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SUMMARY

Cadmium telluride (CdTe) has been regarded as a promising semiconductor
material for the detection of infrared (IR) radiations, hard X-rays, y-rays and also in
photovoltaics applications. As compared to Silicon based detectors, CdTe possess higher
atomic no.s of Cadmium (Z¢4: 48) and Tellurium (Zz.: 52) and large energy band gap at
room temperature (~1.45 ev) that makes it a favorable material that could achieve higher
quantum efficiencies. Despite the wonderful charge transport properties and energy
resolution of Silicon (Si) and Germanium (Ge) based photodetectors, its applications are
limited for radiation detection due to their indirect bandgap and low stopping power for
higher energetic photons. If we consider Hg based CdTe structures (HgCdTe detectors)
for infrared (IR) detection, or CdTe/CdS based photovoltaic cells, an important limiting
factor for device performance is recombination and noise limitations. Problems and
efforts to improve the properties of CdTe thin films are discussed in this thesis. We
propose a method to study and optimize electrical and optical parameters of individual
layers of CdTe/CdS based devices that can help tremendously improve the performance
and thus enhance the overall efficiency of cells. We have employed e-beam evaporation
technique which has not been paid much attention in the past for growing CdTe thin films
and reported excellent film quality. Detailed analysis of the structural, defect states and
vibrational characteristics of chlorine treated polycrystalline CdTe thin films has been
done using photoluminescence measurements, Raman analysis and atomic force

microscopy. We have also characterized
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SUMMARY (continued)

the CdS layer used for fabricating CdTe/CdS based devices and analyzed the effects of
annealing and excitation dependent input by using optical characterization techniques and
presented a model for evaluating Raman line shape of phonon modes with spatial
correlation model that matches well with the experimental data. This analysis can also be
applied for other kinds of CdTe based detectors such as HgCdTe for IR detection, X-ray
and y-ray detections and for photonics applications.

Further blockcopolymer lithography self-assembly approach that has obtained
significant attention in the past years as a candidate to overcome the limits imposed by
conventional lithography technique is utilized to obtain highly ordered nanostructures of
metal nanoparticles, expected to be more robust in comparison. Successful fabrication of
gold nano particles using properties of the block co polymer self-assembling into highly
ordered and periodic nanodomain is achieved. These materials can serve as templates for
various applications in optoelectronics devices or can also be utilized in the vapor-liquid-
solid (VLS) growth of semiconductor nanowires, whereas gold nanodots also possess
attractive applications in optoelectronic devices, photonics and plasmonics applications.
This work was done at the CNM division of the Argonne National Labs, USA.

Further, study on the oxide based semiconductor nanowires (NWs) such as ZnO
owing to its large excitonic binding energy and a potential candidate of optical devices is
presented. Wide ranges of chemical and electrical properties of such metal oxides
semiconductor nanomaterials makes them attractive candidate for variety of applications

and also for basic research.
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SUMMARY (continued)

These metal oxides cover a diverse variety of electrical properties that ranges from wide
band gap insulators, to metallic and further superconducting materials. In comparison
with elemental semiconductors materials, growth behavior for oxide based semiconductor
NWs is still not very well understood. We present a detailed study of the optimized
growth conditions of ZnO NWs via carbothermal reduction process. We also present
formation of complex nanostructures by changing growth profiles that results in
increased build in polarization and a unique method is proposed to estimate the electric
field profiles of ZnO nanostructures using atomic force microscopy. Lastly doping and
band gap engineering of ZnO nanowires using vapor liquid solid (VLS) technique by
alloying it with indium oxide is done and enhanced optical properties due to indium
incorporation is reported. Further indium doped zinc oxide nanowires is presented to be a
potential candidate for transparent conducting oxide material owing to its high
transmittance and thus comprising an important element for optoelectronic and display

applications.
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1. INTRODUCTION

1.1. Nanotechnology: A Disruptive Technology

The influential talk presented by Richard Feynman in 1959 stating ‘there is plenty
of room at the bottom’ opened up a new field of physics [1]. It is widely stated by many
knowledgeable people that this talk laid the foundation of ‘nanotech’ [2-3]. In the 1970s,
the term nanotechnology was developed further and new discoveries and remarkable
progresses in the “nanoworld” followed — that often resulted in a Nobel Prize for the
respective scientists [4]. Photonics in this respect is gaining significant momentum in the
field of nanotechnology for its vast range of applications in sensing [5-6], spectroscopy
[7], detectors [8-9], electro-optic devices such as modulators [10], switches [11-12],
plasmonics [13], labs-on-a-chip [14], nonlinear devices and systems for quantum
computing [15]. Ongoing device scaling for integrated circuit industry in this scenario is
the utmost factor for survival of economy. However, the problem has started to occur in
terms of reaching the limits in reduction of device dimensions. These concerns
aggressively initiate the development and investigations of new technological concepts,
materials and devices. No matter what is the application, a detailed study of these
photonics based devices has revealed a rich physics within them which is discussed

heavily in this thesis.

1.2. CdTe based photodetectors
CdTe is an important semiconductor material that belongs to II-VI class of

compound crystals having a band gap of ~1.45 eV at room temperature [16]. This
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material can be used for variety of applications that includes infrared (IR) optical
windows and lenses, IR detectors, detection of X-rays, p-rays and most importantly in
photovoltaics applications [17-19]. CdTe semiconductor material when used as an
infrared optical window has proved to show significantly better performance over a wide
temperature ranges [20]. It can operate at room temperature that makes it a suitable
candidate for allowing construction of compact detectors that can be used for applications
specifically in nuclear spectroscopy [21]. CdTe when alloyed with mercury (Hg) makes
HgCdTe detector that is also used to make a versatile IR detector [22]. CdTe can also be
alloyed with zinc and the resulting CdZnTe compound can be used for excellent detection
of gamma rays and solid state X-rays [23]. It can also be doped with chlorine and can be
employed as radiation detector like x-rays and gamma rays as well as for alpha and beta
particles and also can be used in photovoltaics applications [24]. Some of the versatile
properties that makes CdTe such a superior semiconductor in detecting high performance
radiations includes its larger band gap, large atomic. no.s such as Cadmium Z:48 and
Tellurium Z:52 and high electron mobility resulting in excellent charge collection and
high spectral resolution [25]. These materials also possess applications in electro optic
modulators due to their higher electro optic coefficient amongst other II-VI based
compound [26].

Another important application of CdTe semiconductor is in photovoltaics where
this material is usually sandwiched with cadmium sulphide (CdS) compound to form a pn
junction [27]. This PV cell is based on thin films structure of CdTe and CdS in order to
absorb sunlight into electricity. CdS is an important semiconductor material with a direct

band gap of 2.4 eV at room temperature that has been extensively used for variety of
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applications such as solar cells [28-30], LEDs [31], displays [32-33], waveguides [34],

inverters sensors [35-37] and optoelectronic devices [38-39]. Several deposition
techniques have been tried in the past in order to grow CdS thin films such as chemical
vapor deposition [40], pulsed laser evaporation [41] and sputtering [42] but there has
been very limited studies on the growth of CdS thin films using thermal evaporation (TE)
techniques. We developed a method to grow CdS thin films using TE technique and
enhance film quality using low cost method. Further properties of polycrystalline CdTe
based cells is investigated that represents the lowest cost cells that are growing rapidly in
acceptance and represent the second most utilized solar cell material in the world due to
its near optimum bandgap, high absorption coefficient and lower manufacturing costs
[30]. In the past decade, there has been tremendous amount of work done for fabricating
potentially economical CdTe/CdS based devices yet reported efficiencies are still lower
than theoretically achievable limits [43-44]. Several efforts have been made to improve
the device performance and in understanding the charge transport mechanisms of these
nanostructured devices yet the role played by grain boundaries associated with
polycrystalline nature of CdTe thin film and activation of cells is not completely
understood until now. If we consider Hg based CdTe structures (HgCdTe detectors) for
infrared (IR) detection, or CdTe/CdS based photovoltaic cells, an important limiting
factor for device performance is recombination and noise limitations [45]. Thus
knowledge about transport properties, defect states and phonon vibration states for
polycrystalline CdTe thin films is of immense consideration in order to fabricate and
optimize the nanostructures for attaining higher quality films that can be employed for

variety of applications. We have tried to develop a method to understand and optimize
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the structural, vibrational and energy transitions of CdTe thin films as well as CdS
window layer that can be applied for applications in optoelectronic devices and can also
help achieve higher efficiencies in CdTe based thin films solar cells [9]. Problems and
efforts in order to improve the properties of CdTe thin films are also illustrated in this

thesis.

1.3. History and modern use of metallic nanoparticles

Although metal nanoparticles have been in use for a long time; the properties of
metallic nanoparticles were not explored until mid-19" century when Faraday first
examined and described interesting properties of these nanoparticles [46]. He was very
fascinated by the colors of metal nanoparticles and was able to produce successfully a
colloidal solution of gold nanoparticles by reducing Nobel metal salt with phosphorous.
However, he was unable to explain the color of the suspension and the variations in
colors happening due to variations in size of particles. Some decades later, Zsigmondy
continued this work initiated by Faraday on metal nanoparticles and developed an ultra-
microscope where he could examine a single gold nanoparticle and verified its nanoscale
dimensions while working together with Henry Siedentopf [47]. After this pioneer work
by Faraday and Zsigmondy, variety of different methods have been developed in the past
decade to produce metallic nanoparticles and very well defined nanostructures have been
created. Such advancements in developing nanoparticles enabled fabrication of nano
patterns with tunable size, shape and pitch with various optical properties [48].

Such metallic nanoparticles have potential applications in various fields such as
nanoplasmonic sensing devices [49], biomedical sciences [50], photovoltaics [51] etc.

The sensitivity of these devices can significantly improve if metallic nanoparticles are
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fabricated with high uniformity, size tuning capability and stability. Although there has
been advancements in this area but still production at large scale of highly defined
metallic nanoparticles with lower cost and higher throughput fabrication techniques needs
improvement. Top down lithography method such as e-beam evaporation technique can
produce metallic nanoparticles with good control but this technique is very expensive and
thus causes some limitation in high production volumes [52]. Thus interest in developing
bottom up techniques in order to serve as an attractive alternative to top down approach
has grown dramatically [53]. In this scenario, self-assembled materials particularly those
with a length scale smaller than conventional manufacturing limits are going to occupy
an important position in industry for a long time. Polymers in this context are likely to
play a major role for their ease of processing and synthesis, low cost, variability of
physical and chemical properties and most importantly their intrinsic nanoscale
dimensions [54]. Among various techniques to fabricate gold nanoparticles, block co
polymers have found significant attention due to its peculiar mesophase segregation and
ease of processing [55]. We have employed block co polymer (BCP) lithography to
fabricate gold nanoparticles of ~ 20nm sized using the self-assembly properties of BCP
allowing a simpler yet very attractive route for controlling size, shape ad spacing of

metallic nanostructures with ease and flexibility.

1.4. Block co polymer nanolithography
Block co polymers belong to a particular class of polymers also called ‘soft
materials’ consisting of two or more chemically bonded homopolymer fragments blocks
joined with each other by strong covalent bonding [56]. Considering simplest scenario

with two different monomers, blocks named A4 and B could form diblocks of linear (4-B),
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triblock (A4-B-A), star or multi block copolymers [57]. The interactions between these
chemically distinct blocks drive them to phase separate into different structures. By
changing the lengths of each block, solution environment, chemical chemistry of
monomers and the chain architectures such as linear or multi blocks, self-assembly can be
manipulated [58].

Depending on the monomer type, polymers can be classified as either
homopolymer or copolymers. When all the monomer chains are similar, the resulting
molecule is known as ‘homopolymer’, whereas when more than one type of monomer is
present, it is called a ‘copolymer’. Different types of copolymer arrangements exist such
as random copolymer, block copolymer, alternating copolymer or graft copolymer [59].
Phase separation and morphology of the diblock co polymer chains depends on various
parameters such as temperature dependent Flory- Huggin interaction parameter (),
degree of polymerization and volume fraction of one block (A) with respect to another
(B) [60]. A-B incompatibility will drive a phase separation and covalent bond between
the two blocks prevents bulk phase separation resulting in assembly of nanoscale
domains with a morphology depending on the ratios of one block length with respect to
another. Most common observed morphologies are hexagonally packed cylinders, cubic
spheres, lamellae etc [61].

In the case of thin films, along with the composition of blocks and polymer-
polymer interactions, the domain structure depends on surface interactions of the film
introduced by confinement effects and surface energies [62]. Balanced interfacial
interactions between the polymer blocks with the substrate and the free-space interface

are essential in order to controllably obtain the required morphology. Further improved
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ordering of BCP can be imparted using solvent annealing, chemical prepatterning,
thermal gradients, shear, electric fields, or graphoepitaxy in order to obtain orientational
as well as translational ordering [63]. We have taken advantage of BCP self-assembly
characteristics and used it as a structure director for obtaining a nanoporous template for
fabrication of Au nanoparticles. Cylindrical block copolymer films when oriented
perpendicular to the substrate can provide a straight forward route to produce a
nanoporus template after removing the cylindrical domains by chemical etching or UV
degradation. Because the self-assembly of BCP occur in parallel, this technique provides
a very low cost and fast route to obtain ultra high pore densities.

One key application arena for this class of materials is photovoltaics. For such
applications, BCPs can be used either as structural directors or as an active layer or a
combination of both [64-66]. Also these arrays can be used as templates for the vapor-
liquid-solid (VLS) growth of materials for their potential applications in optoelectronic
devices. The purpose of the present work is to obtain inexpensively and efficiently
uniform nanostructures of gold particles and utilize these templates to pattern other
devices and materials that can be beneficial in solar energy conversion devices as well as
other applications. Figure 1 schematically conceptualizes the formation of gold nanodots
using block copolymer lithography. Since substantial effort has been directed toward
fabrication of vertically-aligned nanowires having highly controlled length, diameter and
placement, gold nanoparticles fabricated using BCP nanolithography can serve as
catalysts for the initialization of VLS growth of highly ordered and periodic structures of

semiconductor nanowires arrays.
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Figure 1: Schematic illustration of formation of gold nanoparticles utilized in this work

1.5. Semiconductor nanowires

One dimensional (1-D) semiconductor nanowires have gained a great interest in
the field of nanotechnology and for technological applications [67]. It is well know that
dimensional and size reduction- (quantum confinement) of these one dimensional
nanostructures cause significant impact on their optical, electrical and mechanical
properties [68]. These nanowires are used in variety of application such as photodetectors
[69], transistors [70], lasers [71], biosensors [72], gas sensors [73], optical switches [74]
etc. Controlled nanowire synthesis reveals that materials with different sizes, structures
and shapes, morphology and composition such as alloying or doping are able to be
integrated. This property of integrating various variables and specific properties into one
system can develop integrated circuits using bottom up assembly. This technique of

assembling structures using bottom up method is a commonly used approach to grow



9

nanowires structures [75-76]. This approach is based on using a catalyst normally metal
that enables the formation of complex 1-D device structures. Such a growth technique is
normally achieved by commonly employed vapor liquid solid mechanism first introduced
by Wagner and Ellis with the growth of Si whiskers [77]. This vapor liquid solid (VLS)
growth technique is a highly controlled and flexible growth mechanism for the formation
of complex nanodevices that can be used for various applications [78].

Zinc oxide (ZnO) belongs to II-VI class of compound semiconductor with a wide
bandgap of ~3.37 eV and large excitonic binding energy at room temperature. It has
received a lot of attention in the past decade due to its unique optical and electrical
properties and wide applications [79]. It is very important to precisely control the
dimensions of nanowire for some applications one of which is in photovoltaics [80]. In
order to maintain efficient charge separation in nanowires based devices, wire dimensions
should be thin and densely packed. A dense and every distributed array of ZnO
nanowires will provide a direct route for the photo generated electrons to be collected at
the electrodes and thus enhance device performance. We have employed VLS growth
method which is one of the most effect ways for nanowires synthesis and variations in
size, position, shape and composition of wires. The morphology and density of as-
deposited nanowires can be determined by factors like temperature, gas flow, substrate,
catalyst, reaction times etc [81]. We have investigated the luminescence and structural
properties of different grown ZnO nanostructures and developed a unique way to
calculate the magnitude of electric field for ZnO nanowire and nanostar from the
electrostatic force analysis by measuring the amplitude change in the AFM probe due to

its spontaneous polarization effects [82].
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1.6. Doping in Zinc oxide

In order to manipulate and control the properties of semiconductors to obtain
desired properties, intentional doping is achieved by incorporating specific atoms of
interest. [83]. Doping also plays an important role in the field of nanotechnology and
nanoscience by formation of doped nanostructures with exciting characteristics. ZnO
when doped with transition metals has variety of applications in optoelectronics and has
also been proved to be a diluted magnetic semiconductor after doping [84]. Also for
formation of ZnO LED, we need both n type and p type ZnO in order to form a pn
junction thus adding small amount of dopant in ZnO can change its behavior
significantly. ZnO has a band gap of 3.37 eV at room temperature. In order to shrink its
band gap or expand its band gap, we need to do band gap engineering. We can shrink the
band gap and push it into visible region or can expand its band gap by alloying it with
elements based on specific applications [85]. Here in this thesis, Farid ef al. [86]
demonstrate an approach to dope zinc oxide nanowires with indium oxide by employing
VLS growth method. Shape evolution from ultra-thin nanowires to nanowires with wider
diameter and nanobelts are also discussed. Defect state analysis is done using detailed
low temperature photoluminescence measurements which have been rarely explored until
now. We have reported enhanced optical properties due to indium incorporation in zinc
oxide nanowires. Alloying with indium oxide is done in order to tune the band gap of

zinc oxide and their changed optical properties are also investigated.

1.7. Structure of this thesis
Chapter 2 discusses characterization of CdS layer required for the growth of

CdS/CdTe based detectors. CdS films on ITO coated glass substrates is fabricated using
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thermal evaporation techniques and effects of annealing and excitation dependent input
of CdS thin films using Raman and photoluminescence spectroscopy is explored [30].
Chapter 3 represents my published manuscript [9] that discusses temperature dependent
photoluminescence (PL) measurements on chloride treated polycrystalline cadmium
telluride (CdTe) thin films grown by e-beam evaporation technique. Also effects of
cadmium chloride treatment on morphology and device optimization are discussed and
the defect states analysis is presented. In chapter 4, we fabricated high density arrays of
uniform gold nanodots and nanopores using block co polymer nanolithography
technique. Chapter 5 discusses growth mechanism of ZnO nanowires and optimal
reaction conditions for the growth of ZnO NWs via VLS growth mechanism are
presented. Complex nanostructures formation due to change in experimental growth
condition is presented and analysis on the complex nanostructure formation and diameter
dependent optical characterization is discussed [82]. Chapter 6 shows doping in zinc
oxide nanowires with indium oxide using VLS growth mechanism that is reproduced
from my published article [86]. Band gap engineering by varying indium content is
presented and its potential application as a candidate of transparent conductive oxide is

evaluated.  Lastly chapter 7 shows conclusions and future  work.



2. MULTIPHONON RAMAN SCATTERING AND
PHOTOLUMINISCENCE STUDIES OF AS-GROWN AND
ANNEALED CADMIUM SUPLHIDE NANOCRYSTALS

We have already provided a brief background on the applications and importance of
fabricating low cost CdS thin films for various applications in optoelectronic devices in
Chapter 1. In this chapter, we discuss successful growth of high quality CdS films on ITO
coated glass substrates by thermal evaporation techniques and presented analysis on the
effects of annealing and excitation dependent input of CdS thin films using Raman and
photoluminescence spectroscopy. Our results reveal Raman surface optical phonon
modes at 303 cm™” and 606 cm™ for the as grown films while annealed films shows a
dramatic increase in Raman intensity along with clear indication of four overtones. LO
phonon modes have been analyzed quantitatively considering the contributions due to
anneal induced effects on film quality using phonon spatial correlation model, line shapes
and defects to the line broadening. Slight asymmetry in the Raman line shape towards the
low frequency side is related to the phonon confinement effects and is modeled by the
spatial correlation model. Calculations of width (FWHM), integrated intensity, and line
shape for the longitudinal (LO) optical phonon modes indicate improved crystalline
quality for the annealed films as compared to the as grown films. With increase in laser
power, intensity ratio of 2-LO to 1-LO optical phonon modes is found to increase while
multiple overtones upto fourth order are observed. Power dependent photoluminescence

data indicates direct band-to-band transition in CdS thin films.
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2.1. Purpose of annealing CdS thin films

Improving film quality and crystalline properties is an important subject for
device applications that can lead to enhanced device performances. One of the issues
reported with growing CdS by thermal evaporation (TE) technique is detoriation of film
crystallinity due to low substrate temperatures employed in deposition and researchers
have reported significantly lower Raman peaks as compared to other deposition
techniques such as pulsed laser evaporation [89-90]. Annealing can give rise to changes
in nano crystal sizes and phase that can significantly alter the device performance [91].
We have grown CdS thin films using TE technique and later underwent CdS thin films
into post annealing treatment. We have successfully reported multiphonon Raman
scattering in post annealed CdS nanocrystals grown by thermal evaporation techniques
and presented a comprehensive study on the width, line shape and intensity of
longitudinal (LO) optical phonons modes in Raman spectra using spatial correlation
model. In section 2.3, we have compared as grown and post annealed CdS films and
presented anneal induce effects on the crystal quality using Raman and PL spectroscopy.
One can probe anneal induced vibrational and structural changes by Raman spectroscopy.
On the other hand excitation dependent structural changes can affect electron phonon
interactions [92]. By varying excitation conditions, annealing temperatures and duration,

the particles sizes and band gap can be varied and controlled [93-94].

2.2. Experimental
A 200 nm thick CdS layer is obtained using thermal evaporation (TE) techniques
on ITO coated glass substrate at room temperature keeping the base vacuum pressure at ~

107 Torr range. CdS evaporation source in this work was purchased from Cerac, Inc
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(99.999% source). CdS samples were annealed for 30 min in air ambient at room
temperature for 30 min in air ambient at room temperature for 450 °C. Optical
characterization of the as grown and annealed films have been carried out using
photoluminescence (PL) and Raman spectroscopy. PL setup used in this work consist of
Acton SpectraPro 25001 spectrometer with three grating imaging monochromatic. Grating
used was 1200 g/mm and the experiment was carried out with a back scattered geometry.
PL spectra was taken at room temperature in the 457 reflection geometry with the
samples placed on the micrometer stage of the single grating spectrograph. PL emission
was excited using CW He-Cd laser source from KIMMON Koha Co., Ltd., with
wavelength of 441.6 nm. Room temperature Raman scattering experiment was performed
using a Raman Reinshaw 2000 microscope system with a 1800 g/mm grating and an

excitation source of 514 nm wavelength with input power varied from 6-24 mW.

2.3. Results and Discussions

2.3.1. Optical Phonon Modes investigation using Raman Spectra
Room temperature Raman spectra for the CdS thin films grown by thermal

evaporation technique using 514 nm laser line excitation is shown in figure 2.
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Figure 2: Room temperature Raman spectra of the as grown and annealed films excited
using 514 nm laser.

For the as grown films, we observe two dominant peaks showing the 1-
longitudinal optical (LO) phonon mode at 303 cm™' and 2-LO mode at 606 cm . There is
almost negligible indication of multiple over tones while the line width (FWHM) for 1-
LO phonon mode is found to be ~17cm . For single CdS crystal, 1-LO phonon mode is
reported to be at 305cm ' while fwhm is ~12cm ™' [95]. Observed shift in low frequency
side and broadening in line shape as indicated in fig. 4 can be attributed to the
confinement of optical phonons in CdS nanocrystals since CdS exhibits strong size
dependent optical and electrical properties [96]. In the case of a perfect crystal, phonon
Eigen state is a plane wave and only the optical phonons at the zone center (g=0), where

g 1s the wave vector, contribute to the first order Raman scattering process. For
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nanocrystals, this g=0 selection rule is relaxed due to the phonon confinement within the
nanocrystals which allows a range of ¢ vectors away from the center in the Brillouin zone
to also contribute to the resultant Raman line. As a result, Raman line shape exhibits a

change depending on the phonon dispersion curve w(q). CdS dispersion curve exhibits a

negative slope at g=0 hence contributions from higher ¢’s result in asymmetry of the line
shape towards the low frequency regime of the LO phonon mode which we observe in

our study [97].

2.3.2. Spatial Correlation Model

In order to calculate the phonon line shape, spatial correlation model (SCM)
proposed by Campbell and Fauchet is used [98]. This model has been extensively used to
understand the Raman line shape of crystals with various sizes [99-100]. According to

this model, Raman intensity for a nano crystal of diameter d can be expressed as

|C(q,d)|* d’q
a)—cu(q)z]+l“o/2)2 (1)

H(w,d) = f[

Where T'ois the intrinsic phonon line width and ¢ is usually expressed in units of
27/ a where a is the lattice constant for CdS. | C(g,d)|is the Fourier transform of the

confinement function which is given by

_g2d?
C(g,d) =exp (2)
200

Many studies have satisfied the Gaussian confinement model using values of « as

87230 we will be using this value for our calculations [101]. Using this expression,

equation (1) can be expressed as
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To evaluate (3), phonon dispersion curve expression for LO phonon is fitted from
the calculations by S. Sahoo et al. [101]. Assuming a spherical particle size, line width
calculated from SCM is ~14cm™ which is fitted well for a particle size of ~ 45-55 A° as

shown in figure 3.
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Figure 3: 1-LO phonon mode peak fitting using SCM for the a) as grown and b)
annealed.

Raman spectra for the films annealed at higher temperatures (450°C) for 30 min
in air ambient is also shown in figure 4. We observe a dramatical increase in Raman
intensities with much clear indication of multiple overtones (3-LO & 4-LO) which are

not significantly observed for the as grown samples. Peak positions seems to be
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unchanged but the FWHM appear to reduce for annealed samples (15.7 cm™). R. Prabhu
et al. [102] reported that in case of nanoparticles, surface layers occupy a significant
volume of the material and atomic arrangement at the surface or the grain boundaries are
away from its equilibrium. If the heat treatment causes a more regular arrangements of
atoms in the surface layers, it results in reduction of the width of Raman signals and also
a reduction in the defect density which results in significant improvement of Raman
signals and improved crystalline quality. Later in this chapter, we present
photoluminescence data to understand the defect states in CdS films. However
calculations for the integrated intensity ratio of 2-LO to 1-LO phonon modes has been
done.

It is well known that the degree of electron-phonon coupling at a particular
wavelength can be quantified by calculating the ratio of integrated overtone intensity to
that of the fundamental, thus the ratio I, .0/ 1o 1s an important tool in order to measure
the disorder in the film [103]. Some studies have shown that the ratio of 2-LO to 1-LO
phonon increases with the increase in particle size [104]. However this ratio can vary
upon variations in different incident wavelengths. For our case, it is found that the ratio
increased from 0.4 for the as grown films to 0.53 for annealed samples showing an

improvement in crystalline quality for the annealed films as compared to as grown films.

2.3.3. Photoluminescence spectra

For further characterization of the CdS film, room temperature
photoluminescence (PL) measurements are performed for the annealed samples and for
the as grown films recorded at an excitation wavelength of 441.6 nm using He-Cd laser.

Figure 4 shows the PL spectra from CdS layer grown by TE and after annealing at a
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temperature of 450 °C. We observe a broad green luminescence peak at ~2.42eV
(514nm).

The intensity of green band emission was found to increase enormously when the
films were subject to annealing as compared to the as grown samples. This green band
peak is found to be asymmetric as well as relatively of wide broadness and is fitted
further with two Lorentzian fits shown in figure 6 (dotted lines). Band gap for the CdS
single hexagonal crystal is at ~500 nm (2.48eV) [105]. Studies shows that CdS films
might get sulfur deficiencies as sulfur is found to be more volatile than Cd and annealing
at higher temperatures causes sulfur to dislocate from CdS which may result in

asymmetry of the luminescence band [92].
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Figure 4: Photoluminescence spectra for the as grown (solid line, lower spectra) and
annealed CdS films (solid line, top spectra) at 441.6 nm laser line excitation while
Lorentzian modes for annealed films are shown by dotted lines.



20

2.3.4. Excitation dependence of the Raman and Luminescence Signals

In order to analyze the effects of CdS thin films on the excitation input conditions,
Raman and photoluminescence measurements are carried out as a function of input
excitation power. Excitation input is varied from 6 mW to 24 mW for the as grown CdS
films. Figure 5 indicates the Raman spectra of the CdS thin films at laser power of 6 mW,
12mW and 24 mW using emission line of 514 nm.

As shown in figure 5, it is observed that for all input excitations Raman data
indicates two dominant peaks indicating the longitudinal optical (LO) phonon mode at
approximately 303 cm ' (1LO) and its overtone (2LO) at about 606 cm ' with a linear
increase in integrated intensity on increasing input power. It is noticeable that negligible
3-LO and 4-LO phonon modes are visible for the samples excited at low excitation power
but the multiple overtones effects become more visible after increasing the excitation
power to enhanced power levels (~24mW). Calculation of integrated intensity ratio of 2-
LO to 1-LO phonon mode from our experimental data shows 0.38 for 6mW, 0.4 for

12mW to 0.43 for 24mW with input excitation power variations.
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Figure 5: Raman spectra at varied excitation power (decreasing power from top to bottom
curve).

To understand more on the effects of electron phonon interactions and underlying
recombination processes, transmission laser power dependence photoluminescence
spectra is obtained as shown in figure 6(a) using different neutral density filters
(Thorlabs). We observe a slight shift in energy from 2.43eV (510.2nm) to ~2.412 eV
(514nm) with the increase in photo excitation powers. Also it is noticed that the the plot
of PL integrated intensity with respect to excitation input variations shows near linear
behavior with a positive slope indicating that the recombination was mainly band to band

as indicated in figure 6(b).
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Figure 6: (a) PL spectra of CdS as grown films excited at varied laser power (decreasing
power from top to bottom curve) using neutral density filters; (b) Variation of laser power
on the photo luminescence integrated intensity area of dominant PL peak (straight line
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indicated linear fit)

Conclusions

We have characterized as deposited and annealed CdS thin films grown by

thermal evaporation technique and reported multiple phonon Raman peaks upto fourth

order for the annealed CdS nanocrystals. Asymmetry in the line shape of LO phonon

modes

is attributed to the phonon confinement effects and fitted well with the spatial

correlation model. Improved crystalline quality is achieved for annealed CdS films as

compared to as-grown samples and knowledge of line widths and integrated intensities

ratio of 2-LO to 1-LO phonon modes is revealed. Asymmetry and wide broadness

indicated from photoluminescence green emission peak around 2.42 eV is attributed to

the sulphur deficiencies in CdS films. Excitation dependent photoluminescence and

Raman spectra shows band to band transition and improved CdS film quality is reported.



3. ANALYSIS ON THE STRUCTURAL, VIBRATIONAL AND
DEFECT STATES OF CHLORINE TREATED CADMIUM
TELLURIDE STRUCTURES

In this chapter, temperature dependent photoluminescence (PL) measurements are
performed in order to study the defect states in cadmium chloride treated polycrystalline
cadmium telluride (CdTe) thin films grown by e-beam evaporation technique. Three
luminescence bands are observed including a double peak emission at 1.577 eV and
1.573 eV corresponding to free electron to acceptor transition and a donor acceptor pair
transition respectively along with a broad peak at 1.45 eV. This broad band emission is
related to A-center chlorine based complex and also includes longitudinal (LO) phonon
emission lines for CdTe spaced by ~21meV. Investigation into grain sizes revealed grains
of 0.2 um for as grown films and ~2-3 um for chlorine activated films shown by atomic
force microscopy (AFM). Raman analysis indicate that the films have been grown with
excess of Te leading to p- type conductivity in the structure whereas LO phonon mode of
polycrystalline CdTe reveals quasi phonon modes nature. This work is reproduced from

my published article as mentioned in ref [9].

3.1. Advantage of using e-beam evaporation for CdTe deposition
So far several deposition techniques have been tried to grow CdTe thin films such
as close-spaced sublimation (CSS) [106], chemical bath deposition (CBD) [107], vacuum
evaporation [108], spray pyrolysis [109], sputtering [110] and electrodeposition [111]. A
feasible alternative to these processes which has not been paid sufficient attention to is

the electron beam evaporation (EBE) technique in order to deposit the CdTe thin films.
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As compared to the traditional chemical methods, physical methods tends to appear more
promising candidate for growing active layer [112]. Specifically physical vapor
deposition method such as e-beam evaporation poses several advantages as compared to
other traditional deposition approaches such as excellent film purity due to high vacuum
condition, higher deposition rates, less surface damage of the substrate due to impinging
atoms while film deposition, less tendency for unintentional heating of substrate, low
cost, and environmental friendliness [113]. We have successfully prepared CdTe films
using EBE technique and investigated film quality using optical characterization
techniques in order to enhance device performance for its potential applications in solar

cell technology.

3.2. Challenges with polycrystalline CdTe thin films

Polycrystalline CdTe materials with grains limits the recombination velocity and
life times of carriers that affects the device performances. CdCl, post activation treatment
which is a necessary and critical step in the complicated procedure of fabricating
CdTe/CdS thin films solar cell is believed to enhance the p- type doping in CdTe layer
[114] and is also associated with recrystallization [115], grain growth [116], reduction in
stress and the defect density, which ultimately raises the efficiency. Therefore knowledge
about the defect states of these chlorine activated CdTe films is very important for solar
cell applications. Due to the polycrystalline nature of CdTe films, these defect states
exhibit slightly different nature of transitions compared to single crystalline CdTe layers
[117]. Many studies have been done analyzing single crystalline CdTe structures but very
little attention is emphasized on understanding the defect states and crystal quality of

polycrystalline CdTe cells that could potentially result in lower cost and higher efficiency
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PV devices. In this work, low temperature photoluminescence measurements are
performed for a detailed defect states analysis. Effects of CdCl, treatment on the grain
sizes of polycrystalline CdTe layer is also presented that can help understand the crystal
structure and optimize the device for applications in optoelectronic devices.

For CdTe/CdS based devices, another limitation to increase efficiency is the
difference between the crystal structures of CdTe and CdS. It is important to obtain CdTe
in hexagonal phase as the CdS is more stable in the hexagonal phase that could result in
growing two layers with the same phase [118]. Also it has been established that tellurium
excess in CdTe structure lead to p-type conductivity that plays the role of absorber layer
for CdTe/CdS based solar cells [119]. Thus it is important to understand the vibrational
states of these films to optimize device performance. The objective of this work is to
identify and analyze the energy transitions which may result due to recombination caused
by intrinsic defects and also due to chlorine activation process in polycrystalline CdTe
films. Vibrational analysis using Raman spectroscopy is also performed which shows Te

rich surface and quasi phonon modes of mixed symmetry is revealed.

3.3. Fabrication procedure
Samples used for characterization of CdTe thin films have been taken fabricated
by the coauthor of our published work Hyeson Jung from University of Illinois at
Chicago [9]. Polycrystalline CdTe thin films have been deposited by e-beam evaporation
technique on CdS/SnO,:F (FTO)/glass substrate structures. The cell was developed in a
superstate configuration using vacuum deposition techniques followed by annealing
treatments. For the deposition of CdS on the FTO, thermal evaporation technique was

used keeping the base vacuum pressure at ~107 Torr range and substrate at room
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temperature, growing approximately 200 nm thick CdS layer. CdS evaporation source
(99.99%) was purchased from Cerac, Inc. CdS is followed by deposition of about 4 um
CdTe layer by e-beam evaporation at 300 °C at a higher vacuum pressure of 107 Torr
using CdTe evaporation source (99.999%) purchased from Cerac Inc. Further CdTe films
were annealed using cadmium chloride (CdCl,) vapor process treatment utilized for
activation of the cell junctions. The as-grown CdS/CdTe thin film was placed on the
graphite plate, and the samples were baked at 425 °C for 20 minutes under continuous
CdCl, vapor flow generated by a vaporizer. This technique was carried out under
atmospheric pressure without the use of high purity gases or a vacuum system.

The analysis of the surface morphology of these cells was done by atomic force
microscopy (AFM) technique using tapping-mode atomic force microscope (Nanoscope
V, Veeco). The defect states for the CdCl, treated CdTe layers was studied using
photoluminescence spectroscopy done at room temperature that consists of Acton
SpectraPro 25001 spectrometer with three grating imaging monochromatic equipped
using liquid nitrogen cooled charge coupled device. The grating used for current
experiment was 600 g/mm with an excitation input of 633 nm. Low-temperature PL
measurements were carried out using a closed-cycle Janis CCS-150, 10 K cryogenic
system. The vibrational states of CdCl, treated and untreated films was studied using
Raman spectroscopy excited by 633 nm (HeNe) laser line using a Reinshaw inVia Raman

spectroscope at room temperature.

3.4. Results and Discussions

3.4.1. Low Temperature Photoluminescence Characterization
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Low temperature PL spectra of chlorine treated polycrystalline CdTe films
measured at 10K at a nominal power of 20 mW and 633 nm excitation input is shown in
figure 9. Transitions can be seen at energies of a) 1.577 eV, b) 1.573 eV and c) at 1.45 eV
(including LO phonon lines). The transition regions from 1.55 — 1.6 eV is also shown on
wider energy scale in the inset of figure 9. Two distinct peaks seen between 1.55 — 1.6 eV
energy range correspond well to the literature data [120-121]. The whole PL spectrum is
also fitted with several Gauss peaks as shown in figure 7. Two closely packed peaks at
1.577 eV and 1.573 eV with energy separation of 4 meV are seen. Peak at 1.577 eV is
associated with electron to acceptor (e, A0O) transition while a donar-acceptor pair (DAP)
transition is expected to happen at 1.573 eV [122]. Some authors report only a single
peak between 1.55 eV to 1.57eV range which they assign to DAP transition related either

to a cadmium vacancy or oxygen related DAP transition [123].
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Figure 7: PL spectrum of the chlorine treated CdTe sample at 10 K including the Gauss
profiles fit. The inset shows a magnification of the 1.55 — 1.56 emission range.



28

A broad defect band around 1.45 eV is observed in our study which is commonly
associated with A- center often related to chlorine based acceptor complex. Such broad
emission is usually associated with the polycrystalline nature of CdTe and not
significantly observed in single crystal CdTe structure [124]. Since the area illuminated
by the laser excitation beam is much larger as compared to grain sizes, many grains with
different dislocation densities, sizes, defect concentrations and recombination sites makes
it very hard to detect an individual homogenously broadened emission line. This broad
defect band consists of several peaks with an energy separation of approximately 21 meV
which is the optical longitudinal phonon line energy of CdTe films [122]. These several
orders of LO- phonon lines shows a strong coupling of the respective defect to the lattice
structure.

In order to analyze these grains in polycrystalline CdTe films, AFM was
performed for the chlorine activated as well as untreated films as shown in figure 8. Our

as-deposited CdTe films have average grain sizes of approximately 0.2 um whereas

chlorine activated films showed a larger grain size of around 2-3 um.
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Figure 8: AFM measurements of a) CdTe without CdCI2 annealing treatment: grain size
0.2 wm b) CdTe with CdCl, annealing treatment: grain size 2-3 um.

These enhancement in grain sizes due to annealing treatment is associated with
the recrystallization process. Studies have shown that this low temperature annealing
treatment is used to promote recrystallization, grain growth, and diffusion between the
CdS and CdTe layers which enhances the p-type conductivity in the CdTe layer [125].
This enhancement in grain sizes facilitates the passivation of grain boundary traps and
improves device performance [126]. Considering an average size of 3 um for our
chlorine treated samples, 20 um spot size for laser excitation beam will lead to several
grains under examination for the photoluminescence study resulting in broadened PL
emission lines.

Temperature dependent photoluminescence spectra from 10K — 90K is shown in
figure 9a. For the 1.45 eV peak, initial studies have shown that the origin of this band is
associated with the recombination of the excitons with a localized center [124] but later it

is revealed that this band is associated with the A center related peak [123]. As the
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temperature is increased, quenching of the PL intensities of the luminescence signal is
observed. When the temperature reaches to higher values, the free electrons thermalizes
and phonon replicas becomes less distinct and merge into a single broader peak emission
band. For the double emission peak at 1.57 eV, a decrease in 1.577 eV peak is observed
on increasing the temperatures as compared to 1.573 eV emission. This temperature
dependent behavior is assumed to be associated with the donar acceptor (DA) pair
transition which switches to the transition of an electron from the conduction band to the
energy state of an acceptor as the shallow donar thermalizes. This acceptor is known to
be related to the cadmium vacancy V" as found in previous studies [127-128].

It is possible to deduce the activation energy directly from the temperature
dependent plot of the PL intensity. This temperature dependence of the luminescence

intensity can be expressed according to well known Arrhenius equation as shown in eq 4

[9].

1y
1+ Aexp(-AE/K,T)

I(T) = “

Where I, is the emission intensity at 0 K (10 K for our case), K, is the

Boltzmann’s constant and AE is the activation energy. A log plot of integrated intensity
versus 1000/T is used to extrapolate the activation energy of the thermal quenching
process as shown in figure 9b. From our experimental results, we obtain an activation
energy of 49 meV for the 1.577 eV band whereas 100 meV for the 1.45 eV which is in
good agreement with the values obtained by Kraft et.al. [123], Neu et.al. [129] and

Krustok et.al. [130].
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Figure: 9 a) Low temperature (10K - 90K decreasing order) photoluminescence spectra
for the annealed CdTe films with at 633 nm laser line excitation. The inset shows a
magnification of the 1.55 eV — 1.61 eV range. b) Temperature dependence of emission
bands at 1.5577 eV and 1.45 eV for extrapolating activation energies.

3.4.2. Raman analysis on the CdTe films

In order to observe the phonon vibrational states of the CdTe films, Raman
spectrum of the as grown as well as CdCl, treated polycrystalline CdTe films excited
with 633 nm laser is done as shown in figure 10. We observe three clearly distinguishable
bands at 118.9 cm™, 136.5 cm™ and 166 cm™ for both CdTe samples. Sharp band at 118.9
cm™ is associated with contribution from Te rich surface and is assigned as Al mode
corresponding to the phonons vibrations in the hexagonal Te structure [123]. This Al
band seem to reduce significantly for as- grown samples since these films consists of
several smaller sized grains as compared to chlorine treated films that has larger grains
which can also contribute to improved Raman signal and better film quality. The TO
mode (Te) is seen at 136.5 cm™ and the LO mode (Cd-Te) is observed at 166 cm .

Appearance of LO phonon mode at 166.3 cm ' is observed by other researchers on a
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polycrystalline CdTe structure fabricated on CdS/ ITO/ glass substrate which indicates
composites of hexagonal and cubic CdTe structures according to their respective phonon
dispersion curves [131][118]. Our key observation is that the Raman mode frequency
observed for the CdTe thin films is different from either mode of the single crystal. This

can be interpreted as the quasi phonon modes nature of the polycrystalline CdTe films.
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Figure 10: Raman spectrum of polycrystalline CdTe thin films excited using 633 nm laser
line.

3.4.3. Quasi Phonon Modes

According to the Raman selection rules, Raman modes observed in a spectrum
depends not only on the polarization of incoming and outgoing light but also depends on
the crystal orientation relative to light propagation. This cause the Raman modes to be
visible at a particular geometry. Raman scattering from the crystal axis which are not the

a or ¢ symmetry axis results in quasi phonon modes nature of the crystallites [132].
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According to Loudon’s model, these quasi modes results in intermediate valued
frequencies deviating from the pure LO and TO modes of well-defined oriented
crystallites due to the phonons propagating between crystal symmetry axis. Quasi
longitudinal optical phonon mode frequency lies between the frequency of pure E,;(LO)
and pure 4,(LO) of the bulk material while the transverse optical mode falls between the
frequency of pure E;(TO) and pure A;(TO). For our case where polycrystalline CdTe
grains consists of varied sizes and orientation, quasi nature of the phonon modes is
observed. This is verified by the well-known Loudon’s model calculations.

According to this model, the quasi LO mode frequency can be described from the

relation
a)qz(LO) = a)zAl(LO) cos? 6 + szl(Lo) sin? @ %)
Where @ is the phonon propagation angle with respect to c- axis of the crystal

lattice [132]. By rearranging equation 5 and ignoring the higher order terms, we have

la)zA(Lo)—a)2 160215(L0)—a)2
(@,(LO)) = 1+§ " te —— |, (6)
a)l) w()
From equation 6, @, can be given as
20° 2
(0,(LO)? = w,? = Z AR L ACD ™

3

Inserting the values for 4,(LO) and E;(LO)modes as reported as 169.4 cm™ and
156.1 cm™ respectively, we obtain quasi LO mode at 165.1 cm™ which is very close to
the observation at 166 cm™ in our study, thus can be associated with the quasi phonon

modes nature.
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3.5. Conclusions

We have characterized as deposited and CdCl, treated polycrystalline CdTe thin
films deposited by e-beam evaporation techniques. Temperature dependent PL spectra
reveal energy transitions at 1.577 eV which is assigned to electron to acceptor transition
while a donar to acceptor transition occurs at 1.573 eV. A broad spectrum at 1.45 eV is
associated with A-center chlorine based acceptor complex. AFM study on the grain sizes
for as grown and chlorine treated films revealed grains of 0.2 wm and approximately 2-3
um respectively. Quasi mode nature for the LO phonon modes of mixed symmetry is
observed from the Raman spectra of the polycrystalline CdTe structures at 166 cm’
whereas Al and TO modes at 118.9 cm™ and 136.5 cm™ respectively correspond to

phonon vibrations from hexagonal Te structure indicating Te rich surface.



4. SYSNTHESIS OF UNIFORM GOLD NANOPARTICLE
ARRAYS AND NANOPOROUS TEMPLATES USING BLOCK CO
POLYMER LITHOGRAPHY

Historical and modern use of metallic nanoparticles and block co polymers are
discussed already in Chapter 1. In this chapter, high-density arrays of gold nanodots and
nanoholes on indium tin oxide (ITO)-coated glass surfaces are discussed that are
fabricated using a nanoporous template fabricated by the self-assembly of diblock
copolymers of poly (styrene-block-methyl methacrylate) (PS-5-PMMA). By balancing
the interfacial interactions between the polymer blocks and the substrate using random
copolymer, cylindrical block copolymer microdomains oriented perpendicular to the
plane of the substrate have been obtained. Nanoporous PS films are created by selectively
etching PMMA cylinders, a straightforward route to form highly ordered nanoscale
porous films. Deposition of gold on the template followed by lift off and sonication
leaves a highly dense array of gold nanodots. These materials can serve as templates for
the vapor-liquid-solid (VLS) growth of semiconductor nanorod arrays for optoelectronic
applications. Figure 11 represents schematic illustration for our fabrication steps in

formation of gold nanodots that will be explained in detail in this chapter.
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Figure 11: Schematic illustration of process flow for the formation of gold nanoparticles
using block copolymer nanolithography

4.1. Experimental Protocol

Block copolymers of polystyrene (PS) and poly (methyl methacrylate) PMMA
with a moderately asymmetric weight composition of 30% of PMMA and 70% PS have
been utilized in this work to obtain a nanoengineered template on ITO-coated glass
substrates. The diblock copolymer of poly (styrene-block-methyl methacrylate) (PS-b-
PMMA) was purchased from Polymer Source, Inc. and purified using Soxhlet extraction
to remove excess homopolymer. The number-average molecular weight for PS is
M,=68,000 g/mol and M,,=73,000 g/mol with a polydispersity index (PDI) of 1.08. The
surface of thin films was characterized using tapping-mode atomic force microscopy

(Nanoscope V, Veeco) in order to observe the topography.
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4.2. Preparation and neutralization of substrate

Controlling the orientation of microdomains in thin films is a key parameter for
fabricating block copolymer nanostructures. For obtaining cylindrical microdomains
perpendicular to the plane of the substrate, an ultra-thin cross-linkable brush film of a
random copolymer (RCP) of poly (styrene-ran-methyl methacrylate) (PS--PMMA) is
utilized in this work for interface-energy neutralization of the surface before application
of BCP films. This treatment ensures there are no preferential interactions of either of the
two polymer blocks with the substrate. Using this technique, the surface energy of the
substrate is controlled by tuning the relative composition of the RCP and thus can be
optimized for a particular BCP.

ITO surface preparation for the application of BCP was done initially by dipping
the substrate in a solution of H,O,/ NH4OH/ DI H,O at a ratio of 1:1:5 on a hot plate at
60°C for 3 hrs. This step is essential to generate OH™ bonds on the ITO surface to enhance
bonding with the random copolymer film. Further DI water rinsing and air gun drying of
ITO completed the cleaning procedure. For surface neutralization, a random copolymer
of PS--PMMA is used. The solution was prepared using 1% (w/w) of PS-r-PMMA
mixed in toluene with fps = 0.59. 100 ml of this solution was spin coated at 2000 rpm for
40-50 sec while keeping it on a hot plate in a N, atmosphere at 250 °C for 30-35 min.
This procedure results in a ~40 nm-thick film of random copolymer. Since we need a
relatively thin RCP layer for providing an adhesion layer for application of the BCP,
excess RCP was removed using toluene rinsing. Following rinsing, the RCP film

thickness is reduced to a ~7 nm brush layer.
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4.3. Application and orientation of block copolymer (PS-b-PMMA)
nanostructures

Solutions of PS-b-PMMA were prepared in the same manner as with the RCP
using 1 wt% BCP mixed in toluene and applied using spin coating. Direct application of
PS-b-PMMA on ITO-coated glass substrates results in formation of in-plane or mixed
morphology of PMMA cylinders surrounded by a PS matrix as shown in figure 12(a). In-
plane microdomain orientation is due to the unbalanced interfacial interactions between
the ITO substrate and the polymer blocks, thus application of RCP for surface
modification becomes an essential step in fabricating vertically oriented PMMA
cylinders.

75 ml of the 1% (w/w) PS-b-PMMA solution with fps = 0.7 was spun at 2500 rpm
for 45 sec after substrate neutralization with PS-»-PMMA followed by annealing the
samples in a vacuum oven at 190 °C for 24 hours. This step resulted in highly oriented
vertical PMMA cylinders of ~25 nm diameter surrounded by a PS matrix as shown in
figure 12(b). Annealing conditions and film thickness were optimized to both promote

microphase separation of the BCPs and to obtain uniform standing-cylinder morphology.
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Figure 12: (a) Atomic force micrograph (topography) of a self-assembled BCP film (in-
plane cylinders) obtained by direct application of BCP on the ITO surface, (b) Atomic
force micrograph of a self-assembled BCP film on ITO (standing cylinders) after RCP

surface.

4.4. Nanopatterning

In order to remove PMMA cylinders from the PS matrix, reactive ion etching
(RIE) is applied. This RIE tool (March Plasma RIE CS-1701) was used under oxygen
atmosphere at a power of 40W for ~40 sec keeping the pressure at 160 Torr. Since the
PMMA oxygen plasma etching rate is faster than that for PS, RIE selectively removes the
PMMA domains resulting in a smooth nanoscale geometry of closely packed holes in a
PS matrix on the ITO surface. Formation of closely packed nanoscale pores of diameter
25 - 30 nm are shown in figure 13(a). RIE parameters were adjusted to ensure that not
only were the PMMA microdomains completely removed, but also the random

copolymer brush layer residing under the BCP film. After obtaining a nanoporous PS
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template on the ITO substrate, ~4 nm thin Au film was sputtered over this nanoporous
template using an Emitech K675X Sputtering tool at a deposition rate of 0.1 A°/sec as

shown in figure 13(b).
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Figure 13: (a) AFM height image of closely packed nanoscale pores of diameter 25 - 30
nm following RIE treatment of the BCP film (now comprised of PS only) (b) AFM
height image of the textured film following Au deposition.

In order to remove the PS mask and the gold on top of the mask, a lift-off
technique was adopted. Lift off was achieved by sonicating the sample in photoresist
remover (1165, Shipley Ltd.) for 10 min under room temperature in order to etch the
underlying cross-linked PS matrix along with the overlaying Au so that only the Au
sitting within the pores of the PS template remained on the surface to form the nanoscale
features. These samples were washed in deionized water and dried by blowing N, gas on
the surface. After drying, a final, brief RIE in oxygen plasma was done for 5 s in order to

remove the remaining organic material. Densely packed nanosized Au dots of about ~25



41

nm in diameter and center-to-center spacing of ~30 nm is revealed as shown in figure 14.
Particle analysis reveals similar features when compared to the PS template showing
spacing between particles around 35 - 40 nm and dot size of 25 - 30 nm, which is in line
with the reverse pattern of the PS porous matrix. Thus successful formation of closely
packed Au nanoparticles is obtained using a simple and high-throughput block copolymer

lithography technique as compared to conventional serial lithography techniques.

Figure 14: AFM topographic image of <30 nm Au nanodot array following the liftoff
procedure.

4.5. Applications in fabricating hybrid photovoltaic cells
Block copolymer self-assembly can be utilized for many technologies, including
photovoltaic applications [133]. Owing to the property of BCPs to create uniform,
ordered, and dense nanoscale patterns over a large area with morphological tunability,
efficient generation and extraction of photogenerated charge carriers are achievable
[134]. Thus, an array of Au nanoparticles fabricated using BCP-based techniques can be

utilized for the synthesis of hybrid PV devices using inorganic and organic materials such
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as CdS and P3HT as n-type and p-type materials, respectively. Au nanoparticles can
serve the role of catalyst in the formation of CdS nanorods with high aspect ratio using
vapor-liquid-solid (VLS) growth; such an approach is anticipated to result in high-
density, closely packed arrays of CdS nanowires resulting in enhanced absorption
efficiency [135]. These CdS nanowires can further be surrounded by a conjugated
polymer matrix resulting in improved photocarrier separation and enhanced conversion
efficiencies. A schematic illustration for such hybrid CdS/P3HT PV cell is presented in

fig. 17 to understand the picture with more clarity.
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Figure 15: Schematic illustration for the future steps of CdS/polymer based hybrid PV
device.

4.6. Conclusions
A simple and flexible route to the fabrication of nanoscale arrays of Au metal dots
and nanoporous films has been presented. Block copolymer self-assembly is used to
fabricate oriented cylindrical microdomains with potential use either as a positive or a
negative template. In this context, the cylindrical patterns we obtained can be extended
further into not only applications in photovoltaics but also fabrication of high-density
arrays of more complex or striped patterns that can be utilized for bit-patterned media and

in the semiconductor industry. After removal of cylinders and cleaning the pores with
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oxygen plasma etching, successful fabrication of highly dense Au nanoparticles is
realized on the nanoporous film. These materials are anticipated to be of use in the
fabrication of hybrid solar cells involving inorganic semiconductor nanorods grown using

VLS methods.



5. ZINC OXIDE NANOWIRES: OPTICAL, STRUCTURAL AND
ELECTROSTATIC FORCE ANALYSIS UNDER DIFFERENT
GROWTH CONDITIONS

We have fabricated various shaped zinc oxide nanostructures via controlled
growth atmosphere using VLS growth mechanism and studied its optical, structural and
electrostatic force characteristics in detail. Further a unique method is developed to study
spontaneous polarization induced electric field from zinc oxide nanowires and nanostars
using electrostatic force spectroscopy technique. Such an effect in these nanostructures
due to inbuilt spontaneous polarization can be utilized for many applications such as
nano-bio interfaces or HEMT structures that takes advantage of inbuild electric field from
polar crystals that lacks an inversion symmetry, thus opening up many possibilities in
various applications.

Zinc oxide (ZnO) materials have attracted great interest in the last decade due to
their potential applications in the field of optoelectronics, spintronic, sensors, energy
storage, piezoelectric and thermoelectric devices [79-80]. ZnO has a large band gap of
3.37 eV at room temperature which corresponds to near ultra violet region. It has a large
excitonic energy of ~ 60 meV that makes it a favorable candidate for many applications
such as laser diodes or light emitting diodes (LEDs) [136]. Due to such rapid progress on
nanoscale electronics and optical devices, one dimensional semiconductor nanowires or
nanobelts have gained significant attraction in past years because of their unique
electrical and optical properties. These 1-D semiconductor nano structures have a broad
range of applications ranging from sensors, field effect transistors (FETs), opto

electronics devices and piezo electronics [137]. Among the 1-D semiconductor, huge

44
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variety of electronic and chemical properties of semiconductor metal oxide materials
made them exciting candidate for technological applications. Thus zinc oxide (ZnO) is an
important material amongst these metal oxide semiconductors that is used in number of
optoelectronic devices.

Due to promising applications of zinc oxide nanomaterials, it is of utmost need to
control the shape of nanocrystals and study their optical properties that can be employed
for many applications. Inspite of significant advances in growth and development of ZnO
nanowires, various growth conditions and mechanism still remain incompletely
understood and is a subject of discussion. Altering growth conditions could result in
entirely different morphology that could change the device properties. Different shapes
such as nanowires, tetrapods, flower-like structure or nanobelts have been reported in the
past [138-139]. In this work, we have studied the morphology, luminescence properties
and spontaneous polarization effects of ZnO nanostructures grown under different
conditions and demonstrated formation of complex nanostructures under varying growth

conditions.

5.1. Growth mechanism of ZnO Nanowires
Different fabrication techniques have been reported in order to synthesize zinc
oxide nanostructures such as vapor phase transport [140], metal organic chemical vapor
deposition (MOCVD) [141], thermal evaporation [142], hydothermal synthesis [143],
solution based synthesis [144] etc. We have used vapor liquid solid (VLS) growth in our
work in order to grow zinc oxide nanostructures. This technique is based on carbothermal

reaction process which is typically divided into three steps [145].
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First step involves preparation of a liquid alloy droplet of nano sized dimensions on
which the nanowire is grown.

Secondly introduction of the grown substance and dissolution of gaseous reactants are
done that diffuses on the catalysts droplet and adsorbs on the liquid-surface phase.
Formation of nuclei, growth of nanowires and further super saturation of the wires at its
liquid solid interface leads to formation of single crystalline axial crystal growth of
nanowires.

Our reaction source for the VLS growth of ZnO NWs consists of zinc oxide
powder mixed with graphite in a weight ratio of 1:1 in order to carry a carbothermal
reaction. We have chosen Au as a catalyst seed for the growth of ZnO NWs for a variety
of reasons. At the growth temperature of ZnO NW, gold (Au) catalyst forms a liquid
solution with the crystalline material which is one of the main requirements for the
catalyst to be chosen. Secondly Au is inert to the reaction products and also possess a
small equilibrium vapor pressure over the alloy which makes it a favorable candidate to
use as a catalyst to grow ZnO NWs. It is also well documented that physical
characteristics of nanowires grown by described VLS growth mechanism grow favorably
only in the areas that is activated by these metal seeds and the size and position of the
wires are determined by that of the metal catalysts [146]. This is true but in some cases
the diameter of NWs is not constant along the length of wires and also based on different
growth mechanism and experimental conditions, complex nanostructures can be obtained
instead of only nanowires.

ZnO has proven to be an interesting as well as complex material at the same time

that can form a variety of structures such as nanowires, tetrapods, nanobelts, flower-like
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structures based on different growth mechanisms and under different thermodynamic
conditions [138-139]. These different shapes of the semiconductors at the nanoscale sizes
can find unique applications in photonics and electronics. Inspite of considerable
advances in the growth mechanism of ZnO NWs, growth of such complex nanostructures
still remains controversial and a subject to immense discussion. Detailed clarification on
the role of different experimental conditions that could result in complex ZnO structures

is discussed and their optical and structural properties are investigated.

5.2. Experimental procedure for growth of ZnO nanowires

VLS growth of ZnO NWs is carried in a 2” diameter quartz tube at atmospheric
pressure with the tube inserted inside an isothermal furnace. The source mixture was
placed in the center of the quartz tube with source consisting of zinc oxide (99.99%,
Sigma Aldrich) mixed with graphite (Aldrich Company) in a weight ratio of 1:1. The
silicon substrate (n-type, 100 plane) with 4 nm gold catalyst is placed downstream from
the quartz tube 2 cm away from source powder. Gold is deposited on Si substrate using e-
beam evaporation tool (Varian) at a deposition rate of 1 A°s. One end of the tube was
connected to a gas flow controller (Argon for our case) while the other end was
outflowing gas through the exhaust. The system was heated at 910 °C with a constant gas
flow of Ar at ~150 sccm for ~ 40-50 min after the system was stabilized at desired
temperature. The schematic for the VLS growth setup is depicted in figure 16.

The carbothermal reaction at the growth temperature can be explained as the
following reaction equations:
Carbothermal reaction: Zn0(s) + C(s) = Zn(v) + CO(g) (8)

Catalyst alloy formation reaction: Zn(v) + Au(s) = Au— Zn(l) 9
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Overall NW formation reaction: Au — Zn(l) + Zn(v) + % O, = Au — Zn(l) +
Zn0(s) (10)
Quartz tube .
2" dia
d l
[
Gas Inlet Sourcelpowder Si substrate +Au To exhaust
v

Figure 16: Schematic of VLS growth setup.

5.3. Investigations into growth conditions and structures of ZnO Nanowires
Four different growth mechanisms and conditions have been tried and discussed

here.

1. Sample A: Improper growth of Zinc oxide Nanowires

Figure 17 (a)-(b) shows the scanning electron microscopy (SEM) images of
improper ZnO NWs growth. SEM was carried using a variable pressure S-3000N Hitachi
instrument. For the sample A, VLS growth was carried out at the desired temperature of
910 °C at a constant Ar gas flow for ~ 45 min. The gas flow for this growth was kept
lower at ~60 sccm that results in inappropriate or almost no growth of nanowires on
Silicon substrate keeping in view our wider diameter quartz rod for VLS growth (2’ dia).
Appropriate gas flow is important to transfer the zinc oxide vapor onto the substrate that

will result in formation of nanowires assisted with catalyst seed. Rate of gas flow should
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vary between one research group to another depending on their diameter of tube, growth

temperature, duration and pressure.

Figure 17 (a)-(b): Sample A: SEM images showing inappropriate growth of zinc oxide
nanowires at different scale bars

2. Sample B: As-grown ultra-long single crystalline ZnO Nanowires under
appropriate growth conditions

Figure 18 shows SEM images for the growth of as-grown ZnO nanowires under
appropriate growth conditions as described in section 5.2. The grown ZnO nanowires
have an average diameter of 50-100 nm and they are ultra-long nanowires with average
lengths of approximately 50-100 um. Figure 18(a)-(d) shows images at different scale
bars showing densely pack nanowires on the whole surface. Diameter of the nanowires
appears to be uniform throughout their axis. We investigated more into the crystallinity of
these as-grown nanowires using transmission electron microscopy (TEM) measurements
using JEOL JEM 3010 electron microscope as shown in figure 19. Inset of figure 19a
shows a HR-TEM image of a 65 nm diameter as grown ZnO nanowire where the zone

pattern coherence in the SAED structure is also indicated in figure 19(a) which clearly



50

indicates that the nanowire is single crystalline. These zinc oxide nanowires have a
hexagonal crystal structure with the nanowires preferentially grow along the [0001]
direction (figure 19b). At this point it is important to realize that because of the sample
preparation process involve in TEM measurements, this may not give us accurate wire
dimensions as expected. EDS measurements is also made on many as-grown nanowires

showing indication of zinc and oxygen in all samples as shown in figure 19c.

) TERNA ;
AWD1155.1 mm J110M 0 kVarx 2M5 kgt 20um

Figure 18 (a)-(d): Sample B: SEM images of ultra long As-grown ZnO NWs under
appropriate growth conditions with different scale bars images (5, 10, 20 & 50 um
respectively).
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Figure 19: a) Selected area electron diffraction pattern (SAED) of ZnO nanowire; inset
shows a TEM image of a single nanowires; b) Lattice fringes from a ZnO nanowire; c)
XEDS profile of as grown ZnO nanowires showing zinc, oxygen and carbon content
taken from a SEM operating at 5 keV.

3. Sample C: Over growth conditions for Zinc oxide Nanowires

Third case tested is the growth of ZnO N'Ws with the same gas flow as employed
in appropriate growth condition for sample B but duration for growth increased to 1.5
hours after the temperature is stabilized at 910 °C. It is observed that increased growth

time resulted in excessive multilayer growth of ZnO nanowires with wider diameter as



52

compared to Sample B as shown in SEM images in figure 20(a)-(b). For some cases,
these excessive growths appear to be coated on top of a zinc oxide nanobelts structures as
highlighted in figure 20(d) while in some cases nanowires appear to twist from the edges
in the form of spirals (figure 22(c)). Oversupply of source vapors along with surface
energies of the wires and the catalyst can result in instability of the ZnO nuclei resulting

in such oscillatory multilayered growth of ZnO structures.

EMS

N EMS

Figure 20 (a)-(d): Sample C: Over growth of zinc oxide nanowires at different scale bars;
highlighted area in figure 20(d) indicates excessive growth layer on top of ZnO nanobelt-
like structures.
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4. Sample D: Star-shaped formation of Zinc oxide nanostructures

For Sample D; we kept the gas flow, temperature and duration exactly the same as
sample B (appropriate growth condition) but we increased the distance of the substrate
from the source d to ~ 6 cm. To our surprise, this condition resulted in star shaped
nanostructures of ZnO as shown in SEM image in figure 21. The lengths of the legs of
ZnO stars are ~ 1 um while the center nucleus is ~ 200- 300 nm. Further investigation
into the possibility of nanostars growth revealed that when the distance of the source and
substrate is increased, the temperature of substrate is decreased. It is important to note
that temperature at different positions of the quartz tube is different, source being in the
middle of the tube is at the desired temperature (910 °C) but moving the substrate apart

resulted in measured temperature of the substrate to be around 600-650 °C.

Figure 21: Sample D: Star-shaped formation of Zinc oxide Nanostructures; a) 0 degree
angled image; b) 40 degrees angled image.

It is reported that morphology of the structures formed during VLS growth
depends on number of factors including substrate temperature, concentration of Zn and

O, vapors as well as surface diffusion rates [147]. Surface diffusion that is related to the
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motion of molecules at solid material surfaces depends highly on temperature effects with
the rate of motion typically increase with the increased temperature and vice versa. This

can also be well explained by the surface diffusion kinetics (/") equation defined as [148]:

I'=vexp (-Euy/ KpT) (11)

Where Egj be the potential energy barrier to diffusion, v being the vibrational
frequency of the adatom, 7 the temperature and K, is the Boltzmann constant.

For our case, in the lower temperature regime, a relatively lower surface diffusion
rate occurs. This decreased surface diffusion rate and the decrease in supply of Zn and O
vapors results in affecting the rate of nucleation and growth morphology of zinc oxide
crystals. After the substrate is loaded into the lower temperature region of the furnace,
three step procedure possibly had happened which is also explained schematically in fig.

24.

Zn and O, vapors transported by the carrier gas (Ar) condense on the surface of Si
substrate in the form of ZnO droplets (figure 22(b).

. Formation of ZnO nuclei occurs from the ZnO droplets as the super saturation level
increases (figure 22(c)).

Growth of nanowires/legs of ZnO nuclei happen at the preferred c-axis due to continuous
feeding of source vapors from the ZnO nuclei but due to decreased surface diffusion
energy and lower substrate temperature, growth stopped after formation of nanostars-like

structures overlapping each other instead of ultra-long nanowires (figure 22(d)).



55

Si substrate , Zn0O droplets

[

ZnO nuclei on droplets

a)

Figure 22: Schematic illustration of growth mechanism of star shaped zinc oxide
nanostructures.

For the zinc oxide stars, a detailed TEM analysis is done as shown in figure 23.
Fig 23 (a)-(b) shows the TEM image of a single ZnO star whereas figure 23 (c) and (e)-
(f) shows the lattice fringes pattern of different areas (top, middle and bottom) of leg 5 of
ZnO NS. If we see the lower part of leg SADS, we can clearly see that the lattice fringes
reveals single crystallinity. However if we see the junction of the two legs of star, we see
mixed fringes pattern in two or more directions along with ripple like contrast most likely
coming from the strain occurring at the intersection of the two legs. Figure 23(d), (g)-(m)
shows SAED pattern of all the legs of a nanostar. Individually all the legs indicates single
crystallinity but if we see the overall star, c-axis for all different legs are pointing in

different directions depending on the growth direction of the individual leg.
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Figure 23: TEM images of (a)-(b) ZnO star showing corners of six legs marked; (c),(e),(f)
HRTEM image showing lattice fringes of the selected area; (g),(e)-(f) SAED patterns of
different areas of stars as indicated in image (b)
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5.4. Photoluminescence studies of ZnO Nanostructures

1. Comparison of As-grown ZnO Nanowires and ZnO Nanostars

The room temperature PL spectra for the as grown ZnO nanowires (Sample B) is
shown in figure 24. We observe a near band edge UV emission peak at ~381 nm which
corresponds to about 3.25 eV. This emission band corresponds to free excitonic emission
from the wide band gap of ZnO nanowires [149]. Another band at ~505 nm is also
detected from the ZnO nanowires. This green emission is attributed to a point defect in
the nanowire arising from the impurities or the structural defects. Such an emission band
is usually associated with ionized oxygen vacancy and interstitials of zinc that originates
from the recombination of a photo generated hole with the singly ionized charged state of
the defect [150]. This peak is broad and seems to have another shoulder at ~ 470 nm.
This could be the result of convolution of more than one peak in the structure resulting in
broader spectrum. It is also noted that this green emission is much stronger than that from
the UV emission. Such an enhancement is possibly related to the high quantity of the
surface oxygen vacancies of the nanowires. These oxygen vacancies can cause defect
levels to form close to the conduction band minima that can make an electron from the
valence band to trap and contribute to the luminescence as seen in our case. These surface
oxygen vacancies are extremely important in determining the conductivity of ZnO [151].
Large concentrations of intrinsic dopants can cause high conductivity in the device. One
of the applications for these high mobility carriers can be in sensing applications.

We also did PL studies for the zinc oxide stars to reveal its optical properties as
shown in figure 24. A very intensive sharp near band edge emission peak with full width

half maxima of ~100 meV is observed as compared to nanowires whereas negligible or
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no green emission is observed. This result indicates that the ZnO star shaped
nanostructures shows less impurity or defect states that results in suppression of green

emission as compared to as grown nanowires.
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Figure 24: Room temperature photoluminescence spectra of ZnO nanowires and ZnO
stars excited at 325 nm laser.

2. ZnO nanowires diameter dependent studies

It is also found that green emission of ZnO is also related to the diameter of the
nanowire. We compared our nanowires having diameters ranging from 50-100 nm with
the commercially available ZnO NWs with a much wider diameter of ~ 500 nm. We
observe that thicker nanowires did not show any green emission as compared to thinner
nanowires whereas UV emission is also enhanced as indicated in figure 25. This reveals

that wires with thicker diameters possess fewer oxygen vacancies resulting in larger no.



59

of electrons getting trapped on the surface. Since the wires with wider diameters have
larger oxygen anions surface concentrations, it results in more oxygen desorption causing
a whole new distribution of electrons that are conducting [146]. Additionally strong UV
emission peak is also obtained for thicker nanowires. It is also been modelled
theoretically by researchers earlier that the ratio of near band edge emission to deep level
emission intensities changes significantly with the diameter of nanowires [152]. Hence
we have revealed through experimental measures that wires with thinner diameters shows
more oxygen vacancies and hence can be utilized efficiently for sensing applications in

terms of their conductivity.
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Figure 25: Photoluminescence spectra of ZnO nanowires with 50-100 nm diameter and
ZnO nanowires with 500 nm diameters excited at 325 nm laser.



3. Low Vs high density of Zinc oxide nanowire arrays

We performed some photoluminescence analysis on the regions of samples with
high density of zinc oxide as compared to low density of nanowires as shown in figure
26. We did not observe much difference in the near band edge emission for both the
regions but it is seen that very highly densely packed nanowires shows significantly large
green emission but less density of nanowires shows quenching of green emission band.
This explains that denser the arrays of nanowires are, we expect to have more oxygen

vacancies as compared to loosely packed nanowires arrays which are verified by our

results.
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Figure 26: Room temperature PL spectra of as grown nanowires at densely packed (top
curve) and less dense regions (bottom curve) of nanowires excited by 325 nm laser line.
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4. Annealed induced effects on As-grown ZnO NWs

We did some post annealing treatment on ZnO nanowires. Two samples of
nanowires underwent two different post growth treatments. For first sample, annealing
was done at 500 °C under oxygen ambient whereas for second sample, annealing was
carried out at 700 °C in O, atmosphere. After annealing in oxygen, intensity of green
emission as well near band edge emission decreased as compared to as grown nanowires
(figure 27). These suggest that overall oxygen related defects level has decreased for
heating treatments. This is also observed by Ye. Sun et al. 2006 and Cross ef al. 2005
[153-154] who shows decreased emission in UV as well as visible region for annealing in
O, atmosphere and explained this quenching to be attributed to decrease in oxygen

vacancies within ZnO nanowires.
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Figure 27: Room temperature PL spectra of ZnO nanowires annealed at 500 °C and 700
°C in oxygen for 2 hr.
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5.5. Raman studies of ZnO Nanostructures

5.5.1. Raman of As-grown Nanowires

Figure 28 shows the Raman spectrum of as-grown ZnO nanowires measured at
room temperature. With our randomly oriented nanowires, we observe Raman mode
frequencies at 384.9 cm™', 440.5 cm™, 587.5 cm™ and 335.6 cm™. ZnO as one of the
simplest uniaxial crystal with its wurtzite structure belonging to C*, space group. In case
of perfect ZnO crystal, only the optical phonons at the Brillouin zone /" point are
involved in the first order Raman process [155]. According to group theory; for the
wurtzite crystals, Raman active optical modes are A;, E; and E, modes whereas B;

branch is silent according to the following equation [156].

F(Opl):A]+ZB]+E]+2E2 (12)

Where 4; and E; modes are polar modes and consists of longitudinal optical (4,
(LO) and E; (LO)) and transverse optical (4; (TO) and E; (TO)) components. E; mode
also split into low and high frequency phonon modes (£, (low) and E, (high)) that are
related to the vibration of heavy zinc sublattice and O, atoms respectively. The Raman
modes that are visible in a particular geometry are dictated by the Raman selection rules.
Each active vibrational mode in a Raman spectrum corresponds to a particular band on
the spectrum and intensity of these bands depends on the scattering cross section of these
modes.

Depending on the polarization of incoming and outgoing light as well as

particular crystal orientation with respect to light propagation, certain modes are allowed
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and others are not in a particular configuration [132]. For our experimental setup, non-
resonant laser excitation of 514 nm in a back scattering geometry is used. For this
configuration, E>-high mode is the dominant feature in the spectrum whereas for the case
when the laser incident light is directed in parallel to the preferred c-axis of the
nanowires, A; (LO) is also an allowed mode. Since we have nanowires oriented in
random directions, the mode frequencies we observe at 384.9 cm™ & 587.5 cm™, both
seems to be slightly different from either of the E1 or A; modes of the Raman single

crystals. We explained this discrepancy according to the quasi phonon modes nature.
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Figure 28: Raman spectrum of ZnO nanowires having 50 -80 nm diameters.

Theory of quasi mode nature of phonon is explained earlier in chapter 3.

According to well known Loudon’s model, quasi 70 mode frequency should lie between
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the frequency of pure 4; (TO) and E; (TO) modes whereas quasi LO mode frequency
should lie between the frequency of pure 4; (LO) and E; (LO) [132]. The quasi LO and

TO mode frequencies can be described according to the following relation:
a)qz(LO) = a)ZA1(LO) cos’ 6 + sz1(L0) sin? @ (13)
a)qz(TO) =’ 41(70) €08 @ + @” £1(70) Sin” @ (14)
Where @ is the phonon propagation angle with respect to c¢- axis of the crystal

lattice. By rearranging equation 2 and ignoring the higher order terms, we have for the

TO mode frequency described as:

1 w2A1 (70) _wo2 1 w251 (10) _woz 15
<C()q(TO)>= 1+§ 5 +g 5 CUO ( )

W,

Wy

From equation 3, w, can be given as

2 2
_ 2074 (T0)3+ " E, (T0) (16)

(0,(TO) = w,’

Inserting the values for E,(TO) and 4,(TO) modes as reported in literature as

407.1 cm™ and 374.6 cm™ respectively in eq. 4, we obtain quasi 7O mode at 385.4 cm’
which is very close to the observation at 384.9 cm™ in our study, thus can be associated
with the quasi phonon modes nature [30]. Similarly quasi phonon modes nature of LO

mode is also calculated using the frequencies of E;(LO) and 4,(LO) modes as 591 cm’

and 579 cm™ and it is found to be at 587 cm™ which is also very close to the observation
we see at 587.5 cm™ in our experiment [158][132]. Therefore we have assigned Raman
peaks seen at 587.5 cm™ and 385.4 cm™ to be defined as quasi LO mode 4; (LO) — E;

(LO) and quasi TO mode A4, (TO) — E; (TO) respectively. We also observe a dominant £,
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(high) mode at 440.5 cm™ which is an allowed mode for the back scattering geometry in
our experiment. Another mode at 335.6 cm™ is assigned to E, (high) — E, (low) which
might be related to second order Raman process as explained by some researchers which
needs further investigation [159]. In order to explore the laser irradiation effect on the
sample, we varied the laser excitation input and decreased it to 75%, 50%, 25% and 1%
as indicated in figure 29. We did not observe any shift in the wavenumber when laser
power is decreased thus eliminating the possibility of laser irradiation heating effect on

the vibrational modes [101].
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Figure 29: Raman spectrum of ZnO nanowires on decreasing laser excitation power from
100 % (top curve) to 75%, 50%, 25% and 1%.
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5.5.2. Raman spectra at varied growth times

We modulated growth times for ZnO nanowires in order to find the most
appropriate growth conditions with the help of Raman spectroscopy which appears to be
an efficient way to pick the appropriate growth time. In effort to do that, VLS growth was
carried out for a duration ranging from 5 mins till 60 mins keeping the temperature and
gas flow constant whereas Raman spectra is recorded for each interval. Bare Si spectra is
also taken for calibration. Figure 30a indicates Raman spectra for all the ZnO growth
durations whereas figure 30b is scaled on the y-axis for more clarity on the spectra. It is
seen that for 5 min growth condition, only a small E; (high) peak is seen whereas sharp Si
peak is seen in the spectra. As the growth time increases, this Si peak coming from the
bare substrate decreases and E; (high) mode enhance. As growth time reaches to 45 min,
E> (high) mode becomes the most dominant mode whereas LO and TO modes are also
visible. The detailed analysis is already done for this growth condition in the previous
section. On increasing the growth time to 60 min, we still see E, (high) mode to be the
prominent mode but intensity of this peak is less than as for 45 min time. Based on these
growth analysis, we choose the growth time to be at 45 min after the temperature is

stabilized at 910 °C for best case scenario.
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Figure 30: a) Raman spectrum of ZnO nanowires and Si at varied growth times ranging
from 5 — 60 min; b) Offset y-axis for clarity.

5.6. Electrostatic force analysis for zinc oxide nanowires and nanostars

5.6.1. Spontaneous Polarization in ZnO

Polar ZnO crystals are generally of three types, wurtzite, zinc blende and the rock
salt. Wurtzites are the most stable ones and mostly considered at the ambient conditions.
Waurtzite ZnO crystals have electrical polarity and their polarization can be categorized as
either induced polarization such as piezoelectric interaction or built-in spontaneous
polarization [160]. The piezoelectric polarization occurs due to an external strain that
causes the piezoelectric crystal to have a macroscopic polarization as a result of
displacement of ions, which has been well researched so far [161]. Unlike
piezoelectricity, ZnO also tend to have a built-in spontaneous polarization along the
growth axis (c-axis). This built-in spontaneous polarization induces a natural electric field
in these crystals that affects device properties significantly. Such an effect can be utilized
in many device structures such as bio-nano interfaces or HEMT structures taking

advantage of induced electric field from these polar crystals lacking an inversion
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symmetry thus opening possibilities in various applications such as nanobiosciences,

optoelectronics etc [162-163].

Semiconductor nanoparticles such as ZnO with built-in spontaneous polarization can
generate sufficient electric fields that can be utilized for various applications such as
voltage gated ion channels, nanobiosciences and optoelectronic devices [162-163].
Considering that wurtzite ZnO have electrical polarity and normally grows along its ¢
axis, only c-component of the spontaneous polarization exits. For our case of nanowires,
we know that the nanowire consists of a unit cell however this is not always the case. If
the ZnO crystal consists of a unit cell, its layers along the c-axis should start with Zn
atoms and terminate with O or vice versa. However in the case when crystal is terminated
by either of Zn or O on top and bottom layers, this implies that we have extra ions in
addition to the unit cells. These extra ions or additional charges will change the
spontaneous polarization in the crystal. Effects of these charges becomes more dominant
when the size of crystal becomes smaller; for example in the case of a quantum dot with
nanosized dimensions. Therefore it is very important to estimate the magnitude of electric
field due to spontaneous polarization in nanoscale structures. We have observed from our
TEM measurements that ZnO nanowire consists of a single crystal (figure 19) whereas c-
axis of a nanostar is oriented in random directions and so as their dipole moments (DM)
(figure 23). This is depicted in schematic as shown in figure 31 (a) and (b) for the case of
NW and NS respectively. We have developed a model in our previous study to calculate
the strength of electrostatic field produced by ZnO quantum dots [164]. This model

becomes complex for the case of nanowires and especially nanostars. We are utilizing the
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effects produced due to the spontaneous polarization from ZnO nanowires and nanostars

using EFM measurements and mathematical modeling [82].
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Figure 31: Schematic illustration of (a) growth direction and c-axis for ZnO NW; (b)
Different scenarios for the net dipole moments (DM) of random orientations of a ZnO NS
[82]

5.6.2. Electric field estimation from Electrostatic Force analysis

For the atomic force microscopy measurements, ZnO NW and NS samples were
scratched and drop cast on a gold coated Si substrate to extract a single NW and NS as

shown in the SEM images of figure 32.
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Figure 32: SEM image of a (a) single nanowire; (b)-(c) Nanostar dropped on gold coated
substrate after scratching the sample for AFM measurements.

Figure 33 (b)-(c) shows the typical pattern of ZnO NW and NS with corresponding
height profiles for selected (dash lined) regions obtained from these samples. Figure
33(a) shows AFM height profile of gold coated Si substrate for reference purposes. It
appears that the gold coated Si substrate shown in 1 pm by 1 um area scan has a height
profile ranging from 4- 5 nm. ZnO NWs as shown in figure 33(b) shows height of NWs
lying on the substrate to be 50- 100 nm which is close to the diameter of a nanowire

whereas NS shows ~ 1 um of NS height.
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Figure 33: Typical AFM patterns with corresponding height profiles for selected (dashed
lined) regions of (a) a gold coated Si substrate (b) ZnO NW; (c) ZnO NS [82]

The EFM measurements are used here to study the electric field produced by ZnO
nanostructures due to its built-in spontaneous polarization effects. Using the AFM in the
lift mode profile, probe displacement is found that is used to calculate the electrostatic

force. Resulting electric field is calculated using the net surface charge of the ZnO NWs
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and NSs. Figure 34 shows the EFM pattern with the corresponding probe displacement
profiles of the NW and NSs. Lift scan is done for all three samples, it is seen that the
sample for Si+Au substrate (figure 34a) do not attract the probe and their interleave
amplitude is in 50 - 100 picometer range (figure 34b) as indicated by the two marked
regions in (figure 34a) which means that the regions are without any electrostatic force.
EFM pattern for ZnO NWs is shown in figure 34c with multiple regions scanned for
estimating the interleave amplitude profile for comparison. We first scanned a ZnO NW
region a (red circled areas) that shows huge attraction for the probe as seen by the large
change in interleave amplitude scan (figure 34d) ranging from 10 - 15 nm range. For
comparison, we scanned region b with no nanowire that does not show any change in
interleave amplitude confirming that the attraction of the probe is from the spontaneous
polarization induced electric field from ZnO nanowire. Figure 34e shows EFM pattern
from NSs. We saw attractions from two different places of region c of the magnitude of ~
25 - 40 nm (figure 34f). We performed SEM measurements on them and figured out the
larger lift height areas are the ones with multiple nanostars clustered together whereas
smaller area indicate a single NW however both cases clearly exhibit strong electrostatic

force attractions.
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Figure 34: a) Interleave amplitude for Si and gold coated substrate for reference; b)
Interleave amplitude for ZnO NW with red solid circles indicating areas of NWs, subset
indicates SEM image of a single NW; c¢) Interleave amplitude for ZnO NS with small red
solid circles indicating single NS areas while bigger red circle indicating multiple stars as

shown by SEM images in subsets; (d)-(f) Displacement profile images for the Si+Au
substrate, NW and NSs respectively whereas dashed and solid lines in (a)-(c) indicate
areas scanned for displacement profiles
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Numerical analysis is done using Lorentz’s law as shown by the following
equation:

F =qE,
where F is the electrostatic force, g is the charge, and E is the electric field.

Our AFM probe has the spring constant of 2.8 N/m, the corresponding force
calculated from Lorentz law to the 10 nm and 25 nm displacements are 28 and 70 nN.
Further exposed surface areas for the NW and NS are calculated considering nanowires
as a cylinder with surface area of m 2 + 2mrL. Length of a nanowire is taken as 5 pm
whereas length of a star arm is taken as 1 pm. However for the case of nanostar with six
arms, effective surface area with three different cases of orientation dependence is
considered. As seen in the TEM image of ZnO stars in figure 23, we see random
orientations of the preferred c-axis of nanostar. We have simplified the case and assumed
three different cases of overall polarization effect. This includes effective dipole moments
due to two, three and four arms of the stars while considering rest of the dipoles cancel
the effects of each other as depicted schematically in figure 31. In that case, effective area
for all three different cases of star is considered separately and net electric field is
calculated.

In order to estimate the charge, it is important to consider the capacitance between

the tip and the surface as well. Using a simplified parallel plate capacitor model,
capacitance(C) can be expressed as C = €,€, 3, where €,= 8.85 x 10"? F/m as the

vacuum permittivity and €, = 8.91 as the permittivity of ZnO. With a 0.3 V electric

potential applied during EFM measurements, charge is estimated using Q = CV. The
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amplitude of the electric field is thus calculated by E = g and turns out to be on the order

of 10’ V/m for nanowire and in the range of 1.5 x 10 — 4.6 x 10® V/m for nanostars.

5.7. Conclusions

Growth conditions of ZnO nanowires is evaluated, discussed and optimized. As
grown ultra- long single crystal zinc oxide nanowires have been grown in appropriate
growth conditions whereas decreasing substrate temperature results in star-like complex
ZnO nanostructures. As grown ZnO nanowires shows near band edge emission as well as
strong green emission that is related to intrinsic dopants. Large concentrations of intrinsic
dopants can cause high conductivity in the device that can be used in sensing
applications. Nanostars show enhanced UV emission and less intrinsic defects. Diameter
dependent studies of zinc oxide nanowires reveals lower concentration of surface states
for thicker nanowires. Results from anneal induced effects shows decrease in UV as well
as green emission which is attributed to expanded depletion region causing decrease in
oxygen vacancies within ZnO nanowires. Raman studies of randomly oriented nanowires
under appropriate growth conditions shows quasi phonon modes nature of the vibrational
modes whereas Raman studies on modulating growth times helped choosing best growth
conditions for the VLS growth of ZnO nanowires. Measurements of the electrostatic
force analysis due to the spontaneous polarization of ZnO NWs and NSs are done and the
orientation dependence is taken into account to quantify built-in electric fields from ZnO

NWs and NSs which may be pursed in future research.



6. INDIUM INCORPORATED ZINC OXIDE NANOWIRES

Indium-doped zinc oxide nanowires grown by vapor-liquid-solid technique with
1.6 at. % indium content show intense room temperature photoluminescence that is red
shifted to 20 meV from band edge emission of zinc oxide. We report on a combination of
nanowires and nanobelts-like structures with enhanced optical properties after indium
doping. The near band edge (NBE) emission shift gives an estimate for the carrier density
as high as 5.5 x 10" cm™ for doped nanowires according to Mott’s critical density theory.
Quenching of the visible green peak is seen for doped nanostructures indicating lesser
oxygen vacancies and improved quality. Photoluminescence (PL) and Transmission
Electron Microscopy (TEM) measurements confirm indium doping into the ZnO lattice
whereas temperature dependent PL data gives an estimation of the donor and acceptor
binding energies that agrees well with indium doped nanowires. This provides a non-
destructive technique to estimate doping for 1-D structures as compared to the traditional
FET approach. Furthermore, indium content is varied from 3-11 wt. % and their
photoluminescence properties and transmittance characteristics are explored. These
indium doped nanowires can be a potential candidate for transparent conducting oxides
(TCO) applications and spintronic devices with controlled growth mechanism. This work

is reproduced from my published article as cited in [86].

6.1. Background on Indium doped zinc oxide nanostructures
The greatest challenge in realizing photonic devices based on zinc oxide based
nanowires is heterostructures, doping, and band gap engineering [165]. Doping in

semiconductor materials with selective elements significantly alter optical, electrical and
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magnetic properties which is indeed very critical and important for device applications
[166]. Doping controls and manipulates semiconductor properties and thus plays a key
role in nanotechnology and nanosciences. Properties of ZnO can “magically alter” when
doped with semiconductors or transition metals. ZnO band gap energy can also be tuned
by substituting divalent onto cation sites in order to produce heterostructures.

ZnO has a band gap of 3.37 eV at room temperature. Group III elements like Ga,
Al and In can be used as an n-type dopant whereas group V elements like Sh, 4s, P and N
are candidates for p-type doping in ZnO [167]. Although p- type doping in ZnO still
remains a challenge, it is equally important to achieve n-type doping in ZnO with
controllable carrier concentrations and high crystallinity that can be wused for
optoelectronic and spintronic applications [168]. Furthermore, if we need to alter the
bandgap of ZnO that could result in expanding or shrinking of band gap, band gap
engineering needs to be done by introducing alloys to ZnO which will also be discussed
in this chapter. Band gap engineering of semiconductor materials is an important strategy
for custom tuning the physical properties of these materials in optoelectronic devices.
The fundamental band gap energy of zinc oxide based alloys can be increased from 3.37
eV to ~ 4.0 eV or can be decreased to ~3.0 eV by doping .

From group III elements, most of the research has been done using Aluminum as
a dopant. One of the main reasons for this being the ionic radius of Aluminum is much
smaller than that of Indium and Gallium. However considering the thermodynamic data,
it is revealed that the free energy for the formation of Al,O; is lower as compared to zinc
oxide suggesting that aluminum oxide has significantly higher reactivity with oxygen

[169]. In this scenario, indium possesses greater resistivity to oxidation along with less
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reactivity as compared to 4/ making it a suitable and attractive dopant for fabricating n-
type ZnO. Indium is one of the candidates of interest in zinc oxide because it can
efficiently improve the optoelectronic properties of ZnO. In,Os is a metal oxide
semiconductor with a wide band gap of 3.6 eV. So far few researchers have tried to
fabricate indium doped ZnO thin films and investigated their electrical and structural
properties of fabricated films [170-171]. Some studies have also reported n-type
conducting ZnO nanowires using pulsed laser or thermal evaporation techniques but most
of them reported structural or room temperature PL studies [172]. There are only a few
reports on temperature dependent PL studies on indium doped ZnO nanowires [167][173-
174] Amongst them, Chen et al. [173] prepared ZnO:In nanorods by sol-gel technique,
Morales et al. [167] synthesized indium doped nanostructures using chemical synthesis
technique whereas Liu et al. [174] reported temperature dependent studies of In doped
Zn0O nanowires grown on sapphire substrates. In this study, S. Farid et al. [86] used a
vapor-liquid-solid (VLS) growth technique to dope 1D ZnO nanostructures on silicon
substrates for better control, optimization and cheaper solution and explored optical and
structural properties. Along with this, we have also performed a deep defect state analysis
of doped ZnO NWs using temperature dependent PL studies since that can provide useful
information on the dissociation processes due to the impurity bound excitons. Further we
have tuned the room temperature photoluminescence spectra of the indium incorporated
ZnO nanowires while adjusting the In,O3 concentration and explored its transmittance
properties. We have achieved enhanced optical properties from In doped ZnO NWs
(IZO) [86] owing it to be a good candidate for future spintronic devices, transparent

conducting oxide materials, photodetectors and gas sensors applications [174-175].
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6.2. Experimental

Synthesis of Indium incorporated ZnO nanostructures was carried out using a
vapor transport process in a single zone tube furnace using VLS growth method. ZnO
(99.99%, Sigma Aldrich) and graphite powder (99.9%, Sigma Aldrich) are mixed
together first in a weight ratio of 1:1. InO03 (99.99%, Sigma Aldrich) is then added as a
reaction source to the ZnO mixture at a weight ratio of 3% ZnO and mixed together
thoroughly in a centrifugal speed mixer at 1000 rpm for uniform distribution of powder.
The mixture was then placed in the ceramic boat and placed in the middle of the 2 inch
quartz tube in the furnace. This boat was positioned in the center of the quartz furnace
tube and the Si substrate with <100> crystal orientation coated with 4 nm gold was
placed 2 cm downstream from the mixed powders. The growth was carried out at 910 °C
for ~40 min duration at 150 sccm at that temperature and then allowed it to cool at room
temperature before taking the substrates out of the furnace. Structure was characterized
using a variable-pressure Hitachi S-3000N scanning electron microscope (SEM). Optical
properties are investigated using photoluminescence spectroscopy at room temperature
with a 325 nm He-Cd laser using an Acton 25001 spectrometer while low temperature PL
investigation is done in a closed cycle helium cryostat. Optical transmittance
measurements were carried out using UV-VIS spectrophotometer. TEM is used to
observe the crystal structures and diffraction patterns for the doped ZnO structures using

JEOL JEM 3010 electron microscope.
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6.3. Results and Discussions

6.3.1. Structural Analysis of Indium doped ZnO NWs

Figure 35(a) shows SEM image of as-grown ZnO NWs and indium doped ZnO (IZO)
NWs side by side for comparison. It can be seen that the Si substrate is covered with
tangled ZnO nanowires with diameters of 50-100 nm and lengths up to 10-50 um. In case
of IZO samples, along with nanowires, we observe a few nanobelts (NBs) dispersing in
nanowires. Fig. 35(b) — (d) shows indium doped NWs and NBs at different
magnifications. Diameters of doped NWs are in the range of 100-200 nm whereas NBs
reveal widths up to 500 nm and thickness ~ 20nm. Some of the NBs appear to be smooth

along their lengths while some shows a zig zag structure.
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Figure 35: SEM image of a) ZnO NWs; b) [ZO NWs and NBs; ¢) [ZO NWs with ~50-
100 nm diameter; d) [ZO NBs with ~500 nm diameter.

For obtaining more insight into individual nanowires and nanobelts of doped ZnO
structures, HRTEM, SAED and EDX measurements have been carried and the results are
shown in figure 36 (a) — (f). We did not observe any lattice distortions, stacking faults or

evidence of amorphous outer layer from the TEM profile. For doped NWs, the hexagonal
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lattice fringes are spaced ~ 2.94+0.01 A° apart (figure. 36(a)) which is slightly greater
than the as-grown ZnO lattice spacing of ~ 2.83+0.01 A° (figure 36(b)). A possible
reason for the increase in d spacing could be doping related as indium ionic radius is
higher than ZnO that accounts for variation in lattice spacing [176]. This variation in d
spacing could not be explained by the TEM measurement’s error bar, which is less than
0.01 A°. SAED measurement is performed to confirm the crystal structure of doped NWs
(figure 36(c)). Hexagonal diffraction pattern are consistent with the wurtzite structure
with single crystalline properties. From these measurements, we can also reveal that the
doped NWs are grown along [0001] direction. EDX measurements have also been made
on many doped ZnO structures and /n peak is found in most of them (figure 36(f)). The
atomic percentage estimated from EDX for IZO nanowires is ~ 1.6%. We also observed

some of the NBs seems to be non-uniform through its length as shown in figure 36(d).

In order to investigate further into the possible reasons for the structural change from
the thinner NWs to larger diameter of nanowires and nanobelts with increasing the
concentration of Indium, an understanding of the possible growth process is necessary.
An important factor to consider is the surface energy that affects the growth of nanowires
and determines the necessary controlled nucleation growth conditions. For our case,
indium content is much lower than the zinc content, zinc and indium are transported to
the substrate at elevated temperature. These vapors further react with Au and gives rise to
a Au-In-Zn ternary phase. Since the surface free energy is defined as the free excess
surface energy per unit area for a particular crystal geometry and face, a certain strain
resulting from ternary Au-In-Zn phase gives rise to variations of surface free energy that

disturbs the equilibrium crystal shape and modifies the nucleation behavior of zinc oxide
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resulting in nanobelts formation. Similar observation of a ternary Au-Zn-In phase has
been observed by Fan et al. [189]. As for the non-uniform belts, it might be due to some
thermal instability or strain during the liquid-solid interface phase for the VLS growth
mechanism that can also explain the possible cause for the wider diameters of the

nanowires for the /n doped ZnO structures.
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Figure 36: a) TEM image of IZO nanowires showing lattice spacing of 0.294 nm; b)
TEM image of undoped ZnO nanowires with 0.283 nm lattice spacing; c) SAED pattern
for indium doped zinc oxide nanostructures; d) TEM image of 100 nm [ZO NW (inset
shows Fast Fourier transform measurements for IZO nanostructures); €¢) TEM image of a
non-uniform [ZO NB; f) EDX profile for obtaining elemental composition of [ZO
nanostructures
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6.3.2. Defect State analysis of Indium doped ZnO NWs

Figure 37(a) shows the PL spectra of ZnO and [ZO NWs at room temperature
together for comparison. As it can be seen that the undoped ZnO NWs shows weak near-
band-edge (NBE) emission at 3.25 eV (381.5 nm) while broad strong visible emission
(VE) at 2.45 eV due to deep level defect states often related to oxygen vacancies is seen
which has been extensively studied in the past decade [177-178]. Interestingly, after In
doping, we see a strong enhancement in NBE peak which is almost 20 times stronger
than pure ZnO nanowires while VE is decreased significantly owing to change in the
growth kinetics due to /n supply which helps to reduce the number of defects states
resulting in improved crystal quality. Along with enhancement in NBE peak, we also
observe a red shift in energy to 3.23 eV (383.9 nm) as observed by other researchers
[179-180] as well due to In doping in GaN and GaAs based thin-films and
nanostructures. Such a red shift could be a result of potential fluctuation induced by the
introduction of impurity atoms resulting in optical band gap narrowing of nanostructures
[176]. Also according to Motts critical density theory, band gap tends to increase if the
impurity is kept under Motts critical density limit. After the conduction band is already
filled and more impurity atoms are added to the semiconductor, merging of conduction
and donor band levels happen and the band gap tends to decrease [181]. Based on the
calculations presented by Kim et al. [182], we estimate the carrier concentration for our
indium doped nanowires to be ~ 5.5 x 10" cm™.

The reason for an enhanced NBE peak could be explained in two different ways;
either this effect is due to the lower concentrations of surface states in thicker doped NWs

diameters that can be explained by the lesser surface to volume ratio as compared to their



84

undoped thinner counterparts or it is also expected that the formation of bound electrons
in the indium doped samples is enhanced that resulted in strong NBE peak [183]. Morales
et al. [167] also observed 10 times enhancement from indium doped samples which is
suggested to be a transition from a shallow defect state and a deep level.

We explored this effect in detail at low temperature PL spectra and found a clear
difference in the PL spectra of doped and undoped nanowires at 20K as shown in figure
37(b). For undoped ZnO NWs, the dominant peak is seen at 3.351 eV attributed to the
bound exciton emission peak, likely originating from D°X. A small peak at the high
energy side of D°X (3.358 eV) is contributed to the surface bound excitons (SX) that
completely disappears at higher temperatures (shown later in figure 39(a)). We also
observe an emission at 3.31 eV which is attributed to donor-acceptor pair (DAP)
recombination and matches well with others in literature [184-185]. Another weak broad
band at 3.07 eV is seen which becomes significant for /n doped NWs. We did not see this
peak for doped nanowires in previous efforts [173-174] and its origin is still under
investigation. This peak may be associated with the phonon replicas of free excitons in
case it falls into the LO phonon replicas of ZnO (~72 meV) which is hard to extract from
our results due to the broadened and smeared nature of the peak or purely related to /n
doping effect. After /n doping, the PL spectra at 20K indicates some different features
compared to pure ZnO NWs. This PL spectra can be well fitted by five Gaussian peaks as
shown in Fig. 39 (b). We found that D°X happens at 3.34 eV instead of 3.357 eV which is
generally documented for doped indium films indicating that we have achieved heavily
doped ZnO nanowires with 1.6 at.% indium content [173]. A similar observation is seen

by He et al. [184] who confirmed 3.346 eV emission obtained for 1.4 at.% indium doping
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due to exciton bound to /n site confirming that /n atoms have been doped into the ZnO
lattice. We did not observe any SX emission for doped NWs. Intensity of DAP also
increases with a small shift towards the lower energy side which is believed to be due to
increased bound exciton formation due to /n doping [167][186]. We also observe another
emission band at 3.23 eV which was not seen for undoped NWs. We assign this peak to
be LO phonon replica of DAP recombination as it has an energy ~ 70 meV lower than
DAP [186]. In order to further investigate and verify our assignments, temperature

dependent PL experiments were carried out.
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Figure 37: a) Room temperature (RT) PL spectra for the ZnO & [ZO NWS; ZnO VE is
fitted with Gaussian fit to account for peak variances; Inset indicates schematic of
possible transitions from ZnO structures, (NBE emission at 3.25 eV, oxygen antisite
(Ozn), oxygen vacancies (V,) or Zinc vacancies (Zn,), Zinc antisites in the oxide (Zn;));
b) PL spectra at 20K for ZnO & 1Z0 NWs with Gaussian peak fits presented for [ZO
nanowires.



87

Figures 38 (a) & (b) show temperature dependent PL of ZnO and 1ZO,
respectively. For ZnO NWs (figure 38a), the intensity of D°X and DAP decreased
significantly as the temperature increases and a shift in lower energy side is observed.
The SX emission disappears completely at >30K temperature as shown in the inset of
figure 38a confirming our assignment related to surface excitons. DX emission
attenuated and merged into DAP which is reasonable as the free excitons thermalizes and
are unable to be seen at higher temperatures. Since the curves at each temperatures have
been offset with respect to each other for more visibility, the emissions at higher
temperature appears to be less visible. For /n doped NWs, we did not see any SX
emission at all which agrees with Liu ef al. [173]. With increasing temperatures, the
peaks overlap with each other and ultimately shift and merge to a broader peak possibly
due to the phonon scattering effects as the temperature reaches to higher orders. Taking a
close look at DAP, it is seen that it is broader as compared to D’X line. We did a
quantitative evaluation of the temperature dependence of DAP transition intensities as
presented in the inset of figure 38b. The dotted squares presents experimental data and

curve is fitted by well known Arrhenius equation using the following formula [9]

Io

E E
1+A1 exp(—F}T) +A4; exp(—ﬁz)

I(T) =

(1)

Here I(T)and I, are the PL intensities at temperature T and 20K respectively; E;
is the activation energy, Kj is the Boltzmann constant, and A4; is the constant. By making
A, zero and considering there is only one quenching channel contributing to decrease in

intensity of DAP with temperature, we are not able to obtain the best fit curve for the
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data. By using a two channel fit and considering both A; and A, constants, we found E;
and E; to be 32 meV and 9 meV respectively. We suggest that the small activation energy
corresponds to the effective ionization energy for the donors whereas acceptor like states
is activated at 32 meV. Recent experimental and theoretical results have shown that for »
type doped ZnO, acceptor like complexes can act as a compensating center [184, 187-
188]. This allows us to conclude that the direct transitions between the tails of valence
and conductions bands accounts for the remarkable PL intensity for indium doped 1ZO

nanowires [184].
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Figure 38: a) Temperature dependent PL spectra of a) ZnO; b) IZO NWs (The inset

shows temperature dependence of DAP on PL intensities)
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6.3.3. Effect of indium doping Concentration variations

In order to explore more on the impacts of varying indium oxide doping
concentration, we varied the concentration from 3% - 15% (wt.) and characterized their
optical properties. PL results as indicated in figure 39a reveals that increasing the doping
concentration from 0- 7% shift the ZnO band gap from 382 nm to 390 nm pushing it
more towards the visible region boundary. On increasing the dopant concentration to
11%, band gap narrows even more (figure 39b). Pushing the dopant limit to 15% does not
reduce the band gap further rather slight increase in band gap is observed and the UV
peak is reduced significantly. These observations can be explained as when the dopant
concentration is low, In,Os tends to act as a dopant in ZnO resulting in no significant
change in bandgap, increasing the concentration to higher values tends to form Indium-
zinc-oxide alloys resulting in shifting of wavelength more towards edge of visible region.
Increasing the concentration further to 15% tends to segregate the dopants in the
nanowire boundaries thus resulting in stress due to difference in the ionic size between
the dopant and the zinc oxide.

Also according to Motts critical density theory as explained earlier, band gap
tends to increase if the impurity is kept under Motts critical density limit. When more
impurity is added into the semiconductor, band gap tends to decrease. We observe an
increase in band gap on increasing the dopant concentration. This is seen for
concentration until 11% but this bandgap starts to move back for concentrations upto
15% until which we tried experimentally and quenching of UV peak is also seen. This
possible effect could be due to the segregation of Indium rich domains present within the

doped nano crystals.
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Figure 39: a) Photoluminescence spectra for the 3% - 15% wt. indium doped ZnO nano
structures; b) Plot of photon energy on variation of indium oxide concentration in ZnO.

6.3.4 Zinc-indium oxide as a promising candidate of TCO

Another application of ZnO which has not been paid much attention to is the use
of ZnO as an alternative candidate for transparent conductive oxide films other than
indium tin oxide or tin oxide materials. The electrical conductivity of pure ZnO is mainly
due to the extrinsic and intrinsic defects occurring dominantly due to oxygen vacancies or
excess of zinc at interstitial positions. Absorption of oxygen in ZnO seems to reduce the
conductivity due to its sensitivity to oxidation. Extended lifetimes and minimum power
consumptions of display panels such as plasma display’s, liquid crystal displays and other
optoelectronics devices could not have been possible without achieving lower resistivity
and higher transmittance for the TCO films [189]. So far most of the TCO films used in
these applications are composed of compound called ITO [190]. Fewer studies have been

done using zinc oxide thin films structures as a candidate for TCO. Focusing on this
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background, we have attempted to achieve doped zinc oxide nanowires by introducing
indium doping that can be used in optoelectronics applications.

Doped and undoped zinc oxide nanowires were transferred onto glass substrates
for a transmittance measurements on these samples. Samples were scratched from the
silicon substrates and drop casted onto glass substrates using iso propanol as the solvent
material and let it dry at room temperature. Optical transmittance measurements were
carried out using UV-VIS spectrophotometer. The optical transmittance spectra of doped
and undoped ZnO is presented ranging from 200 to 900 nm wavelengths as shown in
figure 40. The transmittance of the films doped with 3% and 7% indium oxide are higher
as compared to 11% and 15% dopant. In particular, transmittance of the films doped with
3% and 7% doping concentrations was greater than 90% for wavelengths greater than
~400nm till the edge of IR region. Transmittance decreases for higher concentrations of
dopants and appear to be even lower than undoped films. This might be due to increase in
optical scattering due to segregation caused by increasing dopants or rough surface

morphology.
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Figure 40: Optical transmittance data for doped and undoped doped zinc oxide
nanostructures.

6.4. Conclusions

In summary, we have achieved an intense NBE peak in ZnO NWs after doping it
with 1.6 at.% In content. SEM images reveal the formation of NWs and NBs after doping
with indium oxide with thicker diameter and larger width to thickness ratios. TEM and
SAED measurements confirms indium doping into ZnO lattice and resulting structure has
high crystalline quality. We also observed a reduction in VE, indicating fewer oxygen
vacancies and improved optical properties for doped NWs. The PL shows a redshift of
peak energy for doped NWs and the carrier concentration is estimated according to
Mott’s critical density theory to be 5.5 x 10" cm™. Emission peak at 3.34 eV for 1.6 at.%
indium doped nanowires is found to be due to exciton bound to In site confirming that In

atoms have been doped into the ZnO lattice. Low temperature PL spectra indicates that
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DX merges and DAP recombination dominates at higher temperatures for indium doped
NWs. Thermal quenching of PL at higher temperatures reveals activation energy for the
donor and acceptor to be 32 meV and 9 meV respectively. Photoluminescence
measurements shows that less doping concentrations of In,Os from 3% -7% resulting in
higher carrier concentrations as compared to as grown zinc oxide nanowires.
Transmittance of greater than 90% is achieved for doped nanostructures from 3% -7%
which can be used as a potential candidate for TCO. Our works provides a non-
destructive way for estimating doping using PL measurements and suggests that /n
doping in ZnO NWs can be used for advancements in optoelectronics and spintronic

devices.



7. CONCLUSIONS AND FUTURE WORK

7.1. Conclusions

The process of refining nanotechnology especially cutting edge photonic based
devices requires knowledge of fundamental and diverse technologies along with
nanosized semiconductor fabrication techniques where just a handful of atoms in any one
of a dozen of processes can make the difference [191].

The preceding chapters have followed this theme and we have introduced device
characterization as well optimization of CdTe/CdS based photodetectors and successful
uniform gold nanodots arrays synthesis using block copolymer lithography as a power
platform for many diverse applications. CdTe thin films have been grown using e-beam
evaporation tool which has not been paid sufficient attention too in the past instead of
commonly employed deposition techniques and reported excellent film purity. This thesis
also presents a unique route to dope ZnO nanowires with transition metals using VLS
growth technique and present a detailed defect state analysis with indium oxide doping
proving enhanced optical properties which has not been explored sufficiently earlier.
Also this is the first time VLS growth technique was used to dope ZnO NWs in our lab at
UIC. Conditions for optimal and non-optimal growth of ZnO NWs were investigated.
Varying some of the experimental growth conditions of ZnO resulted in very interesting
complex structures such as star shaped and multilayer ZnO NWs growth. A unique way
of estimating spontaneous polarization induced electric fields in ZnO nanostructure is
explored using electrostatic force analysis. Lastly enhanced optical properties is achieved

using indium oxide doped zinc oxide nanowires using VLS growth mechanism.
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In the first part of thesis, we have presented characterization of CdS thin films
deposited on ITO coated glass surfaces. CdS layer is often used as a window layer for
photovoltaics applications as well as employed in many optoelectronic devices. As
deposited and annealed CdS thin films are grown by thermal evaporation technique. We
report multiple phonon Raman peaks up to fourth order for the annealed CdS
nanocrystals and excellent film quality is revealed after annealing. We have shown
asymmetry in the line shape of LO phonon modes to be attributed to the phonon
confinement effects and fitted well with the spatial correlation model. Improved
crystalline quality is achieved for annealed CdS films as compared to as-grown samples
and detailed study on the line widths and integrated intensities ratio of 2-LO to 1-LO
phonon modes is done. Asymmetry and wide broadness indicated from
photoluminescence green emission peak around 2.42 eV is attributed to the sulfur
deficiencies in CdS films. Excitation dependent photoluminescence and Raman spectra is
taken to see any underlying recombination effects and band to band transition as well as
improved CdS film quality is reported.

In the second part of thesis, we have characterized as deposited and CdCl, treated
polycrystalline CdTe thin films deposited by e-beam evaporation techniques. As
compared to the traditional chemical methods, physical method such as e-beam
evaporation is used that tends to appear more promising candidate for growing active
layer. Temperature dependent PL spectra reveal energy transitions at 1.577 eV which is
assigned to electron to acceptor transition while a donor to acceptor transition occurs at
1.573 eV. A broad spectrum at 1.45 eV is associated with A-center chlorine based

acceptor complex. AFM study on the grain sizes for as grown and chlorine treated films
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revealed grains of 0.2 um and approximately 2-3 um respectively. Quasi mode nature for
the LO phonon modes of mixed symmetry is observed from the Raman spectra of the
polycrystalline CdTe structures at 166 cm™ whereas A1 and TO modes at 118.9 cm™ and
136.5 cm™ respectively correspond to phonon vibrations from hexagonal Te structure
indicating Te rich surface.

Later in the thesis, a simpler and flexible route to the fabrication of nanoscale
arrays of Au metal dots and nanoporous films is presented. Block copolymer self-
assembly is used to fabricate oriented cylindrical microdomains with potential use either
as a positive or a negative template. In this context, the cylindrical patterns we obtained
can be extended further into not only applications in photovoltaics but also fabrication of
high-density arrays of more complex or striped patterns that can be utilized for bit-
patterned media and in the semiconductor industry. After removal of cylinders and
cleaning the pores with oxygen plasma etching, successful fabrication of highly dense Au
nanoparticles is realized on the nanoporous film. These materials are anticipated to be of
use in the fabrication of hybrid solar cells involving inorganic semiconductor nanorods
grown using VLS methods.

Further growth conditions of ZnO nanowires is evaluated, discussed and
optimized. As grown ultra- long single crystal zinc oxide nanowires have been grown in
appropriate growth conditions whereas decreasing substrate temperature results in star-
like complex ZnO nanostructures. As grown ZnO nanowires shows near band edge
emission as well as strong green emission that is related to intrinsic dopants. Large
concentrations of intrinsic dopants can cause high conductivity in the device that can be

used in sensing applications. Nanostars show enhanced UV emission and less intrinsic
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defects. Electrostatic force measurements shows electric field from ZnO nanowires and
stars in the order of 10° V/em due to built-in spontaneous polarization effects. Diameter
dependent studies of zinc oxide nanowires reveals lower concentration of surface states
for thicker nanowires. Results from anneal induced effects shows decrease in UV as well
as green emission which is attributed to decrease in oxygen vacancies within ZnO
nanowires. Raman studies of randomly oriented nanowires under appropriate growth
conditions shows quasi phonon modes nature of the vibrational modes whereas Raman
studies on modulating growth times helped choosing best growth conditions for the VLS
growth of ZnO nanowires.

Key achievement was the doping and enhanced optical properties of zinc oxide
nanowires using vapor liquid solid growth mechanism after incorporation with indium
oxide resulting in enhanced optical properties. SEM images reveal formation of nanobelts
and nanowires after doping with indium oxide with thicker diameter and larger width to
thickness ratios. TEM and SAED measurements show nanobelts with a very high
crystalline quality whereas a detailed. Reduction in visible emission after doping with 1.6
at.% indium oxide indicates fewer oxygen vacancies along with a red shift in visible
emission. Carrier concentration is estimated according to Mott’s critical density theory to
be around 5.5 x 10" cm™. Low temperature PL spectra indicates that D’X merges and
DAP recombination dominates at higher temperatures for indium doped NWs. Thermal
quenching of PL at higher temperatures reveals activation energy for the donor and
acceptor to be 32 meV and 9 meV respectively. Photoluminescence measurements on
varying indium oxide concentrations shows that concentrations of In,O3; from 3% -11%

results in band gap narrowing of zinc oxide nanowires whereas higher concentrations
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does not facilitate band gap narrowing. Transmittance of greater than 90% is achieved for

doped nanostructures from 3% -7% which can be used as a potential candidate for TCO.

7.2. Future Work

There are many challenges left with realizing some of these ideas in mature

devices and 1 expect progress to continue, because this field has a lot of forward

potential.

1.

Optimization of polycrystalline thin films CdTe based detectors and passivation
of recombination sites achieved in this work can be applied for applications in
photovoltaics and IR detectors as well as can also be used for the detection of X-
rays and gamma rays.

Dimensions of the nanoporous template achieved can be tuned by changing the
molecular weight of block copolymer. Based on specific applications,
dimensional feature of Au nanodots can be varied and this could be one of the
future paths. Detailed analysis on the Au nanodots can be done and effect of

plasmonics can be investigated.

. Au nanodots arrays can be engineered to use as a template for the VLS growth of

nanowires. This technique can also be used to develop a hybrid CdS/polymer
based solar cell. Highly dense and ordered gold nanodots arrays achieved in this
work can be used as a catalyst for VLS growth of CdS nanorods and polymer can
be used as a subsequent layer. This can result in improved photo carrier collection
and separation as well as improved absorption of carriers resulting in enhanced

device efficiency.
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4. Detailed analysis on the investigations of the electrical properties of doped ZnO
NWs is suggested as future work of this study. Further doping in ZnO can be
achieved using similar technique suggested in this work with other elements like

Ga, Cd, Co and Mn depending on applications.
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