Experimental and theoretical
investigations on GaN nanowall network

A thesis submitted in partial fulfilment for the degree of
Mlaster of Science
as a part of the
Integrated Ph. D. Programme
(Materials Science)
by

Darshana Joshi

¥
‘-‘gr«o«s»;

Chemistry and Physics of Materials Unit
Jawaharlal Nehru Centre for Advanced Scientific Research
(A Deemed University)

Bangalore, India

March 2012






Degreateq to
M y Farents






DECLARATION

I hereby declare that the matter embodied in this thesis entitled “Experimental and
theoretical investigations on GaN nanowall network” is the result of investigations carried
out by me under the supervision of Prof. S. M. Shivaprasad at the Chemistry and Physics of
Materials Unit, Jawaharlal Nehru Centre for Advanced Scientific Research, Bangalore, India
and that it has not been submitted elsewhere for the award of any degree or diploma.

Keeping with the general practice in reporting scientific observations, due
acknowledgement has been made wherever the work described is based on the findings of
other investigators. Any omission that might have occurred due to oversight or error in

judgement is regretted.

Date:

Darshana Joshi






CERTIFICATE

I hereby certify that the matter embodied in this thesis entitled “Experimental and
theoretical investigations on GaN nanowall network” has been carried out by Ms.
Darshana Joshi at the Chemistry and Physics of Materials Unit, Jawaharlal Nehru Centre for
Advanced Scientific Research, Bangalore, India under my supervision. It has not been
submitted elsewhere for the award of any degree or diploma. The contents of this thesis have

not been submitted to any other university or institute for the award of any degree or diploma.

Date:

Research Supervisor
Professor S. M. Shivaprasad
CPMU & ICMS,

JNCASR, Bangalore












PREFACE

Research advances in IlI-nitride semiconductor materials and device have led to an
exponential increase in activity directed towards electronic and optoelectronic applications.
GaN and related alloys have attracted enormous attention due to their wide bandgap and
suitability for high temperature, high power and high frequency electronic applications. They
have low dielectric constants with high thermal conductivity pathways, exhibit fairly high
bond strengths and very high melting temperatures [1-3].

Though flat 2D — films and GaN nanorods have generated enormous research
interest over the years, the observation of a nanowall network that is self-aligned,
symmetric and epitaxial attracted our attention. This thesis is an attempt to understand
the mechanism of spontaneous formation of the nanowall network of GaN using
theoretical simulations, and to characterize various structural, magnetic, electronic
and thermal transport properties of this scientifically interesting and technologically
important nano-structured array and compare them with those of a commercially
available GaN epilayer. Several very novel and interesting properties of these
materials are observed. In this thesis only a quantitative attempt in understanding
these results, mostly speculative, has been made. The work hopes to generate great
interest for further studies in establishing the underlying mechanisms of the
nanostructure formation and the curious properties they display.

This thesis is divided into five chapters.

Chapter 1:

This chapter gives a detailed account of group III — nitride family, with special focus

on Gallium Nitride (GaN) in terms of its fundamental properties and promising applications.

Literature background that highlights the challenges in GaN research, limitation to their



applications and how these challenges can be addressed in the various nanostructures is
discussed. This chapter concludes by presenting the scope and organization of the thesis.
Chapter 2:

This chapter gives the technical details and working principles of various
experimental techniques used for growth and characterization of GaN nanowall network in
the present work.

Chapter 3:

This chapter presents a detailed analysis of the various properties of nano-wall
network compared with a 2-D flat TDI, MOVPE grown 2um thick GaN epilayer. Results
from various characterizations of morphology, crystal structure, electronic, electrical,
magnetic and thermal transport properties using XRD, FESEM, PL, AFM, MFM, SQUID,
Hall and I-V measurements etc. are presented.

Chapter 4:

In this chapter details of various theoretical methods employed to study the
GaN/Al,O; interface, the results of simulations done and the future direction of the
theoretical work are presented.

Chapter 5:

This chapter concludes this thesis by giving a summary of results thus obtained and

presents an outlook for the further development of GaN based technology by utilizing this

GaN nanowall network.
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Glory, silicon carbide!

Schottky, switch, and polytype

Cree Research and A-T-T,

F-E-T and S-I-T!

Glory! Gallium nitride.
Nakamura and blue light.

Higher current, higher goal.

Thank you, Yoder, thank you all.

(A poem dedicated to the MRS Panel in the fall of 1998, which summarized SiC and

GaN-based research in Japan.)
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Chapter 1

Introduction

This chapter gives a detailed account of group Ill — nitride family, with special
focus on Gallium Nitride (GaN) in terms of its fundamental properties and promising
applications. Literature background that highlights the challenges in GaN research,
limitation to their applications and how these challenges can be addressed in the various
nanostructures is discussed. This chapter concludes by presenting the scope and

organization of the thesis.

1.1 Group Il1I-nitrides

(Al/Ga/ln)-N compounds namely AIN, GaN and InN constitute the group IlI
nitride family. These wide bandgap materials posses several remarkable properties that
make them particularly attractive for reliable solid state device applications. They have
low dielectric constants with high thermal conductivity pathways, exhibit fairly high bond
strengths and very high melting temperatures [1-3]. The large bond strengths could
possibly inhibit dislocation motion and improve reliability in comparison to other 1I-VI
and 111-V materials [1]. In addition, the group IlI-nitrides are resistant to chemical etching
and hence should allow GaN-based devices to be operated in harsh environments [4, 5].
These properties may lead to devices with superior reliability.

The group IlI-nitrides are ideal for high-power applications and utilization in
caustic environments, because they are chemically inert, are resistant to radiation, have
large avalanche breakdown fields, high thermal conductivities, and large high-field

electron drift velocities [2, 4, 7-9]. The group HI-nitrides and their alloys have been
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fabricated into various high temperature and high-power microelectronic and
optoelectronic devices such as passivation barriers, ohmic contacts in integrated circuits,
blue light-emitting diodes, candela-class blue-light emitting diodes, green and yellow
light-emitting diodes, UV photodetectors, reflector stacks, high electron mobility
transistors, heterostructure field effect transistor, metal semiconductor field-effect
transistors, and surface acoustic wave devices. Stimulated emission has been reported

from optically pumped GaN and AlGalnN alloy double heterostructure films [2-4].

1.2 Crystal structure

Group Ill-nitrides are known to exist in two distinct crystalline polymorphs,
namely wurtzite (space group C*s,-PCsmc) and cubic zincblende (space group T%-F43m)
polytypes [9]. For bulk IlI-Nitrides under ambient conditions, wurtzite is the
thermodynamically stable structure, while the cubic zincblende phase is metastable and is
observed only for heteroepitaxial layers grown on {011} crystal planes of cubic substrates
such as GaAs [13], Si [10], SiC [11] and MgO [12]. In these cases the intrinsic tendency
to form the wurtzite structure is overcome by the topological compatibility. A third rock

salt form for Il1-nitrides is also possible only under high pressure.

C
B B
A A

ma,, e
a) Wurtzite b) Zincblende

Fig. 1.1 Stick and ball stacking model of crystal with a) with wurtzite structure along the [0001]

direction b) Zincblende structure along the [111] direction
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Both wurtzite and zincblende structures have tetragonal coordination with each
atom bonded to four other atoms of opposite species (Fig.1.1). The nature of the bonding
is predominately covalent with some ionic character. Wurtzite structure is a member of
the hexagonal close packed system with an ABAB layer structure, and zincblende is cubic
close-packed with an ABCABC layer structure. The nearest-neighbour positions are
almost identical but the relative positions of the second nearest neighbour differ. The
major difference between the two structures is the stacking order of the tetrahedral atomic
sheets along the (111) axis. For an ideal wurtzite crystal structure c/a and u parameter
values are 1.633 and 0.375 respectively, where u parameter is defined as the anion-cation

bond length along ¢ axis. Structure parameters for the group Il nitride family are listed in

Table 1.1.
Wurtzite Zincblende
A) A)
Material
a c cla u a
AIN 3.111 4979 1.601 0.382 4.360
GaN 3.189 5.185 1.627 0.377 4.500
InN 3.538 5.703 1.612 0.380 4.980

Table 1.1: Structure parameters of wurtzite and zincblende structures for group Ill-nitrides [9,
10, 15-17].

1.3 Substrates and lattice mismatch

The properties of GaN films deposited on foreign substrates depend intricately on
the inherent properties of the substrates such as constants of thermal expansion and lattice

structure. Process-induced characteristics such as surface preparation and chemical and
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physical interactions at the surface are also critical. Hence, it is particularly important to
employ high quality single crystalline substrates having lattice parameters close to that of
group Il1-nitrides. For this reason, so far, most of the epitaxial growth of nitrides has been
performed on sapphire or SiC substrates [19]. In both cases, problems due to the lattice
mismatch between the nitride epi-layer and the substrate (16% for sapphire and 3.5 % for
SiC) have to be overcome.

Sapphire is one of the most widely used substrate because of its relatively cheap
and easy availability, high thermal stability, and feasibility of in-situ and ex-situ cleaning.
Moreover, it is insulating and transparent for most of the bandgaps of nitride alloys; thus
it affords certain benefits in optoelectronic devices, for example, for back illumination
and in LEDs, for lack of absorption. Sapphire also has similar crystal structure to that of
wurtzite group HI-nitrides and since it is Al terminated on the surface, it can be easily
nitrided to form a thin AIN layer [19].

The lattice mismatch between the substrate and the grown epi-layer is defined as,

AN — A
a

Sapphire

Sapphire

Where a, is the lattice parameter and subscripts represent the substrate and nitride. There
are two possible epitaxial orientations for the group IlI-nitrides grown on sapphire (0001)
surface, which are shown in Fig.1.2. Table 1.2 below shows the lattice mismatch values

in the two orientations for different nitrides with sapphire substrate.
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[1120] g [ [1120]g, [1010]ry I [1120] 5,0

Fig 1.2: Possible epitaxial relation between 111-N and sapphire.

Lattice Mismatch
Material
[1120]i1-n I [1120]sap [1020] 11 || [1120]sap
AIN -34.6% +13.3%
GaN -33.0% +16.0%
InN -25.4% +29.2%

Table 1.2: Lattice mismatch for various members of 111-V nitride family for two different epitaxial

relations.

1.4 GaN: Band gap engineering

When Johnson et.al first synthesized GaN in 1932, its thermal stability and
significant hardness initiated the interest in GaN research. Since then it is the excellent
semiconducting features of GaN that have attracted the attention of researchers. Its wide
band gap of 3.4 eV [20] allows for numerous applications in optoelectronic and high-
frequency devices. For example, GaN makes violet (405 nm) laser diodes possible,
without use of nonlinear optical frequency-doubling. Its low sensitivity to ionizing
radiation makes it a suitable material for solar cell arrays for satellites. The stability and
ease of operation of GaN transistors at high voltages and hotter temperatures as compared

to GaAs transistors have opened a wide window of applications in power amplifiers at


http://en.wikipedia.org/wiki/DPSS
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microwave frequencies [1-3]. GaN can be doped relatively easily as compared to other

members of the I11-V nitride family to form n-type or p-type films.

7 i /’/’
5 _ '.. a-AlN 4 200
o B B-AIN
<F) 5 L ‘ “". D.‘ g
~ 0y LN
e [ i ] é
= 4 B .lu 5 5 ‘.“ g
S fo-Gal ]
= S e ———
m : ‘\ “' “‘--.,::s, J ?
5 g0 S
A N 1000
r Sy a-In
L. ] . 1 ’ ] . L/ M| . 1 . 1 . L3 2480
30 32 34 36 3842 44 46 48 50
Lattice Constant (A)

Fig: 1.3 Energy gaps and lattice constants for I1I-N semiconductors with wurtzite (a-phase) and
Zincblende (f-phase) structures.

The wurtzite polytypes of gallium nitride (GaN), aluminium nitride (AIN), and
indium nitride (InN) are excellent materials for bandgap engineering, because they form a
continuous range of solid solutions and superlattices with direct room-temperature
bandgaps ranging from 0.7 eV (InN) [21, 22] to 3.4 eV (GaN) to 6.2 eV (AIN) [21].
Therefore, as illustrated in Fig.1.4, if we alloy GaN with In or Al, depending on the
concentration, the full solar spectrum ranging from red, well into the ultraviolet can be
spanned. These direct bandgap materials are especially useful as it allows for high
qguantum efficiency light emitters and full spectrum solar cells to be fabricated in this

family of group Ill-nitrides, by bandgap engineering.
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1.5 Limitations and new approaches

Growth of epitaxial device quality group 11 nitride films with low defect densities
and dopant concentrations has been hindered by a lack of suitably lattice matched
substrates [19], large n-type background carrier concentrations in the deposited nitride
films, and large equilibrium dissociation pressure of N, from the nitrides at typical growth
temperatures. Regardless of the growth method employed, the major problem in growing
group IlI-nitrides arises from the need to incorporate stoichiometric quantities of nitrogen
into the film. Moreover, lack of structural compatibility with the most widely used
substrate — sapphire and SiC results in high dislocation density (~10'%cm?), which acts as
quenchers for charge carriers and photons. A great deal of effort has been spent in trying
to overcome the problems arising from lack of GaN substrates [19]. Some of the best
device results have been achieved through the use of buffer layer, epitaxial overlayer
growth (ELOG) and lattice matching epitaxy.

So far the focus has been on devices based on epitaxially flat films with low
defect densities, which are extremely difficult to form [22-24]. Recent approach has been
to form nanostructures of GaN on sapphire that are defect free due to their small sizes and
can act as good transporters of electrical and optical carriers [25-27]. Recent
developments in the direction to tailor-made nanostructures especially nanorods and
nanowalls have shown promising results [28-30]. In this direction, our group has formed
a high density (~10%/cm?) of oriented GaN nanocolums and a hexagonal nanowall
network on bare c-plane sapphire by control of growth parameters, without involving
lithography, catalysts, buffer layers or nitridation (Fig.1.4) [31,32]. This study performed
in nitrogen-rich conditions enables a unique mechanism of strain relaxation, forming a
network of nanowalls that promotes supersaturation conditions at open screw dislocations
to initiate highly anisotropic one-dimensional (1D) growth. The mechanism suggests that

9
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this approach of sheer parametric control can enable tailor-making self-assembled
anisotropic materials with desired properties [32]. With narrow growth window for
specific morphology fig. 1.5 shows the growth diagram obtained by varying parameters

such as temperature, Ga flux and nitrogen pressure.

mm N, flux

& BEPratio 50

Fig.1.4: Various nanostructures of GaN formed by sheer control of growth parameters (adapted
with permission from [Ref.32]

1.8 Scope of this thesis

Though flat 2D — films and GaN nanorods have generated enormous research
interest, the observation of a nanowall network that is self-aligned, symmetric and
epitaxial attracted our attention. This thesis is an attempt to understand the mechanism of
spontaneous formation of the nanowall network of GaN using theoretical simulations, and
to characterize various structural, magnetic, electronic and thermal transport properties of

this scientifically interesting and technologically important nano-structured array and

10
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compare them with those of a commercially available GaN epilayer. An attempt to
simulate the GaN/Al,O3 interface and model the evolution and the super-structure
symmetry of interfacial dislocations with film thickness is also made such that these
dislocations can be used as nucleation sites for self assembled nanostructure formation.
The results show several very novel and interesting properties of these materials. In this
thesis only a quantitative attempt in understanding these results, mostly speculative have
been made. The work hopes to generate great interest for further studies in establishing
the underlying mechanisms of the nanostructure formation and the curious properties they

display.
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Chapter 2

Experimental methods

This chapter gives the technical details and working principles of the various
experimental techniques used for growth and characterization of GaN nanowall network

for the present work.

2.1 Growth technique: Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) was developed in the early 1970s as a means of
growing high-purity epitaxial layers of compound semiconductors. It refers to the well-
controlled growth of epitaxial films under ultra high vacuum conditions (~ 10 **torr). The
pressure of evaporating species is ~ 107 — 10 %torr, so the mean free path of the atoms
emitted from the evaporation source, given by the (6/P) relation, is much greater than the
size of the chamber. Hence, they travel without being scattered to the substrate where
they are rapidly thermalized at the substrate temperature. Fig.3.1 shows a schematic of a
typical MBE system. The chamber is cryogenically cooled with liquid nitrogen, which
prevents degassing and spurious atoms from bouncing off the chamber walls, therefore
acting as a cryopump during growth.

Some of the advantages of MBE over other growth techniques are its clean growth
environment, precise control of the beam fluxes and growth condition, easy
implementation of in-situ characterization instruments, compatibility with other high
vacuum, thin-film processing methods (metal evaporation, ion beam milling, ion
implantation) etc. An additional advantage of the MBE process is that the clean

environment minimizes unintentional doping effects.
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sample heating and drive
with variable speed

cryopannels cooled
by liquid nitrogen electron gun T

gauge for beam flow

desk valve

/

transport
— rod

effusion
cells

shutters \ -4

window

I rotatin
g sample
fluorescent quadrupole mass Kolder

screen spectrometer

Fig.3.1: A schematic of Molecular Beam Epitaxy system.

The most advantageous aspect of MBE growth is the slow deposition rate (usually
<500 nm/h) which enables the films to grow epitaxially. This has been possible through
the use of effusion cells (Knudson cells), in which the group Ill-metal sources and
dopants are placed in a crucible and heated until the material sublimates or evaporates.
The temperature of the effusion cells is controlled by proportional-integral-derivative
(PID) control parameters, where the flux intensity can be maintained to better than 1%.
To introduce nitrogen, our system uses a nitrogen RF plasma source, where purified N is
converted into a more active atomic and molecular species. Shutters placed in front of the
I11-V sources permit direct control of the epitaxial growth surface at a monolayer level by
changing the incoming beam with the opening and closing of the shutter. The GaN
nanowall network studied in this work has been grown in Plasma Assistant Molecular

Beam Epitaxy (PAMBE) system (SVTA Assoc. Inc., USA) which is shown in Fig. 3.2.

16



Experimental methods

Fig. 3.2: SVTA MBE system used for growing GaN nanowall network.

2.2 Characterization tools

Different characterization techniques used in this work are:

1.

2.

8.

9.

SEM /FESEM

EDX/Elemental Mapping

XRD/HR-XRD

Atomic force microscopy (AFM)
Cathodoluminescence(CL) and Photoluminescence(PL)
Photoelectron Spectroscopy -XPS

Hall and I-V measurement - Van der Pauw method
Resistivity measurements — PPMS

Magnetic measurements - SQUID

10. Thermoelectric power measurements

17
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2.2.1 Scanning electron microscope (SEM)

A scanning electron microscope (SEM) is a type of electron microscope that
images a sample by scanning it with a beam of electrons in a raster scan pattern. By raster
type scan pattern we mean that the beam sweeps horizontally left to right and keeps
moving one step down after each scan. The secondary electrons that are produced by their
interaction with the sample surface produce signals that contain information about the
sample's surface topography, composition, and electronic structure etc. Areas ranging
from approximately 1 cm to 5 microns in width can be imaged in a scanning mode using
conventional SEM techniques (magnification ranging from 20X to approximately
30,000X, spatial resolution of 50 to 100 nm). The SEM is also capable of performing
analyses of selected point locations on the sample; this approach is especially useful in
qualitatively or semi-quantitatively determining chemical compositions (using Energy-
dispersive X-ray spectroscopy (EDS or EDX)) [33].

An electron beam is thermionically emitted from an electron gun which is fitted
with a tungsten filament as a cathode. There are other cathodes with low work function
also available, such as lanthanum hexaboride (LaBg), but tungsten is more commonly
used because of its low cost, high melting point and low vapour pressure, the latter two
properties enabling the electron emission to occur. The electron beams have energies
between 0.5 to 40 keV, and are focused using two condenser lenses to a spot 0.4-5 nm in
diameter. The beam passes through the scanning coils, which deflect the beam in x and y
directions in order to get the raster effect during scanning. There are various types of
electronic amplifiers which are used to amplify the signals which are displayed as

variations in brightness on a cathode ray tube. The resultant image is a distribution of
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intensity of the signal being emitted from the scanned area of the specimen. The image is
captured digitally and viewed on a computer screen [34].

Field Emission Scanning Electron Microscope (FESEM) is a modified Scanning
Electron Microscopy technique with a modified electron source. The thermionic source
(Tungsten/LaBg) in a standard SEM apparatus is replaced by a Field Emission Source
(Tungsten). The field emissive source works by applying an extremely large field on the
cathode (~100nm) so that the electrons overcome the metal work function. The advantage
of the field emissive source is the control over the energies of the emitted probing
electrons. The energies of the source can be made very low and large in comparison to the
thermionic source. This results in lower thermal drift, higher brightness contrast and
lesser charging of the sample. This enables better resolution (1.5nm) and the possibility of
imaging insulating samples efficiently. The FESEM images and EDX measurements were

performed with a NOVA Nano SEM 600 from FEI, Netherlands.

2.2.2 Energy-dispersive X-ray spectroscopy (EDX), Elemental mapping

Energy-dispersive X-ray spectroscopy (EDS or EDX) is a very useful analytical
technique used for the elemental analysis or chemical characterization of a sample.
Interaction of an X-ray excitation source and sample are investigated owing to the
principle that each element has a unique atomic structure that allows distinct signature
peaks in its X-ray spectrum.EDS makes use of this unique signature obtained in X-ray
spectrum emitted by a solid sample bombarded with a focused beam of electrons to obtain
a localized chemical analysis. All elements from atomic number 4 (Be) to 92 (U) can be
detected in principle, though not all instruments are equipped for 'light' elements (Z < 10).
Qualitative analysis involves the identification of the lines in the spectrum and is fairly

straightforward owing to the simplicity of X-ray spectra. Quantitative analysis

19


http://en.wikipedia.org/wiki/Chemical_element
http://en.wikipedia.org/wiki/Characterization_(materials_science)

Experimental methods

(determination of the concentrations of the elements present) entails measuring line
intensities for each element in the sample and for the same elements in calibration
Standards of known composition. These measurements are performed in the SEM or
FESEM setups, which are designed primarily for producing electron images, but can also

be used for element mapping [35, 36].

2.2.3 Atomic Force Microscopy

The atomic force microscopy was invented in 1986 by Binning, Quate and Gerber.
This Microscopy is one of the first techniques capable of measuring distances in fractions
of a nanometer. The AFM for the first time made it possible to image with such a high

precision all types of surfaces including insulating samples.

Photodetector

Laser Beam

. o ) Cantilever
Fig.3.3 Principle of an AFM - laser beam is reflected from

the back of the cantilever and is detected by a photodetector.
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The tip is extremely sharp with a single atom at the tip end
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The AFM consists of a cantilever wherein a small tip is attached to a strip. The tip which

regulates the precision of the AFM is a SiN/SisN4 or Si tip micro-fabricated to have a
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radius of curvature in the order of a few nanometers or less. The Tip-Sample interaction
causes the bending of the cantilever which is governed by the Hooke’s Laws. This
displacement of the tip is typically measured by the change in the reflection spot of a laser
incident on the cantilever. The movement of the reflection spot with the bending
cantilever is monitored by a Differential Photo-diode detector array. Optical
interferometry, Piezo-response and capacitive sensing are other alternatives to monitor
the cantilever bend. There is a continuous feedback system where the deflection of the
cantilever modulates the scanning parameters of the cantilever. The type of feedback is
dependent on the mode the AFM is being operated in. The AFM is employed in many

imaging modes- typically the Contact mode, Non-Contact mode and the Tapping Mode.

2.2.4 Magnetic Force Microscopy (MFM)

Magnetic Force Microscopy is a modified Atomic Force Microscopy where a fine
magnetized tip (~nm) scans the sample instead of a standard tip. A standard AFM tip is
coated with a ferromagnetic material with high coercivity such as Co. The sample-tip
magnetic interaction is then quantified in a Dynamic AFM mode and mapped out in X-Y.
The measurements are not as straightforward as AFM measurements as the tip magnetic
field also effects the sample magnetization [35].

In our measurements an Interleave mode is used for imaging which is a line by
line two pass technique. In first pass, the topography of the surface is scanned then in the
second scan, the MFM tip is lifted to a prescribed height and either the phase or
frequency variation of the tip from its resonance is monitored and projected as an image.
This image is the measure of the long range forces experienced by the tip during

scanning. These long range forces could be either coloumbic or magnetostatic. In the
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present study the Co tip is magnetized using a hard magnet. The typical values of
coercivity and magnetic moment for the tip are 300 Oe and 4E *3 emu.

Magnetic force gradient causes shift in cantilever resonance frequency, given by

M, __VF
f 2k
Co coated AFM tip measures the magneto-static forces between tip and sample,

F=-VE= ﬂojv(mtipmsamp'e)dvtip

The resulting dipolar probe — sample interaction can be expressed as

1o 12110 180
=i 5 MyMs —7

M@+ rec+s) !

¢

where myand msis the magnetic moment of the tip and sample, Q is the quality factor of
the tip in air ~ 150, k — spring constant, R radius of the tip ~ 70 nm, c thickness of
chromium ~ 20 nm, d sample thickness and s — lift height.

Taking the value of my~ 2 X 10™* Am? from the above reference, the calculated average
ms value is 2.5 X 10™ Am? For the present calculations we took the whole sample
thickness which is 860 nm where as the actual contribution for the MFM phase variation

could be top few layers which constitutes a typical thickness ~ 30 nm.

2.2.5 Photoluminescence (PL) and Cathodoluminescence (CL)

Luminescence is the emission of light by a substance. It occurs when an electron
returns to the electronic ground state from an excited state and loses its excess energy as a
photon. Luminescence (both PL and CL) is an essential non-destructive analytical
technique useful in a wide range of applications including semiconductors,

optoelectronics, dielectrics and ceramics [35].
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A interband photoluminescence
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Fig 3.4: Schematic band diagrams for the luminescence processes in a direct band gap (left) and
an indirect band gap (right) material [37]

Photoluminescence (PL) is the process of absorption of photons by a material,
which is then excited to a higher energy state and then returns to the lower energy ground
state accompanied by the emission of a photon. The period between absorption and
emission is typically extremely short, in the order of 10 nanoseconds. Time resolved
Photoluminescence (TRPL) is another method, mostly used in the case of IlI-V
semiconductors to measure the minority carrier lifetimes. The sample is excited with a
light pulse and then the decay in photoluminescence with respect to time is measured.

Cathodoluminescence (CL) is similar to PL, differing only in the source of

excitation. Here a high energy electron beam falls onto a semiconductor which results in
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the promotion of electrons from the valence band into the conduction band, leaving

behind a hole. When an electron and a hole recombine, a photon is emitted.

2.2.6 Van der Pauw method - Hall and I-V characteristics

This is the most commonly used method to do Hall and I-V measurements,
accurately measures the properties of a sample of any arbitrary shape, that is
approximately two-dimensional (i.e. thickness << width) and whose electrodes are placed
on its perimeter. From the measurements made, various properties of the material like
resistivity, majority carrier type, sheet charge density and mobility of the majority carrier
can be calculated. This method is particularly useful for measuring very small samples
because effects due to a sample’s size, which is the approximate probe spacing, are

irrelevant.

Fig. 3.5: Contact geometry for the Van der Pauw method.

To make a measurement, a current is caused to flow along one edge of the sample
(for instance, 112) and the voltage across the opposite edge (in this case, V34) is measured.
From these two values, a resistance (for this example, Ri234) can be found using Ohm's
law:

Y
R12,34 - I
12

Van der Pauw showed that, for a flat two dimensional body of arbitrary shape, the sheet

resistance R satisfies
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exp(—7R1234/Rs) + exp(—mRy3,41/Rs) = 1
which allows the sheet resistance to be determined from simple electrical measurements.

Reciprocity theorem gives,

Ri1234 = Rag12 = Ro1.43 = Rys 1

Averaging these we can get a much more accurate measure of the sheet resistance,
cancelling out any offset voltages. Similarly accurate values of the Hall voltage can also
be determined, for example .4, in the presence of either a positive or negative magnetic
field, and a Hall voltage is measured between the other two corners, for example V3",
where £ denotes the polarity of the magnetic field. The average Hall voltage is then given
from

V. = Vi — Viz + Vol — Vog + V3t — Vg + Vb — Vg
o 8

Hence the accurate values for the sheet carrier density and mobility of the sample
can be measured using each set of currents and voltages for the Hall voltage and sheet
resistance measurements.

We performed Hall measurements using Ecopia HMS-2000 Hall effect
measurement system. Indium contacts are made to the sample in the Van der Pauw
geometry and Ohmic nature of the contacts is shown by linear I-V curve. This system has
a 0.58 T permanent magnet, and the polarity of the field is changed by rotating the
magnet by 180°. A current upto 20 mA can be passed by the system and if required, low
temperature measurements at 77 K can be performed by filling the sample holding

container with liquid nitrogen.

2.2.7 Powder X-ray Diffraction

X-ray diffraction is a powerful, non-contact method used in order to
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understand the crystalline phases in bulk materials, thin films and powder samples.
Additionally, X-ray diffraction can determine the strain state, grain size, epitaxy, phase
composition, preferred orientation, and defect structure of individual phases. X-ray
diffraction is based on constructive interference of monochromatic X-rays and a
crystalline sample. A cathode ray tube (CRT) is used to generate X-rays, which are then
filtered to produce monochromatic radiation, collimated to concentrate and then directed
towards the sample. If the wavelength of the incident radiation matches the diffraction
angle and the lattice spacing (dnki), then as per Bragg’s law constructive interference takes
place and a diffracted ray is emitted.
2dpy; Sin @ = ni
Here dny is the spacing for a hkl plane, 6 is the glancing angle, n the order of

diffraction and ) the wavelength of x-ray used (1.54 A for CuKa).
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Fig.3.6: Schematic showing diffraction of x-rays from Bragg planes at a grazing angle 6.

Many diffracted rays are collected by scanning the sample through a range of 20
angles and counted. Thus, for quantitative phase determination both peak position as well
as peak intensity needs to be crucially analyzed. Phase purity of the sample is usually
analyzed by comparing the observed experimental pattern against the database maintained
by International Centre for Diffraction Data (ICDD).There are primarily three types of

diffraction techniques based on X-rays: a) Single crystal X-ray diffraction, 2) Powder
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diffraction, and 3) High- resolution X-ray diffraction.

High-Resolution XRD (HR-XRD) is mostly used to determine the properties of
thin epitaxial films. Many methods that make HRXRD useful for studying epitaxial films
are — rocking curves, ®-26 coupled scans, reciprocal space maps and reflectivity scans.
Major advantage of HR-XRD over a conventional XRD is the amount of resolution it
provides in the pattern, which may go up to as sharp as 10 arc-secs. Rocking curves are
measured by fixing the incident angle (®), and varying the reflected angle (260). If a peak
does not occur when the reflected angle matches the incident angle, then the sample is not
mounted properly. Flatness of the sample surface can also be analyzed by using the
rocking curve.

X-ray diffraction patterns of the samples were recorded with a Bruker D8

Advance X-ray diffractometer using a Cu Ka x-ray source to confirm the phase purity.

2.2.8 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS), also known as Electron Spectroscopy
for Chemical Analysis (ESCA), is the most widely used surface analysis technique
because of its relative simplicity in use and data interpretation. It was first designed by
by K. Siegbahn and his research group at the University of Uppsala, Sweden in the mid
1960s and since then it has been extensively used to study the chemical composition and
oxidation state at the sample surface.

It is based on the photoelectric effect discovered by Einstein in 1905. Principle of
Photoemission states that if an atom absorbs a photon, an electron from the core shell of
the atom will be ejected out, provided that the photon energy is greater than the sum of
that electron binding energy (Eg) and the work function (®) between Fermi level (E¢) and

Vacuum level (E,) as shown in Fig. The zero binding energy position is defined as the
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Fermi level (Ef). Hence, applying the principle of conservation of energy, we get the

resultant kinetic energy, Ex, possessed by the photoelectron as:

Ex =hv — Eg -®.
Photon
hv
Kinetic Photoelectron
Energy AN ®
Fx Vacuum e
$¢ \F ilevel
0 ‘ermi leve
A Ef
Binding
Energy 3s
Es oo—oo0o—o0 2%
® @ 2s
@ @ 1s
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Fig.3.7: Principle of Photoemission.

Changing to binding energy we get,
Eg = hv-Ek-®.

Here, if hy and @ are known, the measured Ex would allow us to obtain the Eg.
Since each element has unique set of core levels, hence the outgoing electrons would vary
in their Kinetic energies. This gives a characteristic peak for each element in the XPS
spectrum and can be used to identify elements.

XPS is able to detect most of the elements except hydrogen and helium, because
of their low sensitivities. Normally Al or Mg are used as an anode material for the X ray
source since most of the core levels are in the 0-1000eV range. The most intense lines are

called K,; and K., but often the doublet is viewed as one line and called K. It has
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energy of 1253.6 eV and 1486.6 eV, for Al and Mg, respectively. Typically a
hemispherical analyzer, which acts as a band-pass filter, is used for the collection of the
photoelectrons in XPS. It consists of two con-centric hemispheres held at different
potentials. Only those electrons that have kinetic energy higher than the pass energy E,
can pass the analyzer. An electrostatic lens-system can be placed in front of the
hemispheres in order to focus the electrons into the analyzer and to change the angular
acceptance. Fig 3.8 shows a schematic of the standard XPS system [36].

Electron energy analyser

X-ray Source

hv
photoelectrons

A \

KE.=hv-BE.-§,.

Sample

Fig. 3.8: Schematic of XPS system

XPS measurements given in the present work are carried out using Omicron
SPHERA analyzer with non monochromatic X-rays viz. Mg-Ka (hv = 1256.6eV) and Al-
Ka (hv = 1486.6eV) and the deconvolution is achieved using the standard software with a
curve-fitting mathematical process based on a Voight profile which is implemented in

Fityk , an opens source package.

2.2.9 Magnetic Measurements: SQUID Magnetometer

Different magnetometers are available for studying magnetic materials.
A SQUID (superconducting guantum interference device) IS a very

sensitive magnetometer used to detect incredibly small magnetic fields, based on
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superconducting loops containing Josephson junctions. SQUID consists of two
superconductors separated by thin insulating layers to form two parallel Josephson
junctions. SQUIDs are sensitive enough to measure fields as low as 5aT (5x10—18 T)
within a few days of averaged measurements. Since flux associated with a Josephson
junction is quantized in units, the great sensitivity of the SQUID devices is associated

with measuring changes in magnetic field associated with one flux quantum given by

2mh 15 2
Dy = e = 2.0678x10" ’tesla.m
Magnetic field
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Fig3.9: Operating principle of SQUID.

If a constant biasing current is maintained in the SQUID device, the measured
voltage oscillates with the changes in phase at the two junctions, which depends upon the
change in the magnetic flux. Counting the oscillations allows us to evaluate the flux

change which has occurred.
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A

Fig 3.10: SQUID used for the magnetic studies in the present work, Quantum Design, Inc.

Magnetic studies in thesis are carried out by using a superconducting quantum
interference device of Quantum Design, USA. Temperature dependence of Field-cooled
(FC) magnetization, in the ranges of temperature (T) from 5 K up to 300 K is measured by
cooling the sample to low temperature in the presence of magnetic field (10 Oe) and data
were collected on heating the sample. M-H curves were recorded at various temperatures

with magnetic field (H) varying from 0 Tto 0.5 T.

2.2.10 Thermo power measurements

We have designed a simple and handy setup to do the thermo power
measurements on the various GaN nanostructured thin films. Fig 3.11 shows a schematic
of the setup. It consists of two copper blocks that hold the sample in between and act as
hot and cold sink. A heater consisting of high resitance coil wrapped around mica sheets
is embedded inside one of the copper block to act as the hot end. Two thermocouples are

attached to the sample to measure the temperature of hot and cold ends respectively. The
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two ends of the sample are also connected to a digital multimeter by chromel-alumel
thermocouple that reads the voltage generated as a function of the temperature difference.
Standard n and p type Si samples were used to standardise the system and later on

measurements on GaN network and epilayer were performed.

Seebeck Voltage
AU=Up-Ug

Fig3.11: Homemade setup to measure thermo emf as a function of temperature.
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Chapter - 3

Results and Discussion

Properties of the GaN nanowall network

The GaN thin film with nanowall-network morphology studied in this thesis was
grown in plasma assisted molecular beam epitaxy (PA-MBE) system (SVTA, USA) with
a base pressure of 2 x 10™° Torr. The c-plane sapphire substrate was chemically cleaned
and thoroughly degassed in vacuum to ensure atomic cleanness, as seen by the
characteristic reflection high electron energy diffraction (RHEED).

Effusion cell held at 1000°C provides the Ga molecular beam onto a rotating 3
inch Al,O3 c-plane substrate and a 375W RF nitrogen plasma at a working pressure of 2.5
x10” Torr was used to nitride the incoming Ga flux. The conditions at which this
interesting nanowall network was obtained are: Ga Beam equivalent pressure (BEP) of
2.3 x107 Torr, substrate temperature of 680°C and Nitrogen flux rate of 4.5sscm. Under
this nitrogen rich condition, Ga adatoms diffuse over short distances before they get
nitrided, promoting 3D nucleation at the steps of edge dislocations and the strain relaxes
to form a hexagonal GaN nanowall network, surrounding a void region which consists of
open screw dislocations [31, 32].

In situ RHEED patterns recorded along the [1120] azimuth were used to monitor
the growth and it was seen that the distance between RHEED spots in these characteristic

transmission patterns through nanostructures in lateral and vertical direction is 1.89 which

is equal to 2a*/(v3c*) ratio (a* = 2T/yand c¢* = 2T/.) , implying that the c/a ratio

is1.63 confirming the c-oriented wurtzite structures of these nanowalls. Fig 3.1 shows
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one such RHEED pattern obtained. The anisotropy in these spots is indicative of the

nanowalls, as will be discussed later [31].

[0001]

[1-100]

Fig 3.1: RHEED pattern of the GaN film grown on c-plane sapphire along [1120] azimuth

Post growth conventional ex-situ material characterization by FESEM, XRD and
PL were done to examine the purity of material. The photoluminescence spectra showed a

high intensity band edge emission at =3.5eV, with a negligible defect band in the
proximity of = 2.2eV fairly well in keeping with the literature values for GaN films.

XRD pattern of the film confirms the fact that the gallium nitride film was single
crystalline and wurtzite in nature and oriented along c-axis. FESEM images showed a
hexagonal tri-branched network like morphology.

A second look at these conventional characterizations showed that though the
films were pure and highly crystalline but the FWHM of PL band edge and XRD peaks
were unusual. It was seen that the walls were about 150 nm at the bottom, which tapered
down to 10 nm at their apex. This further motivated us to do an in-depth study of the
properties of this nanowall network and probe their dependence on this morphology,
which led to further characterizations of electronic structure, electrical, magnetic and
thermal transport properties using AFM, MFM, SQUID and | V-Hall measurements etc.

This chapter presents a detailed analysis of the various properties of nanowall

network compared with a 2-D flat TDI, MOVPE grown 2um thick GaN epilayer.
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3.1 FESEM and EDX (elemental mapping)

To look at the morphology of the films, a FESEM micrograph was acquired which
showed a network like morphology. Plan and tilted view images were taken and it was

seen that the network is made up of wedge shaped GaN nanowalls that are about = 150

nm thick at the bottom and taper down to =10-20 nm at the apex and are oriented in-

planes along [1120] and [1110] crystallographic directions. (Fig 3.2 and 3.3)

Fig 3.2: FESEM image of a) GaN nanowall-network, b) GaN- Epilayer and inset shows FFT for
the same image

Fig 3.3 Wedge shaped morphology of the network contributes a huge surface area (left) and a tri branch
(right) a typical feature of the network.

It was also noticed that the network structure grows as larger hexagons
incorporating the smaller ones. These walls circumscribe micro-cavities (voids) having an
areal density ~ 10%/cm?, which coincides with the aerial density of extended defects in a

typical MBE GaN film, suggesting that that the voids can be open screw dislocations.

37



Results and Discussions

Further FFT analysis performed on the FESEM image (using MATLAB) shows that
nanowall network has a 6-fold symmetry (inset of fig 3.2). FFT has a bright spot in the
centre suggesting long range order in this morphology. Whereas for the GaN epilayer we
did not see any such features. FESEM image shows morphology of the surface with dark
pits as a signature of threading dislocations.

Compositional analysis was done for both GaN epilayer and nanowall network
utilizing the Energy Dispersive X-ray (EDX) attached to the FESEM system (from
Brioker). This instrument has a resolution of 0.129 eV. The EDX analysis produced
information from depth and XPS is used to analyze the surface composition of the films.
It is seen that Nitrogen to Gallium ratio was close to 1 for the epilayer, while the nanowall
network had a dearth of nitrogen, which can be attributed to background nitrogen
vacancies [38]. Fig 3.4 shows a quantitative picture of the elemental compositions of both
epilayer and the nanowall-network, obtained from the EDX measurements. It is well
established in literature that GaN films are naturally nitrogen deficient due to less
solubility of Nitrogen in the lattice at typical growth temperatures [38].

In GaN the defect with the overall lowest formation energy is the nitrogen
vacancy, under both Ga-rich and N-rich conditions [1]. If deviations from stoichiometry
occur due to point-defect formation, they will therefore always tend toward nitrogen-
deficient material (even under N-rich conditions). This was confirmed by explicit self-
consistent calculations of point-defect concentrations and stoichiometries by Van de
Walle et. al [38, 39]. The reason for this asymmetry in GaN can be found in the high
binding energy of nitrogen molecules, which makes it difficult (or even impossible) for
the GaN solid to ever become nitrogen-rich: Nitrogen atoms much prefer to leave the
solid and become part of N, molecules, rather than incorporate in the solid in the form of

nitrogen-rich point defects [39].
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The EDX spectra for nanowall network showed very trace amounts of Carbon and
oxygen as well. (Not shown here). This could be due to surface impurities incorporated

while exposing the samples to environment.
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Fig3.4: Bar graph showing relative composition of GaN epilayer and nanowall-network as

measured by EDX spectra (with reference to standard GaN sample)

3.2 XPS measurement

To know the surface composition of the nanowall network XPS measurements
were acquired and peaks corresponding to major elements Gallium, Nitrogen, Oxygen
and Carbon were observed. All the spectra were corrected for the shift during
measurements by taking C-1s peak as reference. Percentage composition of the elements
present on surface was calculated taking into account the relative Atomic Sensitivity
factors for the analyzer in the given geometry. Fig 3.5 shows the XPS spectra for the GaN
nanowall network and percentage composition of various elements present on the surface.
Apart from Ga and N, oxygen and Carbon contamination was also observed. This C
contamination can be due to handling of samples in open air, whereas sources of oxygen

impurities need not be the same. This showed that the surface was also N-deficient,
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supporting the previously obtained EDX spectra. Due to handling the sample in air,
carbon contamination was detected on the film,. It was possible to get rid of the
contamination via energetic 2keV Ar" ion sputtering (spectrum not shown here), and then
it was confirmed that the GaN films were clean, while the contaminants were only on the

surface due to sample handling.
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Fig.3.5: XPS spectra of GaN nanowall network grown on sapphire (0001) plane

At this point, to further examine the crystalline quality and structure of the GaN

nanowall network we progressed to XRD measurements.

3.3 XRD-HRXRD measurements

To determine crystalline quality and probe into the structural properties of the
GaN nanowall network the X ray diffraction pattern was recorded by a high-resolution x-

ray diffractometer (HRXRD from Bruker, Germany) with a resolution of 50 arc sec. The
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orientation of the epitaxial films was determined by X-ray diffraction, and the crystalline
quality was investigated by generating rocking curve along (0002) reflection. The XRD

pattern for the GaN nanowall network is shown in the Fig 3.6.
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Fig. 3.6: HRXRD scan of the GaN nanowall network, inset shows the rocking curve measured at

(0002) reflection for GaN nanowall network

Prior to XRD measurements, sample alignment was done at 26 = 41.68° which
corresponds to the peak position of (0006) reflection from Al,O3; substrate, with a

probable error in measurements = 0.03°. Due to diffraction geometry of 0-26

diffractometer, the only diffraction event detected arises from the crystal planes parallel
to the substrate surface. The XRD Peaks at 26 = 34.54° and 72.8° are due to reflections
from (0002) and (0004) plane, respectively, of wurtzite GaN. Therefore we conclude that

the GaN nanowall network grows with its ¢ plane parallel to the c-plane of the substrate
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surface. No additional peaks in XRD patterns confirm that the films are single crystalline
and single phase.

A closer look at the FWHM (= 900 arc secs) of the peaks in 20-o pattern is an

indicative of the crystalline quality of the material. The full-width at half- maximum
(FWHM) of the rocking curve measured at (0002) reflection for GaN nanowall network
was found to be 2000 arc sec (inset of fig 3.6). These FWHM values are indicative of a
mosaic and crystalline material [1]. To further explain this we looked at the size effects
arising due to nano dimension of the system.

While broadening in the (0002) symmetric reflection of GaN is generally
attributed to the mosaicity or tilt in the columnar features [40], broadening of FWHM of
XRD peaks (20-o pattern) can be explained by the famous Debye — Scherrer formula [41]

that says

L =KA/(DcosO) . (3.1)

where,
D — is the size of crystallites.
K —is the Debye constant

A =1.54056 A is the wavelength of the X-ray radiation
B is the peak full width at half maximum in radians, and
6 is the Bragg diffraction angle for the (0002) reflection for GaN nanowall

network
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We know that the nanowalls taper from 150 nm at the bottom to 10 nm at the
apex; hence the FWHM of their XRD peaks is expected to show the following behaviour

as a function of width of the walls, as depicted by fig. 3.7.
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Fig. 3.7 Dependence of FWHM of rocking curve on Size of the crystallites (As determined by the

Debye-Scherrer relation)

For high quality GaN thin films previously Mustukas et. al. have reported the
FWHM of the peaks to be approximately 50 arc secs. These small values of FWHM
indicated small variations in interplanar spacing along the c-axis. They attributed the
observation of extensive broadening in some other samples to a high density of edge
threading dislocations [40].

So, for the case of GaN nanowall network thin film the observed broadening may
be due to a continuous variation of size (perpendicular to ¢ axis) and the tilt in these walls
with respect to the ¢ axis that may result in closely spaced peaks for each set of
interplanar distance and angle. These two factors Debye Scherre broadening and the angle
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of walls with respect to the c axis are expected to be responsible for the broad FWHM =
900 arc secs for 20-m pattern and ~ 2000 arc secs, of rocking curves around the (0002)
reflection for GaN nanowall network. These characterizations clearly showed that the size
effects are playing an important role here and they might further result in properties that

are completely unexpected of bulk GaN.

3.4 Characterization of Band Edge emission: CL spectra
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Fig3.8: CL spectra of GaN nanowall network showing the band edge emission at 3.5eV

and the 2.2 eV defect band which is attributed to the Ga vacancies present in the system

To look at the emission properties of the nanowall network, cathodoluminescence
spectra was taken at 300 K and it showed band edge emission associated with GaN in the
proximity of 3.45 eV and this along with previous measurements confirmed that the GaN
network was made up of pure, single phase and highly oriented single crystalline GaN
crystallites. A negligible defect band was seen at 2.2 eV, which is generally attributed to

the defect states, in particular Ga vacancies [1] present in the system (Fig 3.8). Absence
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of defect associated peak confirms the high optical quality of GaN nanowall network (Fig
3.9). Typically FWHM of band edge emission associated with GaN thin films is
approximately ~ 50 — 90 meV [40, 42]. But, in case of thin film with GaN nanowall

network the FWHM of associated band edge emission was = 600meV even though defect

emission was not observed. This raised our curiosity and we progressed to further

detailed Photoluminescence studies to examine the root of such wide emission.

3.5 Detailed Photoluminescence Analysis

Photoluminescence (PL) spectroscopy has been the workhorse of the optical
characterization techniques due to its non-destructive nature and ability to yield valuable
information about both intrinsic and extrinsic transitions. The latter is important since
both defect-related and near bandgap transitions are frequently observed in GaN.
Photoluminescence measurements have become particularly useful in the last decade
when unintentionally doped GaN with a background n-type carrier concentration in the
low 10* cm? has become available. One can resolve the closely placed near bandgap

exciton-related PL lines using low temperature measurements.

3.5.1 Literature background

Two typical photoluminescence spectra of high quality unintentionally doped
GaN grown by HVPE and measured at room temperature and at 6 K (Fig. 3.9[42]). As
seen in Fig. 3.9, the PL spectrum changes drastically when going from 300 to 6 K. The
most apparent differences are the temperature dependence of the optical bandgap energy
and the thermal broadening. At 6 K (solid line), well-resolved PL peaks appear near the
intrinsic optical bandgap energy. The strongest peak at 3.473 eV is attributed to bound

exciton recombination. More specifically, this exciton recombination is associated with a
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neutral donor (D°X), since unintentionally doped GaN invariably is n-type. The bound
excitons are typically observed up to approximately 100 K, where the bound excitons
thermally dissociate, leaving the free exciton recombination to dominate the spectrum
[43]. Thus, the main PL peak observed at room temperature (broken line) at 3.404 eV is
attributed free A-exciton recombination, but the fine structure is not resolved at room

temperature due to thermal broadening.
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Fig.3.9. Photoluminescence spectra of unintentionally doped GaN measured at room temperature
(broken line) and at 6 K (solid line). (adapted from [42])

The binding energy of the free A-exciton has been extracted from Arrhenius plots
of the PL intensity at approximately 27 meV , compared to a value of about 26 meV
extracted from a comparison with the spectral location of the A-exciton's excited (n = 2)
state . The free excitons binding energy measurement places the lowest bandgap energy at

~ 3.504 eV at 2 K. Furthermore, the donor-bound exciton binding energy is

46



Results and Discussions

approximately 6 meV, as determined by measuring the energy difference between the
bound and free excitons (n =) lines [44-50].

The most frequently observed defect-related luminescence is the often referred to
as the 'yellow band' due to the spectral location at about 2.2 eV. The origin of the yellow
luminescence has been attributed to transitions of free (or weakly bound) electrons from
the conductions band edge (or a shallow donor level) to a deep acceptor level located
about 860 meV above the valence band edge [51]. This theory was later supported by
pressure-dependent PL measurements [52]. It was further suggested that the acceptor
level is due to gallium-vacancies [51]. Recently, theoretical investigations have provided
support for the gallium-vacancy theory and suggested the shallow donor level is
associated with oxygen [53]. Further support for the gallium-vacancy involvement in the
defect-related PL is provided by experiments demonstrating that the yellow PL can be
suppressed in GaN grown under gallium-rich conditions.

It is important to note that the exact spectral location of the exciton peaks strongly
depends on the residual strain in the GaN layer, and can vary several tens of meV

depending on growth and substrate [42].

3.5.2 PL for nanowall network

Photoluminescence (PL) measurements performed on the nanowall network were
compared with a thin film GaN sample taken as reference sample (Fig 3.10(a)). A blue
shift of ~78 meV of the band edge peak was observed. This shift may be a consequence of
the residual strain or quantum confinement effects at the thinner regions of the nanowalls
in this network like morphology. Due to large lattice mismatch at the GaN/Al,Os
interface, this nanowall network morphology seems to be a consequence of the strain

relaxation and we expect to see a fingerprint of such process in the PL spectra.
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Moreover the full width at half maxima (FWHM) of the nanowall sample (290
meV) was found to be much higher than that of GaN thin film reference sample (80
meV). To probe further into nature of this broad band edge emission we performed a
temperature dependent study of the PL emission. It was seen that the PL intensity
increased as the temperature was lowered. Contrary to what is expected, there was no
effect on the FWHM and it nearly remained same. Even at temperatures as low as 10 K,
no excitons related peaks could be resolved. Hence, we conclude that this broadening of
the band edge peak is not a lattice (phonon) related phenomenon, rather it might be purely

an electronic phenomenon which is being enhanced by the morphology of this network

structure (resulting in cavity photonics).
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Fig. 3.10: a) PL spectra taken at 10K for the GaN nanowall network and GaN reference sample,
and b) Temperature dependent PL study of the GaN nanowall network

Variation of integrated PL intensity as a function of temperature was studied for
the GaN nanowall-network sample and the thin film reference sample. The exciton
binding energy is found to be higher for the case of network (36 meV) than for the GaN
thin film reference (28 meV). This increase in exciton binding energy could again be a

possible indicative of quantum confinement [54]. This exciton binding energy when
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studied as a function of temperature shows a slow decrease for the nanowall network
sample which indicates that the electron-phonon coupling is clearly less in the GaN

nanowall sample, which can again be a possible signature of quantum confinement.
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Fig. 3.11: a) Integrated Pl intensity Vs inverse temperature and b) Temperature dependence of

exciton energy

The temperature dependence of the bandgap in semiconductors is often described by an

empirical expression (assuming no localization),

EM) = EO =T/ 5 4 1) 3D

where, a (in units of energy over temperature) and B (in units of temperature) are
material constants.

In case of localization, which can be construed as band tail effect, the temperature
dependence deviates from the above equation. In the framework of band tail model and
Gaussian-like distribution of the density of states for the conduction and valence band, the
temperature-dependent emission energy could be described by the following modified
expression[54], which is based on a model developed for Stokes shift in GaAs/AlGaAs

quantum wells [55].

49



Results and Discussions

where, the last term represents the localization component with o indicating the extent of
localization or band tailing, which is nearly imperative for GaN films with high carrier
concentration.

This GaN nanowall network films has very high background carrier concentration
(~ 10%%cm?® details in later section on hall measurement), which is similar to an
unintentional doping of n type carriers in the system due to N vacancies. It has been
reported in literature that as doping increases PL peak blueshifts due to band filling and
FWHM can increase due to thicker band of states from which transition can be made and
as the temperature is lowered the Intensity also increases by enhancing the probability of
radiative recombination [42]. So we suspect that due to high carrier concentration there
might be transitions to higher energy states (higher than CBM) which could possibly lead
to formation of a large density of band tail states in the nanowall sample.

This broad band edge emission which remains coherent even at low temperatures
could be very useful in emission devices. Hence, in order to map the emission from these
nanowall samples and study the effect of network like morphology on the characteristic
emission from GaN (resulting in cavity photonics), we performed CL mapping for further

investigations, since CL has high spatial resolution.

3.6 Cathodoluminescence (CL): CL Spectra and CL imaging

3.6 .1 Motivation and Literature background

Trapping light in a small modal volume enables the storage of optical power at
specific resonant frequencies. This is useful in a large number of fields such as cavity

QEDs, photonics, biosensing and nonlinear optics. Optical microresonators have led the
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way in the structural aspects of such devices and many devices based on Fabry-Perot
cavities, photonic crystals and whispering gallery modes (WGMSs) have been fabricated
worldwide.

I11-V structures have gained much importance in this field due to their excellent
luminescent properties. It has been seen that 11I-V Quantum Dots (QD) placed inside a
I11-V microcavity can efficiently capture and confine electrons and holes [56-58]. ZnO
nanowall network has been suggested to show interesting microcavity effects [59].
Motivated by this we explore the GaN nanowall network structures as microcavities and
probe the emission from them. Owing to the large FWHM observed in the PL and CL
spectra we decided to probe the nature of this wide FWHM by using CL mapping

spectroscopy as an imaging tool.

3.6 .2 CL mapping for nanowall network

SEM image and panchromatic CL map was acquired at room temperature (fig.
3.12). It was evident from the SEM images of the nanowall network that there is a large
distribution of cavity sizes (diameters). CL mapping on this nanowall matrix showed that
the band edge emission of GaN is focused and emitted out of the cavities in the network.

It was also noticed that not all the cavities emit, and the intensities also differ slightly.

Fig 3.12: SEM micrograph of the nanowall network (left) and CL imaging showing the emission

centers (right)
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Size distribution of the cavities and the emission spot size was plotted (fig. 3.13)
and the most probable diameter for the cavities as well as the emission spot was found to
be = 180 nm. Fig 3.13 shows the distribution in cavity and emission sizes and a Gaussian
fit for the same. It is clearly evident from the fig. 3.13, that though there is a large
distribution in the dimensions of cavity sizes (FWHM of Gaussian fit ~ 120 nm), they
emit with approximately the same emission spot size (FWHM of Gaussian fit ~ 36 nm) ,

like a coherent emission.
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Fig.3.13: Distribution of cavity and emission sizes (left) and a Gaussian fit for the size
distribution (right).

Investigations to understand the nature of this emission are under progress. There
are reports on Whispering gallery modes in ZnO nanowall network [59, 60]. To
understand our observations in light of Whispering Gallery Modes like phenomenon, we
selected a bright emission and the corresponding cavity and performed line scans using
ImageJ.

Fig 3.14 shows the averaged line scan wherein we can clearly see that the maxima
of emitted light lies at the center of the cavity, whereas in a whispering gallery type cavity

the maxima of intensity must lie skirting the periphery with no intensity being observed at
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the center of the cavity. Hence, in our case this argument of a whispering Gallery like

phenomenon is less probable and we explore the possibility of Fabry-Perot like cavities.
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Fig. 3.14: Line profile across the cavity and corresponding emission (using ImageJ)

To understand these curious results, we explored the possibilities of modes present
in the Fabry-Perot cavities. Fabry-Perot style resonators consist of two highly reflecting
mirrors which provide with a feedback mechanism. In an analogy to that fact, we propose
that the GaN nanowalls (Fig. 3.15(a)), which emit the band edge emission, can be treated
as highly reflecting mirrors (Fig. 3.15(b)). The narrowness of the top of the walls further

aids in focusing the emission and the resultant spot size that is seen is spherical and

extremely intense.

a) b)

Fig. 3.15: a) A typical cavity seen in the nanowall network matrix. b) Possible geometry of

emission considering a Fabry-Perot like geometry
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Since all these measurements so far indicated presence of some sort of interesting
electronic properties, we decided to look into the electrical transport properties of this

nanowall network sample.

3.7 Hall and I-VV measurements

Hall measurements were carried out in the standard Van der Pauw geometry.
Indium contacts were made on the films for ease of operation. Ohmic nature of the
contacts was established by plotting the 1-V curves prior to hall measurements. Following
table 3.1 presents a summary of the Hall measurements performed at 77 K and 300 K for

GaN epilayer and Nanowall network samples.

Properties GaN- Epilayer GaN — Nanowall network
T =300 K T=77K T =300 K T=77K
Volume carrier
Concentration (Ng) -1.526E+18 -1.524E+18 -1.356E+20 -1.347E+20
/cm®

LR 30516414 3047E+14 -LOBSE+I6 -1.078E+16

Mobility
(D) 7.737E+01 6.603E+01 1.694E+01 1.704E+01

[cm?/Vs]

Conductivity

(o) 1.891E+01 1.612E+01 3.681E+02 3.679E+02

[1/Q cm]

Resistivity
) 5.288E-02 6.205E-02 2.717E-03 2.718E-03
[Q cm]
Average Hall Coefficient
(Rn) -4.092E+00 -4.097E+00 -4.603E-02 -4.633E-02
cm’/C
Magneto resistance at 0.5 T

() 1.187E+00 1.188E+00 3.337E-02 SesI=

(2]

Table 3.1: Summary of Hall measurements

It is observed that both GaN epilayer and nanowall network showed a negative
Hall coefficient, indicating that the majority carriers are electrons and nanowall network

shows carrier concentrations ~ 10°°/cm®, and low mobility. This low mobility can be
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understood keeping in mind the morphology of our nanowalls, which encircle giant
dislocations [1].

Over the years, as-grown GaN samples are known to be n-type semiconductors
without intentional doping, implying the presence of donors. These donors must be
associated with defects or impurities, since perfect GaN cannot provide thermal carriers.
This has been thought to be caused by the spontaneous formation of nitrogen vacancies.
In GaN the defect with the overall lowest formation energy is the nitrogen vacancy, under
both Ga-rich and N-rich conditions. If deviations from stoichiometry occur due to point-
defect formation, they will therefore always tend toward nitrogen-deficient material (even
under N-rich conditions) [38, 39]. This was confirmed by explicit self-consistent
calculations of point-defect concentrations and stoichiometries. The reason for this
asymmetry in GaN can be found in the high binding energy of nitrogen molecules, which
makes it difficult (or even impossible) for the GaN solid to ever become nitrogen-rich:
Nitrogen atoms much prefer to leave the solid and become part of N, molecules, rather
than incorporate in the solid in the form of nitrogen-rich point defects [39].

When the material shows n type conductivity, it facilitates the formation of Ga
vacancies in the system [42]. Moreover, existing reports on GaN thin films have shown
that the Ga vacancy concentration correlates with the intensity of the yellow
luminescence at 2.2 eV, suggesting that the acceptor states of Vg, are involved in this
optical transition. The YL was also found to be stronger in samples grown under N-stable
conditions in MBE consistent with higher Vg, concentrations when the growth is more N-
rich. Hence, detailed information about the nature of vacancies present in our system can
further need to be deconvoulted by a rigorous analysis of Photoluminescence (PL) and

transport measurements.
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Presence of Ga vacancies has lead the way to magnetism in undoped GaN films
[61-65] and hence to explore the presence of Ga vacancies further we decided to do some

magnetic measurements on our sample.

3.8 Magnetic Measurements

3.8 .1 Background

Diluted magnetic semiconductors (DMSs) have been extensively investigated due
to their potential applications in spintronic devices which exploit both the spin and charge
degree of freedom of carriers (electron/ holes) [61-71, 73-74]. Various doped and
undoped 11-VI and I11-V systems have been explored for possibility of such applications.
One such widely studied system is (Ga,Mn)N which has been reported to exhibit
ferromagnetism with curie temperature (T.) varying from liquid helium temperature to
940 K [73], depending on the relative concentration of the cations. But, a major
drawback of making DMS materials is the low solubility of magnetic elements in the
semiconductor compounds. However, if we can tailor the structural properties at
nanoscale so as to get ferromagnetism without transition metal doping, this could be a
significant advance for spintronics.

Over the years, reports have confirmed the observation of room temperature
ferromagnetism in various thin films of nonmagnetic oxides (d° systems) viz. HfO,, TiO,,
ZnO, and MgO and related materials [62-69]. The origin of ferromagnetism in such
material has been long debated and sometimes attributed to the oxygen vacancies. Room
temperature ferromagnetism observed by Sundaresan et.al. in GaN nanoparticles with
different sizes, was attributed to the defects confined to the surface of the nanoparticles
[62-64]. Recently, room temperature ferromagnetism has been postulated as a universal

characteristic of nanomaterials of ZnO,Al,03, MgO, GaN and CdS which are diamagnetic
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in bulk form [64]. This has been attributed to the fact that point defects in insulators can
create localized electronic levels within the band gap that can have different electron
occupancies and thus different charge states and magnetic moment [64]. But, this theory
has been surrounded by controversies due to limitations in material synthesis which may
result in accidental inclusion of ferromagnetic impurities or uncontrolled contamination
from the surroundings or sample handling [65- 69, 75]. Theoretical investigations
involving first-principles calculations have shown that Ga vacancies are responsible for
the observed magnetism in GaN nanostructures. The magnetic moments mainly come
from the unpaired 2p electrons at nearest-neighbour N atoms of the Ga vacancy. The
defect formation energy at the surface is significantly different from that of the bulk due
to structural and electronic effects [61]. A recent report by Basanta Roul et.al. has shown
an experimental evidence for the manifestation of Ga vacancy induced ferromagnetism in
GaN thin films [62]. Albeit, there is incessant investigation in this direction, the complete
understanding about the origin of ferromagnetism in otherwise nonmagnetic
semiconductors is such as GaN is still an open question.

The presence of the anomalous or Extraordinary Hall Effect (EHE) has been
widely used to verify whether the system is a single-phase system magnetically. The EHE
is due to spin polarization of carriers and spin-orbit coupling which can be caused by the
magnetization of the material itself. Published works on (In,Mn)As, (Ga,Mn)As, and
Mn:Ge have shown such a response in support of other characterization data showing the
material to be single phase from a magnetic viewpoint [76]. Electrical transport
measurements as a function of temperature and applied field have been used to probe
detailed information regarding the magnetic ordering in Mn-doped GaN [74, 77]. The

Hall resistance in ferromagnetic materials can be expressed by

Ryar = Ro(B/ ) + R,(M/ ;) (33)
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Where, Ry is the ordinary Hall coefficient, Rs is the anomalous Hall coefficient, d is
sample thickness, and M the magnetization of the film.

Presence of EHE is also reflected in the temperature dependence of sheet
resistance (Rsheet) at zero applied field, which was used to identify the Curie temperature
in the (Ga,Mn)N samples by M. L. Reed et. al where the temperatures were varied from
liquid nitrogen up to 380 K. Fig. 3.16 (adopted from [73]) shows anomalous Hall effect
data (left) at 323 K and the temperature dependence of sheet resistance at zero applied
field for two different Mn-diffused samples and an undoped GaN control sample (right)
The Curie temperature was found to be in the range 220-370 K, depending on the
diffusion conditions. For the same sample, fig. 3.17(adapted from [73]) shows the
temperature dependence of the magnetization which was extrapolated using mean-field

approximation to yield an estimated T¢ of 940 K.
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Fig.3.16: Temperature dependence of sheet resistance at zero magnetic field for Mn-diffused GaN
and as-grown GaN (left) and room temperature anomalous Hall effect hysteresis curves for Mn-
diffused GaN (right) (adapted from [73])
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Fig. 3.17. Magnetization vs. temperature for (Ga, Mn)N sample grown by MBE with 9 at.% Mn.
The extrapolation of the curve is based on a mean-field approximation (adapted from [73])

The GaN nanowall network with tailored cavity sizes has the potential for a
spintronics material as it contains large surface area with varying curvature and
coordination. Hence, this can be representative of an important class of GaN based nano-
structured building blocks for miniaturized electronic and optical devices. A fundamental
understanding of the electronic and magnetic properties of these low dimensional
ferromagnetic (FM) semiconductor nanostructures is crucial for the development of
spintronics devices. This study aims at understanding magnetic properties for the GaN-
nanowall network by I-V Hall, electrical and magnetization measurements presented. The
presence of ferromagnetism has been supported with magnetic force microscopy (MFM)
measurements and observation of Anomalous/Extraordinary Hall Effect (EHE) by

studying the variation of sheet resistance as a function of temperature.

3.8 .2 Results

Recent controversies about the nanoscale magnetism in otherwise non magnetic
materials, which has sometimes been credited as a purely surface phenomenon by some

[62-64] and related to defects or impurities by others [65-69], raised our curiosity to
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perform magnetic measurements on this nanowall network which has a huge surface area
and is grown under UHV conditions to discuss magnetism in GaN at nanoscale.

The GaN epilayer (~ 2um thick), a representative of bulk GaN was found to be
diamagnetic at all temperatures. This conforms to previous reports that state GaN is
diamagnetic in bulk form.

The M-H curve for the GaN nanowall network at 2 K, before and after the strong
diamagnetic correction for the sapphire substrate was employed, shows that hysteresis
occurs with a saturation field of 4 kOe. The saturated magnetization is estimated to be
106x10~* emu/cm?® with coercivity 50 Oe and remnant magnetization of approximately

7x10“emu/cm®.
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Fig3.18: M-H curve for the GaN nanowall network at T = 2 K, before and after the

strong diamagnetic correction for sapphire substrate was employed.

The M-H curves for pure GaN nanowall network at various temperatures are

shown in fig.3.19. Saturation in magnetization was not observed for M-H curves at
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temperatures other than 2 K. This could be due to contribution from paramagnetic centres

present in the sample.
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Fig.3.19: M-H curve for the GaN nanowall network at various temperatures

Motivated by this we performed MFM measurements on the film to identify
regions contributing to the magnetic moment. Magnetic Force Microscopy (MFM)
measurements performed on both network and epilayer showed extremely significant
differences (Fig. 3.20). While for GaN epilayer no magnetic region could be seen in the
MFM imaging, for nanowall network an excellent magnetic contrast was observed and
the apex of nanowalls could be mapped clearly, suggesting that this region of quantum
confinement at the nanowall apex is giving rise to ferromagnetism. Fig 3.20 shows the
MFM images for the case of epilayer and GaN nanowall network. The width of the

nanowall apex was found to be = 30 nm, which agrees well with the results obtained

using FESEM and AFM measurements.
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Fig.3.20: MFM contrast as seen for a) GaN Epilayer b) GaN nanowall network

Both Ga and N vacancies are suggested to be present in the as-grown GaN
depending on the growth conditions. Calculations of the energies of formation of Ga and
N vacancies in bulk GaN have been reported in the literature. Although the formation of
nitrogen vacancy has lower energy, electronic structure calculations have shown that this
type of vacancy causes a paramagnetic state [38-39, 61]. On the other hand, Ga vacancies
introduce magnetic moments which lie on the neighbouring N atoms that are spin
polarized due to the Hund’s rule. This type of magnetism due to defects in bulk GaN has
not been observed because of the large formation energy of defects in bulk GaN.
However, the defect formation energy at the surface of the nanostructures may be
significantly different from that in the bulk due to the size effect which involves structural
as well as electronic effects. Thus, the defect formation energies at the surface are lower,
resulting in high concentration of defects at the apex of nanowalls, which gives rise to
percolative ferromagnetism at the surface of the GaN nano-network.

A Field Cooled (FC) plot of magnetization as a function of temperature for the

nanowall network is shown in fig. 3.21. At fields as low as 50 Oesterds the diamagnetic
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contribution from the 2 pm sapphire substrate was extremely dominant and it suppressed
the signal from the film which was only 0.8 um in thickness. Finally for a very low
applied field of 10 Oe, diamagnetic contribution from the substrate is very low and the M-
T curve for nanowall network looked like that of a magnetic material but unlike

ferromagnetic materials as no saturation was seen at low temperatures.
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Fig3.21: Field Cooled (FC) M-T curve for the GaN nanowall network at 10 Oe

By carefully inspecting the curve it was seen that a change of slope occurred in
the vicinity of T~50 K. The magnetization as a function of temperature indicates many
multiple exchange interactions indicating that its decay cannot be easily fit to classical
description of ferromagnetism, again in agreement with current theories concerning DMS
systems with high carrier concentrations [61, 75, 78]. Similar to the case of (Ga,Mn)N,
fitting of this data can be done using mean-field approximation to estimate the curie
temperature of GaN in this nanowall network like morphology and further analysis is

progressing well in this direction.
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Sheet resistivity of the nanowall network was measured as a function of
temperature and the film showed very less resistance even at low temperatures ~10K (fig.
3.22). In the absence of an applied magnetic field the GaN nanowall network showed
resistivity minimum at 183.19 K and a hump at 380 K. In the light of previously reported
results for (Ga,Mn)N this hump at 380 K is suspected to be the Curie temperature for the

system, arising probably due to the Extraordinary Hall Effect [74].
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Fig.3.22: Temperature dependence of sheer resistance for the GaN nanowall network at various

applied fields

Further, the network was found to posses a negative magneto-resistance ~ -1.5%
at temperatures lower than the resistivity minima which diminishes as we approach room
temperature. A shift in resistivity minima was also observed with the applied field. The
nature of this resistivity minimum is still not clear, as we speculate it could be either of a

Kondo like transition (which is a very typical characteristic of DMSs) or a normal metal
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to semiconductor transition. Further investigations are needed to know the exact
underlying mechanism.

For the case of epilayer, sheet resistance was found to be extremely high at low
temperatures which decreased greatly as we approached room temperature showing

behaviour typical of semiconducting materials (Fig. 2.23). Here also a negative

magnetoresistance ~ -5% was observed. Earlier reports have also shown that as grown

GaN films by MOCVD and MBE show negative magnetoresiatnce.
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Fig3.23: Temperature dependence of sheer resistance for the GaN epilayer at various applied
fields
3.9 Conclusions

GaN nanowall network was found to be ferromagnetic in the low temperature

regime and this ferromagnetism saturated at 2 K while at higher temperatures this

magnetism did not saturate due to excess paramagnetic centers present in the system. On
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the other hand GaN epilayer which shows a bulk like behaviour was found to be
diamagnetic at all temperatures.

These results could be explained by drawing a parallel from literature, where
calculations have shown that the vacancy formation requires a much lower energy on the
surface than in the bulk. This is because each atom makes three Ga—N bonds on the
surface but four Ga—N bonds in the bulk. Therefore, the native vacancies should be

present largely on the surface layer, and the ferromagnetism observed in nonmagnetic

nitrides may arise primarily from their surface defects. On the (1010) surface of GaN
each Ga(N) atom is bonded to three N(Ga) atoms. Thus, given the ionic description
(Ga3")(N3") for GaN, each surface Ga-atom vacancy generates three holes while each
surface N-atom vacancy generates three electrons [79]. The three hole states resulting
from one Ga-vacancy appear as empty down-spin gap states and each Ga-vacancy leads
to a high-spin ground state with magnetic moment of about 3uB.

Since our network has a large open area due to its geometry, larger number of
surface defects exist which might contribute to the observed ferromagnetism. However, it
IS surprising that the magnetism is confined to regions less than 20 nm thick. So it could
also be due to electron confinement effects. To probe this further careful and high
resolution investigations and theoretical modelling needs to be done, in order to develop a
comprehensive understanding of the origin of this morphology dependent magnetism in
GaN at nanoscale. This is of importance as it could open up a plethora of applications in

the immediate future.

3.10 Thermoelectric Measurements

Thermoelectric (TE) devices convert heat energy directly into electrical energy

without any moving parts. The best TE materials for room temperature applications are
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Bi,Tes-based materials and structures, but their applications are limited because tellurium
is scarce, volatile, and toxic [80]. Furthermore, the operational range of these materials is
limited to temperatures less than 100°C. Current research in thin-film TE materials
without tellurium is concentrating on materials such as Si/Ge, SiGe/Si, and ErAs:InGaAs/
InGaAlAs superlattices, SiGe alloys and trace of nitride alloys [81].

Thin-film TE materials are of great interest because they offer the potential for direct
integration of microcoolers/power generators with various photonic and electronic
devices. Some of the outstanding features of Ill-nitrides that are highly attractive for TE
applications include the ability for high-power and high-temperature operation, high
mechanical strength, stability, and radiation hardness. Recent study shows that high-In-
content InGaN alloys could be potentially important TE materials [82].

The quality of a material’s thermoelectric properties are represented by a figure-of-merit

(2), and often expressed as ZT, as this is a temperature dependent characteristic.

K - Total thermal conductivity of the material

o - Electrical conductivity of the material

a (Seebeck Coefficient uV/K) — Measure of voltage produced by a temperature gradient
in the material.

A good thermoelectric material, hence should have a very high value of S and a higher
ratio of electrical conductivity to thermal conductivity.

Thermoelectric power generation is explained by a gradient in conduction band energy,
across a material. This gradient in conduction band energy is caused by an applied
thermal gradient. For homogeneous materials the conduction band energy is directly

related to temperature. Electrons on the hot side of a material have greater conduction
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band energy than those on the cold side producing an EMF. Similar to conduction band
energy, valence band energy is also varied across a material with an applied thermal

gradient.

Carrier Energy

Hot Cold
Fig. 3.24: Variation of conduction and valance band energy across a material with thermal
gradient
For n-type materials, electrons are the primary charge carriers for which applied
thermal gradients produce an EMF in the direction shown below. Redder regions are

hotter and Bluish regions are cold regions.

n-type Materials

Fig.3.25: flow of charge carrier in a n-type material under thermal gradient

For p-type materials, holes are the primary charge carriers for which applied

thermal gradients produce an EMF in the direction shown below.

Fig.3.26: flow of charge carrier in a n-type material under thermal gradient
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The thermoelectric measurements were done using the homemade handy

setup. n-Si and p-Si were used to standardize the setup . And, then measurements

were performed on both samples. Here also it was seen that the network as well as

epilayer sample showed majority carriers to be electrons, since the applied thermal

gradients produced an EMF in the same direction as n-Si. This is clearly evident from

the slope of the graphs (fig. 3.27), which gives the Seebeck coefficient for the

material.
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Since from Hall measurements, the carrier concentrations for the nanowall network

were seen to be very high with a low mobility we expected it to be a good material for

thermoelectric applications. But, the Seebeck coefficient for GaN nanowall network was

found to be less than that of epilayer.
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Fig3.28: Temperature variation of carrier concentration for GaN nanowall network

Carrier concentration for nanowall network was found to be almost independent of
temperature variations above room temperature indicating that this is a degenerate
semiconductor. Carrier concentrations extracted from thermoelectric measurements (Fig.
3.28) compare well with those obtained from Hall measurements. If by some passivation
experiments, we can decrease the thermal conductivity of these electrons we can achieve
a material with good thermoelectric material for future on chip thermally cooled devices.
The morphology of the network shows that by proper engineering we can decrease the

thermal conductivity, while having a high carrier concentration, to enhance the Z factor.
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Chapter IV

Theoretical Studies

In this chapter details of various theoretical methods employed to study the GaN/Al,O3

interface, the results of simulations done and the future direction of the work is presented.

4.1 Density Functional Theory (DFT)

Density functional theory (DFT) is presently the most successful (and also the
most promising) approach to compute the electronic structure of matter. Its applicability
ranges from atoms, molecules and solids to nuclei and quantum and classical fluids. In its
original formulation, DFT provides the ground state properties of a system, and the
electron density plays a key role. Over the years DFT has been used to predict a great
variety of material properties like molecular structures, vibrational frequencies, cohesive
energies, ionization energies, electric and magnetic properties, reaction paths, etc. With
the advancement of computational technologies and physics, the original density
functional theory has been successfully generalized to deal with many different situations
like spin polarized systems, multi component systems such as nuclei and electron-hole
droplets, free energy at finite temperatures, superconductors with electronic pairing
mechanisms, relativistic electrons, time-dependent phenomena and excited states, bosons,
molecular dynamics, etc [83,84].

From elementary quantum mechanics, we know that the information about a
system can be extracted by Schrodinger equation, where y captures all material specific
properties

Ay =Ey 4.1)
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Here, E represents the total energy eigenvalue and H is the many-body Hamiltonian

operator []. This operator can be formulated as

Ne hz Nnuc
Y

. 2m 2M 2 |r — r

i=1 =1 7

“4.2)
ZIe Z Z Z]e
|r - RI| 24 R, R

The first two terms describe the kinetic energy of the electrons and nuclei. The other three
terms represent the attractive electrostatic interaction between the nuclei and the electrons
and repulsive potential due to the electron-electron and nucleus-nucleus interactions. Here

th
I

h is Planck’s constant, Z, is atomic number of I atom, r; and R, are the position of i

electron and I

nucleus, m and M are the mass of electron and nucleus respectively.

To solve this many-body Schrodinger equation Born-Oppenheimer approximation is
employed which states that, since the nuclei are heavier than electrons due to their masses
they move much slower than the electrons and hence we can consider the electrons as
moving in the field of fixed nuclei. This implies that the nuclear kinetic energy is zero and
their potential energy is merely a constant. Hence we can separate the entire wave
function into two parts, electronic and ionic part. The Schrodinger equation

corresponding to electronic part can be written as

H, (r, Y, = E, ¥, 43)

The electronic Hamiltonian reduces to

Ne

=) — (4.4)
> -3 Z|r_r

i=1

Here Ve denotes the potential acting on the electrons induced by the nuclei or any

externally applied field.
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Even after introducing Born-Oppenheimer approximation, it is difficult to solve
this equation with available computational resources. Hohenberg-Kohn postulated that
this problem can be treated if we use electron density instead of many-body wave
function to describe the system of interest. The Hohenberg-Kohn theorems lie in the heart
of DFT. As mentioned earlier, the fundamental concept of DFT is to use electron density
as an alternative of complicated many-body wave function to handle interacting systems.
DFT demands much lesser computational effort and gives a considerably good
description of ground state properties of materials [83-85].

The Hohenberg-Kohn theorem states that the ground state electron

density po minimises the energy functional

Elp] = Flp] + [ dr Vexe ()p(r) (45)

Where, F is a universal functional of p and Ve is the potential due to the static
ions. Furthermore the minimum value of E is Ey, the ground state electronic energy.

This introduces the concept of electron density as a fundamental variable. If the
functional E[p] can be minimised with respect to the electron density, it will yield the
ground state electronic energy and density of the system. It is important to note that this
minimization of the explicit energy functional restricts the calculations based on DFT to
the systems in their ground state and the form of the functional F[p] is not known.

To overcome this Kohn and Sham in 1965, separated the functional F[p] into three
parts to account for the kinetic energy of a non-interacting electron gas, and the Hartree
(Coulomb) and exchange-correlation (XC) effects of the electron-electron interaction.

Hence, the total energy functional can be expressed as,

1 (pme(r)

2J |ry =

E[p(®)] = T,[p()] + drdr’ + Ey [o(0)] + f OOV Mdr (46
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Where Tg[p(r)] is the kinetic energy functional for non-interacting electrons, second term
is electrostatic energy, third term is exchange and correlation energy and last is the energy
due to external potential caused by nuclei and other externally applied potentials. They
showed that the ground state energy could be obtained by solving N one-electron
Schrodinger-like equations, self-consistently with the charge density.
[V + Vi + Ve + Ve |95(0) = ¥ (1) (4.7)

The Hamiltonian of the one-electron equations is of the form of Schrddinger equations
but with the potential replaced by an effective KS potential including Hartree and XC
parts. Therefore, while the individual solutions do not include inter-particle interactions
(one-electron approximation), the KS particles do interact indirectly via the density
dependence of the Hartree and XC parts of the potential within a mean-field
approximation.

The exchange-correlation potential describes the effects of the Pauli principle and
the Coulomb potential beyond a pure electrostatic interaction of the electrons. Possessing
the exact exchange-correlation potential means that we solved the many-body problem
exactly, which is clearly not feasible in solids. The theory discussed above is exact.

However, the functional for XC, given by

_ SEyc [p(r)]
Ve = o) (4.8)

is not known for all but a few simple situations (such as a homogeneous free-electron gas).

While DFT in principle gives a good description of ground state properties,
practical applications of DFT are based on approximations for the so-called exchange-
correlation potential. A common approximation is the so-called local density
approximation (LDA) which locally substitutes the exchange-correlation energy density

of an inhomogeneous system by that of an electron gas evaluated at the local density [83-
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87]. While many ground state properties (lattice constants, bulk moduli, etc.) are well
described in the LDA, the dielectric constant is overestimated by 10-40% in LDA
compared to experiment. This overestimation stems from the neglect of a polarization-
dependent exchange correlation field in LDA compared to DFT. Another approach, the
generalized gradient approximation (GGA), also includes the gradient of the density in

the calculation.

In the present study, we have used Spanish Initiative for Electronic Simulations
with Thousands of Atoms (SIESTA) implementation of DFT, an open source package.

Following section gives a brief about SIESTA.

4.2 SIESTA

Siesta (Spanish Initiative for Electronic Simulations with Thousands of Atoms) is both a
method and its computer program implementation, to perform electronic structure
calculations and ab-initio molecular dynamics simulations of molecules and solids. Its
main characteristics are [88]:

e It uses the standard Kohn-Sham self-consistent density functional method in the
local density (LDA-LSD) or generalized gradient (GGA) approximations.

e It uses norm-conserving pseudopotentials in their fully nonlocal (Kleinman-
Bylander) form.

e It uses atomic orbitals as a basis set, allowing unlimited multiple-zeta and angular
momenta, polarization and off-site orbitals. The radial shape of every orbital is
numerical and any shape can be used and provided by the user, with the only
condition that it has to be of finite support, i.e., it has to be strictly zero beyond a
user-provided distance from the corresponding nucleus. Finite-support basis sets

are the key for calculating the Hamiltonian and overlap matrices in O(N )
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operations.

e Projects the electron wavefunctions and density onto a real-space grid in order to
calculate the Hartree and exchange-correlation potentials and their matrix
elements.

e Besides the standard Rayleigh-Ritz eigenstate method, it allows the use of
localized linear combinations of the occupied orbitals (valence-bond or Wannier-
like functions), making the computer time and memory scale linearly with the
number of atoms. Simulations with several hundred atoms are feasible with
modest workstations.

e Itiswritten in FORTRAN 95 and memory is allocated dynamically.

e It may be compiled for serial or parallel execution (under MPI).

4.3 Results

Growth of GaN on sapphire substrates has been extensively studied by
experimentalists for decades but a lack of theoretical simulations for the same inspired us
to look into the nature of the interface from first-principles perspective. We have
performed first-principles total-energy density functional calculations based on the Local
Density Approximation (LDA) to study the various geometries of the GaN/Al,Os
interface in order to find the most suitable candidate for the interface and hence determine
the kinetics for the spontaneous formation of nanostructures . Using repeated free-surface
terminated slabs, the relative stability of three different models of the GaN (0001)/Al,O3
(0001) interface is examined and the interfacial energy is calculated.

SIESTA implementation of DFT, which uses atomic orbitals as basis set was used
to perform all the calculations. We started with the experimentally obtained structures for

Al,O3 and GaN. Firstly bulk structure optimization calculations were performed for
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Al,O3 and GaN to test available pseudopotentials and default basis sets. The results were
benchmarked with respect to all electron LAPW calculations from literature [1]. While
we obtained a very good agreement in the lattice structure for Al,O3 with the default basis
and available pseudopotentials, the results deviated largely for GaN. We realized that for
GaN the default basis cannot be used since 3d electrons in Ga lie close in energy to N-2s
electrons. The 3d electrons in Ga hence cannot be treated as core electrons due to the
significant role played by their overlap in the bonding [91].

Next, a special basis for GaN was determined by including Ga-3d semicore states.
This new basis was constructed using the soft confinement potential proposed by J.

Junguera et al [89]. The form of this soft confinement potential is given by

~(re=rp)
e [GE))

V(ir) = Vg —— (4.9)

re—T

Using this new basis set, convergence for GaN was also obtained within the error bar of
DFT. Table 4.1 shows the optimized lattice parameters for GaN and Al,O3 by our

calculations, which are within 2% error with respect to experimental values.

Experimental(A) All electron LAPW (LDA)
Calculated - LDA (A)
[Ref 1-4] (&)
Material
a c u a c u a c u
GaN 3.189 5.185 0.377 3.181 5.159 0.374 3.155 5.152 0.377
ALO, 4.785 12.991 4.758 12.931 4.758 12911

Table 4.1: Experimental and optimized lattice constants for Bulk GaN and Al,O;[1]
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4.3.1 Interface Calculations

Our calculations using density functional theory (DFT) methods based on the
Local Density Approximation (LDA) proceed as follows. Firstly, we constructed three
GaN/ Al,O3 slab geometry configurations, and their interface atomic structures were
optimized by full relaxation to zero force positions. Second, we calculate the slab energy
difference, Egap, between separated and joined GaN and Al,Os slabs terminated with free

surfaces. This was further used to calculate the work of adhesion and the interfacial
energy for these configurations.

GaN has a 33% in plane lattice mismatch with ¢ plane of Al,O3, which is
determined by the following equation: (details given in introduction section of the thesis)
{aGan)-a(az03) Haaizoz) = ~ 33% (4.10)
It has been observed experimentally that under equilibrium and non equilibrium growths
of GaN on Al,O3, mostly GaN grows with a 30° in plane rotation with respect to sapphire
[90]. Under certain conditions GaN has been found to grow without the in-plane rotation
as well [90]. Hence, to investigate the nature of this interface, three possible
configurations of the initial stages of growth were determined.
Configuration 1 consists of straining the GaN overlayer by 33% so as to match the lattice

constant of the substrate i.e. Sapphire.

ORI X )
ZOQ®

Fig 4.1: Configurationl, depicting the psuedomorpic growth of GaN/Al,O3 (1x1 overlap)
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Due to large tensile stress in the film, simulations did not relax to a stable
structure and we concluded that this is a physically infeasible configuration.

Configuration 2 is defined by putting a 3x3 GaN supercell on 2x2 supercell of

Al,O3 such that there is a ~0% lattice mismatch at the boundary.

Fig.4.2: Geometry of Configuration 2 (3x3GaN/2x2Al,03) geometry a) before and b) after
structural relaxation

This configuration relaxed to an energetically favourable structure and it was seen
that the presence of Aluminium in the overlayer causes reconstructions in Nitrogen plane

which is evident from fig which shows a side view of the interface.

Fig 4.3: Side view of configuration 2 after structural relaxation

Al atoms in the overlayer bind with nitrogen clusters and reconstructions in bond

angles and bond lengths span both GaN layers. At the interface Al-N bond length was
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found to be ~5% smaller than the bulk AI-N bond length. Analysis of bond lengths and
bond angles showed that the reconstruction extended in all atomic planes on GaN side of
the interface planes and in first three atomic planes for Al,Oj3 side of the interface.

Configuration 3 consists of a GaN unit cell rotated by 30° with respect to the sapphire
unit cell, (V3GaN/ Al,O3). This geometry results in a reduced lattice mismatch ~16%.
Here a 6x6 supercell of GaN on 7x7 supercell of sapphire results in a ~ 0% mismatch at

the boundary.
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Fig 4.4: Configuration 3 a) showing N3GaN/ AI1203 geometry and b) the new configuration 3 for

computational ease

This particular configuration resulted in an extremely large unit cell containing
1902 atoms. Since such a large supercell was computationally extremely expensive, we
decided to incorporate a compression of 16% in the GaN film and leaving the substrate
fixed, so as have 1x1 matching at the interface. This is the new configuration 3, wherein
V3GaN grows pseudomorphically on Al,Os substrate.

Structural relaxations were done for this configuration with GaN monolayer,
bilayer and four layers respectively. For the case of GaN (monolayer) / Al,Os3,
reconstructions in nitrogen layer similar to Configuration 2 are observed. It was seen that

three nitrogen atoms cluster on top of overlying Al atom and this charge cloud formed by

N atoms bonds with the Al atom, rather than one-to-one bonding.
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Fig 4.5: Reconstructions as seen in the case of GaN (monolayer)/Al203 for Configuration 3

For the case of GaN (bilayer)/Al,O3 similar reconstruction was encountered, but
the strain relaxation was limited to first two atomic layers only. The second GaN layer
was much bulk like with bond lengths and bond angles lying within ~ 10% of the bulk
GaN. It was concluded that the reconstruction in N plane helps restrict the reconstruction

to first two planes.

99999909

Fig4.6: Reconstructions as seen in the case of GaN (bilayer)/Al203 for configuration 3

A comparison of this bilayer Configuration 3 with Configuration 2 shows that this
is energetically more favourable. This compares well with the previously reported
experimental results that state that the GaN films grow on sapphire substrates with an in

plane rotation of 30°.
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The interface energy is calculated by consideration of two joined GaN and Al,O;
slabs as shown in Fig.4.7. Slab calculations were performed for both GaN and Al,O3 and

slab energies were calculated as follows.

GaN __ GaN GaN
2 ESurf - Eslab — “Bulk
GaN _ rGaN GaN
2 Ao = Lgsiab — LEBulk
Where,
N s surface free energy of GaN
GaN

Eg,p s total free energy for GaN in slab calculations

Egg{}’( is total free energy for GaN in bulk

A is area of the slabs
Surface energies for Al,O3; can also be calculated with similar equations. For a
given configuration, work of adhesion of isolated GaN and Al,O3; slabs (with free

surfaces) is given by

Config __ rConfig GaN Al,03
AEg .y~ = Erge’ ™ — (Esiap + Egigp, )

where, E?g:fl‘g is the total free energy for a given configuration.

Interfacial energy is related to this work of adhesion as
Config
_ AEslab
Aslab
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Fig 4.7: Slab calculations for the GaN/Al,O; interface

Hence, for Configuration 2 and 3 we have

Work of Adhesion Interfacial energy
Config
[AE,, " 1 [
Config. 2 -552eV -0.061 ev/A’
Config. 3 -9.11eV - 0.403 ev/A’

Hence we see that the interfacial energy is lower for Configuration 3 than

Configuration 2 by ~ 0.34eV/A? implying that configuration 3 is more stable as

compared to configuration 2.

4.4. Conclusions

The most favourable interface consists of GaN film having 30° in plane rotation
about [0001] with respect to the substrate, which leads to ~14.6 % mismatch for basal
plane growth and epitaxial orientation of , (0001)GaN//(0001)Al,03, [11-20]GaN//[10-
10]Al,0s. This results in reduced lattice mismatch and thus the in-plane strain. Moreover,

for this case (configuration 3), work of adhesion is more negative implying that this
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interface is energetically more stabilized. These findings agree with previously reported
experimental results. Plot of charge densities (not shown here) show that covalent

bonding between the N-plane and Al- plane exists at the interface.

4.5. Future studies

We aim to perform classical simulations for original Configuration 3 (without
compression) to model the evolution of threading dislocations with film thickness and
identify the super-structure symmetry of interface dislocations, such that they can be used
as nucleation sites for self assembled nanostructure formation. Further we plan to study

the evolution of these dislocations with film thickness.
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Chapter - V

Conclusions and future directions

The GaN thin film with nanowall-network morphology studied in this thesis was
grown in plasma assisted molecular beam epitaxy (PA-MBE) system (SVTA, USA) with
a base pressure of 2 x 10™° Torr.

Post growth conventional ex-situ material characterization by FESEM, XRD and
PL were performed to examine the purity of material. The photoluminescence spectra

showed a high intensity band edge emission at =3.5eV, with a negligible defect band in
the proximity of = 2.2eV, comparing well with the literature values for GaN films. XRD

pattern of the film confirms the fact that the gallium nitride film was single crystalline
and wurtzite in nature and oriented along c-axis. FESEM images showed a hexagonal tri-
branched network like morphology.

A second look at these conventional characterizations showed that though the
films were pure and highly crystalline, the FWHM of PL band edge and XRD peaks were
broad. It was seen that the walls were about 150 nm at the bottom, which tapered down to
10 nm at their apex. This further motivated us to do an in-depth study of the properties of
this nanowall network and probe their dependence on this morphology, which lead to
further characterizations of electronic structure, electrical, magnetic and thermal transport
properties using AFM, MFM, SQUID, | V-Hall measurements etc. The GaN nanowall

network showed some interesting properties, which could be credited to its morphology
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and tapping these properties into practical applications could make it a material of the
future.

Through Hall-1V and thermoelectric measurements it was seen that the network
shows n-type conductivity with a very high carrier concentration ~ 10%cm?® and a
metallic behaviour above 150K. Hence it is a degenerate semiconductor for all
temperatures above 150 K at which the system goes through a resistivity minima. The
nature of this minima is not yet clear, as it could either be a standard metal-semiconductor
type transition or a Kondo like transition due to the magnetic centres present in the film.
Even at low temperatures its resistance is ~ a few ohms.

onfinemant zone
Confinement direcion

Fig 5.1: Confinement direction in the nanowalls

The apex of the nanowall network is ~ 10-30 nm, which could be a region of
strong confinement. Confinement effects were well evident from PL and magnetic
measurements. As depicted in the fig.5.1, along the tapered apex of these nanowalls lays
the confinement zone in one dimension. This quantum confinement is responsible for
some of extremely interesting properties shown by GaN in this particular morphology.
For example the surface ferromagnetism which is observed in case of only nanowalls and
not the bulk epilayer as shown by MFM images is seen to be lying on these confinement
zones. Since, in one dimensional nanostructures, the special topology of the surface and

the confinement of electrons in the radial direction drive the coupling to be ferromagnetic
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[], during MFM imaging we could map the network very well due to magnetic
contributions arising from the apex of these walls which are approximately one
dimensional.

The Curie temperature was found to be 380 K, by measuring the temperature
dependence of the sheet resistance at zero applied fields, which is seen as a consequence
of extraordinary Hall Effect, yet another property that could be attributed to these
confinement zones on the nanowall matrix.

This particular nanowall system has been proposed to be a strain relaxed pattern
due to its large surface area. This has in turn shown fingerprints in broad luminescence
and surface ferromagnetism. Ferromagnetism shown by this nanowall network could be a
possible answer to the long standing controversies surrounding the origin of magnetism at
nanoscales in otherwise non-magnetic materials. Since these nanostructures are grown
under Ultra High Vacuum (UHV) environment, contamination as a possible cause of
magnetism can be ruled out and we could say that it is clearly a surface or nano-size
related phenomenon. In addition, the magnitude of the magnetic moments can be tuned
by changing the size of the nanostructures. The flexibility of both controlling the
magnetic coupling and magnetic moment by choosing the dimensionality and the size of
the nanostructures will be useful in many practical applications. Further careful and high
resolution investigations along with theoretical modelling needs to be done in order to
develop a comprehensive understanding of the origin of the present morphology
dependent magnetism in GaN at nanoscale. This could open up plethora of applications in
near future.

Another powerful application from these nanowall morphologies could be highly
coherent and directional emission, which was seen in CL mapping. It was seen that

though there is a large distribution in the dimensions of cavity sizes (FWHM of Gaussian
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fit ~ 120 nm), they emit with approximately the same emission spot size (FWHM of
Gaussian fit ~ 36 nm), like a coherent emission. To understand these curious results, we
explored the possibility of whispering gallery or Fabry-Perot cavity modes being present
in our system, previously shown in similar ZnO nanowall systems . Since, the maxima of
the emission lies at the center of the cavities, they do not appear to behave like
Whispering gallery micro resonators. Drawing parallel from the Fabry-Perot style
resonators that consist of two highly reflecting mirrors with a feedback mechanism; we
proposed that the GaN nanowalls with band edge emission also act as highly reflecting
mirrors. The narrowness of the top of the walls further aids in focusing the emission and
the resultant spot size that is seen is as spherical and extremely intense. This appears to
lead towards random lasing without the need of a gain medium in GaN based
optoelectronic devices.

In addition to these magnetic and optical properties, GaN based nanostructures
posses some outstanding features such as the ability for high-power and high-temperature
operation, high mechanical strength, stability, and radiation hardness that make them
highly attractive for thermoelectric applications. Since we are proposing our nanowall
network as a potential candidate for future spintronics applications, we believe that by
passivation or doping if we could decrease the thermal conductivity while maintaining a
high electron concentration, we could offer a potential candidate for direct integration of
microcoolers/power generators with various photonic and electronic devices. Attempts in
this direction are under progress.

Theoretical attempts to understand the origin of these nanostructures showed that
the energetically most favourable interface consists of GaN film having 30° in plane
rotation about [0001] axis with respect to the substrate, which leads to ~14.6 % mismatch

for basal plane growth and epitaxial orientation of - (0001)GaN//(0001)Al,Os, [11-
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20]GaN//[10-10]Al,O3. This results in reduced lattice mismatch and thus the in-plane
strain. Moreover, for this case (configuration 3), work of adhesion is more negative
implying that this interface is energetically more stabilized. These findings agree with
previously reported experimental results. Further it was observed that a reconstruction
existed in the N- plane, wherein three N atoms cluster together on the overlying Al atom
and bonding at the interface exists between this N cluster and the Al atom. Plot of charge
densities show that covalent bonding between the N-plane and Al- plane existing at the
interface, results in Al-N interfacial bonds being 10% shorter than the bulk Al-N bonds.

In future we aim to perform classical simulations for \V3GaN/ Al,O3 lattice
matched interface (without compression) to model the evolution of threading dislocations
with film thickness and identify the super-structure symmetry of interface dislocations;

such that they can be used as nucleation sites for self assembled nanostructure formation.
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