives are
as follows:

Twin nanorods

In order to create extended defects, a unique CAC architecture of ZnO having an amorphous

layer sandwiched between two crystalline segments of ZnO were synthesize using single step
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aqueous growth technique. We call these unique structures twin nanorods. A wurtzite CAC
homojunction in a single nanorod is a major finding. The low-temperature evolution of twin
nanorods can effectively reduce the cost for the ultimate realization of nanoscale device fabri-
cation based on a single nanorod. The morphology of TNRs was explored using FESEM, and
the detailed characterization of the amorphous layer was carried out using HRTEM technique.
The presence of amorphous layer in between two crystalline segments of nanorods confirmed
the creation of extended defects in ZnO nanorods. The The HRTEM results showed that the
thickness of the amorphous layer was found to be tunable with the ramping rate of the reaction
media. The optical properties of TNRs were studied using UV-visible and PL spectroscopic
techniques. The study of band gap measurements of TNRs showed the strong dependency on
the growth-induced stress developed inside the host matrix. In PL spectrum, the deconvolution
analysis of the phonon replicas of the free exciton emission peak exhibits that beyond a cer-
tain thickness the amorphous layers in twin nanorods acts as effective phonon barrier. However,
such nanoscale junction barriers will be transparent to long wavelength acoustic phonon modes,
and the optical phonon mode excited on one crystalline side of the CAC junction is likely to get
damped significantly at the amorphous barrier if the phonon mode wavelength is comparable
to the thickness of the barrier. The results showed that the engineering of the thickness of the
amorphous layer makes it transparent (4nm and 1.5nm) for the phonon modes and the TNRJs
can be used as phonon tunnel device. This is a major finding of this work and has never been
reported earlier. Measuring the transmitted intensity of phonons on one crystalline side of the
barrier by exciting phonon modes on the other crystalline side, using micro-Raman and atomic
force microscopy based techniques, would provide a direct measure of the phonon tunneling
coefficient. Such junctions can be utilized in fabricating phonon tunnel devices for advancing
ZnO nanorods based optoelectronic and electronic devices.

The analysis of temperature dependent PL spectra of TNRs exhibit that both the electron-
phonon interaction and lattice dilation contribute to the redshift of FX emissions.The appear-
ance of localized defect peaks at low temperatures confirms the presence of extended defects
in twin nanorods and causes a loss in the near band edge emission intensity, which commen-
surate with the appearance of the defect peaks. The loss in emission intensity was caused by a
non-radiative transfer of carriers from the conduction band to the defect bands.

Defects in TNRs probed with the lower excitation energy showed dominating DLE over NBE

emission. These deep level emission unveiled strong temperature sensitivity in the cryogenic
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temperature range, which show the applicability of the TNRs in non-contact nanothermometry
applications.

Au-decorated nanotapers

The tip geometry of nanotapers are suitable for field emission. The topography of Au decorated
nanotapers was characterized by FESEM, where the FESEM images showed corrugated deco-
ration of Au on ZnO nanotapers. XRD technique was used for the study of the crystal structure
of nanotapers. EXAFS technique was employed to study the local crystal structure of as-grown
and Au-decorated nanotapers around the Zn-K edge. The work function of nanotapers was
mapped using KPFM, which showed a strong dependence on the thickness of Au film. The
FE properties of Au coated nanotapers were compared with as-grown nanotapers, where Au
decorated samples showed efficient field emission characteristics over as-grown. The TUNA
results also showed a very uniform and efficient tunneling current profile for Au- decorated
nanotapers compared to as-grown nanotapers. We believe that metal induced mid-gap states
formed at the Au-ZnO interface are responsible for the observed improved FE characteristics,
as a consequence of the drop in the effective work function of Au decorated ZnO nanotapers.
Since the low-cost hydrothermal method and corrugated metal evaporation techniques are eas-
ily scalable, the spatial uniformity and efficient field emission characteristics can be very useful
for the fabrication of large scale field emission based devices and also significantly reduce their
cost.

O™ ion implantation

This section includes the aqueous growth of vertically aligned ZnO nanorods and influence of
O™ ions on their optical and electronic properties. The O ions were implanted in nanorods
with three different energies 50, 100 and 350 keV. O ions of energies 50 and 350keV (at & =
5x 10'¢ ions/cm?) were implanted successively in nanorods to form tandem O-ric/as-grown/O-
rich/as-grown structures in a single nanorod. O ions having energy of 100keV were implanted
in nanorods at three different ion fluence ® = 5x 10" ions/cm?, ® = 5x 10" ions/cm?, ® =
5x 10'¢ ions/cm?.The morphological and structural characterization were carried out using
FESEM and XRD techniques. The FESEM and XRD measurements reveal the c-axis oriented
hexagonal structure of ZnO nanorods, and which remain preserved even after implantation.
The XPS was employed to analyze the pre-implantation and post-implantation surface chem-
istry of the nanorods. The XPS results showed that at ® = 5x 10* ions/cm? the concentration

of Vo decreases due to saturation in vacancy formation at high ion fluence and excess of O
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ions which form O;. The influence of point defects induced by O" ion implantation on the
RT optical properties of nanorods were studied by UV-visible, PL. and Raman spectroscopy.
Post-implantation, the optical absorption edge of samples showed a drop of 0.1eV compared
to as-grown sample. This is consistent with the fact of formation of vacancies by ion implan-
tation. The PL studies exhibit formation of nonradiative transition centres leading to complete
suppression of NBE emission of ZnO nanorods. The annealing treatment of the samples in
vacuum for 3 hours recovered the near band edge emission in the PL spectrum of each sample,
followed by deep level emissions. In these PL spectra, the DLE dominated over the NBE emis-
sion. The deconvolution analysis of these PL spectra showed that these emissions are associated
with O; and V, where O; dominate over V. We attribute this to the annihilation of V, by
the presence of the excess of O" and formation of more O; at high-temperature annealing. The
post-annealing PL results suggest that successive O ion implantation in ZnO nanorods may
create the O-rich/as-grown/O-rich/as-grown tandem like environment inside them, where O;
may act as shallow donor levels. C-AFM technique was employed to investigate the influence
of O" ion implantation on their local electrical transport characteristics. The first derivative
2D current map of as-grown nanorods exhibits current burst from the side facets of nanorods,
whereas it localizes for implanted samples. We attribute this to the trapping of charge carriers
into the defects created by implantation. The local electrical transport characteristics of sam-
ples improved after annealing treatment.

Mn-doped nanorods

This part covers the aqueous growth of Mn doped ZnO nanorods on the ITO coated glass sub-
strates and study the influence of point defects created by Mn doping on their nonlinear optical
properties. In this context the morphology of nanorods and confirmation of Mn-doping was
carried out using FESEM and EDX technique, respectively. The FESEM results showed that
the nanorods were randomly oriented unlike the nanorods grown on seed Si substrates. The
shift towards lower 26 value of (002) peak in XRD pattern further confirmed the doping of
Mn at Zn sites resulting in expansion of ZnO unit cell. The influence of point defects on opti-
cal properties of doped nanorods were studied using UV-visible, PL spectroscopy, and Z-scan
technique. The Tauc plots showed a drop of 0.7¢V in the band gap of Mn-doped samples com-
pared to un-doped sample, and we attribute this to V, and/or V. A significant difference
between PL spectra of undoped and doped samples is seen. The deconvolution analysis of PL

spectra showed that Mn-doping in ZnO nanorods introduces various defect centers including
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Zn;, O;, V4, and Vo, where the Zn; dominate over other centers. The presence of dominating
Zn; supports the shift in XRD pattern and confirms the Mn doping at Zn sites. Plots for the
Ipefecti—state!/lx versus Mn-doping percentage showed that with increasing doping percentage
of Mn the defect densities in nanorods increases and was found maximum for 2.5% Mn-doping
concentration. The CA nonlinear optical measurements on undoped and 0.5% Mn-doped NRs
exhibit self-defocusing effect with significantly higher n, values as compared to ZnO thin films.
The remarkably large third-order NLO behavior could be appreciated by observing the modi-
fications in the geometrical arrangement and band structure of ZnO NRs with Mn-doping. In
OA measurements the TPA characteristics for 0.5% Mn-doping is attributed to its absorption
edge. The investigations on NLO characteristics suggest that point defects in ZnO nanorods
created by Mn-doping facilitate improved NLO interactions. The NLO results suggest that
Mn-doped ZnO nanorods can be utilized for fabricating ultra-fast photonic switches, efficient

optical phase-shifters, and optical limiters etc.

7.1 Future prospectives

1. The phonon tunneling phenomena in CAC structures is worth investigating to improve the
functionality of nanoscale devices, because efficient phonon transport is essential from the per-
spective of waste heat management in the nanostructures for large-scale integration. From the
theoretical point of view, the understanding of the role of defects in electron-phonon interaction
in such CAC structures can be further explored. The CAC structures can be utilized for phonon
tunnel devices, and nano-thermometry applications etc.

2. The simple hydrothermal method and corrugated metal evaporation techniques are easily
scalable, the spatial uniformity and low turn on voltages observed in our measurements can be
very useful for large scale field emission based devices.

3. The depth selective approach to create defects in ZnO nanorods can be utilized for the fabri-
cation of single nanorod based electronic devices like p-n junction /p-n-p-n tandem junctions.
4. Different dopant concentration-dependent nonlinear optical properties of ZnO nanorods
can be further explored for nonlinear optical device purpose. The two photon absorption and
saturable absorption characteristics of Mn-doped ZnO nanorods can be utilized in fabricating

photonic devices like optical limiters, phase-shifters, lasers, ultra-fast photonic switches.
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