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SYNOPSIS

The wide-band gap group Il nitride semiconductor materials are very important because of
their applications in short wavelength and high frequency optoelectronic devices such as blue
to UV and deep-UV light emitting diodes (LEDs) and laser diodes (LDs). The striking
properties of these materials are significant hardness, large hetero-junction offsets, high
thermal conductivity and melting temperature. InN, GaN, and AIN and its ternary (InGaN and
AlGaN) and quaternary (InAlGaN) alloys are the well-known candidates for major
optoelectronic applications. Along with optoelectronic properties, the Ill-nitride families are
used in various applications such as photovoltaic, hydrogen storage, field emissions and gas
sensing. It is reported that the dissociation of water into H and O can be achieved under the
exposure of light on the surfaces of GaN nanowire (NW) arrays as wells as p-type InGaN or

GaN/InGaN multi-band hetero-structures.

The scientific community already developed different one dimensional (1D)
nanostructures such as nanotubes, NWs, and nanocones for the binary AIN, GaN, and InN and
their alloys. The NWs find enormous utility in a variety of optoelectronics applications, as
high aspect ratio leads to the strain relaxation of the material without the formation of
dislocation. This thesis contains, the synthesis of 1D AlGaN NWs by atmospheric pressure
chemical vapor deposition (APCVD) technique via Au naoparticle (NP) assisted vapor-liquid-
solid (VLS) growth mechanism. Along with NWs, reports are also available for the sub-micro
and microrod structures of group Il nitrides. These structures are also used for demonstrating
room-temperature continuous wave lasing via high-Q whispering gallery modes (WGM)

which are applicable for LDs. The presence of WGMSs in the microrods is a signature of



Optical Properties of AlGaN Nanostructures | 2016

excellent morphological, structural, and high optical quality of the material. The synthesis part
of the present thesis does also deal with the growth of high quality, single crystalline,
hexagonal shaped, AlGaN sub-micro and mocrorods using APCVD technique via self

catalytic vapor-solid (VS) growth mechanism.

Vertically aligned nanostructures and microrods are attractive for 1D light emitting
device for its applications in exclusively for making coaxial quantum well (QW) structures.
The performances of such devices are dependent on both the crystalline as well as the
electronic properties of the material. In this context, the understanding of the crystalline
properties of the sub-micron sized cystallite using Raman spectroscopy is not only a very
efficient non-destructive characterization tool for the phase confirmation of the material, but
also capable to investigate the crystallographic orientation in agreement with the Raman
selection rules for different polarization configurations. There are several reports available for
polarized as well as angle dependent polarized Raman studies collected from a single spot on
the crystals. Moreover, the polarized Raman imaging corresponding to the peak intensities of
the Raman allowed vibrational modes throughout different crystal planes may help us to
predict the exact crystalline orientation and compositional homogeneity of the material. The
Raman imaging as a technique for testing the single crystalline nature of the material is not
well utilized yet. Therefore, the present dissertation assures the capability of polarized Raman

imaging studies to investigate the single crystalline nature of the hexagonal sub-microrods.

The wurtzite Ill-nitrides are non-centrosymmetric crystals which show inbuilt
spontaneous polarizations. Consequently, a piezoelectric potential may be generated across the
crystal by applying an external stress or vice versa. Therefore, these features can be utilized
for different micro-mechanical devices such as micro-actuators, micro-sensors, ultrasonic

8
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motors, micro-pumps, self-powered devices, electro-mechanical sensing, mechanical energy
harvesting and other various applications as MEMS based device. It is reported that the I11-
nitrides, grown along the c-axis [0001] with polar orientation, lead to a huge amount of
intrinsic electric field which degrades the efficiency of LEDs. Therefore, it is very important
to study the crystallographic orientation dependent optical properties of these Ill-nitrides. The
problems due to the polarity of the crystals can be overcome for the low dimensional systems
by allowing the growth along non-polar directions normal to a- (1-120) and m-plane (1-100)
instead of the c-plane (0001). These polarities of the crystal plane also can influence the
polarized photoluminescence (PL) spectra. The investigations of the effect of intrinsic electric
field on the crystal orientation dependent PL spectra are also included in the thesis. The crystal
orientation dependent piezo-response force microscopic (PFM) studies are incorporated in the
thesis for confirming the existence of internal electric field as well as the observation of
spontaneous and piezoelectric domains of single crystalline AIGaN microrods, which supports

the observed crystal orientation dependent PL emissions.

The remarkable scope of applications and importance of group Il nitrides, as
mentioned above, motivated the researchers to establish almost all the characteristic features
of these materials including the detailed study of the phonon modes. However, there are only
few reports available on specific class of phonon modes, which can be localized only on the
surfaces of nanostructures. The reduction of size in the materials up to nanometer scale
reduces the degrees of freedom for phonon leading to the spatial confinement of the bulk
phonon modes. It may also change significantly the density of phonon states, responsible for
the origin of surface and interface related optical phonon modes. The frequency of such

surface lattice vibrations are found in between the transverse optical (TOq=0) and longitudinal



Optical Properties of AlGaN Nanostructures | 2016

optical (LOg=0) phonon modes at Brillouin zone center (Wave vector, g=0). The vibration of
surface atoms, with amplitudes confined near to the surface, decrease exponentially with
depth and is named as surface optical (SO) phonon modes, also known as Fréhlich modes.
The SO modes are observed because of the breakdown of translational symmetry of the
surface potential due to the surface roughness or creation of periodic structures and interfaces
or formation of grating in the surface of nanostructures. The breakdown of translational
symmetry of surface potential corresponding to the periodicity leads to an additional crystal
momentum that allows the generation of some phonon modes away from zone centre (non-
zone centre, =0).The identification of such SO phonon mode is difficult to be detected in the
case of bulk materials because of the constraint in conservation of momentum due to their
perfect crystalline symmetry. Therefore, the nanomaterials such as 1D NWs, 2D multi-QWSs
(MQWs) and superlattices (SLs) with a large surface area contribute better SO or interface
optical (10) phonon signal compared to that of the bulk crystals. It was well established that,
the SO phonon mode frequency depends on the dielectric constant of the surrounding medium
(&m) as well as the shape, size, interfaces, saw tooth edges, periodicity, diameter modulations
and density of the nanostructures. The studies involved in the thesis includes the calculations
of SO phonon mode frequencies from the theoretically simulated dispersion curve for the
periodic surface modulations due to the presence of sharp edges at the corners of well-faceted
1D Alpg;GagosN hexagonal crystallites in the sample as well as an equivalent periodicity
generated due to the row and columnar array of NRs, in presence of different media of air and
CCl,. Because of the capability to create 2D electron gas at the hetero-junctions, the I11-
nitrides especially AlGaN/GaN MQWs and SLs are used for the development of high electron

mobility transistors (HEMT) along with the hetero-junction field effect transistors (HJFET)

10
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and bipolar transistors.”® The SLs and MQWs of AlGaN/GaN with different Al percentages
are used as active region as well as buffer, carrier confining and electron blocking layers
(EBL) to improve the internal and external quantum efficiency of blue, UV and deep-UV
LEDs and LDs." Because of the above discussed importance of MQWSs and SLs, the studies
involved in the thesis also investigated the behavior of 10 phonon modes in the Raman

Spectra of [A'N/GaN]zo and [AI0,35Ga0,65N/AI0,55Gao_45N]20 2D MQWS.

The light-matter interaction in the near-field regime at the vicinity of nanostructures is
a very interesting as well as challenging task in the scientific community. The Abbe’s
diffraction limit prevents conventional optical microscopes to possess a spatial resolution
beyond the value of ~A/2, where A is the wavelength of excitation light with a maximum
numerical aperture (N.A.) value of unity for the probing objective. The rate of interaction of a
light emitting material with electromagnetic (em) radiation can be enhanced by keeping it in a
micro-cavity. The spontaneous emission rate is not only a material characteristic but also
depends on the photon density (energy density of the fluctuating em field) in the surrounding
environment. The long lived interactive photons, enhances the photon density leading to the
improved emission/absorption of light in the process of Purcell enhancement. Tightly
confined light or trapped photons in between two semiconductor or dielectric media with sizes
comparable to the wavelength of the confined light, increases photon density leading to the
enhanced light-matter interaction, enabling a range of non-linear applications. The optical
confinement of polarized light enabled us to record the far—field PL imaging of a single
AlGaN NW, in the sub-diffraction length scale. Moreover, this thesis tried to shed a glimpse
on, how the proximity of other NWs influence on the PL spectra of a single and isolated NW,

even though the separation between the nearest NWs is more than the exciting laser beam

11
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diameter. The optical confinement of polarized light, which may enhance the light-matter
interaction between two semiconductor or dielectric media along with strong electron-phonon
coupling in the polarized resonance Raman spectroscopy (RRS) allow us to understand the

crystallographic orientations of single NW in the sub-diffraction length scale.

The near-field scanning optical microscopy (NSOM) assisted with the help of
plasmonics is a unique tool to understand the light-matter interaction in the near—field regime
for optical and spectroscopic imaging of nanostructures in the sub-diffraction limit. In the
near-field regime, the confined light with evanescent field components emanating from the
NSOM probe is not diffraction limited. The light-matter interaction in metallic nanostructures
have opened to a new branch of surface plasmon (SP) based photonics, called plasmonics.
The coupling of the incident em waves to the coherent oscillation of free-electron plasma near
the metal surface is known as a surface plasmon polariton (SPP) and it is a propagating
surface wave at the continuous metal-dielectric interface. The em field perpendicular to the
metal surface decays exponentially and is known as evanescent waves providing sub-
wavelength confinement near to the metal surface. Matching of the incident excitation
frequency (w) of em wave with the plasmon frequency (@) of the electrons in metal
nanostructures, leads to an enhanced light-matter interaction, known as surface plasmon
resonance (SPR). The NSOM studies in the dissertation, is tried to establish the light-matter
interaction of an isolated single and semiconductor AIGaN NW (diameter ~120 nm) grown
via VLS mechanism along with metallic Au NP catalysts (diameter ~10-150 nm) in the near-

field regime with a laser excitation of 532 nm (2.33 eV).

The studies included in the thesis are organized into seven chapters and the contents of

each chapter are summarized as follows:

12
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Chapter 1: Introduction

The Chapter 1 provides a brief outlines of the group Il nitrides including its crystal
structure, physico-chemical properties and significance of non-centrosymmetric nature which
leads to the origin of intrinsic crystalline fields. The present status and developments in
optical properties of 1D and 2D nanostructures and their applications are introduced along
with the discussions of SO and 10 phonon modes in the nanostructures. The possibilities of
enhanced light-matter interactions in the sub-diffraction regime are briefly described with the
help of different effects of photonic and plasmonics confinement as well as near-field

interactions. The objectives of the present thesis are briefed at the end of the Chapter 1.

Chapter 2: Experimental Techniques

The Chapter 2 describes, the experimental techniques used to synthesis and
characterize the AlGaN nanostructures in details. The major tools and techniques involved in
the thesis are categorized as follows; synthesis techniques as well as characterization tools
required for morphological, structural, and elemental analysis. The optical characterization
tools used for vibrational and luminescence studies are also briefly discussed. The basic
features of scanning probe microscopy (SPM) including atomic force microscopy (AFM),

PFM and NSOM are also briefly introduced.

Chapter 3: Growth of AlGaN by Chemical VVapor Deposition Technique

The Chapter 3 includes the description of growth process of mono-dispersed and
cylindrical shaped as well as high dense and triangular shaped AlGaN NWs of ternary
wurtzite phase using APCVD via VLS process. The role of distribution of Au catalyst NPs on

the size and the shape of AlIGaN NWs along with the optimization of flow rate and

13
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decomposition temperature of NH3 during the growth process are discussed. These variations
in the morphology of the NWs are understood by invoking Ostwald ripening of Au catalyst
NPs at high temperature followed by the effect of single and multi-prong growth mechanism.
Energy-filtered transmission electron microscopy is used as an evidence for the presence of
Al in the as prepared samples. The Raman study reveals the formation of AlGaN NWs in the
wurtzite phase. A significant blue shift of the band gap of ~3.55 eV as compared to ~3.47 eV
for GaN at 300K was observed in the PL spectra, in the absence of quantum confinement
effect in the NWs with diameter ~100 nm. Thus, the blue shift of the band edge peak is used
as a supportive evidence for the AlGaN alloy formation. The corresponding approximate Al

percentage, incorporated in the AlGaN NWs, is estimated to be ~3.0 at.%. Moreover, the
simultaneous presence of Raman modes corresponding to GaN-E;' at 567 cm™ and AIN- E2H

at 668 cm™ confirms the two mode behavior of AlGaN random alloy formation.

AlGaN sub-micro and microrods are also grown via self catalytic VS mechanism by
APCVD on AIN base layer over intrinsic Si(100) as well as sapphire substrates. The growth
process is substantiated using X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) studies. The growth of self catalytic elongated AlIGaN NWs are also carried out on the
Al-Ga thin film. The Raman and PL study reveal the formation of AlGaN microrods in the
wurtzite phase and ensures the high optical quality of the crystalline material. Similarly, the
AlGaN sub-micro rods also shows the signature of mixed modes for the random alloy

formation identified from the existence of two mode behavior of E;' and one mode behavior

of A1(LO) phonon modes in the observed Raman spectra. The approximate Al percentage is
estimated to be 2.0-3.0 at.% from the blue shift of A;(LO) phonon modes as well as the band
edge emission in the PL spectra.
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Chapter 4: Optical Properties: Effect of Crystallographic Orientations

The Chapter 4 mainly covers the crystal orientation dependent studies of hexagonal
shaped AlGaN crystallites. The polarized Raman spectroscopy is capable of giving
confirmation about the crystalline phase as well as the crystallographic orientation of the
sample. The sub-micron sized hexagonal AlGaN crystallites are grown by self-catalytic VS
process under N-rich condition used for the polarized Raman spectra in different crystalline
orientations along with spectral imaging studies. The results obtained from the polarized
Raman spectral studies shows single crystalline nature of sub-micron sized hexagonal AlGaN
crystallites. In this context, apart from X-ray and electron diffraction tools, polarized Raman
spectroscopy and the corresponding spectral imaging also can be an alternative as well as

promising tool for determining both crystalline phase and orientation.

Optical properties of the sub-microrods for different crystalline orientations are also
studied using polarized PL measurements. The influence of internal crystal field to the PL
spectra is proposed to explain the observation of distinct splitting of emission intensity. The
origin of enhanced splitting in the PL spectra along the c-plane compared to that of m-plane
may be because of the interaction of electric field of the excitation wave with the intrinsic
crystal field, which is the resultant of the spontaneous and strain related piezoelectric
polarizations. The existence of crystal orientation dependent intrinsic electric field in the
single crystal is investigated by the PFM imaging of AIGaN hexagonal microrods. The
reasons for the contrast variation in the PFM image may be because of the variation of surface
charge density over the surface of AlGaN microrods originated due to the crystalline

orientation with respect to its AIN base layer. The effective piezoelectric coefficient for
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AlGaN microrod along the c-axis (ds3) is found to be ~4.14 pm/V which falls well within the

reported values of 5.10 and 3.10 pm/V of pure GaN and AIN, respectively.

Chapter 5: Surface and Interface Optical Phonon Modes in 1D Nanostructures and 2D

Multi-Quantum Well Structures

The Chapter 5 mainly deals with the study of SO and 10 phonon modes of 1D and 2D
nanostructures of Ill-nitrides probed by the Raman spectroscopy. The plasma assisted
molecular beam epitaxy (PAMBE) grown, vertically aligned and hexagonal shaped 1D
Algg7Gag 3N nanorods (NRs) are used for study the SO modes in this thesis. Apart from the
group theoretically allowed optical phonons at zone center (q=0), two additional phonon
modes around ~763 and ~846 cm™ are observed in between the reported values of
longitudinal optical (LOgy=0) and transverse optical (TOq4=0) phonon modes. Consequently, the
observed phonon modes are calculated from the simulated dispersion curve and subsequently
assigned as SO phonon modes of SO(A;) and SO(E;) with A; and E; symmetries, respectively.
A change in the dielectric medium (&,=2.24) using CCl, is demonstrated to show a significant
red shift of the additional modes with respect to those in air, authenticating the presence of SO
phonon modes in the Raman spectra of Alpg;GagesN NRs, as it shows good agreement with
the calculated SO phonon frequencies. The origin of SO phonon modes are attributed to the
relaxation of Raman selection rules away from the Brillouin zone centre because of the
presence of periodic surface modulations due to the presence of sharp edges at the corners of
well-faceted 1D Alpg7GagosN hexagonal crystallites in the sample. An appropriate
quantification is also made in this regard to find out the Fourier component of the surface

potential responsible for the activation of SO mode.
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The observation of 10 phonon modes in the recorded Raman spectra of c-plane
oriented [AIN(~1.25 nm)/GaN(~2.0 nm)/]z and [Alp35GagesN(~1.25 nm)/Algs5Gag 4sN(~2.0
nm)]o MQW structures grown via PAMBE are also studied. The wavelength and wave vector
leading to the formation of 10 modes are calculated from the multiple periodicity of SLs in
the 2D MQW structures. The nominal shift (~4 cm™) in 10 phonon mode of E; symmetry
(I0(Ey)) for [AlgssGagesN/AlgssGagasN]oo compared to that of the [AIN/GaN],, MQW
structure is understood on the basis of change in dielectric constants (&) of the surrounding
medium. The observed 10 phonon modes in the spectra are attributed to the breakdown of
translation symmetry of surface potential due to the presence of the periodic interfaces and
surface modulations in the SL structures of MQWs. The corresponding required edge lengths
of 2D plates are computed from the simulated dispersion relation curve of 10 modes. The
integral multiples of uniformly distributed platelets, originated due to the horizontal uneven

irregularities on the surface of SLs, are matched with the calculated L values.
Chapter 6: Light—-Matter Interactions of Nanostructures in the Sub-Diffraction Regime

In Chapter 6, the role of nanostructures for light-matter interaction in the sub-
wavelength regime is discussed. Till now, the nanoscale focusing and imaging in the sub-
diffraction limit is achieved mainly with the help of plasmonic field enhancement assisted
with noble metal nanoparticles. Using far-field imaging technique, for the first time, we have
recorded polarized spectroscopic PL imaging of a single AlGaN NW of size in the sub-
diffraction limit with diameter ~100 nm using the optical confinement of polarized light. It is
found that the PL from a single NW is influenced by the proximity to other NWs with the PL
intensity proportional to 1/(Ixd), where | and d are the NW length and the separation from the

neighboring NW, respectively. In case of the optical confinement effect, a non-zero non-
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equilibrium population of long lived photons is envisaged to influence the increased PL
emission intensity from the single NW. The enhancement of PL emission facilitated the far-
field spectroscopic imaging of a single semiconductor AlGaN NW in the sub-diffraction
regime. As a matter of fact, the optical confinement effect due to the dielectric contrast of NW
with respect to that of surrounding media assisted with electron-phonon coupling of RRS
helped us to understand the crystalline orientation of a single AIGaN NW of size in the sub-
diffraction limit with diameter ~100 nm. The results are compared and matched with the high

resolution transmission electron microscopic (HRTEM) analysis.

The NSOM is not only a tool for imaging of sub-diffraction limited objects but also a
prominent characteristic tool for understanding the intrinsic properties of the nanostructures.
In order to understand the light-matter interactions in the near-field regime using NSOM
technique with an excitation of 532 nm (2.33 eV), we selected an isolated single
semiconductor AlIGaN NW of diameter ~120 nm along with metallic Au NP catalyst. The role
of electronic transitions from different native defect related energy states of AlGaN are
discussed in understanding the NSOM images for the semiconductor NW. The effect of
strong SPR related absorption of excitation laser in the NSOM images for Au NP is also

observed.

Chapter 7: Brief Summary of Thesis and Scope of Future Work

In Chapter 7, the major findings of the thesis are summarized. The directions for future
research work are also proposed to explore optoelectronic properties, perform localized
charge transfer process to understand sensing mechanism and also to probe localized

spectroscopic studies on AlGaN nanostructures.
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CHAPTER 1
INTRODUCTION

“We keep moving forward, opening new doors, and doing new things, because we're curious and curiosity keeps

leading us down new paths” ....\Walt Disney

1.1 Group Il nitrides

The research towards direct band gap group Il nitride semiconductor materials and its alloys
are very important because of its applications in blue to near-ultraviolet (UV) light emitting
devices (LEDs) and laser diodes (LDs)."® The main attractive material properties of them are
enormous physical hardness, high thermal conductivity, elevated melting temperature and
extremely large hetero-junction offsets.*® Group 111 nitrides are one of the most promising
candidates for fabricating the short wavelength and high frequency optical devices."*® The
variation in atomic percentage of the constituent elements in the alloy compositions allow us
to tune the direct band gap of Ill-nitrides with an energy range of ~0.70 to 6.20 eV. InN,
GaN, and AIN along with its ternary (InGaN and AlGaN) and quaternary (InAlGaN) alloys
are the well-known candidates for major optoelectronic applications.”*®*° The prominent
candidate for this wide band gap material is ternary alloy of Al,Ga;xN system with the
tunable band gap from ~3.40 to 6.20 eV and is also an ideal candidate for the fabrication of
optoelectronic devices."® However, high crystalline and optical quality are essential for the
various optoelectronic applications.>®® The high-quality GaN and AlGaN micro-crystallites
are already used for demonstrating room temperature continuous wave lasing action via high-
Q whispering gallery modes (WGM) which are applicable for LDs. The presence of WGMs in

the microrods is a signature of excellent morphological, structural, and high optical quality of
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the material.**** Vertically aligned microrods are attractive for LEDs for its applications in
manufacturing coaxial quantum well (QW) structures.*>*" Apart from the tunable band gap, the
II-nitrides are well-known for its potential applications in high-performance, high-power
optoelectronic devices because of their high carrier mobility, high electrical breakdown
voltage, high melting point and low chemical reactivity.>®® Moreover, the group I nitrides
are the key factor for the major revolutionary changes occurred in lighting, display
technology, data storage and power switching. Furthermore, the engineering of band gap
allow them also to use for photovoltaic, water splitting, hydrogen storage, gas sensing and
field emissions.>*>* As a result of the above mentioned applications, the families of 111-

nitride were recognized with the Nobel prize (2014).

1.1.1 Crystal structure

The group 11 nitrides are generally found as in the form a thermodynamically stable wurtzite
structure with a hexagonal symmetry (Fig 1.1a). The wurtzite structure has lattice constants, ¢

and a, with two formula units in the primitive cell i.e., four atoms per primitive cell.

(b) Z  peplane

Y a-plane

Figure 1.1 (a) Schematic sketch of the wurtzite crystal structure and (b) its different crystallographic planes.
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The point group symmetry is denoted as 6mm in the Hermann-Mauguin and Cg, in the
Schoenflies notations. The space group for the wurtzite structure is represented P6smc in the
Hermann-Mauguin and C., in the Schoenflies notations. The wurtzite structure consists of
two interpenetrating hexagonal close-packed (hcp) sub-lattices with an offset along the c-axis
by 5/8 of the cell height (5¢/8).%4%

The schematic sketch shows the wurtzite crystal structure (Fig. 1.1a) as well as the
atomic planes (Fig. 1.1b) along the six-fold symmetry axis coincide with the [0001] direction.
The crystal structure is constructed by the successive stacking of planes and each plane
contain only either cations with positive (+ve) charges or anions with negative (—ve) charges,
known as ABABAB... stacking. The center of gravity of cations and anions in the
consecutive planes are not overlapped completely which leads to develop an electric dipole
along the c-direction. In other words, the geometric center of the —ve charges (electron cloud)
in the lattices of the solid does not coincide exactly with the geometric center for the +ve
charges (nuclei).*?® Consequently, it creates an inherent spontaneous polarization (P°") to the
wurtzite crystals. This effect is also called the pyroelectric effect because the magnitude of
P" may change with respect to the temperature of the crystal, which induces the proportional
changes in the c/a ratio. For pyroelectric materials, P*" is always oriented along the low
symmetry axis of the crystal called as pyroelectric axis. In the case of the wurtzite crystals the

pyroelectric axis is parallel to the [0001] direction.?**

1.1.2 Non-centrosymmetric: Spontaneous and piezoelectric polarizations

Group I nitride semiconductors show a well-defined polarization effect due to the lack of a

center of inversion symmetry and exhibit piezoelectric effects by the application of strain to
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the lattice system. Generally, the piezoelectric effect is observed because of strain originated
by two ways. The first one is due to the lattice mismatched strain between the samples and the
substrate or the epitaxial layers. The second reason for the origin of strain is due to the
difference in thermal expansion coefficient between the sample specimen and the substrate or
the epitaxial layers. The presence of these strains can induce an additional polarization to the
crystal which is known as piezoelectric polarization (P"%).>**" Moreover, as mentioned
earlier; there exist a non-vanishing P along the c-axis of an ideal wurtzite structure.
Therefore, the total polarization experienced by the wurtzite crystal is the sum of the P and
PP, which depends on the constituent elements (composition) present in the system as well as
the strain. Moreover, the non-centrosymmetric structure of wurtzite Ill-nitrides results in
intrinsic non-linear and anisotropic optical properties. The anisotropy results in uniaxial
birefringence which can be observed due to the presence of two different refractive indices for
polarizations parallel and perpendicular to the c-axis.?*?’

In general, piezoelectricity is a phenomenon in which an electric field is generated
inside a material subjected to a mechanical strain or vice versa.?>*' Consequently, this
strained material behaves like a charged capacitor with an electrostatic potential across it,
which can be utilized for several applications.”®" It implies that the piezoelectric effect can
be employed to convert mechanical energy into electrical energy also. Therefore, in addition
to their utility as optical material, because of the presence of piezoelectricity in the I1l-nitrides
establishes their importance, particularly in different micro-mechanical devices such as
micro-actuators, micro-sensors, ultrasonic motors, micro-pumps, self-powered devices,
electro-mechanical sensing, mechanical energy harvesting and other various applications as

MEMS based device.?®** The performances of such devices are dependent on both the
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crystalline as well as the electronic properties of the material. It is reported that the I11-nitrides
grown along the c-axis [0001] with polar orientation lead to a huge amount of intrinsic
electric field, which degrades the efficiency of LEDs.?***? The presence of these internal
electric fields cause the separation of electron (e”) and hole (h) wave function (quantum
confined Stark effect), which reduces the rate of radiative recombination leading to the
reduction in the quantum efficiency and hence the performance of optoelectronic devices.
This is the origin for the interest in the growth of Ill-nitride crystals as well as the device
manufacturing along the non-polar orientations of the wurtzite structure, which do not possess
the internal electric fields and hence the efficiency of LEDs is expected to be improved.?*?’
Therefore, the crystallographic non-polar planes of m-plane (1-100) and a-plane (11-20) are
more favorable for device making compared to that of polar c-plane (0001) as shown in the
figure 1.1b. The studies included in the Chapter 3 of the thesis contain the catalytic assisted
growth of AlGaN nanostructures along the non-polar m-plane (1-100) as well as the self
catalytic growth of AlGaN crystallites along c-plane. In addition to that, the
electromechanical coupling characteristics of various ferroelectric and piezoelectric materials
can be studied using piezo-response force microscopy (PFM).3*? Therefore, the behavior of
this intrinsic electric field to the external bias voltage is understood with the PFM studies of

hexagonal AlGaN micro-rods which is included in the Chapter 4 of the present thesis.

1.1.3 Physico—chemical properties: Ill-nitrides

The group Il nitride semiconductors are intrinsically n-type in nature due to the non-
stoichiometry created by the N vacancies (V). High chemical stability, significant hardness,

and wide band gap energy allow them to be an excellent candidate for device operation at
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high temperatures and caustic environments. The major physico-chemical properties of GaN,

InN and AIN are compared with each other and tabulated (Table 1.1).24%’

Table 1.1: Comparison between the basic physico—chemical properties of wurtzite group 11 nitrides

Property GaN InN AIN
Lattice parameters; a (A) 3.188 3.539 3.110
c(A) 5.185 5.708 4.980
cla 1.627 1.613 1.610
Energy gap (eV) (at 0 K) 3.51 0.7 6.25
Exciton binding energy (meV) 23 9 57
Density (g.cm™) 3.255 6.095 6.18
Exciton Bohr radius (nm) 24 8 14
Breakdown field (MV.cm™) (at 300 K) 3.0 2.0 1.8
Electron mobility (cm2.V*.s™) (at 300 K) 1,400 4,000 -
Thermal conductivity (W.cm™.K™) (at 300 K) 2.3 0.8 2.9
Relative dielectric constant, (&) 8.9 15 8.5
Spontaneous polarization; P* (C.m™) -0.0339 -0.0413 -0.0898
Piezolectric coefficients; da; (pm. V') 1.9 7.6 54
diz (pm. V) -1.0 -35 2.1
dis (pm. VY 3.1 5.5 3.6
Refractive index (n) 2.7 for 353 nm  2.56 for 1 pm 2.58 for 220 nm

The Raman spectroscopy is used as the major characterization tool in the present
thesis. Therefore, it is customary to understand the basic vibrational properties of the group 111
nitrides. In the case of hexagonal lattice structure, group theory predicts eight sets of phonon

normal modes at the 7° point of the Brillouin zone center, Iacoustict! optical =
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(A1+Eq)+(A1+2B1+E1+2E,) (Schematic, Fig.1.2). Among them, one set of A; and E; are
acoustic phonon modes, while the other remaining six modes, namely A;+E;+2B;+2E,, are
the optical phonon modes. Because of the above mentioned polar nature of wurtzite crystal,
the A; and E; modes split into longitudinal optical (A1(LO) and E1(LO)) modes implying that
they are beating along the c-axis, and transverse optical (A;(TO) and E1(TO)) modes meaning

that they are beating perpendicular to the c-axis (along the basal plane).
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Figure 1.2 The schematic sketch of different vibrational modes for wurtzite I11-nitride structures.

Generally, the A; and B; modes represent the atomic vibrations beating along the c-axis,
whereas the other modes, E; and E, signify atomic vibrations on the basal plane. The A; and
E; modes are found to be both Raman and IR active, whereas the two E, modes are only
Raman active. The two B; modes are neither Raman nor IR active, therefore they are named
as silent modes. The details of the typical energy values in the spectroscopic units of cm™ for
different Raman phonon modes reported for the group Il nitride members are tabulated

(Table 1.2).25—27,33,34
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Table 1.2: Typical values of Raman shift for zone center phonons of group Il nitride semiconductors

Raman shift (cm™) GaN InN AIN
E,(low) or EZ'- 144 87 248
Ay(TO) 533 447 614
E/(TO) 558 472 672
E, (high) or EJY 569 488 660
Ay(LO) 734 588 894
E; (LO) 742 593 917
Bs(low) or B} 334 225 547
Bi(high) or BlH 690 576 719

1.1.4 Aluminium gallium nitride

The ternary alloys of wurtzite AlyGa;«N form a continuous alloy system in accordance with
the constituent elements present in it and generate a wide range of band gap with respect to
the small changes in the lattice constants. The compositional dependence of the principal band
gap of AlyGa;«N can be calculated from the following empirical expression: Eg4(x) = XEg(AIN)
+ (1-x)Eg(GaN) — bx(1—x); where E¢(GaN) and E4(AIN) are the known band gap values of
GaN and AN, respectively; x is the Al molar fraction, and b is the bowing parameter.”>*’ The
ternary alloy of InyGa;«N nanowires (NWSs) were grown with a tunable band gap in the range
of 1.1-3.4 eV, showing the emission from the near-IR to the blue/violet region.”>?>%" In order
to attain the applications in wide electromagnetic (em) spectral region, it is necessary to cover
the wavelength ranges again from near-UV to deep-UV region. The prominent candidate for
covering the UV and the deep-UV region is the ternary alloy of Al,Ga;«N with a wide and a

tunable band gap range of 3.4-6.2 eV.”'%%%" However, for making such optoelectronic
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devices operating at short UV wavelengths, alloy compositions with greater Al content are
required. The properties of these materials lie on the border between conventional
semiconductors and insulators, which adds an additional degree of complexity for the growth
and device manufacturing.*®®?" In the present study, we report a simple technique of
atmospheric pressure chemical vapor deposition (APCVD) for synthesizing AlIGaN NWs in
the catalyst assisted vapor-liquid-solid (VLS) process. We mainly focus in to the synthesis of
AlGaN NWs of different size and shapes as reported in the Chapter 3 of the present
dissertation.

As per the discussion included in the above section 1.1.2 the crystalline orientation
dependent characterizations and analysis of crystallites are very important. In the context of
understanding the crystalline orientation dependent properties of the cystallites, the Raman
spectroscopy is not only a very efficient non-destructive characterization tool for the phase
confirmation of the sample, but also the fact that the polarized Raman spectrum is capable to
investigate the crystallographic orientation in agreement with the selection rules.”>***® There
are several reports available for polarized as well as angular dependent polarized Raman
studies collected from a single spot on material.>>***° However, the polarized Raman studies
alone may not be sufficient to understand crystalline nature of the crystallites. Thus the
polarized Raman imaging corresponding to the peak intensities of allowed vibrational modes
throughout different crystal planes, may help us to predict the crystalline nature of the
material. We report, the polarized Raman spectra of a single AlGaN sub-micron sized
hexagonal crystallite for two different crystallographic orientations in the farfield
configuration in the Chapter 4 of the thesis. There are only few reports available for the

crystalline orientation dependent photoluminescence (PL) studies of group Il nitrides, which
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show the variations in optical properties with respect to the orientations of crystallographic
planes without any physical insight.**** The present investigations include the crystal
orientation dependent polarized PL studies to understand and elucidate the effect of
crystalline orientation on the optical properties of the AlGaN crystallite as described in the

Chapter 4.

1.2  Optical properties of group Il nitride nanostructures

The n- and p- type doping in nanostructures and its hetero-structures have enabled the
scientific community to tailor the properties of nanostructures for different photonic and
optoelectronic device based applications. The major types of these applications include LEDs,
photovoltaic cells, high electron mobility transistor (HEMT) and photo-detectors. The
tailoring and arrangements of 1D nanostructures strongly influence the optical properties,
which are explicitly related to the efficiency and the performance of the photonic device. In
general, the optical characterization of semiconductor nanostructures is described as the study
of the interaction between materials with the photon of the em radiations. The light-matter
interaction can occur in different ways, such as absorption, reflection, transmission,
refraction, luminescence, elastic and inelastic scattering as shown in the schematic sketch
(Fig. 1.3)."** The physical dimensions of the nanostructures show significant contributions to
the optical properties when their size in any direction is comparable to the de Broglie

wavelength of e’s or comparable with the exciton Bohr radius.
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Figure 1.3 The schematic sketch for the light-matter interaction for the semiconductor nanostructures.

The constraints (confinement) can originate from one (1D), two (2D), and three (3D)

dimensions of the nanostructures.***

1.2.1 One dimensional (Nanowires, Nanorods)

The NWs are 1D structure with diameters in the nanometer scale and lengths ranging from
several hundreds of nanometers to a few numbers of micrometers. Owing to their nanoscale
dimensions in the radial direction; they exhibit the bidirectional confinement effects and
unidirectional transport properties that can generate novel optoelectronic properties as
compared to that of the bulk materials.*** The 1D geometry of NWs provides an extremely
high surface area with a nanoscale radius of curvature.*? Furthermore, it also provides
anisotropic properties with respect to the light-matter interactions along the radial and axial
directions, which is an interesting topic from the point of view of nano-science and
technology.*®*® The NW length can be up to several micrometer scales, makes them easy to
give electrical connectivity and manipulations for device fabrication. In addition to the unique
aspects of their physical, chemical, and mechanical properties, the NWs can be used to handle

light on a nanometer scale and thus can be used as building blocks for advanced nano-
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optoelectronics.”* The properties of light handling and manipulations at nanoscale regime
mainly include Fabry-Perot mode stimulated emission, wave guiding of photons, random
lasing action, highly efficient luminescence, and extremely sensitive photo-detection and so
on.** The concept of light manipulations at nanoscale are used in the development of many
advanced NW-based optoelectronic devices including LEDs, lasers, optical sensors, photo
diodes, and photovoltaic cells.*>** In addition to that, the major advantage of 1D geometry of
NWs is the reduction of defect density such as threading and screw dislocations, generated by
the lattice and thermal mismatching with substrates or epitaxial layers.®?’ Scientific
researchers developed various 1D nanostructures such as nanotubes, NWs, and nanocones for
the Ill-nitrdes.”™ The optical properties of NWs can be influenced by its physical and
chemical states. Furthermore, the length and diameter of NWs as well as their alignment also
affect the emission and absorption properties.* In addition to that, the composition, impurity
or doping level, defect concentration, crystal structure, growth direction, and nature of the
facets are also critical to the spontaneous emission and/or stimulated emission and
absorption.***“® The study of the optical properties of an ensemble of NWs (Chapter 3) as

well as diffraction limited single NW (Chapter 6) is also included in the present dissertation.

1.2.2 Two dimensional (Thin films, Quantum wells)

The QWs are the 2D structures with a thickness in the nanometer scale. Similarly, the QWs
may exhibit the unidirectional confinement effects and bidirectional transport properties those
can be applicable in the various optoelectronic properties.***> An analogue to the
crystallography, the superlattice (SL) is termed as a ‘lattice of lattices’. Thus, any regular
pattern or sequence of semiconductor layered hetero-structures can be considered as a SL. A

QW is a hetero-structure of two or more semiconductor material in which one thin ‘well’
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layer is sandwiched by two other ‘barrier’ layers. Consequently, the difference in electronic
configurations in the semiconductor materials generates a finite ‘potential well’ in which
charge carriers posses discrete energy levels instead of a continuum, as compared to that of
the bulk. If the SL possesses a significant wave function penetration between the adjacent
wells due to the tunnelling effects, then the structure is called as a multi-QW (MQW).**?
Similarly, an analogous to the ‘bands’ in the crystal structure, if the QWSs are arranged very
close to each other with a thickness of the order of a few nanometers, then the significant
wave function penetration between the QWs may lead to the creation of overlapping states
representing the allowed continuum called as ‘mini-bands’ in the SL structures and are used
for current conduction in 2D. A few number of mini-bands generated in the SL injection
regions are forbidden for e” occupancy and are called ‘mini-gaps’.**>2

Generally, the c-plane oriented AlGaN/GaN or AlGaN/AIN hetero-structures create
some fixed charges at the hetero-interfaces due to discontinuities of P5" and P™* between
consecutive layers. The presence of sheet charges behaves as a 2D electron gas (2DEG) when
the AlIGaN layer has suitable thickness. In the case of electronic devices, the polarization
effects are beneficial as they give rise to 2DEG sheet charges. The typical value of the e
concentration in the 2DEG is of the order of 10 cm™ for the commonly used
Alg30Gag70N/GaN HEMT structures and hetero-junction field effect transistors.? In contrast,
for MQW based LEDs, the fixed sheet charges at the hetero-interfaces produce high intrinsic
electric fields (order of ~1 MV.cm™) and deteriorates its quantum efficiency and
performance. The SLs and MQWs of AlGaN/GaN with different Al percentages are used as
active region, buffer layers, carrier confining and electron blocking layers (EBL) to improve

the internal and external quantum efficiency of blue, UV and deep-UV LEDs and LDs.}>?
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1.2.3 The surface and interface optical phonon modes

The remarkable scope of applications and importance of group Il nitrides, as mentioned
earlier, motivated the researchers to establish almost all the characteristic features of these
materials including the detailed study of the phonon modes. The reduction of size in the
materials up to nanometre scale reduces the degrees of freedom for phonons leading to the
spatial confinement of the bulk phonon modes.**** It may also change significantly the
density of phonon states, responsible for the origin of surface and interface (IF) related
phonon modes.”*>* The frequency of such surface lattice vibrations are found in between the
transverse optical (TOq4=0) and longitudinal optical (LOg=0) phonon modes observed at
Brillouin zone center (wave vector, q=0).°>* The vibration of surface atoms, with amplitudes
confined near to the surface, decrease exponentially with depth and is named as surface

2% also known as Frohlich modes.>® The effect of surface—

optical (SO) phonon modes,
modulation-assisted e -phonon scattering is recommended for the major appearance of SO
phonon modes.”**® The SO modes are observed because of the breakdown of translational
symmetry of the surface potential due to the surface roughness or creation of periodic
structures. Similarly, the IF modes are observed owing to the formation of grating in the
surface of nanostructures.”™ The breakdown of translational symmetry of surface potential
corresponding to the periodicity leads to an additional crystal momentum that allows the
generation of some phonon modes away from zone centre (non-zone centre, q=0). The
identification of such SO phonon mode is difficult to be detected in the case of bulk materials
because of the constraint in the conservation of momentum due to their perfect crystalline

symmetry.>*®° Therefore, the nanorods (NRs) with surface perturbations may increase in the

intensity of SO mode frequency compared to that of the bulk crystals.>>*° It is also well
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reported that, the SO phonon mode frequency depends on the dielectric constant of the
surrounding medium (&,) as well as the shape, size, periodicity of saw tooth edges, density
and diameter modulation of the nanostructures.*® In the Chapter 5, we report the Raman
spectroscopic investigation of the SO phonon modes in 1D Alpg7GagosN NRs using
surrounding medium of different dielectric constants. The SO phonon mode frequencies are
calculated from the theoretically simulated dispersion curve of Alpg;GagosN NRs in the
presence of different dielectric media of air and CCl, to match with the experimentally
observed g=0 phonon modes in the Raman spectra. The Fourier component of the surface
potential, responsible for the formation of SO modes, are accounted due to the presence of
periodic surface modulations due to the presence of sharp edges at the corners of well-faceted
1D Alp9;Gag 3N hexagonal crystallites along with an array of row and column arrangement of
NRs in the sample.

Similarly, the approximation of negligible crystal-momentum transfer for the
backscattered waves, as in the case of bulk crystal, may not be true for certain phonon modes
of SLs or MQWs with a larger periodicity. Moreover, the semiconductor SLs, single-QW
structures, and MQWs are famous 2D systems because of the confinement of phonons and
charge carriers within a plane where the degree of phonon confinement is 1D, as the
confinement is restricted along one direction which is perpendicular to the SL plane.***°
528152 However, the behavior of the different optical phonon modes at the interface of MQW
structures and SLs are very exciting and speculating topic for the current scientific research
area of group Il nitride polar wurtzite structures. Owing to the boundary conditions for the
optical modes in the MQWs and the nature of parallel and perpendicular component of

frequency dependent dielectric constants in the quantum confined layers, the solutions of
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Maxwell equations can take different mathematical functional forms leading to four types of
optical phonon modes, namely, confined modes, IF modes, propagating modes and half-space
modes.®%2 The e confinement in the MQW structures also can influence the structural and
optical properties of the materials.***®> The additional momenta generated for creating non—
zone centre interface optical (I0) phonons can be absorbed by the periodic structure of the
lattices in terms of quantized units of 2m/A, where A is the periodicity of the SLs or
MQWSs.>*%3% Therefore, the nanomaterials such as 1D NWs, 2D MQWSs and SLs with a large
surface area contribute significantly towards the SO or 10 phonon signal as compared to that
for the bulk crystals.®*® In the Chapter 5, we also investigated the behavior of 10 phonon
modes in the Raman spectra of [AIN/GaN]y and [Alg35GagesN/AlgssGagasN]oo MQW
structures originating from the breakdown of translational symmetry of the surface potential
because of the presence of multiple periodic structures and IFs of MQWSs. The g value was
calculated in accordance with the wavelength (1) originated from the periodicity of MQW:s for
the 10 phonons and the corresponding required edge lengths (L) of 2D plates were
investigated using a theoretical simulation of the dispersion relation in the 2D MQW
structures. We also studied the change in 10 phonon frequency in the observed spectra with
respect to the difference in dielectric constant of the surrounding medium for MQW:s and bi-

layer thin film.,

1.3 Light—-matter interactions in the sub—diffraction regime
1.3.1 Spontaneous and stimulated emissions of nanostructures
A photon can be absorbed by a valence €, which then gets excited into the CB by leaving a

hole (h) in the VB in a process termed as absorption (Fig. 1.4a). Statistically e’s in excited
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states has a natural tendency to de-excite and lose their excess energy. Thus the natural
emission of a photon by means of the de-excitation of the system is known as the spontaneous
process. The corresponding emission of em radiation of light therefore called spontaneous
emission (Fig. 1.4b). In contrary, in the case of an absorption process, the e’s are promoted to
an excited state by absorbing a photon with a quantum of specific energy. It is not a
spontaneous process, as an € cannot jump to the excited state without the existence of an
external stimulus. The process of PL involves the absorption of incident photons which results
in the generation of an e-h pair and the emission of a photon with different energy after the
recombination of the e-h pair. The incident photons excite the e’s from the VB to the CB by

obeying the conservation of total energy and momentum (with negligible photon momentum

compared to that of e's).*>*°
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Figure 1.4 Schematic diagram of (a) stimulated absorption, (b) spontaneous emission, and (c) stimulated

emission in a semiconductor.

The recombination processes which yield the emission of photons are termed as
radiative recombination. If this process occurs without the aid of any other em field density,
then it is called spontaneous emission (Fig. 1.4b) or in other words, the transition probability
of spontaneous emission does not depend on the presence of other photons. In contrary, if the
e-h pairs are recombined to produce a photon emission in the presence of an additional em
field density of a suitable frequency, then it is termed as stimulated emission (Fig. 1.4c) in

which the frequency, polarization, phase, energy and direction of propagation are consistent
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with the stimulating photon. Therefore, the intensity of stimulated emission is proportional to
the electric field strength and photon population or in other words, the transition probability of
stimulated emission depends on the presence of other photons with the same energy. The
photon generated through stimulated emission goes on to amplify the em wave up to the
external pump source exist. If a recombination process that does not produce photons is
termed non-radiative recombination, in which the energy is exchanged with the lattice in the
form of heat through phonon emissions. Stimulated emission is the basis of laser operation, as
the name ‘laser’ implies the "light amplification by stimulated emission of radiation™.*>** The
stimulated emission occurs only in the presence of high photon densities needed for lasing
action cannot be maintained easily except in a waveguide cavity. Single-NW lasing action is
similar to that of a conventional Fabry-Perot cavity lasing except the cavity length of NW is
in the order of a few micrometer scales. The coupling efficiency of spontaneous emission of
NW and hence the light amplification of NWs depend on the size, shape, diameter, and its
different facet reflectivity. In general, the geometrical shapes suitable for the optical
amplification in the single-NW are hexagonal, triangular, or rectangular cross-sectional areas.
The particular shape of the NWs support to exhibit a specific set of sustainable guided modes
inside the NWs which may help for the optical amplifications.**°
The criteria to attain the optical amplification by means of stimulated emission leading to
lasing action from the NWs are;*

i.  The total output intensity of the emission spectra with respect to the external pump

power would show a superlinear increase above a threshold
ii.  The probability of the observation of sharp lasing peaks in the emission spectra above

the threshold
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ili.  The observation of the linear dependence of Av (mode spacing, the difference in
frequencies between the two adjacent modes) with 1/ (length of the NW)
iv.  The observation of the diffraction patterns showing coherence interference of light
from the end facets of the NWs
The ‘random laser action’ is the amplification of multiple scattering photons inside a
mirrorless disordered medium. It is reported that an assembled NWs can able to produce a
considerable amount of optical amplifications with a sufficient excitation power.** Therefore,
in the case of a random laser there is no restriction for the well defined facets for the
sustainable optical feedback. Furthermore, the optical amplification and lasing characteristics
of an ensemble of NWs is also dependent on the refractive index of the surrounding media,

dimensions and density of NWs.*

1.3.2 Photonic confinement

Imaging a nanostructure or focusing to a dimension in the sub-wavelength limit, using the
diffraction limited optical technique is a major achievement in recent times. The nanoscale
imaging in the sub-wavelength limit was boosted with the application of plasmonics.®®™
Surface plasmon resonance (SPR), originating from the coherent oscillation of conduction e’s
of noble metal nanostructures, excited by visible light, facilitates propagation of surface
plasmon polaritons (SPP) along metal-dielectric interface.®®™ The evanescent waves near to
the metal-dielectric interface assist the imaging or focusing of nanostructures in the sub-
diffraction length scale.®®’® The rate of interaction of a light emitting material with em
radiation can also be enhanced by keeping it in a micro-cavity. The spontaneous emission rate

is not only a material characteristic but also depends on the photon density (energy density of

the fluctuating em field) in the surrounding environment. The long lived interactive photons,
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enhances the photon density leading to increase in emission/absorption of light in the process
of Purcell enhancement.”>" Tightly confined light or trapped photons in between two
semiconductor or dielectric media with sizes comparable to the wavelength of the confined
light, increases photon density leading to the enhanced light-matter interaction, enabling a

range of non-linear applications. ¢8>

Two different types of optical feedback mechanism are reported for the optical
amplifications, one is coherent and the other one is incoherent feedback. The main difference
between them is that the coherent optical feedback preserves the phase information of the
scattered light whereas it is not preserved by the incoherent feedback mechanism. In the case
of coherent feedback mechanism, the scattered light returns to its original position through a
closed-loop path of light by means of several multiple scattering inside a random medium.
The stimulated emission is a coherent quantum mechanical effect and hence the photons
emitted are in phase with the photons that induce the transitions.*? It is possible to observe a
coherent random lasing from the high-density randomly assembled NWs because of the
strong 3D optical confinement. Whereas, in the case of vertically aligned NWs may possess
only 2D confinement of optical modes. Therefore, in the case of randomly assembled NWs
the overall scattering strength is higher than that of the vertically aligned NW arrays, leading
to better optical amplifications.* In the Chapter 6, we report the far-field spectroscopic PL
imaging of a single semiconductor AlGaN NW using the peak intensity of free excitonic (FE)
emission in the sub-wavelength scale. The PL emission intensity from a single NW is
observed to be strongly influenced by the proximity of other NWs; even though the separation

between the NWs is more than the excitation laser beam diameter. In case of the optical
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confinement effect, a non-zero non-equilibrium population of long lived photons is envisaged

to influence the increased PL emission intensity from the single NW.

Since the size and shape of the NWs affect the polarization anisotropy of optical

46-48,80

absorption and emission spectra, the polarized Raman scattering is known to be one of

the most prominent local probes for understanding the lattice dynamics of the crystalline

system and its crystallographic anisotropy.®"®

Raman spectroscopy, as an optical
characterization tool with extremely weak scattering cross section, is not a popular technique
to analyze scattered signal from a nanostructure with a dimension below the sub-diffraction
limit. In this regard, plasmonic assisted characterization tools, namely, surface and tip
enhanced Raman spectroscopy are the only relevant tools in the spectroscopic studies of
nano-scale objects in the sub-diffraction limit. In a far-field optical configuration, we report
the polarized resonance Raman spectra (RRS) of a single AlGaN NW of diameter ~100 nm,
using a monochromatic light source with a wavelength (1) of 325 nm using a near-UV
objective of magnification 40X having a numerical aperture (N.A.) of 0.50. As per the Abbe’s
diffraction limit (A/2N.A.), thus it is not possible to focus an object below ~325 nm in the
above mentioned optical configuration. The optical confinement of polarized light, which may
enhance the light-matter interaction between two semiconductor or dielectric media along
with strong e-phonon coupling in the polarized RRS are proposed to understand the
crystallographic orientations in the sub-diffraction length scale. The Raman studies of a single

NW in the sub-diffraction limit using confinement of polarized light are also presented in the

Chapter 6.
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1.3.3 Plasmonic confinement of light

A plasma system in metal consists of a fixed lattice of +ve ions coexisting with a gas of free e’
s, which exactly cancels the charge of the ions. The +ve ions at the lattice site will exert a
restoring force to oppose the displacement of the e cloud. As a result, the whole e gas
oscillates back and forth with respect to the fixed +ve ions. These oscillations are called
‘plasma oscillations’. Quantized unit of plasma oscillations are called as ‘plasmons’.*+6%°
The light-matter interaction in metallic nanostructures have opened to a new branch of
surface plasmon (SP) based photonics, called plasmonics.*®*% The SPs are originated due to
the collective oscillation of the free e’s at a frequency equal to the frequency of quantized
harmonic oscillation of e’s, (:(neezlmeﬁgo)%, where, ne is the carrier density, mgs is the
effective mass, e is the charge of an e and & is the permittivity of free space) about the fixed
+ve charge centers at the surface of metal nanostructures.®*®¢ The coupling of the incident em
waves to the coherent oscillation of free e plasma near the metal surface is known as SPP and
it is a propagating surface wave at the continuous metal-dielectric interface.2*® The em field
perpendicular to the metal surface decays exponentially and is known as evanescent waves
providing sub-wavelength confinement near to the metal surface. Matching of the incident
excitation frequency (w) of em wave with the plasmon frequency () of the e’s in metal
nanostructures, leads to an enhanced light-matter interaction, known as SPR.2%® In the
Chapter 6, we also studied the light-matter interaction of an isolated metallic Au nanoparticles
(NP; diameter ~10-150 nm) in the near-field regime by using the near—field scanning optical

microscopy (NSOM) technique with a laser excitation of 532 nm.
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1.3.4 Light at near—field regime

The light-matter interaction at the near—field regime in the vicinity of nanostructures is a very
interesting as well as challenging task in the scientific community. The Abbe’s diffraction
limit prevents conventional optical microscopes to possess a spatial resolution beyond the
value of ~A/2, with a maximum N.A. value of unity for the probing obje:ctive.87 Thus, even
for the visible light of A=400 nm cannot image nanostructures of size below 200 nm. The
NSOM assisted with the help of plasmonics is a unique tool to understand the light-matter
interaction in the near—field regime for optical imaging of nanostructures in the sub-
diffraction 1imit.5*° The light passing through the metal coated tip of NSOM probe with a
circular aperture of a few nanometers at the apex is capable of surpassing the diffraction limit.
In the near—field regime, the confined light with evanescent field components emanating from
the NSOM probe with higher momenta i.e., lower wavelength and velocity compared to that
of the normal light is not diffraction limited. Hence, it facilitates optical and spectroscopic

imaging of objects with nanometer scale spatial resolution.®”*°

The properties of nanostructure are quite sensitive due to its large surface to volume
ratio. Even though, the semiconductor NWs can be synthesized as single crystals, the NWs
may still contain many defects such as impurity atoms and surface states. Furthermore, it is
very difficult to understand the native defect states are distributed all over the NWs uniformly
or not. If the defect distribution is not homogeneous, the localized physical and optoelectronic
properties would be modified. Since the NW dimension is in the sub-diffraction limit, the
inhomogeneity must be investigated by a characterizing technique, which is able to record the
signals with a high spatial resolution. Near-field probes, specially designed for luminescence
characterization are suitable for the research on inhomogeneity in a single 1D semiconductor
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NWs. The NSOM is such a local probe technique based on optical excitation. In NSOM, the
diffraction limit can be overcome by proximal excitation. When the excitation light source is
very close to the sample surface, the diffraction limit is not established due to the formation of
near-field evanescent waves.***® In order to generate the evanescent waves at nearfield
regime, the incident light is generally guided to a position very close (order of few
nanometers) to the sample surface by using an optical fiber with a sub-wavelength sized
aperture. For an apertured-NSOM, the spatial resolution is determined by the size and
geometry of the aperture, not by the excitation wavelength. In NSOM, since the incident light
strongly interacts with the local region of the sample, there is the strong dependence of
luminescence intensity on aperture-to-sample distance.*****® By considering the importance
of AlGaN nanostructure in the optoelectronic applications as well as semiconductor
industries, it is also very important to understand the interaction of the AlIGaN NW with the
visible light. We also studied the light-matter interaction of an isolated single AlIGaN NW
(diameter ~120 nm) grown via VLS mechanism along with metallic Au NP catalysts
(diameter ~10-150 nm) in the near—field regime by using the NSOM technique with a laser
excitation of 532 nm, which is included in the Chapter 6. In order to understand the light-
matter interaction of AlGaN NW, we invoked the semiconductor band picture by analysing
the different energy states related to native defects with the help of PL measurement from a

single AlGaN NW.
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1.4 Objective of the thesis

The prime objective of the thesis entitled as the ‘optical properties of AlGaN nanostructures’

in a nutshell is listed below,

I.  Synthesis and characterization of 1D AlGaN nanostructures using the chemical vapor
deposition technique via catalytic assisted VLS as well as self catalytic VS growth
mechanism.

ii.  Investigations of orientation dependent polarized Raman and photoluminescence
studies on hexagonal AlGaN crystallites.

iii.  Identification and analysis of the surface and interface optical phonon modes in
AlGaN 1D nanorods and 2D MQW structures probed by the Raman spectra.

iv.  Study of the light-matter interactions of sub-diffraction limited semiconductor and
metallic nanostructures with the help of proximity induced photonic confinement and

the near—field scanning optical microscopy assisted evanescent waves.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES

“It doesn't matter how beautiful your theory is, it doesn't matter how smart you are. If it doesn't agree with

experiment, it's wrong” ...Richard P. Feynman

2.1 Introduction

The present chapter includes a brief report of the experimental techniques used for the
synthesis of AIGaN NWs and their characterizations to investigate the morphological,
crystallographic, structural, elemental, and optical properties. The 1D AlGaN NWs were
synthesized using the atmospheric pressure chemical vapor deposition (APCVD) system
through two different routes; catalyst assisted vapor-liquid-solid (VLS) as well as self
catalytic vapor-solid (VS) mechanisms. The depositions of Au catalyst thin films or islands
were carried out by physical vapor deposition (PVD) technique by means of an electrical
thermal evaporation system. The 2D multi-QW (MQW) structures of AlGaN were grown
with the help of plasma assisted molecular beam epitaxy (PAMBE). The electron microscopy
techniques, especially field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) were used for morphological and structural studies
of the as-prepared nanostructures. Furthermore, the elemental analysis of the samples was
performed by electron energy loss spectroscopy (EELS) and X-ray photoelectron
spectroscopy (XPS) techniques. The optical properties of AlGaN NWs were studied using
Raman and PL spectroscopy techniques. In addition, the piezoelectric domains of the AlGaN
hexagonal crystallites were studied using the piezoresponse force microscopy (PFM)

technique. Moreover, as an advanced technique for nano-science and nano-optics, the
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scanning probe microscopy (SPM) consisting of atomic force microscopy (AFM) and near—

field scanning optical microscopy (NSOM) were used to study the topography and near—field

light-matter interactions of the semiconductor NWs as well as metallic NPs.

2.2 Synthesis techniqu

€s

2.2.1 Physical vapor deposition techniques

2.2.1.1 Thermal evaporation technique

The thermal evaporation and subsequent deposition of material under consideration (mainly

metals) on the substrate is one of the important techniques among the PVD methods.* The

three major steps involved in this technique are the generation, transport, and condensation of

vapor phase of metals on the substrate under high vacuum (~10° mbar).! The schematic

diagram of a typical vacuum thermal evaporation system with necessary components is shown

in the figure 2.1.
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Figure 2.1 Schematic view of a typical vacuum thermal evaporation system.
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The evaporation of the metal is carried out at high temperature through electrical resistive
heating. Sufficiently high temperature can be generated by a heating element of W filament or
Mo boat by applying high voltage to the electrodes connected to the heating elements in the
high vacuum chamber. The Au catalyst metal film depositions for all the synthesis procedures
based on the VLS mechanism reported in this thesis were carried out in the high vacuum
thermal evaporation system (HINDHIVAC Vacuum Coater-12A4D) with the multi-source
evaporation and in-situ thickness monitor facilities. The important components of the system

are listed below.

A. Vacuum chamber: Bell jar type
B. Substrates: Si(100) and c-sapphire
C. Vacuum pumping system:
a) Rotary pump (ED-15, 250 L. min, 1 x 10 mbar)
b) Diffusion pump (OD-114D, 280 L. s, 1 x 10° mbar)
c) Vacuum gauges (Pirani and Penning Gauges); Maximum vacuum: 1 x 10°® mbar.
d) Primary current (Maximum): 100 A
D. Digital thickness monitor:
a) Quartz crystal thickness monitor, 0.1 A. s™ resolution,

b) Optimized thickness of the Au films used for VLS mechanism; 2 and 4 nm.

2.2.1.2 Plasma-—assisted molecular beam epitaxy

The MBE is a vapor phase epitaxy synthesis method where solid or gas precursor materials
are heated and evaporated using Knudsen effusion cells. A beam of atoms produced from

effusion cells were bombarded and subsequently deposited on the substrate, which could be
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rotated and heated to appropriate optimized growth temperatures as shown in the schematic
figure 2.2. In order to achieve the mean free path of the effused atoms larger than the
dimensions of the chamber and to obtain the deposited films with high purity, ultra-high
vacuum (10” Torr) is required in the deposition chamber.?® The growth temperatures of 600-
800°C are good enough to grow very thin layers which can fall in the quantum confined

region with fine control of composition.
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Figure 2.2 Schematic view of the PAMBE system used for growth of AIGaN MQW structures.

The precision of MBE technique depends upon the lower deposition rates of precursors and
in-situ monitoring of reflection high energy electron diffraction (RHEED) detector to control
the thickness of the film up to one atomic monolayer. The basic principle of RHEED is relied
on the wave nature of electron (e"). The interaction of e’s with the sample specimen according
to the crystal structure and the inter-atomic spacing at the sample surface leading to a specific
diffraction pattern is generated on the RHEED screen. The observed electron diffraction
pattern allows us to analyze the crystallography of the sample surface. Standard effusion cells
are used as sources of Ga and Al elements and plasma N, sources are normally employed as a

precursor for N. The plasma environment created in the plasma assisted MBE (PAMBE) by
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the radio frequency (RF) sources are used to energize the N, molecules, which then helps in

their dissociation. Atomic N is highly reactive enough to create compounds with evaporated

metal atoms of group Ill elements from effusion cells in the PAMBE system. The main

sequential steps involved in the PAMBE deposition process are adsorption, desorption,

surface diffusion, incorporation and decomposition.’

The major components of the PAMBE system are listed below.

A

B.

C.

2.2.2

PAMBE system ( VEECO Gen 930)

Effusion cells (for Al and Ga sources); Heating elements and substrate (c-sapphire)
Substrate degassing: Background vacuum level; ~10”° Torr, at a temperature of 500 °C
for 48 h.

Beam equivalent pressures (BEP) for Al and Ga; 4.7 x10® and 4.6 x10” Torr,
respectively.

Temperature for the nitradation of sapphire substrate and growth : 800 °C

Growth rate : 45 A/min

RF plasma source power: 350 W for growth and 400 W for nitradation of substrate

. Nitrogen flow rate: 1.7 sccm

Reflection high energy electron diffraction (RHEED) detector

Number of layers deposited for MQW structures in the present study : 20

Atmospheric pressure chemical vapor deposition

The desired material can be synthesized and deposited on the substrate by using CVD, after a

chemical reaction prior to the deposition. The main processes involved in the CVD method

are the generation, transport, absorption and chemical reactions of vapor phase species on the
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substrate surface.” Prior to the chemical reactions inside the CVD chamber, the transport of
the reactant vapor is created by the evaporation and decomposition of the precursors which
may be in the form of gas, liquid or solid phases. The transport of vapor phase species is
usually carried out by means of carrier gases, mostly inert gases or by the self movement of
reactive gaseous precursors. A schematic for the experimental setup of custom-built APCVD
system, used for the growth of AlGaN NWs or hexagonal crystallites reported in the present

thesis, is depicted in the figure 2.3 and its major components are listed below,

Pirmﬁ (~1 mbar)

Au coated Si substrate O2Ve¢ | (Rotary
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Mass Flow ,
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Figure 2.3 Schematic view of the APCVD system used for growth of AlGaN NWs.

A. High temperature two split zone vacuum tube furnace: (MTI-OTF-1200X-I11)
a) Heating elements: Fe-Cr-Al Alloy doped by Mo
b) Maximum temperature: 1200 °C
¢) Optimized growth temperatures:
910 °C (substrate) and 1100 °C (source; Al thin film)
d) Temperature controllers: PID automatic control; Temperature accuracy: +1°C

B. Vacuum pumping system:
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a) Rotary pump (Edwards, RV12, 1 x 10 mbar)

¢) Vacuum gauges (Pirani Gauges); Maximum vacuum: 2 x 10 mbar.
C. Gas delivery system:

a) Reactant gas: NH3

b) Mass flow controllers (Aalborg, MKS)

c) Optimized flow rate of NH3: 50 sccm
2.3 Morphological analysis: Field emission scanning electron microscopy

The electron microscopy is a field of science in which e” beam is used to form a magnified
image and more precise diffraction pattern of the material as compared to that of the
conventional light microscopes. The electron microscopy utilizes the advantage of
significantly short wavelength of the es which can be focused with the help of

electromagnetic lenses. The wavelength of an e can be calculated by,

Where, h is Plank’s constant, mq is the rest mass of the electron, e is the charge of the e and V

1
is the applied electric potential. The quantity (1+ ev ZJZ is the relativistic correction term
2m,c

applied when the incident e energy is >100 keV.> An accelerated beam of es with a high
potential difference impinges on the target material under consideration. The bombarding of
accelerated e” beam on the surface of the sample specimen results in a several number of
consequent elastic and inelastic interactions (Fig. 2.4a).° The deflection of e’s from the

nucleus or by outer shell e's of target atoms with similar energy results in the elastic
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scattering. The elastically backscattered electrons (BSEs), which are emitted through an angle
more than 90° posses energy comparable to the primary e beam. By convention, if the energy
of the emitted e’ is greater than ~50 eV, then it is considered as BSE. Whereas, in the case of
the inelastic scattering, a little amount of energy of primary e” beam is transferred to the target
atom. If the energy transferred to the target atom exceeds the work function of the material,
then it can knock out additional e’s, which can escape from the solid surface and are termed as
secondary electrons (SE). The energy of this SEs is less than ~50 eV. Most of the emitted SEs

are produced within the first few nm scale of the surface.
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Figure 2.4 (a) Schematic view of the several interactions occurs in a material due to the incidence of high energy

e beam. (b) Block diagram of a FESEM showing the major parts of the system.

By detecting and scanning the BSE and SE, the image formation can be carried out for the
topography and Z-contrast variations in the sample. The major components of a SEM are also
shown (schematic view, Fig. 2.4b). The morphological studies of the AlGaN NWs and
crystallites reported in the present thesis were carried out using FESEM (SUPRA 55 Zeiss)

with 30 kV source from a tungsten field emission tip.
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2.4 Structural analysis

2.4.1 X-ray diffraction

When an electromagnetic (em) radiation of wavelength (A) incident on a crystalline material
with a periodic lattice structure, then the diffraction of em wave occurs. Generally, the X-rays
possess a A (normally Cu-K, =1.54056 A), which is comparable to the dimensions of the
inter—planar spacing (d) of a crystal. Therefore, the X-rays are the commonly used em waves
to produce the characteristic diffraction pattern of material for the phase identifications. The
Braggs diffraction criterion for obtaining the interference pattern from the consecutive set of

lattice planes of the material is,®
2dSINO=NA ..ol (2.2)

where, @ is the angle of incidence and n is the integer representing the order of diffraction.
The each characteristic peak in the resultant diffraction pattern can be correlated to a set of
planes in a crystal lattice. The glancing incidence X-ray diffraction (GIXRD) is a technique
used to record the diffraction pattern of thin films, with a minimum contribution from the
substrate. In GIXRD, the penetration depths of the X-rays are restricted to ~10-100 A by
keeping the angle of incidence of X-ray at a very small value (<5°). The XRD pattern
obtained from the sample was compared with the powder diffraction file collected from
JCPDS-ICDD standards. In the present study, the as-prepared samples were analyzed with

GIXRD mode using the Bruker D8 Discover (Germany).
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2.4.2 Transmission electron microscopy

The TEM is capable of displaying magnified images of a thin specimen, typically with
a magnification of the order of 10° to 10° In principle, the TEM exploits three different
interactions of e beam with the target specimen; they are unscattered e's (transmitted/direct
beam), elastically scattered es (diffracted beam) and inelastically scattered e’s (Fig. 2.5).° The
transmission of unscattered e’s without any interaction with the sample is inversely
proportional to the specimen thickness. The thicker regions of the sample specimen leading to
the transmission of less number of unscattered e’s and the corresponding area of the sample
may appear as dark; conversely the thinner areas may transmit more number of e’s and the

image may appear as bright.
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Figure 2.5 The ray—diagram of a typical TEM showing the diffraction mode operation (left side) and standard

imaging mode operation (right side).
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Another part of the incident e’s that are elastically scattered by the atoms in the specimen are
then transmitted through the remaining portions of the specimen. All the diffracted e’s follow
the Bragg's law (Eqgn. 2.2), where d being the atomic spacing, & being the angle between
incident e’s and atomic planes of the specimen, A being the wavelength of incident e’s and n is
an integer. By selecting the diffracted beam from a selected area on the specimen, selected
area electron diffraction (SAED) pattern can be obtained. The SAED pattern is equivalent to
an X-ray diffraction pattern. A single crystal leads to a well arranged spot pattern on the
screen; a poly-crystal constitutes a ring pattern. Whereas, a glass or amorphous material
produces a series of diffuse halos. The major components of the TEM can be categorized into
the illumination system, the objective lens/stage, and the imaging system. By adjusting these
three components of TEM and selecting the appropriate scattered e beams from the specimen,
several types of TEM images can be obtained. General analysis of the samples can be carried
out by the different modes of the TEM, such as the bright field and dark field images, SEAD
patterns, high resolution TEM (HRTEM) and fast Fourier transform (FFT) images. Most of
the structural studies of the AlGaN NWs reported in the present thesis were carried out using

HRTEM (LIBRA 200FE Zeiss) with 200 kV FE electron source.

2.5 Elemental analysis

2.5.1 Electron energy loss spectroscopy and energy filtered TEM

The EELS involves the measurement of the energy distribution of e’s that can interact with a
sample specimen and loose its characteristic amount of energy due to the inelastic scattering.’
The inelastic scattering of incident e’s leads to several interactions in the specimen such as

inter— and intra-band transitions, plasmon interactions, ionization of core shell e’s (K, L, M,
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N) and plural scattering. In order to observe the characteristic energy loss of incident e’s
(typically 100 keV), the transmitted e” beam is directed into a high-resolution e” spectrometer
(Fig. 2.6). The spectrometer separates the es according to their kinetic energy and shows an e’
energy loss spectrum with the number of e's (scattered intensity) as a function of the decrease
in kinetic energy (KE, ~0-1500 eV).” The EELS spectrum is divided into two regions, low-
and high-loss interaction regions. The low-loss interaction regions possess typically 0-50 eV
energy loss, which consist of a zero-loss peak (0 eV), inter- and intra-band transitions (2-20

eV) and plasmon interactions (5-30 eV).
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Figure 2.6 (a) Ray—diagram of a magnetic prism in a plane perpendicular to the magnetic field. Solid lines
represent zero—loss e’s (E=0); dashed lines represent the es lost energy during transmission through the
specimen. (b) Block diagram of a TEM-EELS system having in—column second order corrected omega energy
filter.

Whereas, the high-loss interaction region (>50 eV energy loss) consists ionization edges of
core shells, energy-loss near-edge structure (ELNES) and extended energy-loss fine structure
(EXELFS). The EELS is preformed using a spectrometer based on magnetic prism (Fig. 2.6a)
attached to the TEM. A highly uniform magnetic field (B = 0.01 T) produced between two

parallel faces of an electromagnet in the magnetic prism, exerts a force F = evB on each e and
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bend the e’s into circular paths of radius R = (m/e)(1/B)v, where e, m and v are e charge,
speed, and relativistic mass, respectively. Depending on the kinetic energy (KE) of the e’s
entered into the magnetic prism, e’s are dispersed and collected by the detector to produce an
EELS spectrum. Instead of recording the energy-loss spectrum from a particular region of the
specimen, a magnified image of the specimen (or its diffraction pattern) can be displayed at a
selected energy loss. This can be carried out by filtering the e’s either by using a narrow slit
inserted at the spectrum plane or by changing the spectrometer current, to form an EFTEM
image. The major components for the EELS and EFTEM imaging in a TEM system with in-
column imaging filter are shown in a schematic view (Fig. 2.6b). The EELS and EFTEM
studies of the AIGaN NWs reported in the present thesis were carried out using a TEM
(LIBRA 200FE Zeiss) with 200 kV FE e source and in-column second order corrected omega

energy filter type spectrometer with an energy resolution of 0.7 eV.
2.5.2 X-ray photoelectron spectroscopy

The XPS works based on the process of photoemission (Fig. 2.7a) in which e is ejected from
a core level of an atom in the specimen by an incident X-ray photon of energy hv.® The
energy of the emitted photoelectrons is then analyzed by the e spectrometer and the results
are plotted as a graph with intensity (counts or counts/s) versus e energy. The discrete KE of

the photoelectrons ejected is given by the relation,
KE=hv-BE- ¢ e e ns (2.3)

Where, hv is the quantum of energy of the incident photon, BE is the binding energy of the e
and ¢ is the work function of the material. The photon absorption is an instantaneous process

and takes place within the time span of 10™®s. If the quantum energy of incident light; hv is
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less than BE +¢, no photoemission process will be initiated. As the BE decreases, the KE
energy of the photoelectron increases. The intensity of the photoelectron emission is
proportional to the intensity of incident photons. By analyzing the KEs of the photoelectrons,
the BE of the photoelectrons and corresponding energies of the electrons orbitals can be
calculated. Since the energies of various orbitals are characteristic feature of an element,
based on the BEs of the emitted photoelectrons, one can identify the elements present in the

material.
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Figure 2.7 (a) Schematic view of the X—ray induced photoelectron emission process. (b) Block diagram of the

XPS setup with major components.

The major components of an XPS system are shown in the schematic (Fig. 2.7b). In the
present thesis, XPS studies on AlGaN crystallites were carried out using an X-ray source of
Al-K, (1486.6 eV) along with a hemispherical electron energy analyzer, and the BE values
were measured by referencing with respect to the C 1s peak. The spectra were processed by
applying the Shirley type background and curve fitted with a mixture of the Gaussian-

Lorentzian line shape.
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2.6 Optical characterization techniques

2.6.1 Raman spectroscopy

The Raman scattering is an inelastic scattering of the light by elementary excitations such as
phonons and plasmons present in the materials or molecules. When a beam of light with a
frequency of @ is impinging on a material, most of the light gets scattered elastically (without
change in energy).”*® A small fraction of light is scattered inelastically (with change in
energies) with frequencies @ = an, Where @, are the characteristic vibrational frequencies of

the e” cloud in the material (phonon frequency).
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Figure 2.8 Schematic view of (a) the elastic and inelastic scattering of incident light with the material (b)

Emission (Stokes) and (c) Absorption (Anti—Stokes) of phonon.

The spectral bands with frequencies a —ay, are called Stokes Raman modes, whereas the
spectral bands with frequencies e +an, are called anti-Stokes Raman modes. Thus, the energy
differences between the incident and the Raman scattered photons are equal to the frequencies

() Of lattice vibrations or phonons.

2.6.1.1 Quantum theory of Raman spectroscopy

The quantized lattice vibrations are called phonons. There exist a several discrete excited

states (Fig. 2.8a) above the ground state corresponding to the different vibrational modes of a
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material. When an incident photon with energy %w, and momentum #k; undergoes inelastic
scattering, a phonon of energy Zwm, and momentum 7#gq is either emitted or absorbed in the
lattice of the material. However, the total energy and momentum before and after the
scattering is conserved. At the stage of the creation of a phonon (Fig. 2.8b), the lattice goes to
a higher excited vibronic state from the ground state by the absorption of energy from the
incident photon. Conversely, in the phonon absorption process (Fig. 2.8c), lattice returns to
the ground state from the vibronic excited state by releasing energy. The energy and
momentum conservation demands the following conditions for the above mentioned light

scattering processes,***
Ras=hant ham: Bks=BRERG oo (2.4)

where, has and fiks are the scattered photon energy and momentum, respectively. Moreover,
the +ve sign in the equation 2.4 indicates a phonon absorption (anti-Stokes, ks=k+q,
ws= o+ wn) Whereas, the —ve sign indicates a phonon emission (Stokes, ks=ki—0, &s=m—an).
The magnitude of the scattering vector g depends on the scattering angle (Fig. 2.8b and

2.8¢);%™

|q| = ‘lzl _lzs

; |d] =2‘E,‘sin(§) e (2.5)

where 4 is the scattering angle. Thus, for a Raman scattering measurement performed in the

back scattering geometry, [q|= Z‘IZ, ‘ Hence, the maximum value of g that can be achievable in
Raman scattering (for UV-visible, IR light) is [g| = 2‘12,‘, which is of the order ~10° cm™. This

value of g is very small compared to that of the dimension of the Brillouin zone boundary in a
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typical crystal (~10® cm™). Moreover, the momentum transfer from a photon to a phonon is
comparatively negligible. Therefore, only the zone-center phonons will be Raman active
(first-order Raman scattering, g = 0) or in other words the Raman scattering is capable to
probe only the near zone-center phonons. However, the reduction in the dimension of
material, especially in the case of nanostructures, the momentum conservation is often
relaxed. In such situations, the non-zone centered (¢ # 0) phonons can be Raman active (e.g.
surface and interface optical phonon modes). The relaxation of Raman selection rule may also
lead to the higher—order Raman scattering. The higher—order Raman scattering related to the
continuum of phonon density of state and the specific higher—order scattering process e.g.,
overtone and combination modes. Generally, Raman scattering intensity | can be expressed

as:

(o, o |6, R

2 1
2E “hoE, <)

where, E, and Ej are the energy of the intermediate states available e.g., band gap energy,
exciton, impurity state levels and others. R is the Raman tensor with respect to the scattered
(&) and incident (€, ) lights polarization vectors, respectively. In the equation 2.6, the first
term represents the radiation due to dipole transition; the middle term is related to the change
of polarizability and the crystal symmetry, while the last term contributes to the resonance
effects. Moreover, from a quantum mechanical theory, the ratio of the intensities of Stokes to

anti-Stokes scattering events are given by °

lis - (w' _a)m)4 exp{hw’”J (27)
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where kg is the Boltzmann constant and T is the temperature in Kelvin. Therefore, it is
obvious from equation 2.7 that the population of phonons in a material in the ground state is
much larger than the first excited vibronic state and hence the Stokes bands are more intense

than the anti-Stokes bands, at ambient conditions.

2.6.1.2 Polarized Raman spectroscopy

Generally, the spectroscopy is a measure of the light-matter interaction. Among them, the
polarized Raman spectroscopy is capable to provide crucial information about the crystal
structure of the sample specimen. When the light is incident on the matter, the overall
interactions of phonon mode are the resultant of the cumulative effect of all the em
polarization states. When a material is exposed to linearly polarized light, the interactions may
differ from that of with the depolarized light with respect to the material orientation relative to
the polarized light axis. A typical polarization experiment includes the investigations of the
interactions of the sample specimen with linearly polarized light. The two major steps
included in the polarization measurements are, the collection of a spectrum with the light
polarized along one axis, and then a subsequent recording of a second spectrum with the
linearly polarized light rotated perpendicular to the first axis. The Porto notation depicts the

configurations for the incident and scattered propagation as well as electric polarization

vectors, respectively. Essentially, the Porto notation consists of four terms as follows:*'*2
ki = direction of propagation of the incident laser
ki(eies)ks ; e =direction of electric polarization of the incident laser ...(2.8)

es = direction of electric polarization of the scattered Raman

ks = direction of propagation of the scattered Raman
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The terms outside the parentheses (Eqn. 2.8) define the propagation direction of the incident
laser beam and the outgoing Raman scattered signals. Whereas, the terms inside the
parentheses indicate the electric polarization direction of the incident and Raman scattered
light. In case of the isotropic sample specimen, the recording of just two polarization
measurements is sufficient enough to analyze the crystallographic information of the material,

1. Analyzer aligned parallel to the laser electric polarization axis, z(xx)z or z(yy )z

2. Analyzer perpendicular to the laser electric polarization, z(xy )z or z(vx )z

Whereas, in case of the anisotropic sample specimen, there are four polarization tensors for
analyze to get crystallographic information with a Raman microscope. They are,
. Z(XX)Z ; laser polarized parallel to an X axis; analyzer set to pass X polarized light
. Z(vy

1

2 )Z ; laser polarized parallel to a Y axis; analyzer set to pass Y polarized light
3. zZ(xy)
4, )

Z ; laser polarized parallel to an X axis; analyzer set to pass Y polarized light
Z(vx )z ; laser polarized parallel to a Y axis; analyzer set to pass X polarized light

Therefore, in the case of an anisotropic or unknown sample, it is recommended to record the
Raman spectra with all the above mentioned four polarization configurations. A 3D frame of
reference can be used to describe the orientation of incident light with respect to that of the
target sample specimen. The electric field component of the em light can be resolved into
three mutually perpendicular orientations namely Ey, Ey, and E,. Similarly, the polarization
vectors of the sample can be resolved into Py, Py, and P, to describe the dipole induced by the
light in the target material. The electric field and polarization vectors are related by a 3x3

matrix called the polarization tensor,”***°

P, Ay Ay Ay, || E, Po=auE +a,E +a,E,
P,|1=la, a, a,|E,|; P =a,E,+a,E +a,E, .29
Pz 275 zy a,, Ez Pz = aszx + azyEy + a, Ez
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where ay is the component of poalrizability for an incident x polarized light and the molecule
polarization along the x axis. Similarly, the other coefficients in the tensor represent the
respective poalrizability components along other possible orientations. From the above
equation 2.9, it is obvious that the induced dipole in one direction depends on all the three
components of electric field vectors. An oscillating dipole can radiate the em waves, but it
cannot scatter light along the same axis of the dipole oriented itself. Therefore, if the Raman
signals are collected with backscattering geometry (along z-axis), then it can be considered as
E, = 0 for the different polarization configurations. Moreover, the light scattered due to Py and
Py are only collected by the detector. Therefore, in the backscattered configuration of Raman
spectrometer, the equation 2.9 can be reduced to:**?*°

P=a,E +a,E, P,=a,E,+a,E, ... (2.10)
Moreover, the corresponding intensity of scattered light is proportional to the square of the

induced dipole along the respective directions as,

22
waykEl +a,a,EE +a,a,EE,

| ooaZ B2 + aya EE, +a,a,EE +alEL +ay Bl ..(2.11)

Similarly, if the excitation laser is linearly polarized along one axis, the corresponding term
goes to zero. Thus, for a y-polarized laser: E; = 0, Ex = 0, and E, #0, equations. (2.11) reduce
to the following (along with the corresponding Porto notations):**%°

looaZ B2 (Z(YX)Z) looal B2 (Z(WY)Z) oo (2.12)

On the other hand, if the excitation laser polarization is flipped into the x axis, then E, = 0, Ey
=0, and E, =0, and then equation. 2.11 reduced to the form of

l,oaZEZ (Z(xX)Z) ; lyooas EX (Z(XY)Z) wovvveiiiiiiiinn s (2.13)
Therefore, the equations 2.12 and 2.13 constitute the possible four polarization measurements
available in the Raman microscopic system used in the present study.
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2.6.1.3 Depolarization ratio

The ratio of the intensities of Raman modes in the perpendicular to the parallel polarization
configuration is known as the depolarization ratio.****® The depolarization ratios for a light

polarized along either the y- or x-axis and propagating along z-axis are given below,

22
E,=0,Ex=0, and E,#0; p:Li:Lx:a;vExz
I|| Iy anyy

................. (2.14)
| | =
E,=0, E, =0, and E,=0; — b Y Ty
S " P, T, T g

Therefore, it is necessary to measure the depolarized (non-polarized) spectrum to completely
analyze the crystalline nature of the sample specimen. It is well known that, for a depolarized
(non-symmetric) vibrations, p = 3/,. Whereas, in the case of polarized vibrations (totally
symmetric), it is 0 < p < %,.°'?™ The normal and polarized Raman scattering studies on
AlGaN nanostructures, reported in this thesis, are carried out using a micro-Raman
spectrometer (inVia, Renishaw). All the major components are reported below along with

available facilities of the system assisted with the block diagram (Fig. 2.9).
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Figure 2.9 Block diagram of a typical Raman setup with major parts, used in the present studies.

The major components of a Raman spectrometer are listed below,
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A. Lasers: Ar* laser with 514.5 and 488 nm (Total power ~ 150 mW), He-Cd Laser (UV-
325 nm, Power 50 mW), and 785 nm NIR laser.

B. Microscope and lenses (Leica): Backscattering configuration, standard and confocal
mode, x5, x20, x50, X100, x15 (UV), and x40 (UV) lenses

C. Rayleigh rejection filter: Edge filter

D. Monochromator: Gratings; 600, 1800, 2400, and 3000 gr.mm™

E. Detector: Thermoelectrically cooled CCD and InGaAs detectors

F. Additional facilities: Liquid N, stage (Linkam THMS 600) for low temperature
measurements, motorized XYZ stage with 100 nm XY step size resolution (Renishaw,
MS20), for imaging and sample movements. The polarized Raman imaging was
performed by integrating intensities corresponding to the allowed Raman modes with
respect to the different scattering polarization configurations. The collected intensity is
essentially the peak intensity distribution of a particular wave number corresponding to

the allowed Raman modes collected over a predefined area and grid resolution.

2.6.2 Photoluminescence spectroscopy

The PL is a process of re-emission of light by a material after the absorption of photons ()
with higher energy than the band gap (Eq=%) of a semiconductor.'®*® The PL is a radiative
recombination process of e’s and holes (h) or excitons (e-h pair) in the semiconductor which
continues for a period of the external optical excitation process. If the excitation photons of
energy is higher than that of the E4 of the semiconductor, then the e’s get excited from the
ground state (valence band, VB) to a higher energy state (conduction band, CB) through the

absorption of photons (Fig. 2.10). After some energy loss by means of non-radiative
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transitions (relaxation), the excited e’s returns to the ground state with an emission of photons

(recombination) of energies lower than the excitation photons (Fig. 2.10).

eleclronxx\/ V \/

ho 9, non-radiative | — ho :
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Exc1tat1on Relaxation Recombination

Figure 2.10 Schematic view of the PL processes in a direct band gap semiconductor.

The momentum conservation of the radiative recombination process of e’s and holes

or excitons demandsk, —k, =K., ~0, where, k,,k, and K, being the wavevetors of e’s,

photon photon
holes and photons, respectively. The long range Coulombic interaction between the es and
holes creates an exciton which travels through the crystal lattice with a wave vector value of

K =k, +k, . The maximum light-matter interaction in terms of the exciton and radiation field

occurs only when the value of exciton polariton momentaK is comparable to that of k...

Therefore, if the semiconductors satisfy the conditionK ~k . then the exciton in the crystal

photon
can couple efficiently to the photons of em field and give light outside the crystal. Moreover
in the case of wurtzite group Il nitrides, when an exciton polariton propagate other than the
[0001] direction, there are possible observations of some crystal orientation dependent effects
linked to the birefringence of wurtzite structure.*®*°

The luminescence property of a semiconductor material also can be affected by the
presence of native defects, impurity, dopants and absorbed molecular species. In the case of a
direct band gap semiconductor with low carrier density, the PL intensity can be expressed

aS,10'16
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ho, —E
|F.L:(ha,,_5g)%exp[_ “’llT QJ ................. (2.15)
B

where the first term arises from the joint density of states in the interband transition and the
second factor corresponding to the Boltzmann distribution of the e’s and holes in the solid.
The luminescence efficiency of direct band gap semiconductors is relatively higher compared
to that of indirect band gap materials. The PL studies on AlGaN structures, reported in this
thesis, are carried out using the same setup used for the micro-Raman measurements (inVia,
Renishaw) (Fig. 2.9), by choosing the He-Cd laser source (325 nm), long pass filter for

rejecting the source wavelength, 2400 gr.mm™ grating and a CCD detector.

2.7 Scanning probe microscopy

2.7.1 Atomic force microscopy

The AFM is one of the members of SPM systems used for the study of topography related
information of a sample with an order of atomic scale spatial resolution. The AFM probes
consist with a sharp tip of the order of 100 A used for probing the tip-sample interactions.'’
There are several interactions possible to contribute the deflection/natural frequency of an
AFM cantilever. The common force associated with AFM interaction is inter atomic force
called as the van der Waals force and it varies with distance between the tip and the sample
(Fig. 2.11a). The three modes of operations, available in the AFM setup (contact, non-contact
and intermittent), can be selected by choosing the three different regimes of forces between
tip and sample.'” The major components commonly involved in the SPM systems are shown

(schematic, Fig. 2.11b)
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Figure 2.11 (a) Interaction force Vs distance between tip and sample. (b) Block diagram of general SPM system

with major components.

The AFM used for the studies on AIGaN NWs, reported in the present thesis, is from a
SPM system (Nanonics, MultiView 4000; Multiprobe imaging system). The MultiView 4000
uses normal force tuning fork technology with a high Q-factor and phase feedback to allow
the control of probe/sample separation. Tuning forks in normal force mode with phase or
amplitude feedback permit high performance and ease of operation for AFM imaging in
intermittent mode. The AFM tips are glass-based probes. Unlike standard piezo scanners that
keep probes separated, the 3D flat scanner with excellent AFM resolution, large vertical
(axial) displacement of up to 100 um for sample scanning and up to 30 um for tip scanning, is

used in this system.

2.7.2 Piezo-response force microscopy

In order to measure the piezoelectric properties of the ferroelectric or piezoelectric materials
using contact mode PFM, a conductive AFM tip was employed. The schematic represents the
PFM measurement set up (Fig. 2.12a). The working procedure of it includes two main steps.
The first step is the polarization in a predefined area of the sample by using a DC bias voltage,
and the second step is to detect the magnitude of the piezoelectric response by means of AC

electric fields. In the second step, to detect the magnitude of the induced piezoelectric

83



Optical Properties of AlGaN Nanostructures | 2016

response, the AFM tip was connected to a lock-in amplifier with PFM configuration. An
external DC (Vg) bias and an AC voltage [Vaccos(wt)] were then applied between the
cantilever and the grounded substrate for activating the piezoelectric domains and probing the
feedback, respectively. As a result, cantilever displacement occurs due to the piezoelectric

effect as governed by the relations given below

V = Vyct+ Vg cos(wt) AZ = AZyc+ AZyc cos(t+ @) .ooooonvnnnn..... (2.15)
(c)
(a) z
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Figure 2.12 (a) The schematic representation of a typical PFM measurement setup. The different polarization
configurations with respect to the crystalline orientations for (b) E parallel to P** (c) E anti—parallel to P*" (d)

and (e) E making an angle with P,

By applying the voltage between the sample surface and the AFM tip, an external electric
field was setup across the sample. The sample would locally enlarge or contract according to
the electric field due to the electrostriction, as an ‘inverse piezoelectric’ effect. When the
initial spontaneous polarization (PF) of the electrical domain of the measured sample is
perpendicular to the sample surface, and parallel to the applied electric field (E); the domains
experience a vertical expansion. Since the AFM tip is in contact with the sample surface, the
increase in domain size bends the AFM cantilever and pushes it up. It results in the increase

of tip deflection compared to the position before applying the electric field (Fig. 2.12b). On
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the contrary, when the domain contracts and it results in a decreased cantilever deflection if
the initial domain polarization is anti—parallel to the applied electric field (Fig 2.12c). The
magnitude of change in cantilever deflection, in such situation, is directly related to the
amount of expansion or contraction of the sample electric domains, and hence it is
proportional to the applied electric field.®®* Thus, the amplitude of the PFM response is
proportional to the strength of the piezo-response and the phase signal is the representative of

the polarization direction of the samples below the probe tip (Figs. 2.12d and 2.12e).

In the present study, a pre-defined 10 x 10 pm? area was selected for PFM imaging
and an external bias voltage of +5 V and -5 V were applied between the tip and the bottom
substrate. A diamond like carbon (DLC) coated stiff cantilever with a resonant frequency of
256 KHz and a stiffness constant of 11.5 N-m™ was used as an AFM tip (with a cantilever
dimension of 100 x 35 x 2 um) in the contact mode for inducing the polarization in AlGaN
microrods. The deformations in the crystal surfaces are detected by the AFM tip through the
optical laser beam path and with the help of a four-quadrant photodetector. The lock-in
amplifier deconvolutes the induced signal on the cantilever to measure the amplitude and

phase difference (¢) with respect to the input AC voltage.
2.7.3 Near-field scanning optical microscopy

The near—field scanning optical microscopy (NSOM) or SNOM is a microscopic technique
used to investigate the light-matter interaction of nanostructures in the sub diffraction regime
by using the advantages of evanescent waves (or confined light) which surpass the
conventional farfield resolution limit. The production of evanescent waves can be achieved

with the help of either by plasmonics or by the use of sub-wavelength apertures coated with
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noble metals such as Au, Ag or combination of both. The evanescent waves emanated from
the apertures/probe with higher momenta i.e., lower wave lengths and velocities compared to
that of normal light can be used for achieving the high resolution by placing the detector very
close (nearfield regime, smaller than wavelength ) to the sample specimen surface. This
allows us to record the light-matter interactions with high spatial, spectral and
temporal resolution.?®#" In this technique, the resolution of the image is determined by the size
and geometry of the aperture probe and not by the A of the excitation light. The NSOM
provides simultaneous measurements of the topography and optoelectronic properties of
nanostructures with high spatial resolution in the sub-wavelength regime. The detailed
schematic of experimental set up used for recording the light-matter interaction of AlGaN
single NW is shown (Fig. 2.13). The NSOM (MultiView 4000; Nanonics, Israel) imaging of

nanostructures was used to understand the interaction with 532 nm laser (~ 2.33 eV).
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. wave
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Figure 2.13 The schematic experimental setup for NSOM imaging of AlGaN NW and Au NPs with the near—

field excitation and far—field collection configuration.
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In order to perform an NSOM/SNOM experiment, with near—field excitation and far—
field collection configuration (Fig. 2.13), a point light source emanated through the probe at
the near—field regime would be scanned over the surface of the sample specimen with proper
feedback and the propagating optical signal emitted from the sample surface due to the dipole
radiation would be detected at the far—field. A band pass filter (532 nm) was employed to
extract the excitation laser after the light-matter interaction and before reaching the light to
the detector in the far—field configuration. We used an optical fiber with a circular aperture
and metal (Au/Cr) coated probe with a tip apex (aperture) diameter of 150 nm for near—field
excitation of laser light. The optical fiber coated with Cr and Au to avoid leakage of optical
power, was used to enhance the optical transmission and confine the light to the sample
surface. The scanning was performed either by using the NSOM probe or motorized XY
sample stage with very precise special resolution controlled with the help of inbuilt sensors
and piezo-drivers. The same probe was used as an AFM tip for simultaneous scanning to
record topography along with the NSOM image of the sample with the tuning fork feedback
mechanism. The major components commonly involved in the NSOM systems are shown

(schematic, Fig. 2.13)

2.8 Summary

The APCVD, PAMBE and vacuum thermal evaporation systems, used for the growth of
nanostructures, are described. The experimental techniques, utilized for the study of AlGaN
nanostructures reported in this thesis, are also described briefly with the basic principle, major
components of the apparatus, and their technical specifications with schematic or block

diagrams.
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CHAPTER 3

GROWTH OF AlGaN BY CHEMICAL VAPOR DEPOSITION

TECHNIQUE

“Building art is a synthesis of life in materialised form. We should try to bring in under the same hat not a

splintered way of thinking, but all in harmony together” ...Alvar Aalto

3.1 Introduction

The 1D NWs of AlGaN with high aspect ratio lead to strain relaxation without formation of
dislocation in the material, which finds enormous utility in a variety of optoelectronics
applications.”® Along with NWs, the sub-micro and microstructures are also used for the
development of room-temperature continuous wave emitters via high-Q whispering gallery
modes (WGM) which are applicable for LDs.**®

Therefore, by considering the importance of 1D Ill-nitride nanostructures, the present
chapter describes the growth process of wurtzite AlIGaN NWs with various size and shape
using atmospheric pressure chemical vapor deposition (APCVD) technique via a vapor-
liquid-solid (VLS) mechanism. The role of distribution in Au catalyst nanoparticles (NPs) on
the size and shape of NWs is investigated. The optimization of flow rate for reactant gas
(NH3) and decomposition temperature on the morphology of NWs during the growth process
are also discussed. Furthermore, the description of self-catalytic growth of NWs, as well as
hexagonal shaped nano, sub-micro and microrods via a vapor-solid (VS) mechanism are

included.
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3.2 Vapor-liquid—solid mechanism: Growth of nanowires

The VLS growth mechanism,®? involved in the present study is described as follows. The
two independent zones of the reaction chamber were maintained at optimized temperatures of
1100 and 900 °C, respectively. The evaporation of Al and participation of Au as catalyst in

the growth process took place in the respective subsequent reaction zones (Fig. 3.1).
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Figure 3.1 The schematic diagram for the Au catalytic VLS growth mechanism of the AlGaN NWs.

A thin film with an average Al metal thickness of 50-100 nm was used as the source for Al.
The Au coated on Si(100) substrate was used as catalyst for the growth of NWs in the VLS
process. The Ga precursor was also kept in the zone with a constant temperature maintained at
900 °C. At the optimized growth temperatures, the metallic Al evaporated from the first zone
and Ga metal evaporated from the second zone interacted with molten Au catalyst NPs to
form ternary liquid Al-Ga-Au alloy droplets. Similarly, the atomic N liberated from the
decomposed NHj; reacted with the constituent elements present in the ternary Al-Ga-Au liquid
alloy leading to the phase formation of AlGaN.° Once the alloy system reached its solubility
limit by N incorporation, the supersaturated AlGaN phase was precipitated at the interface of

Au NP-Si(100) substrate driving the 1D growth of NWs.%*°
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3.2.1 Effect of number density of Au NP catalyst in the VLS growth

The differences in morphology of NWs were achieved by varying the number density
distribution of Au NPs on the Si(100) substrate. The subsequent morphological investigations
of different types of as-grown NWs are shown in the figure 3.2. Well dispersed sample (Fig.
3.2a), was synthesized on Si(100) substrate with Au catalysts coated with an evaporation time
of 5 min. Moreover, a uniform size with an average diameter of 100(£10) nm was also
observed for the NWs. The mono-dispersed NWs with smooth morphology are spread all
over the substrate and the size of the Au catalysts NPs is marginally higher than the diameter
of the NWs (outsets of Fig. 3.2a). Furthermore, the Au NPs which took part in the VLS
growth process of the NWs were well separated and were having a uniform size of ~120 nm.
However, some of the Au NPs with smaller diameters did not participate in the VLS growth
process (outsets of Fig. 3.2a). The low magnification image of the NWs synthesized on
Si(100) substrate with Au catalysts coated with an evaporation time of 10 min is shown in
the figure 3.2b. The dense and non-uniform size distributions of NWs are clearly observed all
over the substrate. The high resolution image of the non-uniform NWs with diameters in the
range of 50-150 nm is shown at the outsets of figure 3.2b. Moreover, a dense distribution of
Au catalyst NPs with diameters in the range of 10-100 nm, used for the VLS growth of
AlGaN NWs, is shown in the inset of one of the magnified FESEM images. It is obvious that
all the Au catalyst NPs participated in the growth process leading to the dense distribution of
NWs all over the Si(100) substrate. Furthermore, NWs were found to grow with triangular
shape in cross-section. The high resolution FESEM images of the NWs show very smooth
surface morphology with Au catalyst NP at the tip. The size of the triangular shaped NWs is

higher than the size of the Au NPs observed at the tip.
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Figure 3.2 NWs synthesized with Au catalysts coated on Si(100) substrate with an evaporation time of (a) 5
min, the outsets showing high resolution images of the cylindrically shaped NW with Au NP at the tip of the NW
as indicated by dotted circles. Along with these NWs, size of the Au NPs visible in this high resolution image
itself. (b) 10 min, the outsets showing high resolution images of the triangular shaped NW with Au NP at the tip
of the NW as indicated by dotted circles. The size and shape of the Au NPs also shown in the inset of one of the
high resolution images. The NWs synthesized with Au CNPs as catalysts coated on Si(100) substrate (c)
uniformly distributed Au CNPs, inset showing the high magnification image of NW with triangular shape (d) A
gradient of distribution of Au CNPs leading to the distribution of NWs in the same substrate from nearly
cylindrical shape to triangular ones. Outsets showing the high resolution images for the NWs from different
regions of the substrate (as indicated by arrows) — triangular and cylindrically shaped NWs with Au NPs

observed at the tip indicated by dotted circles.

The NWs synthesized with the help of uniformly dispersed Au colloidal NPs (CNPs, 20
nm) as catalyst particle is shown in the figure 3.2c. The inset figure shows the high
magnification images of triangular shaped NW with diameters in the range of 50-150 nm.
Moreover, in order to understand the dependence of size and shape of NWs with respect to the
arrangement of Au catalyst CNPs over the substrate, we made a gradient of the distribution of
CNPs from low to dense on the same Si(100) substrate. This was achieved by the drop casting
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of uniform Au CNPs (20 nm) dispersed in the water medium on the Si(100) and subsequent
infra-red lamp heating to evaporate the water. Furthermore, in order to achieve the gradient in
the number density of Au CNPs, the substrate is slightly tilted while drop casting.
Subsequently, the Au CNPs drop casted on Si(100) substrate was used for the VLS growth of
NWs. The growth led to the formation of NWs with different size and shape in the same
substrate (Fig. 3.2d). We observed a gradient of size and shape distribution of NWs from
cylindrical (lower part) to triangular (upper part) shapes. The high resolution FESEM images
(outsets Fig. 3.2d) show triangularly shaped and almost cylindrical shaped NWs with circular
cross section conceived from upper and lower portions of the substrate, respectively as
indicated by dashed arrows in figure 3.2d.

The size and shape of the 1D NWs are determined by the size of the catalyst NPs used for
the VLS growth purpose. Thermodynamically, the minimum radius required for a liquid Au

catalyst droplet to form a eutectic alloy is,®*°

2,
Rm = O—Iv
RT In(S) (3.1)

where V| is the molar volume of the droplet, o, is the liquid-vapor surface energy, and S is the
degree of supersaturation of the vapor. Thus, a higher degree of supersaturation of atomic N,
which is energetically difficult to achieve in practical purpose, is required for smaller catalyst
sizes. The chemical potential of the constituents in the metal-alloy catalyst turn out to be high,

as the size of the catalyst NPs diminishes due to the Gibbs-Thompson effect;®*°

where Au is the chemical potential difference of the component species in the liquid droplet, y

is the surface energy, and r is the radius of curvature of the droplet. The Gibbs-Thompson
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effect predicts that the reduction of the size of Au NPs increases the difficulty in dissolving of
vapor particles in the molten Au droplet to form a eutectic alloy.®'® Hence, it will increase the
degree of complexity to achieve supersaturation states that adequately promote the growth of
NWs. Ostwald ripening occurs between NPs at high temperature because of the bigger
particles are energetically favorable. In other words, if the temperature is high enough to
stimulate the diffusion of metal components then Ostwald ripening is a spontaneous process
such that NPs tends to transform into large particles to achieve a lower energy state. The
presence of Ostwald ripening leads to the development of metal catalyst droplets, which may
take part in the growth of 1D structures.®™® Thus, the probability of agglomeration of Au NPs
at high temperature are very high for the second (10 min deposited) sample with higher Au
thickness as compared to that of the first (5 min deposited) case. Therefore, the second sample
leads to the dense distribution of the NWs with almost all NPs participating in the VLS
growth mechanism. Whereas, in the case of the first sample, the number density of Au NPs is
low and therefore the possibility of Ostwald ripening is very limited. Therefore, it leads to the
formation of uniformly distributed NWs with almost similar sizes and shape. Furthermore, the
growth of NWs with a uniform radius is associated with a steady state growth, in which
material vapors are transported to the Au NP-NW interface.™® Consequently, an evolution of
constant NW diameter is possible, if the incorporation of material in the vapor phase is
directed exclusively on the Au NP-NW interface where incorporation from the sidewalls is
prohibited. However, the catalyst particle may be able to affect the size of NW either by
matching of the size of NW or else by some mechanism involving the curvature of the
particle, in which strain and lattice matching play a role.®*° In the case of the third set of

samples with Au CNPs (Figs. 3.2c and 3.2d), we made a gradient of Au NPs distribution in
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such a way that almost all catalyst NPs participated in the growth process leading to the
formation of NWs with different diameters. The Au NPs are likely to form smaller size in the
area with a lower number density than that for the area with higher number density.
Consequently, the shape of the NWs varies from circular to triangular in cross-section for
NWs grown with small to large diameter of Au NPs, respectively (Fig. 3.2d). Therefore, it is
very important that the Au metal NPs have to be carefully aligned and separated from each
other during the preparation of substrates before heating in the furnace for the growth of 1D

nanostructure.

3.2.1.1 Single—prong growth mechanism: Mono—dispersed and cylindrical NWs
In order to understand the uniformity in size and controlling the density of NWs, there are two
major types of VLS growth kinetics which can be envisaged. The first one is single-prong

growth mechanism to control the uniformity in the growth of 1D NWs (Fig. 3.3).3%°

AlGaN NW

P Si(100)
---- substrate

Figure 3.3 Schematic of single—prong growth mechanisms (a) before and (a) after growth

In the single-prong growth, there is a one-to-one correspondence between Au NPs and NWs.
Moreover, the radius of the NW (rnw) is usually observed (Fig. 3.3) to be almost equal or
marginally smaller than the radius of the catalytic Au NPs (ryp) participated in the initial
growth process. Therefore, a single-prong growth mechanism can be envisaged for the case of

the first sample (dispersed NWs) with ryw < rype (Outsets of Fig. 3.2a).
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3.2.1.2 Multi—-prong growth mechanism: Ensemble of triangular NWs

In another model, a multi-prong growth mechanism is invoked where growth density of the
NWs can be understood. In the multi-prong growth, more than one NW grows from a single
catalyst particle.>’® Since NWs with comparatively smaller size are growing from a single
bigger sized Au NP, the size of the individual NWs will be less than the size of the initial
catalyst NP, i.e., rnw < rne. However, after the complete growth process, it is possible to
observe the distribution of NWs with smaller sized Au NPs at the tip compared to the
individual NW (Fig. 3.4). In multi-prong growth process, rnw is not determined directly by
rnp, however it may be related to other structural factors such as the curvature of the growth
interface and lattice matching between the Au catalytic NPs and the NW due to localized
stress.° The FESEM image for the second sample (outsets of Fig. 3.2b) shows that the NWs
are grown with triangular shape with ryw > rnp, indicating a multi-prong VLS growth
mechanism.

o e
Before growth Au NPs ﬁ ..Fter growth

I'np =~ Iw . Inp < Tnw
' — ”,—’_ TNW ““-\“

AlGaN NW

Figure 3.4 Schematic of multi—prong growth mechanisms (a) before and (b) after growth.

The sample grown with graded Au NP number density again confirms that the lower
portion of the sample follows single-prong growth mechanism with cylindrical NWs (outset
of Fig. 3.2d). On the other hand the upper layer follows the combination of single-prong and
multi-prong growth mechanism leading to the triangular shaped dense NWs (outset of Fig.

3.2d). Thus, the size and shape of the 1D NWs are determined by the size of the catalyst NPs
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as well as the curvature of the Au NPs participated in the growth process. The bigger sized Au
NP participated in the multi-prong mechanism leads to the triangular shaped NWs. Whereas

Au NPs participated in the single-prong mechanism leading to the cylindrical NWs.

3.2.2 Growth of AlIGaN NWs with the Al+Ga thin film as a precursor for Al

The morphological analysis of as-grown NWSs via Au catalyst assisted VLS growth
mechanism with Al+Ga thin film (50-100 nm) as a precursor for Al are shown (Fig. 3.5).
Essentially, two types of samples were prepared using Au NPs (10 min evaporation time) and
Au CNPs (20 nm) as catalysts and were shown for its surface morphology in a set of figures

3.5a-c and 3.5d-f, respectively.
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Figure 3.5 The low, medium and high magnification FESEM images of NWs via catalyst assisted VLS growth

mechanism with Al+Ga thin film (50-100 nm) as a precursor for Al. Images of NWs synthesized with (a)—(c) Au
NPs (10 min evaporation time) and (d)—(f) Au CNP (20 nm).

The FESEM analysis of NWs synthesized using Au NPs shows the distribution with high

number density (Fig. 3.5a), lengths in the range of 2-4 um (Fig. 3.5b) and triangular shape
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with sizes in the range of 120-150 nm (Fig. 3.5¢), which are similar to the NWs grown with
the Al thin film used as a precursor for Al (Fig. 3.2b). The aspect ratios of NWs, grown with
the help of Au NPs, are found to vary in between the values of 16-27. Similarly, The FESEM
images of the NWs synthesized with the help of Au CNPs shows the distribution of NWs with
a number density slightly different from the previous case (Fig. 3.5d), the lengths in the range
of 3-6 um (Fig. 3.5e), and well faceted triangular shape with diameters in the range of 100-
120 nm (Fig. 3.5f). The average aspect ratios of NWs, grown with the help of Au CNPs (20
nm), can be found to vary in between the values of 30-50. However, the morphological
observations of the samples are similar to the NWs grown with the Al thin film used as a

precursor for Al (Figs. 3.2c and 3.2d).

3.2.3 Optimization of NH3 flow conditions in AlGaN NW growth

3.2.3.1 Effect of NH; flow rate

The morphological analysis of as-grown samples synthesized via Au catalyst assisted VLS
growth mechanism with Al thin film (50-100 nm) as a precursor for Al along with different
NH; gas flow rate are shown in the figure 3.6. Essentially, three types of samples were
prepared by varying three different NH3; flow rates of 30, 50 and 70 sccm. The FESEM
analysis of sample grown with a NH3 flow rate of 30 sccm shows (Fig. 3.6a) that the Si(100)
substrate is coated with random islands of microstructures and there is no signature of the NW
formation in the sample. Whereas, in the case of sample grown with a NH3 flow rate of 50
sccm shows the high dense and uniform distribution of NWs all over the substrate (Fig. 3.6b).
However, the ensemble of NWs contains a mixture of cylindrical as well as triangular shaped

1D structure (Fig. 3.6b) with diameters in the range of 150-200 nm (inset Fig. 3.6b).
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Figure 3.6 The morphology of samples grown with different NH; flow rates (a) 30 sccm, islands of
microstructures, inset showing the high magnification images of microstructures (b) 50 sccm, low magnification
image of an ensemble of NWs with high number density (c) High magnification image of the same sample with
cylindrical and triangular NWs, the inset figure showing the higher magnification image of NW (d) 70 sccm,
cluster of microstructures along with NWs, inset showing the high magnification images of microstructures with

NWs lying over it.

Moreover, the irregular microstructures as well as deterioration in the number density of NW
formation (Fig. 3.6¢) are observed in the sample grown at a high NH3 flow rate of 70 sccm.

Therefore, the NH3 gas flow rate suitable for 1D NW growth is optimized as 50 sccm.

3.2.3.2 Effect of NH; cracking temperature

The morphological features of samples synthesized by the VLS growth mechanism with
different NH3 gas cracking temperature are shown in the figure 3.7. The experiments were
carried out for four different on-set temperatures for the NH3 gas flow at 700, 750, 800 and
850 °C. The FESEM analysis of sample grown with a NH5 flow started at 700 °C (Fig. 3.7a)
shows that the substrate is completely covered with spaghetti like NWs. The inset of figure

3.7a shows NWs possessing a cylindrical shape with diameters in the range of 50-70 nm. The
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sample grown with a NH; flow started at 750 °C (Fig. 3.7b) shows dense distribution of NWs
with circular cross section and diameters in the range of 100-120 nm (inset Fig. 3.7b) all over

Si(100) substrate.

Figure 3.7 The 1D nanostructures grown with different starting temperature of the NH; gas flow for (a) 700 °C,
spaghetti like NWs (b) 750 °C, with high number density and cylindrically shaped NWs (c) 800 °C, with high
number density and triangular shaped NWs (d) 850 °C, cluster of nanostructures with different shapes. Inset of

all the figures showing the high magnification images of nanostructures.

Interestingly, the shape of NW transformed from circular (Fig. 3.7b) to triangular (Fig. 3.7¢)
in shape, while changing the NH; flow starting temperature from 750 to 800 °C. Moreover,
the inset figure 3.7c shows the well faceted and triangular in cross-section of NW with
diameters in the range of 100-150 nm. Whereas, the last sample synthesized with 850 °C, as a
starting temperature for the NH3 flow, shows an ensemble of NWs containing a mixture of
different shapes including triangular and hexagonal (Fig. 3.7d) 1D structures with diameters
in the range of 150-200 nm (inset Fig. 3.7d). Therefore, in the present study, the starting
temperature for the NH3 gas flow, appropriate for 1D NW growth is optimized as 750 and 800

°C for cylindrical and triangular NWs, respectively.
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3.2.4 Structural analysis: Transmission electron microscopy

A typical cylindrically shaped NW from the mono-dispersed sample with a diameter of
100(x£10) nm (Fig. 3.8a) is used for the structural analysis. The HRTEM image (Fig. 3.8b) is
analyzed to show the interplanar spacing of 2.78 A, which corresponds to m-plane (1-100) of
the wurtzite phase indicating the growth direction of the single crystalline GaN (JCPDS # 00—

050-0792) NW along m-plane [1-100].
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Figure 3.8 (a) A low magnification FESEM image of typical mono—dispersed NW used for TEM analysis. (b)
SAED pattern of NW indexed to the wurtzite phase of AlGaN with zone axis along [0001]. (¢) HRTEM image
of the AlGaN NW showing the growth direction along [1-100].

The SAED pattern (Fig. 3.8c) is indexed to the wurtzite phase of crystalline GaN with zone
axes along [0001].

Similarly, a typical low magnification TEM micrograph is shown (Fig. 3.9a) for a
triangular shaped single NW. The SAED pattern of the triangular NW (Fig. 3.9b) is also
indexed to wurtzite phase of single crystal GaN with zone axes along [0001]. HRTEM image
(Fig. 3.9c) shows interplanar spacing of 2.76 A corresponding to (1-100) m-planes of GaN.
Moreover, the inverse fast Fourier transformed (IFFT) image (Fig. 3.9d) of the selected area
(squared) of the HRTEM image (Fig. 3.9c) also shows an interplanar spacing of 2.76A
indicating the growth direction of the NW along [1-100], which is normal to the non-polar m-
plane of wurtzite GaN. A HRTEM image of Au NP-NW interface is also shown (Fig. 3.9e).
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An interplanar spacing of 2.37 A, observed for the NP, corresponds to (111) plane of cubic
Au phase. Similarly, in the case of NW region, it shows an interplanar spacing of 2.77 A

corresponding to (10-10) of GaN (JCPDS # 00-050-0792).

O

1010
10-10 ©

01-10 "1190 (h) | (e)
0

0-110
©)

1-210
©)

2 nm’!

indexed to the wurtzite phase of AlGaN with zone axis along [0001]. (¢) HRTEM image of the AlGaN NW
showing the growth direction along [1-100]. (d) IFFT image of the selected (squared) portion of the HRTEM
image. (e) The HRTEM image of Au NP-AlGaN NW interface.

Therefore, the structural analysis confirms presence of wurtzite GaN phase along with the
involvement of Au NPs in the VLS growth process of NWs. Moreover, the crystallographic
orientation and growth direction of cylindrical as well as triangular NWs are similar to each

other irrespective of its surface morphology.

3.2.5 Elemental analysis: Electron energy loss spectroscopy

In order to confirm the existence of Al in the as-grown AlGaN NWs, we recorded EELS
spectra to detect the presence and distribution of atomic Al along the NW. Since the
percentage of Al incorporated in the AlGaN NW is very less compared to other two
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components of Ga and N, the typical Al-K edge spectrum (Fig. 3.10a) collected from single
AlGaN NW shows very low intensity. The Ga-L,3 and N-K edges are shown in figures 3.10b

and 3.10c, respectively.
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Figure 3.10 EELS spectra collected from single typical AlIGaN NW for (a) Al-K (b) Ga—L,3(c) N-K edges. The
EFTEM images of the same AlGaN NW for (d) the zero loss. (e) 6.5 eV corresponding to SP energy of Al. (f) 15
eV corresponding to the VP energy of the Al (g) 69.5 eV corresponding to the L,3 edge of Al. (h) 120 eV
corresponding to the L, edge of Al. (i) 19 eV corresponding to the VP of Ga. (j) 25 eV corresponding to the VP
of N. The pseudo colors depicted in the EFTEM image chosen for describing the presence of different elements
of Al (golden), Ga (green) and N (blue) in the NW.

Apart from EELS study, the energy filtered transmission electron microscopy (EFTEM)
measurements were performed for further confirmation of Al in the NWs. Figure 3.10d (gray
color) depicts the typical zero-loss EFTEM image of AlGaN. Using the EFTEM technique,
the successive images of NW recorded for surface plasmon (SP), volume plasmon (VP), L3
edge, and L; edge of the elemental Al and the corresponding images with golden pseudo color
are represented in the figures 3.10e-h, respectively showing uniform distribution of Al. In the
similar way, figure 3.10i represents the EFTEM image (green pseudo color) for energy of 19

eV corresponding to the VP of the Ga. Finally, figure 3.10j represents EFTEM image with
103



Optical Properties of AlGaN Nanostructures | 2016

blue pseudo color for an energy 25 eV corresponding to the VP of the N. Therefore, the
EFTEM imaging study of AlGaN NW is an additional confirmation for the presence of Al in

sample grown in the VLS assisted APCVD technique.

3.2.6 Optical properties of ensembled NWs

3.2.6.1 Vibrational properties: Raman spectroscopy

A typical Raman spectrum for the ensemble of mono-dispersed AlGaN NWs is shown in the
figure 3.11. The first-order phonon Raman scattering is caused by phonons with wave vector
k ~ 0 (" point) because of a momentum conservation rule in the light scattering process. There
are six optical modes of A;(TO), A1(LO), E1(TO), E1(LO), EzL and E;', which can be active in
the first-order Raman scattering of wurtzite structured polar materials.®*® Essentially, the
different modes observed for an ensemble of VLS grown mono-dispersed NWs are centered
at the peak positions of around 140, 255, 420, 535, 558, 567, 668, 724 and 745 cm™ (Fig.

3.11a). The corresponding symmetry assignments for observed modes are tabulated (Table

3.1).
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Figure 3.11 The observed Raman spectra for (a) An ensemble of mono—dispersed AlIGaN NWs (b) Lorentzian
fitted peaks in between the regions 540-775 cm™.
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It is reported that the Raman A;(TO), E1(TO), E2L and EzH phonon modes obey two-mode
behavior of random alloy, meanwhile the E;(LO) and A;(LO) modes follow the one-mode
phonon behavior.'®** However, the presence of E,' modes (E; symmetry) of GaN and AIN
at ~567 and ~668 cm™, respectively in the same Raman spectrum (Fig. 3.11b) shows the two-—
mode behavior of random alloy. It confirms again the presence of Al in the as-prepared NWs
and it supports strongly the EFTEM analysis carried out for the presence of Al in the AlGaN
NWs (Fig. 3.10e-h). All other modes, appeared in the Raman spectrum (Fig. 3.11a),
correspond to the assigned modes of GaN in the wurtzite phase for the as—prepared sample.
The vibrational modes for all other samples synthesized using the VLS growth mechanism, as

discussed earlier, also showed very similar Raman modes (not shown in figure).

Table 3.1: Assignments of various phonon modes in the ensemble of mono—dispersed NWs

AlGaN Raman shift (cm™) Symmetry Assignments

140 GaN-E; ; with E;, symmetry™®*°

255 GaN-Zone boundary phonon***®

420 GaN-Acoustic overtone'®*

535 GaN-A(TO) ; with A; symmetry'®*®
558 GaN-E,(TO)**

567 GaN— EZH 10-15

668 AIN— EZH 10-15

724 GaN-A,(LO) 1™

745 GaN-E;(LO) **® (reported to be weak)'®
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3.2.6.2 Luminescence properties: Photoluminescence spectroscopy

An excitation source of UV-laser with a wavelength of 325 nm is used to excite the ensemble
of AlGaN NWs. The PL emission spectrum, recorded at room temperature (300 K), is shown
for the ensemble of mono-dispersed NWs (Fig. 3.12). On deconvolution, different Gaussian
peaks centered at 3.55, 3.49, 3.38, 3.29 and 3.19 eV are observed in the PL spectrum. The
band edge peak centered at ~3.55 eV is due to the recombination of free excitons and is found
to be blue shifted from the reported value of ~3.47 eV at 300K for GaN.'" All other peaks are
assigned to bound excitons and native defects and are tabulated (Table 3.2). The PL emissions
with similar features were also observed for all other VLS grown samples of AlIGaN NWs, as

discussed in the earlier sections.
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Figure 3.12 Photoluminescence spectrum observed for an ensemble of mono—dispersed AlIGaN NWs

Along with the above emission peaks, a peak centered at ~3.73 eV is assigned to A;(LO)
phonon mode of GaN.***"*® The three major factors affecting the blue shift in the band gap of

the semiconductor nanomaterials are quantum confinement effect,®® lowering of the

| 22 2,23,24

temperature of the material,” and alloying with appropriate elements.
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Table 3.2: Assignments of PL peaks in the ensemble of mono—dispersed NWs

Energy (eV) Symbols Remarks

3.563-3.55 FE Free exciton emission for as—prepared AlGaN NW sample arising
because of the recombination of electron—hole pair from conduction
band minimum to valence—band maximum,'®*"*¢

3.49 DX s Emission due to recombination of exciton bound to neutral donors. The
possible neutral donors being the impurities (Al) forming stable
complexes with nitrogen vacancy (Vy) (i.e. Al-Vy).1079

3.38 FE-2LO Free exciton-second order LO phonon coupling arising due to the
Frohlich interactions. '

3.29-3.33 DAP The recombination of the neutral donor—acceptor pair (DAP; D°A),

due to a transition from a shallow donor state of V to a deep acceptor

state of Vga. As compared to the Vg,, the Vg,—Opn complex is more

stable. X071
3.19-3.23 DAP- The phonon replica of neutral donor—acceptor pair observed because of
LO the interaction between first order A;(LO) phonon with electron present

in the DAP.10:17-19

It is reported that the exciton Bohr radius for GaN is 11 nm,? therefore the role of quantum
confinement effect in elevating the band gap for as-prepared AlIGaN NWs to ~3.55 eV with
diameters in the range of 50-100 nm can be ruled out. The reported band gap of GaN is 3.503
eV at 0 K.%?® Thus, the free exciton emission at ~3.55 eV strongly confirms the presence of
Al in the as-prepared NW sample (Fig. 3.12). Moreover, the approximate atomic percentage
of Al is calculated ([Eq(AlGaN) — E4(GaN)] / [Eq(AIN) — Eq(GaN)]; where Eq(AIN) ~6.2 and

Eq(GaN) ~3.47 eV are the reported and Eq(AlGaN) ~3.55 eV is experimentally observed band
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gap values at room temperature) as ~3.0% from the band bowing formalism by neglecting the

value of b in the low doping limit.

3.3 Self—catalytic vapor—solid mechanism

The growth process of AlGaN microrods involves a self-catalytic VS mechanism®** including
two concomitant steps, as follows. In the first step, the Al thin film, coated on the intrinsic
Si(100) or c-sapphire substrates, may react with atomic N at 1100 °C to form very thin AIN
islands (base layer), which may act as reactive seeds for promoting the growth process.®*326%8
In the second step, the un-reacted portions in the Al thin film supply the atomic Al for the

further growth process. The proposed growth mechanism for AlGaN crystallites via VS

growth process is depicted schematically in the figure 3.13.
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Figure 3.13 The schematic growth process of AlGaN microrods in self—catalytic VS mechanism.

The Ga metal precursor as well as the Al thin film was kept in the single zone furnace at an
optimized growth temperature of 1100 °C and the ultra high pure NH3 with a constant flow
rate of 50 sccm was allowed to flow in to the reaction chamber. At this temperature, the high
pure NH3; was decomposed to form reactive atomic N and H (vapor phase). Consequently, the

atomic N reacts to some portions on the surface layers of Al thin film and forms a few islands
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of the AIN base layers over the substrates.®> The optical image of such AIN base layer is
shown in the right top inset of figure 3.13. Continued supply of the metallic Ga vapors and the
evaporated Al from the un-reacted portions of the thin film, lead to the further growth process
of AlGaN microrods (solid phase) without the aid of any metallic catalytic particles.®**2¢2
The optical image of the as-grown AlGaN microrod is also shown in the left bottom inset of
figure 3.13. Therefore, the AlGaN microrods grown on the substrate via a VS growth

mechanism can appear to be well separated and may possess AIN islands as a base layer.®**?*

28

3.3.1 Growth of AlGaN on Al thin film: Hexagonal-crystallites

3.3.1.1 Influence of substrate: Si(100) and c—sapphire

The morphological features of samples prepared on the Al (50-100 nm) coated substrates are
shown (Fig. 3.14). The sub-micro sized crystallite with distinct separations, grown on Al (50—

100 nm) coated Si(100) substrate, are shown in the figure 3.14a.
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«

Figure 3.14 The FESEM images of hexagonal shaped crystallites grown on Al (50-100 nm) coated substrates
via a VS mechanism. (a) Distribution nano to sub—microrods on Si(100) substrate (b) High magnification image
of single hexagonal crystallite (c) Distribution microrods on c—sapphire substrate (d) High magnification image

of single hexagonal microrod.
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The high resolution FESEM image of a single hexagonal crystallite shows (Fig. 3.14b) well-
faceted and very smooth surface morphology. Moreover, the as-grown crystals show different
size distributions with diameters dimensionally varying from nano- to sub-micro regime. The
FESEM image of as-prepared sample on Al (50-100 nm) coated c-sapphire substrate also
shows the perfect hexagonal shaped microrods (Fig. 3.14c). The figure 3.14d shows the high
magnification image of a single microrod with perfect planar and morphologically smooth
facets. Therefore, in the present study, we were able to synthesize nano- to sub-micro sized
hexagonal crystallites on Si(100) substrates, as well as microrods on the c-sapphire substrates

via the VS growth mechanism.

3.3.1.2 Growth of AlGaN on Al+Ga thin film: Elongated NWs

The FESEM images (Fig. 3.15) of the as—prepared sample synthesized via the VS growth
mechanism show a distribution of flower shaped cluster of NWs. The size of NWs islands

(Fig. 3.15a) over the Al+Ga coated substrate is around 80-100 pm.
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Figure 3.15 The FESEM images of flower shaped cluster of NWs. (a) Low magnification image for the islands
of NWs grown on the Al+Ga thin film. (b) High magnification image of nano—crystallites on the film. (c) The

magnified image for the cluster of elongated NWs (d) High magnification image of a single NW.
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The high magnification image of Al+Ga thin film (Fig. 3.15b) shows the formation of almost
hexagonal shaped nano-crystallites with sizes around 300-500 nm. The magnified image for
the cluster of NWs shows (Fig. 3.15c) elongated NWs with high aspect ratio and an average
length of 50 um. Cylindrically shaped NW with diameter of ~100 nm was observed, as shown
in the high magnification image of a single NW (Fig. 3.15d). More stable and energetically
favorable facets of AIGaN nano-crystallites (Fig. 3.15b) in Al+Ga thin film can act as a seed
for the VS growth process.®** Therefore, it is observed that nanostructures grown on Al+Ga
coated on the Si substrate are formed in the shape of cylindrical NWs. Whereas, in the second

case of Al coated substrates yields mainly the hexagonal shaped sub-micro or microrods.

3.3.1.3 Structural analysis: X-ray diffraction (XRD)

Crystallographic structural study of the fully grown substrate with microrods show (Fig.
3.16a) (hkl) planes of (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and
(202) at 26 values of 32.41, 34.53, 36.83, 48.10, 57.77, 63.44, 67.75, 69.10, 70.50, 72.94 and
78.45°, respectively, which correspond to the wurtzite phase of GaN (JCPDS # 00-050-0792).
The absence of any peak shift due the presence of Al may be due to low Al content (<5 at%)
in the sample. Polycrystalline nature in the XRD pattern indicates the presence of all possible

orientations in ensemble of these microrods.
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Figure 3.16 The XRD pattern of (a) microrod in the wurtzite GaN phase and (b) cubic AIN phase of base layers

on intrinsic Si(100) substrate.
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Furthermore, the presence of AIN base layer over the intrinsic Si(100) substrate is confirmed
by the XRD analysis (Fig. 3.16b) of annealed AIN thin film at 1100 °C for 1 hr in presence of
NHs. This additional experiment was performed, as it was difficult to identify AIN base layer
in the fully grown substrate in presence of large amount of microrods. The crystallographic
structural study shows peaks corresponding to (hkl) planes of (200) and (220) at 26 values of
45.76 and 67.08 degree, respectively, which match with the cubic phase of AIN (JCPDS # 00—

046-1200).

3.3.1.4 Elemental analysis: X—ray photoelectron spectroscopy

The XPS mesurements were carried out for the bare AIN thin film, as well as AlGaN
microrods grown on an AIN base layer for further elemental analysis of the respective
samples. The Shirley type back ground corrected XPS spectra for different elements and their

characteristic electronic transitions for each sample are shown in the figure 3.17.
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Figure 3.17 Typical XPS spectra for different elements and its characteristic electronic transitions with the
corresponding binding energy values of (a) AIN thin film for (i) Al 2p and (ii) N 1s as well as (b) AlGaN
hexagonal microrods for (i) Al 2p (ii) Ga 3d and (ii) N 1s.
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In the case of AIN thin film (Fig. 3.17a), the binding energy for Al 2p (AIN) level is observed
at 74.2 eV (Fig. 3.17a(i)) and N 1s (AIN) core level is identified at 397.5 eV (Fig. 3.17a(ii)).
Similarly, in the case of AlGaN microrods grown on the AIN base layer (Fig. 3.17b), the Al
2p level transition is observed at 74.7 eV (Fig. 3.17b(i)). In this sample, we can expect that
the XPS signal may show the cumulative effect of AIN base layer as well as from the AlGaN
microrods. Moreover, the presence of an additional peak centered at 19.9 eV corresponding to
the Ga 3d (GaN) level transitions (Fig. 3.17b(ii)) in the AlGaN sample, as compared to the
AIN thin film, further confirms the incorporation of Ga along with Al in the sample. The peak
positions of both the Al 2p and the Ga 3d are well matched with the reported literature values
for AlGaN samples.”** The N 1s spectrum (Fig. 3.17b(iii)) of AlGaN sample is very broad
along with the presence of the Ga Auger peak. The N 1s peak is deconvoluted into two
distinct peaks (Fig. 3.17b(iii)); the peak observed at 397.3 eV is due to the contribution from
the N 1s (AIN) level transitions and the other peak centered at 395.6 eV appears due to the N
1s from GaN or AlGaN level transitions. The peak at around 392.9 eV in the N 1s spectrum is
due the Ga LMM Auger transition.**'#2*3! Therefore, the XPS study provides a supportive
and substantiating evidence for the incorporation of Al in the proposed VS growth
mechanism. The mean free path of the photoelectrons of Al 2p, N 1s and Ga 3d is
approximately 2 nm and the corresponding depth information is around 6 nm. However, the
XPS spectra were recorded from the whole area of the sample, so the spectral intensity was
influenced, not only from the microrods but also from the AIN base layer. Therefore, we

cannot estimate the Al content of single AIGaN microrod from the above spectra.
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3.3.2 Optical properties of samples grown via VS mechanism

3.3.2.1 Vibrational properties: Raman spectroscopy

In order to confirm the phase of the as-prepared hexagonal shaped crystallites, the vibrational
modes were probed using Raman spectroscopy (Fig. 3.18) by focusing the laser beam with a

spot size of ~1 um, very precisely and exactly on a single and isolated microrod (size ~3 um).
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Figure 3.18 Typical Raman spectra of an AlGaN single crystal hexagonal microrod.

The spectral lines centered at 146, 425, 559, 569 and 741 cm™ (Fig. 3.18) are assigned to the

symmetry allowed Raman modes of EZL, acoustic overtone, E;1(TO), E2H and A;(LO) modes
of wurtzite GaN phase, respectively.’®* The presence of an extra peak centered at 667 cm™ is

assigned as AIN-E;' mode. The simultaneous observation of GaN-E,' mode along with the

AIN- EzH in a single Raman spectrum, recorded from a single hexagonal micro—crystal,
indicates the two-mode behavior of the phonons in the random alloy formation of the AlGaN
phase.’®™ Moreover, we observed a significant blue shift in Ay(LO) mode of the AlGaN
crystal (~741 cm™), as compared to that for the pure GaN (~734 cm™). The percentage of Al
in the AlGaN is estimated to be ~3.0 at% using the formula A;(LO) = 734+153x+ba10)X(1-X)
with the bowing parameter of bai oy = —75 cm™.***** Furthermore, similar Raman modes were

also observed for the NWs grown via VS mechanism.
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3.3.2.2 Luminescence properties: Photoluminescence

Room temperature PL spectrum (Fig. 3.19) of a single AlGaN hexagonal microrod shows
strong emission peaks centered at ~3.52 and ~3.32 eV. The emission peak centered at 3.52 eV
IS due to the recombination of the FE from the conduction band minimum to the valence band
maximum. The luminescence peak observed at 3.32 eV is originated because of the
recombination of the neutral DAP of D°A°. This luminescence peak is observed due to a
transition from a shallow donor state of Vy to a deep acceptor state of Vg, > Similar to
the PL emissions, as observed in the case of NWs grown via VLS mechanism, the significant
blue shift in the band edge emission compared to pure GaN (~3.47 eV) is also a strong

indication for the presence of Al in the sample synthesized via VS mechanism.
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Figure 3.19 Typical photoluminescence spectra of an AlGaN single crystal hexagonal microrod. The peak
centered at ~3.52 eV is due to the recombination of free exciton (FE) and the peak observed at ~3.32 eV is

originated because of the neutral donor acceptor pair (DAP) recombinations.

From the shift of PL peak in AlGaN microrods compared to that of pure GaN, the
approximate percentage of Al in the as-grown sample is found to be ~2.0 at% using the
formulation of band bowing with respect to the observed and stoichiometric AIN (Eq4 ~6.20

eV) and GaN (Ey~3.47 eV) phases.?*’ Therefore, the value of the Al content in the sample, as
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derived from both Raman and PL spectroscopic techniques, matches fairly well with each
other. A very high PL intensity, obtained in these crystallites even for low excitation laser
power, ensures high optical quality of the material. Moreover, similar PL emission peaks were
also observed for the AIGaN NWs grown via the VS mechanism synthesized over the Al+Ga

coated substrate (not shown in figure).

3.4 Summary

1D nanostructures of ternary wurtzite AlIGaN were synthesised via Au catalytic assisted
VLS and self-catalytic VS mechanisms. The 1D NWs were synthesised, mostly, using
APCVD deposition technique by adopting the VLS growth mechanism. The NWs with
different size, shape and distribution were grown, via altering the number density distribution
of Au catalyst NPs. The Ostwald ripening, which plays a key role in the size variation of
NWs, is highly probable for dense distribution of Au NPs at higher temperature. The
cylindrically shaped and mono-dispersed AIGaN NWs sample is envisaged in a single-prong
growth mechanism. Similarly, the growth of an ensemble of triangular shaped NWs is
conceived following the multi-prong growth mechanism. The NH; flow rate suitable for 1D
NW growth was optimized as 50 sccm. Similarly, the on-set temperature of the NH3 gas flow
suitable for 1D NW growth was optimized as 750 and 800 °C for cylindrical and triangular
NWs, respectively. The presence of Al is confirmed by the EFTEM analysis. The growth
direction is found to be along [1-100], which is normal to the non-polar m-plane for both of

the cylindrical and triangular shaped wurtzite AIGaN NWs independent of their surface

morphology. The simultaneous presence of Raman modes corresponding to GaN- E2H at ~567

cm™ and AIN-E,' at ~668 cm™represent the two-mode behavior of the AlGaN random alloy.
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A significant blue shift of the free exciton emission at ~3.55 eV observed in the PL spectrum
for AlGaN NW as compared to the GaN band gap of ~3.47 eV at 300 K further confirms the
presence of Al in the synthesized samples. The approximate atomic percentage of Al is found
as ~3.0% from the band bowing formalism. Moreover, the synthesis of hexagonal microrods
and NWs of wurtzite AlGaN via a self-catalytic VS mechanism also show the random alloy

formation, which is confirmed by the presence of two mode behavior of EJ' phonons in the

Raman spectra and significant blue shift in the PL emission. The approximate Al percentage
is estimated ~2.0-3.0% for the samples grown via the VS mechanism from the blue shift of

the A1(LO) mode as well as the band edge emission.
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CHAPTER 4
OPTICAL PROPERTIES: EFFECT OF CRYSTALLOGRAPHIC

ORIENTATIONS

“I bought a crystal ball, and I wanted to use it, but I didn't know how, and | wouldn't use it until I developed a

technique to use it that was truthful” ... Michael Moschen

4.1 Introduction

The Il-nitride sub-micro or microrods are attractive for different type of optoelectronic
devices for its applications in making coaxial MQW structures.! In addition to the optical
properties,?> the polar nature of wurtzite crystals also find piezoelectric applications.* The
performances of such optoelectronic devices are dependent on both the crystalline nature as
well as the electronic properties of the material.

In the context of understanding the crystalline properties of the sub-micron sized
crystallites, the polarized Raman spectroscopy is very efficient tool to investigate the
crystallographic orientation in agreement with the selection rules.>® However, the polarized
Raman studies recorded from a single spot of the sample alone may not be sufficient to
understand crystalline nature of the crystallites. Thus, the polarized Raman imaging
corresponding to the peak intensities of allowed Raman modes throughout the different
crystal planes may help us to predict the crystalline nature of the material.® The non-
centrosymmetric wurtzite Ill-nitrides with a space group of P6smc is polar in nature and it
shows the direction dependent spontaneous polarization (SP).1>** Furthermore, the lattice
strain in the sample may generate the electrostatic potential across the crystals, which leads to

the piezoelectric (PE) polarization. The spontaneous and piezoelectric polarizations may
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constitute an intrinsic electric field in the crystal which may affect the optical and electronic
properties of the crystallites.*>1!

The present chapter describes the polarized Raman spectra of a single AlGaN sub-micron
sized hexagonal crystallite for two different crystallographic orientations in the far—field
configuration. The crystal orientation dependent polarized photoluminescence (PL) study is
also conducted to understand the effect of different crystal planes on the optical properties of
the crystallite. Moreover, in order to confirm the existence of an intrinsic electric field in the
AlGaN hexagonal crystallites; the investigations are also includes the piezo-response force

microscopic (PFM) imaging of single crystal microrods on the AIN base layer to understand

the piezoelectric domains as well as piezoelectric coefficient.

4.2 Crystal orientation dependent polarized Raman spectra of hexagonal
sub—microrods

4.2.1 Crystallographic orientation of single sub—microrod: Growth direction

The investigation of polarization dependent Raman scattering experiments was performed on
a single sub-micron sized AlGaN crystallite for understanding its crystalline orientations.
Two different isolated sub-microrod are chosen for the polarized Raman study in such a way
that one is vertically aligned (Fig. 4.1a) and other one is horizontally lying (Fig. 4.1b) on the
Si(100) substrate. The axis along the hexagonal sub-microrod, which is perpendicular to the
c-plane is chosen as Z-direction. In the first case (Figs. 4.1a and 4.1c), both the incident and
the scattered light propagation directions are considered along the Z-direction in the back
scattering geometry along c-axis of the wurtzite crystal, which is perpendicular to the

hexagonal facet of the AlGaN crystallite. Whereas, in the second case (Figs. 4.1b and 4.1d),
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the directions of the incident and scattered light propagation are perpendicular to the Z-
direction i.e. normal to the XY plane. For each case, two different mutually perpendicular
polarization conditions for scattered waves are configured (inscribed in Figs. 4.1c and 4.1d)

using a half wave plate and a polarizer.>®
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Figure 4.1 The optical images of (a) vertically and (b) horizontally oriented crystallites.The polarized Raman

spectra for (c) c—plane (d) m—plane corresponding to vertically and horizontally aligned AlGaN hexagonal sub—
microrod.

The distinct peaks centered at 530, 557, 567 and 732 cm™ in Raman spectra (Figs. 4.1c
and 4.1d) are assigned as A;(TO), E4(TO), E;'and A;(LO) modes, respectively of wurtzite

phase.'?™® The intense and sharp peaks observed in the Raman spectra ensure the high quality
of the crystal suitable for various optoelectronic applications. However, according to the

polarization selection rule in the backscattering configuration, the possible configurations and
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corresponding allowed modes for a wurtzite [0001] oriented AlGaN (Z||[0001]) are given in
the Table 4.1.8919

Table 4.1: The allowed Raman modes for different polarization configurations for a wurtzite crystal

Configuratons Modes
Y (XX)Y A(TO),E}

Y (Z2Z2)Y A(TO)
Y (XZ)Y E,(TO)
Z(XY)Z ES

Z(XX)Z  A(LO),Ef

From Table 4.1, it is very easy to figure out the possible crystalline orientations from the
polarization configurations corresponding to its allowed Raman modes obtained from the
different polarization conditions of the incident and scattered waves keeping consistency with

the Raman selection rules. For example, from the Table 4.1, it is obvious that the possible
configurations for the combinations of Raman modes E2H and A;(LO) in one polarization
condition and E}' in the cross polarization (Fig. 4.1c) correspond to z(XX)Z and Z(XY)Z
configurations, respectively. The depolarization ratios (p) for E)' and A;(LO) modes are

found as 0.75 and 0.15, respectively. Since, the value of p = 0.75 for E}' mode, then the

mode may be called as depolarized mode. Moreover, the A;(LO) mode followed the condition
0 < p=0.15 < 0.75, then it may be called as highly polarized modes for the corresponding

polarization configuration.® Similarly, in the case of horizontally lying crystallites, the
prominent observed modes in the Raman spectra are A;(TO) and E,' in one polarization and
E)' alone in the cross polarization. The possible scattering configurations for the
corresponding allowed modes are Y (XX)Y andY (XZ)Y , respectively (Table 4.1). It is obvious

that, in this case the incident and scattered wave vector is perpendicular to the XZ plane (m-
plane, (1-100)).The corresponding schematic illustration of the crystal and its polarization

122



Optical Properties of AlGaN Nanostructures | 2016

configuration is depicted in the inset of figure 4.1d. Similarly, the depolarization ratios for
A((TO), E1(TO) and E;' modes are calculated as 0.30, 0.64 and 0.51, respectively. Moreover,
in the case of second configuration the value of p for all the modes falls in between the values

of 0 and 0.75, therefore they may be called as polarized modes.°

4.2.2 Polarized Raman imaging of AlGaN sub—microrod: Single crystalline nature

In order to understand whether the polarization conditions for different allowed Raman modes
would satisfy throughout the entire crystal, we carried out the polarized Raman imaging for
each plane such that we could estimate the Raman intensity corresponding to possible
polarization modes from a predefined grid area of the crystal (Fig. 4.2). We constructed a 3 x
2 um? rectangular area with a grid resolution of 500 nm for polarized Raman spectra for
scanning the top c-plane of the single sub-microrod (Fig. 4.2a). Whereas, in the second case,
we carried out the same acquisition in a predefined area of 6 x 1 um? (grid resolution of 500

nm), which exactly covered the m-plane of the single AlGaN crystallite (Fig. 4.2b).
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Figure 4.2 The Raman spectral imaging in different polarization configuration as inscribed in the respective

figures corresponding to vertically and horizontally aligned single sub—microrods along (a) c-and (b) m—planes.
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In case of c-plane imaging of sub-microrod (Fig. 4.2a) both the allowed Raman modes E;’
and A;(LO) appeared for the polarization configuration of z(xx)z. Whereas, the intensity
distribution is prominent only for E)'and it is absent for A;(LO) mode in the case of cross
polarization z(Xxy)z . Similarly, in the second case of m-plane imaging of AlGaN sub-
microrod, the allowed Raman modes A;(TO) and E,' appeared with prominent intensities for
Y(XX)Y configuration. Whereas, the intensity distribution corresponding toE}'is more
prominent compared to others in the case of cross polarizationy (Xz)y . Thus, by comparing
the figures 4.1 and 4.2, it is obvious that, the relative intensity variations for different allowed
Raman modes for different polarization conditions are consistent with the spectrum from a
single spot as well as in the spectral images covering the entire crystalline planes. Therefore,

even though the size of the single AlGaN crystal is in the sub-micron regime, it shows the

single crystalline nature.

4.3 Crystal orientation dependent polarized PL spectra: Effect of intrinsic

electric field of the crystal

The polarization dependent PL studies (Fig. 4.3) are carried out in a similar fashion, as in the
polarized Raman studies (Fig 4.1) for a single crystalline AlGaN sub-microrod for
understanding the crystal orientation dependent optical properties and polarization
anisotropies. We maintained the same polarization configuration for the c-plane and m-plane
oriented crystallites and the corresponding PL spectra are shown in the figure 4.3. We observe
a distinct splitting, for the first time, in the PL spectra in the case of c-plane oriented
crystallite for both polarization conditions (Fig. 4.3a). One of the peaks is centered at 3.32 eV

and the other one is at 3.47 eV are assigned to DAP and FE emissions respectively.'?*?
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Whereas, in case of m-plane of the same sample, only the peak corresponding to FE emission

is more prominent compared to that of DAP emission (Fig. 4.3b).
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Figure 4.3 The polarized PL spectra for (a) c—plane (b) m—plane corresponding to vertically and horizontally

aligned AlGaN sub—microrod.

The variation in intensity for different polarization configurations or polarization anisotropy is
dependent on the material geometry as well as the anisotropic properties of crystalline
medium. Thus, the intensity of parallel polarization (I;) can be different from cross
polarization (I,). The measure of this polarization anisotropy can be defined in terms of the
polarization ratio, p = (I.—ls)/(1:+15). which is also known as the degree of polarization.®?%%
For the present study, the value of polarization ratios of the PL intensities of FE emission
were calculated to be 0.24 and 0.33 corresponding to c-plane and m-plane oriented crystals,
respectively.>?*?! The reduction in the PL intensities in opolarization with respect that for
the zpolarization (Fig. 4.3) is related to the polarization anisotropy of the crystallites.

From the crystalline orientation dependent Raman imaging studies (Fig. 4.2), it is obvious

that, the AlGaN sub-microrod shows single crystalline nature and it maintains the high quality
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along with the compositional homogeneity throughout the crystal. It is well known that the
possibility of formation of defects and stacking faults along the c-plane is more probable as
compared to those in the m-plane. In other words, the defect density along m-plane is
comparatively less than that of c-plane.®'#2* Furthermore, because of the non-
centrosymmetric nature of wurtzite crystal, there is a possibility of SP along the c-axis of the
crystal. Moreover, the effect of strain due to the presence of lattice mismatch with the
substrate and defects in the wurtzite crystal may also produce some additional PE field.*?**
The simultaneous presence of spontaneous and piezoelectric polarizations in the sub-microrod
develop an intrinsic electric field inside the crystal. Consequently, the interaction of internal
crystal fields to the external electric field of the em (laser) excitation is likely to influence the
PL spectra by enhancing the splitting between the DAP and FE emissions along c-plane, as
compared to that of m-plane (Fig. 4.3).> Whereas, the optical properties of a homogenous
single crystal along m-plane are expected to be comparatively free from SP as well as strain
related PE fields exhibiting high optical quality with sharp band edge emissions (Fig. 4.3b).>
911222 Therefore, in the case of Ill-nitrides, it is advisable that the m-plane oriented
crystallites are more favorable for making high performance devices than that with the c-

plane oriented crystals.

4.3.1 Crystal orientation dependent PFM studies: Effect of spontaneous and
piezoelectric field

Piezoelectricity linearly relates an external electrical field to mechanical strain of the material,
leading to a direct piezoelectric effect (P; = dij« €jx) and a converse piezoelectric effect (&j; =
dij Ex), where P is the polarization vector, ey is the stress tensor, e; is the strain tensor, E is

the electric field vector, and djj is the piezoelectric tensor of rank three.*>!32%27 For the

126



Optical Properties of AlGaN Nanostructures | 2016

AlGaN/AIN system, the total polarization P arises from SP originated due to the nature of the
crystal and the polarity of the interfaces between the hetero—junctions, and the other one is PE
polarization due to the lattice strain. The spontaneous electric polarization (P%F) and
piezoelectric polarizations (P™) generate a built-in electrostatic field all over the sample
surface.!***%2" Eventually, both of the above discussed polarizations and its discontinuity at
the inter—junctions lead to a net charge density (as).">* The o, and immobile P"* charges may
play a major role in the interaction of the wurtzite AlGaN with the external electric field as
well as the mechanical strain.**?®2%?" For AlGaN micro-crystals, the SP is expressed as,

P = PSP 2 s (4.1)
where 2 is a unit vector in the [0001] direction.”®?® For any wurtzite crystal, such as InN,

AIN, GaN, and its alloys, e.g., AlGaN, the induced PE field can be written as follows,*>?

P = Ay )R + (Oeyie) T+ (Oygty + Oagbip + 0gfis)? oo (4.2)

Considering z along the c-axis, 11, €22 and 33 are the strains along the x, y and z axis,
respectively. On the other hand, e,3 and &3; are shear strains. Here, ds;, ds3 and ds; are known
as the PE coefficients found in the wurtzite crystal structure.**?® In any 3D coordinate system,
each mutually independent element in the PE third rank tensor depends only on the
crystallographic structure and orientations of the material. In the converse PE effect, an
electric field is applied across the crystal generating strain or deformation in the
material.****?*%" The PE tensor in AlGaN with space group of P6smc, has three independent
constants, di3, dis, and dss. It is reported that, the relation between strain-electric field (&j; =
dixEx) for such kind of PE material with 6mm point group symmetry can be expressed as

follows 11,13,26,27
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&n 0 0 dy

2 0 dy

€ |=| 0 0 dy El ................................................ (4.3
285 0 dj EZ

28, d: 0 O
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From the above equation 4.3, the induced strain in presence of the external electric field along
different directions is therefore expressed as €11 = e22 = d31E3, €33 = da3Es, 263 = disEp, 2613 =
disE;, and &1, = 0. Using the PFM set up, the displacement of the cantilever due to the total
polarization of the crystal can be measured as in terms of the PE coefficient,

AZ = d33Vge + d33Vac COS(@FF @) oo, (4.49)
The magnitude of the oscillating response is a measure of the magnitude of ds; and the phase
is sensitive to the polarization direction of the sample.**#’ The vibrational amplitude is related
to the vertical projection of the polarization. The vibration phase lag varies in between —180°
to +180°, depending on whether the polarization is pointing up or down (Figs. 2.12b and
2.12c in the Chapter 2), or the angular inclination between the external field and the

polarization (Figs. 2.12c and 2.12d in the Chapter 2).

4.3.2 The domain switching in the piezoelectric zones of AIGaN microrod

The topography as well as PFM magnitude images of AlIGaN microrods on an AIN base layer
over the intrinsic Si(100) substrate are shown in figures 4.4a-e. The possible reason for
contrast variation at the interface in the PFM images (Figs. 4.4b and 4.4c) may be due to the
variation of surface charge density (os) at the bottom surface of micro-crystals originating

from the variation of crystalline orientation with respect to the AIN base layer.
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1 pm

Figure 4.4 (a) AFM topography of AlGaN hexagonal microrods and corresponding PFM images with an
external voltage (b) +5V and (c) —5V. The domain switching in the PE zones indicated by arrows in the zoomed
portion of PFM images of (d) +5V and (e) -5V.

At the AlyGa;«N/AIN interface the surface charge density follows the relation,

0, =V.P=X(Pih —PE)COSO oo (4.5)

where ¢ is the angle of the interface between AIN base layer and AlGaN microrods with
respect to the [0001] direction. Therefore, angular orientation of the AlGaN micro-crystals
with respect to the AIN base layer may also influence the o5 and PP%. It may lead to the
variation of induced o5 over the micro-crystals and hence a possible observation of contrast in
the PFM images due to the presence of different P* domains in the sample (Figs. 4.4b and
4.4c). The bright and dark contrast, corresponding domain expansion or contraction, is found
to interchange while switching the polarity of the external bias voltage from +5V (Fig. 4.4d)
to -5V (Fig. 4.4e). The dotted arrows in the figure indicate some specific area showing
switching (flipping in) of the P™* with respect to the external bias voltage for different planes
of the crystals.

In piezo-spectroscopy mode, probing of electromechanical response can be carried out as

a function of DC bias of the tip from a single point of the crystal (Fig. 4.5).
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Figure 4.5 The piezo-spectroscopy to show the topography and phase profiles from a single point on the AlGaN
microrod with respect to a complete cycle of +ve to —ve external bias voltage for two different places (marked)
of (a) and (b) of the sample.

The graph plotted between external bias voltages against phase change, represents the
variation of phase change of the P with respect to the polarity and magnitude of the external
bias. After application of one complete cycle of +ve to —ve external bias voltage, it is clearly
visible that, the phase angle switches between the —20° to +20° even for a single spot (marked
in topographs in Figs. 4.5a and 4.5b) on the AlGaN crystal itself. This explains and ensures a

supplementary evidence for the switching behavior of polarization in single crystal AlGaN

microrod.

4.3.3 The piezoelectric coefficient (ds3) of AlGaN microrod
The electric field is created along the microrod (z-direction) through the PE effect, E;=&33/d33.
Therefore, the effective PE coefficient along the c-axis can be calculated as the ratio between
deformation of the crystal (AZ) along c-axis and applied voltage V:

O3 =633/ E2=AZIV oo (4.6)
where e33 =AZ/Z is the change of strain along the c-axis (Figs. 2.12b and 2.12c in the Chapter

2), and E; = V/Z is the electric field along the c-axis."*?*3! The strain coefficient, es3 is
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calculated by analyzing the deformation of crystal from line scan data of the PFM image. By
using the Egn. (4.6), we calculated the approximate value of ds; along the c-axis as 4.14
pm/V. The calculated value of ds3 is slightly different from the reported values 5.1 and 3.1
pm/V for unclamped AIN and GaN, respectively.?>*? The small deviations in the value of das
may be due to the following reasons. In one of the possibilities, the ds; value for Al doped
GaN may be slightly higher than that of the undoped GaN synthesized by APCVD. At the
same time, the AlGaN crystals grown on an AIN base layer over Si(100) substrate are
clamped by the substrate.****% The substrate generates some constrain to the expansion and
contraction of the synthesized materials and thus affects the measured strains.’***% As a
result, the measured value of dss is less than the true value of an unclamped AIN and more

than that of the GaN samples.

4.4 Summary

The polarized Raman spectroscopic studies for different scattering configurations with
respect to the vertical and horizontal planes are used to understand the crystalline orientation
of an AlGaN sub-microrod. The integrated intensity distribution for the polarized Raman
images corresponding to the respective allowed vibrational modes for the c- and m-planes
shows single crystalline nature of the hexagonal sub-microrods. The origin of enhanced
splitting in the PL spectra along the c-plane compared to that of m-plane may be because of
the interaction of electric field of the excitation wave with the intrinsic crystal field, which is
the resultant of the SP and strain related PE polarizations. The existence of PE domains in the
sample is confirmed by recording the PFM imaging of AlGaN hexagonal microrods. The

effective PE coefficient for AIGaN microrod along the c-axis (ds3) is found to be ~4.14 pm/V.
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CHAPTER 5
SURFACE AND INTERFACE OPTICAL PHONON MODES IN 1D

NANORODS AND 2D MULTI-QUANTUM WELL STRUCTURES

“In science there are no 'depths’; there is surface everywhere” ....Rudolf Carnap

5.1 Introduction

The presence of periodicity on the surface of nanostructures leads to the generation of a
specific class of optical phonon modes apart from the group theoretically allowed optical
phonons at zone centre (wave vector, qg=0)."* Generally, in the case of wurtzite IlI-nitrides,
two additional phonon modes with A; and E; symmetry are observed related to such surface
modulations in between the frequency range of longitudinal optical (LOg4=0) and transverse
optical (TOg=0) phonon modes. These optical phonons, localized at the surface of
nanostructures and originating because of the vibration of surface atoms, are known as surface
optical (SO) phonons. Similar type of optical modes, appearing in the case of 2D MQW
structures or periodic superlattices (SLs), are termed as interface optical (10) phonon modes.>
19 Moreover, the relative strength of 10 or SO modes may decay exponentially from surface to
bulk of the sample. Therefore, the observation of SO or 10 modes are highly probable in the
case of nanostructures with high surface to volume ratio compared to that of with bulk
material.>*° Thus, the observation 10 or SO phonon modes are attributed to the relaxation of
Raman selection rules away from the Brillouin zone centre essentially because of the
breakdown of translational symmetry of surface potential due to the presence of the periodic

interfaces and surface modulations.*°
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In the present study, we report the Raman spectroscopic investigation of the SO and 10
phonon modes in 1D nanorods (NRs) and 2D MQWs, respectively. A set of vertically aligned
and hexagonal shaped 1D Alyg7GagosN NRs grown by means of plasma assisted molecular
beam epitaxy (PAMBE) were used for the study of SO modes. A change in the dielectric
medium is demonstrated to show a significant red shift of the additional modes with respect to
those in air, and they show good agreement with the calculated SO phonon frequencies.
Similarly, we also investigated the 10 phonon modes in the case of c-plane oriented 2D
[AIN/GaN]2o and [AlgssGagesN/Algs5Gag.asN]20 MQW nanostructures. The nominal shift in
IO phonon mode of E; symmetry for [AlossGag esN/Alos5Gag 4sN]20 compared to that of the
[AIN/GaN]2o MQW structure is understood on the basis of change in dielectric constants (&m)
of the surrounding medium. The observed 10 phonon modes in the spectra are attributed to

the periodic interfaces and surface modulations.

5.2 Surface optical phonon mode in vertically aligned 1D Alyg;GagosN NRs

The growth of vertically aligned AlGaN NRs on the buffer layer of AlGaN(~300 nm)
/AIN(~200 nm) over the c-plane oriented sapphire substrate were carried out with the help of
PAMBE system with standard effusion cells for group Il sources. The use of AlGaN/AIN
buffer layer significantly reduces the dislocation density and improves the overall structural
quality of the nanostructures as well as the quantum efficiency the optoelectronic devices.****
High purity Al (7N) and Ga (6N5) metal were used for growth and two zone effusion cells
were used to generate their fluxes. The ultra high pure N, gas (6N) further purified by the use

of GATEKEEPER™ filters was activated using an RF Plasma source. The growth was

monitored in-situ by observing the reflection high energy electron diffraction (RHEED)
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pattern. Prior to growth, the substrate was out gassed at a temperature of 673K and preserved
it in a background vacuum level of ~10° Torr for nearly 48 h. The growth was carried out in
three steps. At first, nitrogen plasma (power: 350 W, flow rate: ~1.7 sccm) was used to
convert the topmost layers of the sapphire (Al,Os3) to AIN at a temperature of 1023K.
Nitridation was followed by the growth of the AIN buffer layer at 1023K in presence of
excess Al flux (at 2.75x107 Torr), which was evident by the dim and diffuse RHEED pattern.
The time durations for nitridation were varied from 10 s, at the initial nucleation stage, to ~2
min towards the end of the AIN growth time. This process was similar to a metal modulated
epitaxial deposition step, and strongly affected the morphology of the deposited film by
modulating the surface diffusion length of adatoms. However, for group Il1 rich conditions, as
employed in the present study, the excess Al form nanoscale droplets were converted to
hexagonal islands during the exposure to plasma. After the deposition of AIN layer, an
AlGaN film was deposited with Al flux of 1.63x10” Torr, Ga flux of 5.12x10” Torr, and a
substrate temperature of 1043K. The AIN islands, formed on the substrate, acted as
nucleation centers for the formation of AIGaN NRs. The growth process was monitored by
the in-situ observation of the RHEED pattern.

The morphological shape, size and distribution of AlGaN NRs are shown in the FESEM
(FEI make dual beam Helios NanoLab-600i) images acquired with 20 kV and 2.7 nA (Fig.
5.1). The low magnification image shows (Fig. 5.1a) a top view of the uniformly distributed,
as well as, c-plane oriented NRs over the AlGaN/AIN buffer layer and the inset figure shows
the schematic sketch of the sample used for the present studies. The high resolution FESEM
image shows (Fig. 5.1b) well faceted hexagonal and c-axis oriented NRs with smooth surface

morphology, separated from each other with an average distance of ~200-300 nm. In addition,
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the individual NRs possess sharp edges (similar to saw-tooth edges) at the corners of the
hexagon with a separation of ~200 nm (Fig. 1(b)). The typical height of vertically aligned and
c-axis oriented NRs varies between 300-500 nm, as shown in the cross-sectional view of NRs

obtained in the dark field mode of STEM detector within FESEM (figure 5.1b).
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Figure 5.1 The FESEM images of 1D NRs. (a) Low magnification image with the distribution of NRs over the
AlGaN/AIN buffer layers. (b) Top view of hexagonal NRs with sharp edges. (c) The high resolution STEM dark

field image showing cross—sectional view of vertically aligned NRs.

A focused beam of Ga” ions (30 kV and 21 nA) was used to prepare the electron transparent
AlGaN NR specimen for HRTEM studies. The final cleaning of the electron transparent
specimen was performed using a low energy Ga* beam (2 kV and 9 pA) to minimize the beam
damage to the specimen. Further, the electron transparency of the specimen was substantiated
using a scanning transmission electron microscope (STEM) detector within FESEM. The
typical height of vertically aligned and c-axis oriented NRs varies between 300-500 nm, as
shown in the cross-sectional view of NRs obtained in the dark field mode of STEM detector
within FESEM (Fig. 5.1c). A typical low magnification TEM micrograph is shown (Fig. 5.2a)

for a cross-sectional NR attached to the Cu grid. The SAED pattern of the NR (Fig. 5.2b),
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recorded from the encircled portion of NR (Fig. 5.2a), is indexed to wurtzite phase of single
crystal AlGaN with zone axis along [01-10]. The HRTEM image is shown for a typical NR
(Fig. 5.2c). The corresponding inverse Fourier transform (IFT) image (Fig. 5.2d) for the
selected area, marked in the figure 5.2c, shows an interplanar spacing of 2.71 A
corresponding to the (10-10) planes of AlGaN.
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Figure 5.2 (a) The bright field TEM image of NR and its encircled portion used for SAED (b) The SAED
pattern of NR indexed to wurtzite phase of AlGaN with a zone axis of [01-10] (c) The HRTEM image of NR and
its marked square portion used for IFT (d) The IFT image of NR shows the (10-10) plane of AlGaN.

The elemental analysis was carried out from the recorded EELS spectra of AIGaN NR for
further confirmation of its constituent elements namely, Al, Ga and N. The Al-K," and N-K
edges,™ present in the EELS spectra are shown in Figs. 5.3a, and 5.3b, respectively. It is very
difficult to record an adequate EELS signal from such an element with relatively high atomic
number (Z=31). Thus, in order to understand the exact compositional details of the AlGaN
NR along with Ga, we carried out the energy dispersive spectroscopy (EDS; Apollo X Silicon
Drift Detector) analysis (Fig. 5.3c). Corresponding at% of Al, Ga and N in the NRs were

found to be ~58.11(8.87), ~1.99(11.82) and ~39.90(6.09), respectively.
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Figure 5.3. The elemental and compositional analysis of AlIGaN NR. The EELS spectra for (a) Al-K, and (b)
N-K edges and (c) The EDS spectra

Consequently, the compositions of NRs are close to Alpg;GagesN and hence its optical
properties are expected to depend on the band bowing formalism of random alloy model with

respect to the constituent elements present in it.*>*8

5.2.1 Effect of periodicity of the NRs

In order to investigate the nature of vibrational modes in the Alyg7GagosN NRs, Raman
spectroscopic studies were performed in presence of air as the surrounding medium with &,=
1.00 (Fig. 5.4a). The sample excitation as well as the scattered spectra was collected using a
50X objective (Olympus 50X) with a numerical aperture (N.A.) value of 0.35 and a working
distance of 18 mm. The corresponding laser beam diameter (d = 1.224/N.A.) emanated from
the objective for an excitation wavelength (1) of 514.5 nm was ~1.80 pm.lg Raman modes
centered around 656 and 883 cm™ are assigned to the symmetry allowed AIN- E,'and AIN-
A1(LO) mode, respectively.”>*® Moreover, two relatively intense and broad peaks, observed
between the allowed E)' and A;(LO) mode, are deconvoluted with Lorentzian function and

are found to be centered at around 763 and 846 cm™ (Fig. 5.4a).
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Figure 5.4 Raman spectra of 1D Alyg;Gage3sN NRs in different dielectric media (a) air (= 1.00) and (b) CCl,
(&n=2.24)

The intermediate peaks, however were red shifted to around 745 and 830 cm™ (Fig. 5.4b) with
an increase in dielectric constant of the surrounding medium (&, = 2.24) using CCl, as the
surrounding medium without any significant changes in the wave numbers of symmetry
allowed modes in the spectrum. In order to investigate the nature of the unidentified phonon

modes for Alp97GagosN NRs, we use the general expression for the frequency of SO phonon

mode for a 1D nanostructure to simulate its dispersion relation and is given by,?*#2!
£y — P&
@l = 0 LTI e, (5.1)
€e = Prxém

where wro is the TOq4= phonon mode frequency; & and . are the static and high-frequency

dielectric constants of the material, respectively; pnx is @ mathematical function of integral

multiples of x as given below,>*?%%

where 1j(x) and K;(x) (j = 0, 1) are the modified Bessel functions and x = gr (r is the radius of

the NRs and q is the wave vector responsible for the surface perturbations and hence the
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generation of SO phonon modes).>***?! The values of g = 8.512 and &, = 4.621 for
Alp97GaposN NRs were calculated in accordance with the relative percentage of Al and Ga

present in the system. The frequency values of A;(TO) and E;(TO) modes of A; and E;

symmetries for Algg;GagosN sample are considered as 611 and 671 cm™, respectively. ™™
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Figure 5.5 Dispersion curve for the SO modes of 1D Alyg,GagosN NRs in different dielectric media, air (&n,=
1.00) and CCl, (5,=2.24)

The dispersion curves of SO modes (Fig. 5.5) corresponding to the frequency values of both
A1(TO) and E;(TO) modes are simulated using the Equation (5.1). The nature of dispersion
curves for SO modes of Alyg7GagosN NRs are also studied in two different dielectric media

[air (n= 1.00) and CCly (&n = 2.24)] (Fig. 5.5)

5.2.2 Effect of dielectric constant of the medium

The surface phonons propagating through the surface of individual NRs may experience a
periodicity of ~200 nm due the presence of saw-tooth like sharp edges of hexagonal
nanostructures. In addition to that, the surface phonons propagating through the interface of
AlGaN buffer layer as well as NRs can also face a dielectric contrast variation due to the
periodicity (measured as the integral multiples of 200 nm) of NR-air-NR row and column like

arrangement. In the present study, the assumed periodicity (1) is the integral multiples of ~200
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nm = 200x10” cm of the separation between the corner edges of hexagonal NR (Fig. 5.1b).
This periodicity can also be represented in terms of the integral multiple of the separation
(~200-300 nm) between the individual NRs (Fig. 5.1(b). Therefore, the a dielectric contrast
variation due to the presence of NR-air-NR row and column like arrangement of the
hexagonal Alyg7GagosN NRs can also be considered as an equivalent periodicity responsible
for the surface modulations. The surface modulations of the sample may absorb the phonon
momentum in terms of quantized units of q = 2n/A."™ Therefore, the calculated value of q =
314x10° cm™ is the Fourier component of the surface potential responsible for the surface
perturbations leading to the formation of SO phonon modes. The major contribution for the
intensity of SO phonons is expected to be originated due to the presence of sharp corner edges
of the NRs. In addition to that, a significant contribution for the SO mode intensity can also be
originated from the NR-dielectric medium (air/CCl,) interface region over the AlGaN buffer
layer of the sample. Since, the approximate radius of the hexagonal Alpg;GagosN NRs are
considered as ~100 nm and the corresponding value of gr = 2.0, as indicated by the vertical
dotted line in the figure 5.5. Since, the laser beam diameter (~1.80 um) of excitation source is
higher than the periodicity (1~200 nm) of Alyg7GagosN NRs; the observed modes may have
originated away from the Brillouin zone centre of the unit cell due to the breakdown of the
translational symmetry of the surface potential. Incidentally, the observed intermediate modes
in the Raman spectrum match well with the theoretically calculated values of SO modes
corresponding to the gr value of 2.0 (Fig. 5.5). In the case of air as the dielectric medium, the
calculated wave number values for SO(A;) and SO(E;) modes are ~775 and ~850 cm™,
respectively. Similarly, in the case of CCl, as the surrounding medium, the corresponding

values are red shifted to ~735 and 810 cm™, respectively. Therefore, the broad peaks observed
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around 763 and 846 cm™ in the Raman spectrum of Alg.g;GaoesN NRs in the air medium (Fig.
5.4a) are assigned as SO(A;) and SO(E;) modes, respectively. Consequently, similar type of
modes of around 745 and 830 cm™ (Fig. 5.4b) in the Raman spectrum of Algg;GagosN with
CCly as the surrounding medium, are also assigned as SO(A;) and SO(E;) modes,
respectively. The observed red shift in SO mode frequencies of around 16-18 cm™ in the
Raman spectra of Alyg7GagosN NRs with CCly (en= 2.24), as the surrounding medium,
compared to that of air (g,= 1.00) is because of the change in g,. The SO modes show red
shift as the &y, is increased while the peak position of the symmetry allowed AIN-A;(LO)
mode do not change from its initial value. This observation further confirms that the
intermediate phonon modes, observed in the Raman spectra, are the SO phonon modes."
202131 The small discrepancy (10-20 cm™) in the observed and calculated SO mode values
for Alpg7GagosN NRs with the medium of CCl, is well within the error, particularly
considering the large full width at half maxima of the SO modes. Thus, the technique may
also be useful for studying the properties of an unknown dielectric material used as

surrounding medium.

5.3 Interface optical phonon mode in 2D [AIN/GaN],y, and

[AIO.35GaQ.65N/A|0.55Ga0_45N]20 mu Itl—QW structures

5.3.1 Effect of dielectric constant of the medium

The vibrational properties of the samples with MQW structures of c-plane oriented
[GaN(~1.25 nm)/AIN(~2.0 nm)]y (schematic in Fig. 5.6a) and [Alp3sGagesN(~1.75

nm)/Algs5Gag 4sN(~2.0 nm)].o (Fig. 5.6b showing schematic as well as a TEM micrograph at
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11532 were probed by Raman spectroscopy at

the outset) SLs grown using PAMBE technique,
80K. The periodic bi-layers of 3.25 and 3.75 nm are measured for [GaN/AIN] and
[Alg.35Ga0.65N/Algs5Ga0.45N]20 MQWS, respectively.® The spectral lines centered around 570,
659 and 890 cm™ (Figs. 5.6c and 5.6d) are assigned to be the allowed symmetric Raman
modes of GaN-E}', AIN-E}' and AIN-A;(LO) modes of wurtzite phase, respectively.”*
The peak centered at ~750 cm™ is from the sapphire substrate. The mode is observed, as the

MQW samples with wideband gap materials (band gap >3.47 eV at room temperature) are

transparent to 514.5 nm (2.41 eV) excitation.
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Figure 5.6 The schematic representation of c—plane oriented MQW structures of (a) [GaN/AIN],, and (b)
[Alg.35Gag 6sN/Al 55Gag 45N]20 SLS. Outset shows a TEM micrograph of the MQW. (c) and (d) the corresponding
Raman spectra for 514.5 nm excitation recorded at 80K. () and (f) the respective simulated dispersion relation
for the 10 phonon modes. Dotted horizontal and vertical lines are drawn to indicate observed 10 phonon modes

and corresponding q;Li/2 values, respectively.
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For understanding the additional broad peaks (Figs. 5.6¢ and 5.6d) observed around ~788
and ~830-834 cm™, we simulated the dispersion curves for the 10 phonon modes by
considering & and &, as the respective static and high frequency value of dielectric constants
(e(w)) of the material. The symmetric (S) and asymmetric (AS) modes of 10 phonon in 2D

nanostructures are defined by the following equations, %%

2 (q)e o2 | SBNAL T2 ey |, 5.3
@l (0)s = “’TOLW tanh(q,L,/2) + &, )
2 _ 2| &COt@L/2) ey |, 5.4
@0 (s = OLwcoth(qiLi/Z)JrgJ 64

where L; (i = 1, 2) is the edge width of the rectangular QW plates whose growth direction is
considered to be along the z-direction; q; (i = 1, 2) is the 10 phonon wave-vectors in the QW
structures. In order to compute the dispersion relations (Egns. (5.3) and (5.4)) for the 10
phonon modes, it is assumed that the similar parity for the surface potentials of TO and LO
phonon modes in the two mutually orthogonal directions (g:%+ q2° = g% gLy = qalz).2>%%
The &, follows the Lyddane-Sachs-Teller (LST) relation corresponding to A; and E;
symmetries.l'5 The values of & and &, for AIN and GaN are considered from the available
reports for assigning the dielectric contrast for the [GaN/AIN],c MQWs.* Similarly, the
dielectric constants for the different 2D medium for [Alp 35Gag ssN/Algs5Gag 4sN]20 Structures
are estimated on the basis of reported values of AIN and GaN,*" followed by the numerical
calculations with respect to the different Al percentage in the compositions of 2D layers in the
MQW. The calculated values for g and &, for each sample are shown in the Table 5.1. The
corresponding frequency values of A;(TO) and E;(TO) symmetry modes for different MQW

samples are 611 and 671 cm™, respectively, taken under consideration by the two-mode
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behavior of the random alloy model for AIGaN.*™® With the help of the above tabulated data,
the dispersion relations for 10 phonon modes are simulated by using the Equations (5.3) as
well as (5.4), and then the resultant curves are plotted for the respective sample as shown in

the Figs. 5.6e and 5.6f.

Table 5.1: The dielectric constants for AIN, GaN and AlGaN with different stoichiometry.

Materials &, g,
AIN 8.50 4.60
GaN 8.90 5.40

Al .Ga, N ~8.72 ~5.04
Al,,Ga, N ~8.70 ~5.00
Al ,.Ga, N ~ 8.64 ~4.88

The 10 phonon mode for [GaN/AIN]2o MQWs are calculated by considering AIN QWs as the
material of interest and GaN QWs as the surrounding medium. Similarly, in the case of
[Alg.35Gag esN/Alg s5Gag 4sN]20 MQWS, AlgssGagasN and AlgssGagssN QWS are considered as
the material of interest and the surrounding medium, respectively. The peak centered around
~830 cm™, observed in the Raman spectra of [GaN/AIN],0 MQWs (Fig. 5.6¢), may originate
because of the presence of an 10 phonon mode of E; symmetry (I0(E;)) as indicated in the
calculation. Similarly, the peaks centered at ~788 and ~834 cm™, observed in the Raman
spectra of [Alp.35GagesN/Algs5Gag.4sN]20 MQWS (Fig. 5.6d), may have evolved because of the
simultaneous presence of 10 phonon mode of A; symmetry (IO(A;)) as well as IO(E;) mode,

respectively. The origin of the additional 10(A;) peak in the Raman spectra in the
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[Alg.35Gag esN/Alg s5Gag 4sN]20 sample compared to that of the [GaN/AIN]o MQW may be
because of the presence of additional Aly3sGaggsN(~320 nm)/AIN(~200 nm) buffer layer
present on the sapphire substrate (Fig. 5.6b). In order to confirm it, a bi-layer thin film of
Alos50GagsoN(~300 nm)/AIN(~200 nm) (schematic Fig. 5.7a) was also studied for its

symmetry allowed Raman phonon modes of AIN-E;' and AIN-A(LO) along with the

presence of 10 modes (Fig. 5.7b).
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Figure 5.7 (a) The schematic representation of thin film structures of Algs0GagsoN/AIN (b) The Raman spectra

for 514.4 nm excitation recorded at 80K and (c) the respective simulated dispersion relation for the 10 phonon
modes. Dotted horizontal and vertical lines are drawn to indicate observed 10 phonon modes and corresponding

qiLi/2 values, respectively.

Similarly, the dispersion curve (Fig. 5.7c) for 10 phonons are simulated by considering AIN
layer as the material of interest and Alys0GagsoN as the surrounding medium using the
corresponding values of & and &, as shown in the Table 5.1. We could identify the mode
frequencies of 10 phonons, at 10(A;) ~794 cm™ with significant intensity and 10(E;) at ~846
cm™ (Fig. 5.7b). The distinct I0(A;) mode with high intensity, observed for Als;GasoN/AIN
bi-layer sample, is close to the observed value of ~788 cm™ in case of
[Alp.35Gag esN/Alp55Gag 4sN]20 MQW sample. The small shift of ~6 cm™? for IO(A;) and ~13

cm? for IO(E1) modes, observed in the AlsoGasoN/AIN bi-layer thin film as compared to
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those for [Alg35GagesN/Algs5GagsN]20 MQW, may be because of the different dielectric
constants in the layered structures with different Al contents (Table 5.1). Moreover, the
broadening of IO(E;) mode corresponding to the [Alg.3sGagesN/AlgssGagasN]20 sample (Fig.
5.7b) may be because of the contribution originating from the IO(E;) mode corresponding to
the Alg3sGaoesN/AIN buffer layer. In this regard presence of a broad peak at ~846 cm™

corresponding to the AlsoGasoN/AIN bi-layer sample may be noted (Fig. 5.7b).

5.3.2 Effect of the periodicity of interface layers

The periodic surface modulation and 10s of SL structures of 2D MQWs may lead to the
relaxation of Raman selection rules because of the breakdown of translational symmetry of
the surface potential,*>?® and it is anticipated that the unidentified Raman modes observed in
the recorded spectra from the MQWSs belong to the above mentioned I0(A;) and 10(E;)
phonon modes, respectively. The surface layers of MQWSs and buffer layers absorb an
additional momentum in terms of the quantized units of q (=2z/A) and the expected edge
lengths (L) corresponding to the 10(A;) and IO(E;) phonon modes are calculated for a
periodicity of the surrounding medium separated with a thickness of the material of interest, 1
~2 nm (for QWSs) and 1 ~200 nm (for buffer layer and bi-layer thin film) (Table 5.2). The
nature of 10(A;) mode, observed in the [Aly35GagesN/AlgssGagasN]20 SL, is attributed to the
presence of MQW structure as well as the AlyssGagesN/AIN buffer layers present in it.
Therefore, in case of the sample [Alg3s5GagesN/AlgssGagasN]20 the corresponding q and L
values are calculated for 10(A;) modes for a pair of layer thickness, 2 ~2 and ~200 nm,

respectively. The observed 10(A;) mode wave number with significant intensity as well as the
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order of g and L (Table 5.2) match well with the sample which posses Algs0GagsoN/AIN bi-

layered thin film alone on the sapphire substrate (Fig. 5.7).

Table 5.2: The q and A of the respective 10 phonon modes observed in the Raman spectra of the MQW
structures with an expected 2D plate length (L).

Substrate fOI’ a” [GaN(""125 [A|0_3sGa0_65N("‘1.75 AlolsoeaolsoN("’Szo
of the sample is nm)/AIN(~2.0 nm)/Alg 55Gag.4sN(~2.0 nm)],o on nm)/AIN(~200 nm)
sapphire nm)]zo Alg35Gag esN(~300 nm)/
AIN(~200 nm) buffer layer
10 modes ao(A) | oo(E) o(A1) ao(E1) o(A1) ao(E1)
Wave number - 830 788 cm™ 834 cm™ 794 cm™ 846 cm™
x=qL/2 - 0.55 0.10 0.32 0.11 0.35
A - 2 nm 200 nm 2 nm (QWSs) 200 nm 2 nm (QWSs)
(periodicity of (buffer layer) | 200 nm (buffer |(thin film)| 200 nm (thin
surrounding layer) film)
medium)
q = 274 -~ 3.14x10’ 3.14x10° | 3.14x10" cm™and |3.14x10°| 3.14x10" cm™
cm* cm* 3.14x10°cm™ cmt
L = 2x/g (hm) - 35 637 20.38 (A ~2 nm) 700 22.40 (A ~2 nm)
2038 (A ~200 nm) 2240 (1 ~200
nm)

The 2D shapes with finite L can be formed on the sample surface by the horizontal uneven

irregularities generated during the growth period. The typical FESEM image of MQWSs shows
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(Fig. 5.8) the nanometer sized platelets uniformly distributed all over the horizontal surface of

SLs and the surface protrusions are of the order of 10s to 100s of nm scale.

Figure 5.8 The typical FESEM image shows the morphology of the topmost surface layer of MQWs containing
the nanometer sized platelets uniformly distributed all over the surface. The inset shows a high magnification
image for the surface protrusions in the order of 10s (arrow head) to 100s (encircled portions) of nm. The

integral multiples of nanometer sized protrusions also can act as a micron sized platelets (~2 um).

The integral multiples of nanometer sized protrusions also can act as a micron sized platelets
(~2 um). Moreover, the required L values fall in the order of 10s and 100s of nanometers to a
few micrometers (~2 pum). It is very important to notice that the spot size of the excitation
laser (~2 wm) can easily cover the required area generated by the 2D plate lengths. The small
shift in 10(E;) phonon mode (~4 cm™) for [Aly.35Ga0.6sN/AlgssGag 4sN]20 compared to that for
the [GaN/AIN],c MQWs is because of the difference in &, of the surrounding medium.>*
This red shift of the observed mode in between the allowed (TO)q= and (LO)q=o Raman

modes with increasing &, value, because of the change in the surrounding medium, can be

considered as a further confirmation for the presence of 10 mode.
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5.4 Summary

In conclusion, the nature of SO phonon modes are investigated in the Raman spectra of
Algg7Gag 3N vertically aligned c-axis oriented hexagonally shaped 1D NRs. The dispersion
relation for both SO(A;) and SO(E;) phonon modes with A; and E; symmetries, respectively
for two different media, air and CCl, are simulated to match with the experimentally observed
non-zone center (for wave vector, g=0) phonon modes in the Raman spectra. The origin of the
SO phonon mode is because of the presence of sharp corner edges of the well-faceted
hexagonal NRs with a periodicity (1) of ~200 nm as well as the equivalent surface
modulations generated due the integral multiples of the separation between the arrays of row
and columnar like arrangement of NRs. The corresponding Furrier component of the surface
potential, providing necessary surface perturbation in the NRs, is used successfully to
estimate the SO modes. The observed red shift in the g=0 mode frequencies of around 16-18
cm™ in the Raman spectra for Alyg;GaoosN NRs in presence of CCl, with different dielectric
constants of the surrounding medium compared to that for air, confirms the presence of SO
mode in the observed Raman modes. Moreover, apart from the symmetry allowed Raman
modes, the 10 phonon modes are also observed in the Raman spectra of [GaN(~1.25 nm)/AIN
(~2.0 nm)]20 and [Alg35Ga0.esN(~1.75 nm)//Alys5Gag4sN(~2.0 nm)]]zo0 MQW structures. The
dispersion relation for both 10(A;) and I0(E;) phonon modes for MQW structures are
calculated and are matched with the experimentally observed 10 phonon modes in the Raman
spectra. For [GaN/AIN],o MQW structure, the 10(E;) phonon mode alone is observed,
whereas in case of [Alg35GagesN/Algs5Gag.4sN]20 MQW structure, both 10(A;) and I0O(E;) are
identified simultaneously. The red shift of 10 mode (~4 cm™) of [GaN/AIN],, compared to

that for [Alg35GagesN/Alos5GagasN].0 MQW structure with the change in dielectric constant
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of the surrounding medium, further confirms the existence of 10 modes in the observed
Raman Spectra. The relative increase for intensity of 10(A;) in [Alg3sGag esN/Algs5Gag.4sN]20
MQW sample is evolved because of the presence of Alg3sGaggsN/AIN buffer layer in the
sample, as confirmed with the observation of the similar IO(A;) mode with higher intensity in
the Algs0GagsoN/AIN bi-layer thin film structure. The observation of the 10 phonon modes is
attributed to the relaxation of Raman selection rules because of the breakdown of translational
symmetry because of the presence of the periodic interfaces and surface modulations of
superlattice structure of MQWSs. The integral multiples of the nanometer sized protrusions,
uniformly distributed all over the horizontal surface of SLs, in the order of 10s and 100s of
nanometers to a few micrometers (~2 um) are found to act as the expected edge lengths

responsible for the breakdown of symmetry.
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CHAPTER 6

LIGHT-MATTER INTERACTIONS IN THE SUB-DIFFRACTION

REGIME

“Matter is Energy ...Energy is Light...We are all Light Beings” ....Albert Einstein

6.1 Introduction

Till now the nanoscale focusing and imaging in the sub-diffraction limit is achieved mainly
with the help of plasmonic field enhancement by confining the light assisted with noble metal
nanostructures.”” In this context, the proximity induced PL intensity enhancement can be
understood by assuming the existence of reasonably long lived photons in the intervening
space between the NWs.2 A non-zero non-equilibrium population of such photons may cause
stimulated emission leading to the enhancement of PL emission.® The enhancement of PL
emission facilitates far—field spectroscopic imaging of a single semiconductor AlIGaN NW of
sub-wavelength. An optical characterization tool of Raman spectroscopy, with extremely
weak scattering cross section tool, is not popular to analyze scattered signal from a single
nanostructure in the sub-diffraction regime. In this regard, plasmonic assisted characterization
tools are only relevant in spectroscopic studies of nanoscale object in the sub-diffraction
limit.>® The NSOM technique is not only a tool for imaging of sub-diffraction limited objects,
but also a prominent characteristic tool for understanding the intrinsic properties of the

nanostructures.’”’

The present chapter includes the far-field spectroscopic PL imaging of a single

semiconductor AlGaN NW using the peak intensity of free excitonic (FE) emission in the
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sub-wavelength scale. In case of the optical confinement effect, a non-zero non—equilibrium
population of long lived photons is envisaged to influence the increased PL emission intensity
from the single NW. In a far—field optical configuration, we report the polarized RRS of a
single AlGaN NW to understand the crystallographic orientations in the sub-diffraction length
scale. The present investigations also include the studies of the light-matter interaction of an
isolated single and semiconductor AlGaN NW along with metallic Au NP catalysts in the near
field regime by using the NSOM technique with a laser excitation of 532 nm. In order to
understand the light-matter interaction of AlGaN NW, we invoked the semiconductor band
picture by analysing the different energy states related to native defects with the help of PL
measurement from a single AIGaN NW. We also studied the effects of plasmonics in the
NSOM images of Au NPs which was involved in the VLS growth mechanism of AlGaN

NWs.

6.2 Photonic confinement of UV-light

6.2.1 The proximity induced optical confinement between the interaction area of an

array of NWs

The FESEM image (Fig. 6.1a) shows the uniform and mono-dispersed NWs all over the
substrate. The NWs with a narrow size distribution of 100 (£10) nm are shown (Fig. 6.1b).
The high resolution image (outset of Fig. 6.1b) of the cylindrically shaped AlGaN NW shows

very smooth surface morphology with an Au NP at the tip of the NW (Fig. 6.1b).
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Figure 6.1 (a) Typical low magnification image shows the uniform and mono—dispersed NWs (b) AlGaN NWs

with a smooth and narrow size distribution; a single NW with a diameter of 100 (£10) nm shown in the outset.

The Au NPs participated in the VLS growth process of the AlGaN NWs,® which have uniform
size of ~120 nm and was found to be well separated from each other. The interface region

between the Au NPs and AlGaN NWs is negligible compared to the total area of the NW.

The polarized PL measurements at 300K for the single AIGaN NW (schematic, Fig. 6.2)
are performed in two different configurations of z(xX)Z and z(XY)Z, which are considered as

parallel (z) and perpendicular (o) polarizations, respectively. The long axis of cylindrical

NWs is considered as X direction, whereas the incident and backscattered light propagation
directions are measured along the Z and Z directions, respectively. The parallel, z(xx)z and
perpendicular, Z(XY)Z polarizations were configured using a half wave plate and a polarizer

kept in the backscattering geometry, as shown in the schematic of the experimental setup used

for the measurements (Fig. 6.2). In the z(xX)Z configuration, the excitation electric field

vector (E.) is parallel to the long axis (Ee||X, z—polarization) and E. is perpendicular to the

horizontal X—axis (E.LX, o—polarization) in Z(XY)Z configuration.’®*® In both cases, the

incident direction (wave vector) of laser light is perpendicular to the horizontal axis (kLX) of

AlGaN NW.
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Figure 6.2 The schematic representation of the experimental setup for recording single NW spectra and imaging
using polarized PL spectroscopy. The outline of interaction area depicts the long lived photons leading to the

optical confinement effect in between the semiconductor AlGaN NW columns.

It was found that the polarized PL peak intensity value for a single NW was higher for n—
polarization, as compared to that of the o-polarization (Fig. 6.3a).1%*® This observation is
typical 1D semiconductor NWs and is because of the optical confinement of polarized light
within the material, due to variation of refractive index of NWs and its surrounding media.'®
1% The optical image of the mono-dispersed AIGaN NW with a separation of ~2 pum, using an
objective of 100x with N.A. value of 0.85, is shown in the inset of figure 6.3a. The single
NW, used for recording the PL spectra, is indicated by a dotted arrow. It was ensured that the
individual NWs were well separated (~2 um) compared to the excitation laser spot size of
~0.80 pm to receive a PL spectrum of a single NW alone. Considering around 5.0% error for
the Gaussian spreading of incident beam diameter, the maximum possible laser beam
diameter can be calculated as ~0.84 um. Thus, it was ensured that the PL spectra were
collected from the centre portion of a single NW with minimum interference of any other
signals that might be contributed from adjacent NWs. The peak observed at ~3.55 eV is due

to the recombination of free exciton (FE).° A tiny peak centered at 3.73 eV is assigned to
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A1(LO) mode of GaN.® The peak observed at ~3.30 eV is identified with electronic transition

(DAP) from a shallow donor state of nitrogen vacancy (V\) to a deep acceptor state of Ga

vacancy (Vga).”
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Figure 6.3 Polarized PL spectra for z— and o—polarized configurations of a single AIGaN NW for the inter—-NW

separations of (a) 2 um and (b) 4 um. Inset shows the optical image of mono—dispersed NWs on the Si(100)

substrate. The single NW selected for the polarized PL spectra is indicated by an arrow. (c) The statistical

dependence of PL intensity corresponds to FE emission with respect to the separation of consecutive NWSs. Inset

shows PL spectra correspond to different separations and the scale bars in the inset are equal to a length of 5 um.

The variation in intensity for different polarization configurations depends on the material

geometry as well as the anisotropy of the medium. Thus, the intensity of z—polarization (l,)

can be very different from that of the o—polarization (I5) due to the confinement effect, as

mentioned earlier. The observed polarization anisotropy is typically defined in terms of the

polarization ratio (p=I,—1,/1,+ls; also called as the degree of polarization).***® For the present

study, the polarization ratio of AlGaN NW (~100 nm) for the PL emission was calculated as

~0.533.
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A strong correlation of the PL intensity (Figs. 6.3a and 6.3b) with the proximity to other
NWs was observed in the present study. An increase in the PL intensity by one order is
observed, when the separation from the nearest neighbour NW is decreased from 4 pum (inset
Fig. 6.3b) to 2 um (inset Fig. 6.3a). The similar experiments were carried out for a large
number of times with different separation between the consecutive NWSs to get a good
statistics (Fig. 6.3c). We have plotted FE emission intensity at the peak energy versus the
separation between the NWs (d) within the limit of finite error using statistics from the
measurements at different spots along the wires (Fig. 6.3c). The inset of figure 6.3c shows the
representative PL spectra observed for few typical inter-NW separations. It is clear that the
observed emission intensities of PL spectra increase with decreasing d values. Interestingly,
the PL intensity varies inversely proportional the interaction area of (Ixd), where | and d are
the NW length and the inter-NW separation, respectively (Fig. 6.3c). However, the scattering
of the data-points observed in the PL intensities with respect to d is possibly because of the
misalignment of NWs from its perfect parallel configuration with each other (as indicated by
the error bars for the x-scale in figure 6.3c).We have also confirmed 1/d* dependence of the
PL intensities with inter-NW separation extending down to sub-micron size using scanning

probe microscopy coupled to a Raman spectrometer (Fig. 6.4).
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Figure 6.4 (a) The representative topographic images of NWs used for recording the PL spectra by means of an
atomic force microscopic (AFM) tip of 20 nm assisted with a long working distance NUV objective of 15x
(N.A. = 0.4) in the scanning probe microscopy (SPM, MV4000; Nanonics, Israel) coupled to Raman
spectrometer (inVia; Renishaw, UK). (b) The statistical dependence of PL intensity in the 2D semiconductor
micro— and nano- sized interaction area with respect to the separation of consecutive NWs. Inset shows the PL

spectra corresponding to different separations.

A collection of mono-dispersed AlGaN NWSs with near uniform size distribution (Fig.
6.1), and in close proximity to each other, may lead to the existence of reasonably long lived
photons (owing to multiple interactions) in the intervening space between the NWs. These
photons originate from an external laser source (reflected), as well as from electronic
transitions within the materials, and exist in between the intervening space of NWs so long as
the external pump laser is on. A non-zero non-equilibrium population density of such long
lived photons increases the stimulated emission by utilizing electrons in excited states. The
elevation in photon density in the intervening space may be the reason for enhanced PL due to
proximity of other NWSs. In order to understand the phenomenon quantitatively, let us assume
that the external pump laser promotes electrons to an upper level (U) from the ground state

(G), where Ny and Ng be the number of electrons in the excited and ground states (Ng+Ny =
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N, being a conserved quantity). One can write down a rate equation for spontaneous

emission/absorption of photons,*” dNu/dt = —dNg/dt,

dN N
=W (N =NG)+Ry (6.1)

sp

where g, is the time for spontaneous electronic transition from U to G state, with emission of
a photon. Rp is the rate at which electrons are pumped to U by absorption of photons. The
intermediate term is necessary when the electronic transitions are also induced by external
photons, i.e., stimulated emission/absorption processes. Wp is the rate of stimulated
emission/absorption per electron.!” Suppose, ¢ is the cross sectional area for stimulated
emission from a single electron at U due to the interaction with one external photon, and N_
be the total number of local long lived photons, confined in an available interaction volume V.
If the photon group velocity in the medium is vg, then the total number of stimulated

emission/absorption events per second from one electron is ovg < N/V = Wp (having

dimension inverse of time). When the system is in dynamic equilibrium, putting dNtU =0 one
gets,
oV,)NN
Rp + 7( 9\3 :
Ny = :
U Z(G'Vg)NL_Fi (62)
\Y T

sp
If there are no local photons (no stimulated emission or absorption of photons), i.e., N_. = 0,
the time averaged Ny = Rp 75p. On the other hand, in large N limit, Ny approaches the value
N/2, which is the maximum thermodynamically achievable population of U. Similarly, we can
write down a rate equation for the number of photons responsible for stimulated

emission/absorption process,
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AY
ﬂz_ﬂ+&+(‘j\/—g)(NU—NG) ....................... (6.3)

dt T Tg

where, 7pn is the decay time for these photons due to processes other than the stimulated
emission/absorption. In order to get the steady state value of N, we set dN,/dt=0. For Ng =

N—Ny, and expressing Ny in terms of N from the equation (6.2), we find N_. = Rp zp, and

L 2(0v N7,

V
N,=R,z, ——— ... 6.4
v PTSpl (oVy)7 3 Rety, 6.4)
+

\Y

The PL intensity, Ip_ is the total number of photons per second emanating from all possible
transitions of electrons from U to G. The number of such transitions per second is
proportional to Ny, that is, Ip. = (hv)|M|*Nuy, where ho is the energy difference between U
and G, and M being a matrix element for this transition. The ratio of the second term in
denominator and numerator in equation (6.4), is Rpp/N = Ny(N.=0)/N <<1. In fact, this ratio
approaches 1/2 only when N_ approaches infinity. Neglecting the second term in the
denominator, we get,

IpL o€ Rpzp(1+20VgNpn/V) e (6.5)
The second term in the equation (6.5) is responsible for the increase in PL intensity due to the
presence of the intervening long lived photons in between the NWs. Thus, the increase in the
PL intensity is proportional to lifetime of these photons z,,, the stimulated emission cross
section o, and is inversely proportional to the available interaction volume (V) occupied by
these photons.*’ Since, V = hxIxd where, h, | and d are the height, length and separation

between the NWs; so for a fixed h (~100) nm, the diameter of the NWs less than the
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excitation wavelength (1)), the increase in PL intensity is inversely proportional to the

interaction area (Ixd).

6.2.2 Polarized PL imaging of single NW in the sub—diffraction regime

The PL imaging of single AIGaN NW with an average diameter 100 (£10) nm is carried out
over an area of 3 x 1 um? using an excitation laser of wavelength of 325 nm. The figure 6.5a
shows the PL maps of single NW generated by integrating the intensity of FE emission for z—
polarization. The PL maps for o—polarization with the variation of intensity along the NW for
FE emission is also studied as shown in the figure 6.5b. The optical image of a single NW
used for both z— and o- polarized PL maps is also shown (inset Fig. 6.5b) with a schematic
grid pattern used for the mapping. The scale bar of 3 um represents the true dimension along
the long axis of the NW only. The variation of intensity in the PL maps observed for different
polarization configuration is due to difference in the interaction of electric field strength with
NW. In z—polarization, the excitation electric field, which is parallel to the NW long axis
strongly interacts with the NW (Fig. 6.5a). In this configuration, the internal electric field E;,
in the NW medium remains same as the external electric field E., (i.e., Ei, ~ E¢r). Whereas, in
case of o-polarization, the internal electric field Ej; will attenuate according to the relation E;,
= [2&/ (¢ +&)]Ees, Where Eq is the external electric field perpendicular to the long axis, ¢ is
the dielectric constant of the cylindrical NW (~5.8 for GaN) and & = 1 in air or vacuum.***°
Along with the cylindrical geometry of the NW, the large dielectric contrast between the NW
and the surrounding medium strongly favours absorption and emission of light for z—

polarization compared to those for o—polarization.'>*® The intensity distributions in the PL
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maps for FE emissions with different polarizations (Figs. 6.5a and 6.5b) are observed to be

good agreement with the above relation.
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Figure 6.5 The (a) n— and (b) o— polarized PL maps for a single AlGaN NW. The optical image of a typical
single NW with a schematic grid pattern used for PL imaging is shown in the inset. The scale bar corresponds to
a length of 3 um. (c) The integrated peak intensity Vs excitation laser power density (PD) from a single NW with

an inter-NW separation of ~ 2 um with a maximum laser PD of 63 kW/ cm?,

The elevation in the emission properties of an emitter can also be understood in terms of
antenna effects.'*® However, in the present study, the confinement of light due to the antenna
effect in the nanostructure configurations (insets of Fig. 6.3) is minimum because of the
dipole interactions corresponding to the measured NW (middle), which is parallel to the
adjacent NWs can be negligible. Thus, we emphasize photonic confinement of light as a cause
for the enhancement of PL emission intensity (Ip., Eqn. (6.5)) confined in the interaction area
between the adjacent parallel NWs. In this context, the excitation laser (pump) power
dependence of emission from a single NW with inter-NW separation, d ~2 pum is also
investigated. The integrated emission peak intensity vs. excitation laser power density (PD)
(Fig. 6.5¢) shows a non-linear behavior, which is a confirmation for the possible presence of
stimulated emission process.'**!

In the Abbe’s diffraction limit (A/2N.A.),* the far-field spectroscopic imaging or focusing

is not possible for nanostructures having dimension <325 nm while using 325 nm excitation
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wavelength and an objective lens with N.A. value of 0.50. Considering negligible interface
area of the catalyst Au NP, as compared to that for the total surface area of the NW (Fig. 6.1),
possibility of plasmonic interaction between the Au NPs and AlGaN NWs with a 325 nm
excitation source can also be ruled out. However, the optical confinement effect for the light-
matter interactions allow one to record the PL maps of single AlGaN NW in the sub-
wavelength scale even in the absence of any plasmonic effect. The dimension of PL maps of
single NW (~200 nm) using zpolarization is found to be enlarged as compared to the
FESEM images of a single AlIGaN NW (~100 nm; outset Fig. 6.1b). The spread is essentially
due to the focusing limit (~0.8 pm) of the incident beam which is higher than the spatial

resolution (~100 nm) of the motorized sample stage used for the PL mapping.

6.3 Vibrational studies of single NW in the sub-diffraction regime

6.3.1 Resonance Raman spectroscopy in the optically confined NWs

Utilizing the optical confinement of a single NW in the proximity of surrounding NWs with a
dielectric contrast,® polarization dependent RRS experiments were performed for a single
AlGaN NW for investigating the crystalline orientation. Since the Raman spectrum (Fig.
6.6a), obtained from a single NW by using 514.5 nm excitation showed very poor intensity,
we performed RRS study using the 325 nm (3.815 eV) excitation above the RT band gap of
wurtzite AlGaN (~3.55 eV)? to maximize the Raman signal for a single NW in the sub-
diffraction limit by invoking Frohlich interaction of electron-phonon coupling.” In RRS, we
excited the NWs with a laser source having energy greater than the band gap of the material.
So, it led to the interaction of conduction electron and longitudinal optical (LO) phonon of

ionic crystals and hence an improvement of Raman intensities could be noticed.
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Figure 6.6 (a) The Raman spectrum for a single AlIGaN NW with an excitation wavelength of 514.5 nm showing
weak intensities of modes corresponding to the wurtzite phase. Inset shows the optical image of NW used for
recording the Raman spectrum (indicated by an arrow) (b) RRS observed for an ensemble of AlGaN NWs using

the 325 nm excitation wavelength with first and second order A;(LO) modes

From the RRS studies of ensemble AlGaN (Fig. 6.6b), the electron-phonon coupling strength

is estimated to be ~0.6 from the intensity ratio of 2A;(LO)/A;1(LO).

6.3.2 Polarized Raman spectrum of single NW: Growth direction

The polarized RRS of single NW shows only one peak (Fig. 6.7a) centered around 725 cm™
which is assigned to A;(LO) mode of the AlGaN.? The peak observed at 521 cm™ is because
of the optical vibrational mode of the Si(100) substrate.”® The sample is chosen for the
polarized micro-Raman spectra in such a way that single crystalline AlGaN NW is
horizontally lying on the Si(100) substrate itself. The axis along the cylindrical NW is chosen
as X direction, where as the incident and the scattered light propagation direction is
considered along the Z direction. The parallel z(xxyz and perpendicular z(xy)z polarization
was configured using a half wave plate and a polarizer (Fig. 6.2). According to the

polarization selection rule in the backscattering configuration for a wurtzite [0001] GaN, (i.e.,

Z||[0001]), only the E;' phonon mode with E, symmetry should be observable in the zxxv)z
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while both E}'and A;(LO) phonon modes should be viewed in the zxxx)z configuration as in
the previous studies (Table 4.1). However, it is well known that E;' mode will not be active

in the RRS. The EzH mode, incidentally was observed for the 514.5 nm excitation wavelength

(Fig. 6.6a). However, we preferred polarized RRS studies in these nanostructure as the
A1(LO) mode alone as it was useful in identifying the crystallographic information of wurtzite
phase in the backscattering configuration. The A;(LO) mode around 725 cm™, was observed

in the z(xX)z configuration and the same mode was absent in the case of the zxy)z
configuration. Incidentally, the optical mode of Si was also found to disappear in the z(xy)z
configuration in the cubic symmetry.?® Hence, the presence of Ay(LO) mode in the Z(XX)Z
configuration and the absence of it in the z(xy)z configuration clearly indicates that the

horizontally lying NWs on the Si(100) substrate may have the crystallographic growth
orientations normal to the non-polar m-plane [1-100] (schematic, Fig. 6.7b). For further
confirmation, a typical single NW (Fig. 6.7c) involved in the parallel arrangement of NWs
used for recording a HRTEM as shown in the figure 6.7d. It shows an inter-planar spacing of
2.98 A corresponding to (1-100) m-planes of AlGaN. The SAED pattern of the single NW
(Fig. 6.7d) is indexed to wurtzite phase of single crystal AIGaN with zone axes along [0001].
Therefore, the growth direction of the AIGaN NW is along the m-planes of the wurtzite
structure. The structural analysis is exactly matching with the information inferred from the
polarized RRS study (Figs. 6.7a and 6.7b). Thus, the polarized Raman spectroscopy is an
accurate tool for understanding the crystallographic orientations even at the nanometer scale.
It was ensured that the individual NWs are well separated (~3 pm as shown in inset Fig. 6.7a)
as compared to the excitation laser spot size ~0.8 pum to provide a Raman spectrum

corresponding to a single NW.
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Figure 6.7 (a) Polarized Raman spectra for single NW with an excitation wavelength 325 nm for different

m-plane
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polarization configurations. (b) The schematic depiction for a single NW with two different polarization
configurations and the possible stacking arrangement of wurtzite unit cells in the cylindrically shaped NW (c)
Typical FESEM images of NWs with a mutual parallel arrangement (d) HRTEM image of a single AlIGaN NW
shows growth direction along m—plane [1-100] (¢) The SAED pattern is indexed to wurtzite phase of AlGaN
with zone axis along [0001].

In the present study, the confinement of polarized light is because of the trapped photons in
between semiconductor NW-air-semiconductor NW configuration as shown schematically
(Fig. 6.2). Optical confinement of polarized light was reported in the 1D semiconductor—
dielectric and metal-dielectric interfaces.>***" Since, there is a variation of refractive index in
AlGaN NW-air-AlGaN NW interface, the excitation photons is confined in between the NWs
giving rise to long lived photon in enhancing its intensity.®?*?” The optically trapped photons
in between the consecutive NWs interact with the material and yields the enhanced Raman
spectra.®?®3® Use of RRS with strong electron-phonon coupling along with optical
confinement of polarized light are also exploited to understand the crystallographic
orientations for the sub-diffraction limit of ~100 nm NW using a wavelength of 325 nm. The

optical confinement of polarized light in the nanostructures of diameter ~100 nm, which is
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well above the quantum confinement size of 11 nm for GaN,* is envisaged for the
polarization measurements in the dielectric contrast of ~ 5.6 for AlIGaN with respect to that of

1 for the surrounding medium of air.21%-62

6.4 Near—field interactions of visible light with sub-diffraction limited

nanostructures

6.4.1 Semiconductor AIGaN NW

The resultant near-field light-matter interaction (Fig. 6.8) is shown for AlGaN single NW
along with Au NPs of various sizes recorded using the NSOM technique (Fig. 2.13, Chapter
2). The high resolution topographic AFM images of the single NW in the 2D and 3D (Figs.
6.8a and 6.8b) show smooth and cylindrical shape, as observed in the FESEM images, with a

diameter of ~120 nm.

Figure 6.8 The topographic (a) 2D and (b) 3D AFM images of a single AlGaN NW along with Au NPs, (c) The
height variation of AFM cantilever along the line across Au NP—AIGaN NW-Au NP as shown in (a) and the
corresponding optical NSOM images of a single AlGaN NW along with Au NPs are shown in (d) 2D and (e) 3D.
The Au NPs with size of the order ~20 nm is encircled in the AFM topography and in the optically resolved
NSOM images.
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The height variations of AFM cantilever along the line across Au NP-AlGaN NW-Au NP
show (Fig. 6.8c) the height of AIGaN NW and Au NP as 120 and 40 nm, respectively.
Moreover, we also observed Au NPs with a size smaller than 40 nm in the same image and it
was very clearly resolved by the NSOM technique with an aperture probe diameter of 150
nm. The Au NPs with sizes ~20 nm are encircled in the AFM topography (Fig. 6.8a) and in
the optically resolved NSOM images (Fig. 6.8d). The NSOM images of AlGaN single NW as
well as catalyst Au NPs in 2D and 3D are also shown (Figs. 6.8d and 6.8e). The NSOM
images for a few and an ensemble of AlIGaN NWs show similar results as observed for the
single NW.*! Results with high repeatability, observed for the similar NSOM experiments,
ensure that the reduction of intensity in the NSOM images is due to the prominent absorption
of light and it is not because of any topography related artefacts. Moreover, the observed
AFM images maintain the same cylindrical shape as well as smooth morphology as observed
in FESEM images (Fig. 6.8) which confirms that the NSOM images are also not affected by
any type of artefacts or feedback problems while performing the measurements. Since the
diameter of AlGaN NW (~120 nm) is far below the diffraction limit for the excitation
wavelength (532 nm), one need to shorten the wavelength down to the sub-diffraction regime
for obtaining highly resolved optical images. Using metallic coated NSOM probe, it is
possible to produce an evanescent wave with momentum higher than that of the original
excitation wavelength Ao=2n/ko(w) with wave vector of ko(w)=alc, where c is the velocity of
light. Therefore, the evanescent waves emanating from the NSOM probe aperture possess a
group of wave vectors higher than the original excitation laser as key(@w)=alv, with different
velocities (v) slower than the excitation wave velocity (v < ¢).*” Therefore, the NSOM

measurements are advantageous to provide super-resolution. With this advantage, in the
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present study, we have achieved an optical special resolution up to the order of ~20 nm with
the 150 nm apertured probe as mentioned earlier. At the same time, it preserves the excitation
frequency and energy.)” Thus, the NSOM offers the possibility of optical as well as
spectroscopic imaging in the sub-diffraction regime. Therefore, from the scanned images
using NSOM technique, we can understand even the intrinsic properties of a sample as
revealed by its electronic or vibrational energies.' By taking this advantage, we used the
NSOM technique to understand the interaction of green laser (532 nm = 2.33 eV) with single
semiconductor AIGaN NW in the near-field regime. The reported RT band gap of AlGaN
NWs is ~3.53 eV,® which is higher than the excitation energy of 2.33 eV. Therefore, a
complete transmission of light through the AlGaN NW is expected. However, surprisingly we
observed a prominent absorption of light along the AlGaN NW, as shown in the NSOM
images in 2D and 3D (Figs. 6.8d and 6.8e).

For better understanding of the light-matter interaction of AIGaN NW, we recorded PL
spectrum (Fig. 6.9a) in the energy range of 1.7 to 3.8 eV from an ensemble and single NW
using an UV excitation of 325 nm (~3.815 eV). Distinct PL peaks, centered at 3.53, 3.30,
2.05, and 1.76 eV, are observed (Fig. 6.9a). The PL spectrum, recorded for an ensemble as
well as single NW using an available visible excitation of 514.5 nm (~2.41 eV) which is close
to the excitation used in NSOM measurement, also shows the similar low energy emission
peaks centered at ~2.08, and ~1.77 eV (Fig. 6.9b). The PL emission at ~3.53 eV and ~3.30 eV
is assigned as FE and DAP emissions, respectively, as discussed earlier.® The presence of
unintentional O dopant in the AlGaN NW may be responsible for the emission at ~2.05-2.08
eV (Fig. 6.9), which may be observed because of the recombination of electrons from the

shallow donor state of Vy to the holes in the deep acceptor state of On-Vga complex.*
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Similarly, the presence of unavoidable impurity of C in the sample produces the Cn—Vaa
complex, which also may act as a deep acceptor leading to the PL emission peak centered at

~1.76-1.77 eV (Fig. 6.9) for recombination of electrons from the shallow donor state of
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Figure 6.9 The room temperature PL spectra with an excitation of (a) 325 nm (3.815 eV) and (b) 514.5 nm (2.41
eV) for (i) an ensemble and (ii) a single AlIGaN NW, respectively. (c) The schematic band diagram of AlGaN

NW showing possible light-matter interactions and electronic transitions for a ~2.33 eV excitation.

The interaction of single AIGaN NW with light in the near-field regime is realized by
using the help of possible energy levels in the schematic representation of band-diagram (Fig.
6.9¢). Even though, we are using the evanescent wave to image the NW, the energy of the
electromagnetic (em) field is preserved as 2.33 eV. Therefore, it does not invoke any
electronic transition for DAP and FE emission at ~3.30 and ~3.53 eV, respectively, which are
well above 2.33 eV. However, the excitation energy of 2.33 eV is sufficient to activate the
transitions at ~2.05 and ~1.76 eV. The emissions at ~1.76 and ~2.05 eV are blocked by the
band pass filter used before the detector in the NSOM experimental setup (Fig. 2.13, Chapter

2). Therefore, the probing light energy is utilized for exciting the defect levels and hence we
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observe a significant absorption along the single NW in the NSOM images (Figs. 6.8d and
6.8e).

6.4.2 Metallic Au nanoparticles

In the NSOM images of the AlGaN samples, we also observed strong SPR related absorption
for Au NPs. Therefore, we also studied the near-field interaction of metallic Au NP with the
same visible laser light of energy 2.33 eV (Fig. 6.10). The high resolution topographic 2D and
3D AFM images of the Au NP (Figs. 6.10a and 6.10b) shows smooth and spherical shape of
the NP with a diameter of ~100 nm. The resultant NSOM images of catalyst Au NP in 2D and
3D are shown in figures 6.10c and 6.10d. Like semiconductor AlIGaN NW, the NSOM image
of Au NP (Figs. 6.10c and 6.10d) also shows strong absorption of em waves, but the
mechanism behind the light-matter interaction is entirely different from the earlier case. A
significant absorption of light with wavelength 532 nm by Au NP is observed because of the
fact that the SPR peak value ~540 nm for Au NPs matches the excitation wavelength.*>*" The
NSOM measurement is also performed for an ensemble of Au NPs showing similar strong

SPR absorption.*

Figure 6.10 AFM topography (a) 2D and (b) 3D and the corresponding optical NSOM images (c) 2D and (d) 3D
of a typical Au NP.
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At resonance, the incident em waves coupled with collective oscillation electrons can
produce surface plasmon polariton (SPP), which is perpendicular to the surface of Au NP.
The frequency dependent wave vector of SPP can be expressed as in terms of frequency

dependent dielectric constants of metal (&, =&n + 16, ") and surrounding medium (& = 1, for

air or vacuum),  (,)-2 |f-én . Therefore, the effective wavelength of the SPP is
spp

c\eg +e,

Aspp=27/kspp. "> The SPPs, with a specific wavelength smaller than the excitation, can
propagate through the surface of Au NPs up to a propagation length, which depends on the
complex dielectric constants of the metal and dielectric medium.>***° Once the SPP
propagates through the surface of Au NP and crosses the metallic region, then the em wave
may decouple from the SPP and it can be converted to a propagating wave. The intensity of
the absorption is influenced by the frequency dependent poalrizability of the Au NPs and it
can be vary with respect to the size of the Au NPs.>***° Thus, because of the variation of
different sizes of the Au NPs, it is possible to observe them with relatively different
absorption intensities (Figs. 6.8d and 6.8e). Apart from the formation of SPP, some portion of
the absorbed excitation laser may also participate in the lattice phonon generations leading to

heating as well as inter-band transitions of Au NPs.**!

6.5 Summary

In conclusion, we have recorded the far—field spectroscopic image using polarized PL spectra
for a cylindrically shaped single AlGaN NW with a diameter 100 (x10) nm in the sub-
wavelength scale. The PL intensity from a single NW is found to be sensitive to the proximity
of other NWs and is found to be increased by an order of magnitude as the separation between

NWs varies from 10 to 2 um. The proximity induced enhancement of PL intensity can be
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understood by assuming the existence of reasonably long lived photons in the intervening
space between the NWs. A non-zero non-equilibrium population of such photons may cause
additional stimulated emission, leading to the enhanced PL emission with the intensity
proportional to 1/(Ixd). Thus, the report is encouraging for analysing and processing
nanoscopic objects in the sub-wavelength limit with the far-field configuration using the
diffraction limited optics. The proposed alternative methodology avoids the complex material
processing for achieving optimized noble metal thickness involved in the plasmonic
technique. Polarized resonance Raman spectroscopy (RRS) studies of a single AlIGaN NW of
diameter ~100 nm with optical confinement in the dielectric contrast of surrounding NWs is
used to understand its crystalline orientation. The crystallographic orientations predicted by
the optically confined RRS studies shows a good agreement with the structural analysis. As a
matter of fact, optical confinement effect due to the dielectric contrast of NW with respect to
that of surrounding media along with strong electron—-phonon coupling of resonance Raman
spectroscopy is useful for the spectroscopic analysis in the sub-diffraction limit of ~100 nm
using a wavelength of 325 nm.

We envisage the use of the NSOM technique for direct understanding of light-matter
interaction of semiconductor as well as metallic nanostructures of sub-diffraction limited
dimension in the nearfield regime. As a major accomplishment, we achieved an optical
spatial resolution up to ~20 nm even with a 150 nm apertured NSOM probe. The isolated
single and semiconductor AlGaN NW with a diameter ~120 nm grown via VLS mechanism
was observable because of the significant absorption of visible light owing to the electronic
transitions originated from the native defect related energy levels, as supported by PL studies.

The NSOM images of metallic Au NP catalyst with diameter ~100 nm shows a strong surface
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plasmon resonance related absorption of excitation laser with an energy of 2.33 eV (A = 532

nm) due to the formation of surface plasmon resonance on the surface of the Au NPs.
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CHAPTER 7

BRIEF SUMMARY OF THESIS AND SCOPE FOR FUTURE WORK

“Let us not seek the Republican answer or the Democratic answer, but the right answer. Let us not seek to fix the

blame for the past. Let us accept our own responsibility for the future” ...John F. Kennedy

7.1 Summary of thesis

As the title suggests, the present thesis mainly reports the “Optical Properties of AlGaN

Nanostructures.” A brief, summary of the thesis is outlined as follows,

1. Growth of AlGaN nanostructures by atmospheric pressure chemical vapor deposition
(APCVD) technique via catalyst assisted vapor-liquid-solid (VLS) mechanism as well
as the self catalytic vapor-solid (VS) mechanism.

2. Tuning of the surface morphology for AlGaN nanostructures was achieved by means
of changing the growth parameters, namely, catalysts size and its distribution, onset
temperature of NH3 and its flow rate. The present study includes the successful
synthesize of cylindrical as well as well-faceted triangular and hexagonal shaped
nanostructures.

3. The crystallographic studies ensure that the cylindrical and triangular nanowires
(NWs) grown along the non-polar m-plane (1-100), whereas, the hexagonal shaped
sub-microrods are grown along the polar c-plane (0001).

4. The high intense photoluminescence (PL) spectra observed for the as prepared sample
at room temperature, even with low excitation power ensures the premier optical
quality of the material. The observed blue shift of PL emission for the AlGaN

nanostructures compared to that of GaN confirms the presence of Al in the sample.
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The atomic percentage of Al is found to be 2.0-3.0% using the band bowing
formalism of the random alloy formation.
. The crystallographic orientation dependent polarized Raman studies and Raman
imaging for the allowed phonon modes of AlGaN crystallites show the single
crystalline nature of the hexagonal sub-mocrorods.
. The polarization dependent PL studies show the variation of the emission intensities
for m-plane and c-plane oriented AlGaN crystallites by the influence of the native
defect states and intrinsic electric fields present in the crystallites.
. The presence of intrinsic electric field is confirmed by the piezo-response force
microscopic (PFM) studies of the AlGaN crystallites. The contrast variation in the
PFM image is due to the variation of surface charge density over the surface of AlGaN
microrods originating due to the crystalline orientation with respect to its AIN base
layer. The effective piezo electric coefficient for AlGaN microrod along the c-axis
(d33) is found as ~4.14 pm/V.
. The presence of surface optical (SO) phonon modes are identified in the Raman
spectra of the 1D array of Alyg7GagosN nanorods (NRs) in the presence of air and
CCl, as the surrounding media. The observed red shift in the g=0 mode frequencies of
around 17-18 cm™ in the Raman spectra for Algg7GagosN NRs in the presence of CCl,
with different dielectric constants of the surrounding medium compared to that for air,
confirms the presence of SO mode in the observed Raman modes

The Fourier component of the surface potential for a periodicity of ~200 nm

required for the breakdown of its translational symmetry is identified by the
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10.

11.

theoretical simulation of dispersion curve for the SO modes and matched with the
experimental data probed by the Raman spectra.

The interface optical (I0) phonon modes are observed in the Raman spectra of
[GaN(~1.25 nm)/AIN (~2.0 nm)]z and [Alo35GagesN(~1.75 nm)/AlgssGag 4sN(~2.0
nm)]2o multi-quantum well (MQW) structures. The red shift of 10 mode (~4 cm™) of
[GaN/AIN],o compared to that for [Als5GagesN/Algs5Gag.4sN]20 MQW structure with
the change in dielectric constant of the surrounding medium confirms the existence of
IO modes in the observed Raman Spectra.

The observation of the 10 phonon modes is attributed to the relaxation of
Raman selection rules because of the breakdown of translational symmetry of the
surface potential due the presence of the periodic interfaces and surface modulations
of superlattice (SL) structure of MQWSs
The proximity induced enhancement of PL intensity is observed in the case of the
mono-dispersed AlGaN NW sample. A non-zero non-equilibrium population of
localized photons may cause additional stimulated emission, leading to the enhanced
PL emission. The confined light in the dielectric contrast is used for spectroscopic PL
imaging of a single NW of diameter ~100 nm in the sub-diffraction limit using 325
nm excitation.

Polarized resonance Raman spectroscopy (RRS) study of a single AlGaN NW of
diameter ~100 nm with optical confinement in the dielectric contrast of surrounding
NWs is used to understand its crystalline orientation and the observations are

confirmed with the transmission electron microscopy based structural analysis.
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12. The visible light-matter (2.33 eV ; A = 532 nm) interaction with AIGaN NW is studied
using the near—field scanning optical microscopy (NSOM) technique. The observed
significant absorption of visible light owing to the electronic transitions originated
from the native defect related energy levels, as supported by PL studies.

13. The successful achievement of an optical spatial resolution up to ~20 nm for metal Au
nanoparticles (NPs) even with a 150 nm apertured NSOM probe. The strong surface
plasmon resonance (SPR) related absorption of metallic Au NP catalyst of diameter
~100 nm with an energy of 2.33 eV (A = 532 nm) of the excitation laser is recorded

with the help of NSOM technique.

7.2 Scope for future work

Relying on our present investigations, it is possible to extend the study for further
explorations in different research area for AlGaN NWs. Along with the optical properties,
study of transport properties and photocurrent can be performed for single, as well as
ensembled nanostructures. A study of surface states and corresponding charge transport
mechanism can be carried out using localized probes for the application in chemical sensing.
In addition, the investigations of light-matter interactions at near-filed regime can be

extended using tip enhanced Raman spectroscopic studies.
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