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Abstract

Quantum information science (QIS) has the potential to revolutionise technology and,
indeed, modern day life as as we know it. Applications range from vastly improved
encryption technology in the form of quantum key distribution to revolutionising com-
putation in the form of quantum computing. Development of the latter could drasti-
cally change the ability to model many systems from financial markets to the folding of
proteins. There are a number of different technologies being developed to realise quan-
tum information applications ranging from photonics to superconducting architectures.
Semiconductor quantum dots are particularly attractive solutions for QIS applications
due to the possibility of their integration with existing, mature, semiconductor tech-
nology. In particular, site-controlled quantum dots (SCQDs) could revolutionise QIS
by wafer scale fabrication and growth of large numbers of quantum devices. This is as
SCQD technology has the ease of scalability whereby it can be developed on smaller

samples and then extended to be manufactured on the wafer scale.

The III-N’s materials group hold a great deal of promise for site-controlled quantum dot
applications owing to their large band-gap off-sets and large excitonic binding energies
allowing for the creation of quantum devices that could operate at or close to room
temperature. The GaN/AIN system is particularly promising for such endeavours,
however, due to the difficulty in creating uniform arrays of AIN sites to house GaN

quantum dots, this area of the field has been largely unexplored.

In this thesis, regular arrays of spatially predetermined, faceted AIN nanostructures,
suitable to house GaN quantum dots are realised. This is achieved by combining top-
down dry etching with bottom-up regrowth. The dynamics of the regrowth step are
explored and explained. This is followed by the exploration of a combination of dry
and wet etching, in order to again realise periodic arrays of AIN nanostructures. The
aspect ratios of the dry etched nanostructures after wet etching were investigated and a
model of the wet etching dynamics was proposed. Additionally, thermal etching and an
investigation of the impact of the annealing conditions and fabrication processing was
undertaken. It was found that the cleaning stages of the fabrication had a significant
impact on the resulting morphology of the GaN after thermal etching. In all three

cases, sites arguably suitable to house site-controlled quantum dots were achieved.

Finally, site-controlled GaN quantum dot growth was attempted on the AIN nanostruc-

tures developed. Whilst the growth of site-controlled quantum dots at the specifically



targeted regions of the nanostructures wasn’t achieved, it is certainly arguable that

there was site-controlled quantum dot growth in other regions of the nanostructures.

ITII-N SCQDs hold immense promise to further advance QIS technology at temperature
achievable by thermoelectric cooling or even room temperature. Further development
of the field could lead to the realisation of more practical QIS devices that could become
far more ubiquitous in everyday life and technology. Thus, ITII-N SCQDs present an

exciting field of present day and future research.
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Elsevier. Figure (d) shows the Burgers vector of a dislocation. It
is represented by the failure of the closure between A’ and E’ in

the circuit on the right resulting in distance, b. Here b is relative

to the circuit on the left which represents a dislocation free crystal.

This figure shows the mechanisms at play during growth within
the MOVPE reaction chamber. The reactions occurring during an
MOVPE growth process are still not well understood, hence, this
figure is a gross oversimplification. . . . . . . ... .00 L.
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This figure shows a schematic of the MOVPE growth reactor (AIX200RF)

chamber. . . . . . .

This figure shows an attempt at selective area regrowth of AIN
through a patterned SiN, mask upon an AIN template. . . . . . .

In (a) a schematic of the DTL process is shown. Here a photoresist
covered wafer is moved 1 Talbot length towards the mask during
exposure. In (b) a calculated intensity distribution is shown for an
illuminated linear grating. Two self-images are highlighted with
dashed lines, a sub-image is highlighted with a dotted line. This
sub-image has twice the frequency of the original grating. Both
(a) and (b) reprinted and adapted with permission from [22] (©)
The Optical Society. In (c), an AIN nanotube is shown made via
patterning a ring into resist via utilising a high exposure dose with
DTL to generate a secondary interference pattern. This is then
transferred into a SiN, mask which is used to dry etch a tube into
an AIN template. . . . . .. ..o Lo
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2-5

2-6

In (a), a basic schematic of a parallel plate RIE system is shown,
highlighting the plasma, ion sheath and DC bias. In (b), on the
left a high density plasma is shown with low pressure, small ion
sheath and large mean free path. This is the sort of plasma gen-
erated via ICP. On the right a lower density plasma with higher
pressure, larger ion sheath and smaller mean free path is shown.
This is more typical of an RIE plasma. In (c), on the left, a high
pressure etching schematic, whilst on the right a low pressure etch-
ing schematic. All images reprinted/adapted by permission from
Copyright Clearance Center: Springer Nature, Dry Etching Tech-
nology for Semiconductors by Kazuo Nojiri Copyright (C) 2015,
Springer International Publishing Switzerland ([23]). . . . . . ..

This figure shows a basic schematic of the Oxford Instruments
Plasma Technology PlasmaPro 100 Cobra ICP system used in this
thesis. . . . . . .

Starting with the initial wafer, in 1, BARC (Back anti-reflection
coating) and resist are spin coated upon the wafer with appropri-
ate baking steps (a soft bake for the BARC). At 2, Displacement
Talbot Lithography is used to expose the resist. In 3, the resist
is developed for a long enough time such that an undercut is now
present in the BARC layer. Electron-beam evaporation is used in
4 to first deposit a thin layer of Au followed by a thicker layer
of Ni to realise a metal dot array. The sample is then put back
into developer for the final part of this ‘lift-off’ procedure where
the remaining resist and BARC are removed (or lifted-off) at stage
5. An O, based plasma etch can now able applied to remove any
remaining unwanted organic material. This dot array in 6, is then
used as a mask to etch into the underlying wafer. Finally, in 7, this
is followed by an Aqua Regia, Piranha clean and Buffered oxide
etch in that order, in order to remove the mental mask and clean
the sample. . . . . . . ..o



2-8

2-9

2-10

2-11

2-12

The process starts with the initial wafer. At stage 1 a SiN, mask
is deposited via PECVD. At stage 2 BARC (back anti-reflection
coating) and photoresist are spin coating with appropriate baking
steps. At 3, displacement talbot lithography is used to expose
the resit. The sample is then developed in MF-CD26 developer
at stage 4. The resist is then used as a dry etch mask for CHF;
etching into the SiN, mask. The organic layers are then removed
and the SiN, is used as a mask to dry etch into the underlying
wafer. Finally, a buffered oxide etch (BOE) is used to remove the

remaining SiN, mask. . . . ... ..o

Figure (a) shows some of the detectable signals which can be used
for imaging in SEM. Republished with permission of Taylor &
Francis group (©), from [24]; permission conveyed through Copy-
right Clearance Center, Inc. Figure (b) shows the interaction vol-
ume and regions from which secondary electrons, backscattered
electrons and X-rays may be detected. . . . . ... ... ... ..

Figure (a) shows a typical schematic of a SEM. Reprinted /adapted
by permission from Copyright Clearance Center: Springer Nature,
Transmission Electron Microscopy: Physics of Image Formation
and Microanalysis by Ludwig Reimer Copyright (C) 1997, Springer-
Verlag Berlin Heidelberg ([25]). Figure (b) show an SEM image of

some nanostructures. . . . . . . .. .. Lo Lo

Figure (a) show a schematic of a typical AFM operational set-up.
Figure (b) shows a schematic of AFM during contact mode. Fig-
ure (c) shows a schematic of AFM during tapping mode. Figure
(d) shows an AFM image of some self-assembled (uncapped) GaN
quantum dots upon a smooth, terraced AIN surface (Figures (a)-
(c) modified and reproduced from [26] Copyright (©) 2010 Wiley
Periodicals, Inc. Figure (d) reprinted from [27], with the permis-
sion from AIP Publishing, Copyright () 2006.) . . . . . . . . . ..

This figure shows diagrammatically the process of photolumines-
cence. In this figure the colour schemes used are arbitrary.
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2-13

2-14

2-15

In (a) a continuous wave (CW) PL spectrum of a sample with 10
planes of GaN/AIN QDs is shown. The QDs here have typical
heights of 4.3 nm. In (b), PL spectra recorded at different de-
lays after pulsed laser excitation is shown. Intensity of the spectra
have been normalised. The dashed line indicates the CW PL peak
from (a). For short delays, spectra are artificially broadened by
the presence of long lived PL at 3.2 eV, arising from defects in
the GaN buffer layer, whose short-lived PL line appears at 3.48
eV. Here (a) and (b) are reproduced from [28]. Copyright (C) 2008
Elsevier Masson SAS. All rights reserved. In (c), a plot of the
measured radiative lifetimes as a function of PL peak for differ-
ent quantum dot samples is shown. Solid lines show the calcu-
lated value of lifetime as a function of energy of the fundamental
transition for an effective electric field of 7, 9 and 11 MV /cm re-
spectively. The calculated QD height corresponding to the transi-
tion energies for 9 MV /cm electric field is shown at the top axis.
Electron and hole energy levels and wavefunctions are sketched in
the regimes dominated by the QCSE (left) and quantum confine-
ment (right). Figure (c) is reprinted (Figure 3) with permission
from [29]. Copyright (2006) by the American Physical Society,
https://doi.org/10.1103/PhysRevB.73.113304. . . . . . . . .. ..

Figure (a) shows a tilted SEM image of a ITI-N nanorod with an Al-
GaN single quantum well structure. In (a) ((b)) the corresponding
intensity map over the single quantum well emission range of 4.9-
5.5 eV is shown, measured with the use of Cathodoluminescence
hyperspectral imaging (figure reproduced and unmodified from [30)]
under Creative Commons Attribution 4.0 International license).
Figure (b) shows diagrammatically the process of cathodolumines-

cence. In this figure the colour schemes used are arbitrary.

This figure shows a schematic of the CL system used for the char-
acterisation undertaken in this thesis. All the CL maps presented
in this thesis were measured by Dr. Jochen Bruckbauer at the
University of Strathclyde. . . . . . . . . ... ... ... ... ..
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2-16 Here the images are constructed from parameters determined by

fitting 3 Gaussian peaks to each of 150x150 spectra obtained during
CL hyperspectral imaging. In (a) and (c) the peak intensity and
energy respectively of the QW emission from the inclined facets are
shown. In (b) the intensity of the apex-related 2.37 eV emission
is shown. The line scan in (d), shows the QW peak energy vary-
ing across the pyramid. This was extracted via a horizontal line
through the apex in (c). Reprinted from [31], with the permission
of ATP Publishing, Copyright (©) (2004). . . . .. ... ... ...

2-17 Monochromatic STEM-CL intensity images are shown recorded at

3-2

3-3

spectral positions of a GaN/AIN quantum well in (a) and GaN/AIN
islands (thought to be quantum dots) in (b) - (d). (a) - (e) are
reprinted from [32], with the permission of AIP Publishing, Copy-
right (©) (2015). In (e) a panchromatic CL intensity map is pre-
sented, taken at 15 K. In (f) A TEM cross-sectional image of cubic
GaN/AIN quantum dots is shown. The GaN quantum dots (high-
lighted by the white boxes) grow along the stacking faults. In (g)
CL spectra of two single quantum dots are presented. Here (f) and
(g) are reprinted from [33], Copyright (C) (2005), with permission

from Elsevier. . . . . . . . . .

This figure shows a schematic of the nano-jet probe device created
by Ohkouchi et al. [34] for the creation of site controlled InAS
quantum dots upon a GaAs barrier layer (Reprinted from [34]),
Copyright (C©) (2004), with permission from Elsevier). . . . . . ..

Figure (a) shows an SEM image with an AFM image insert of
the surface of the buffer layer prior to epitaxy as fabricated by
UV-NIL. Figure (b) shows and AFM image of the site-controlled
InAs quantum dots on the UV-NIL patterned GaAs buffer layer.
Reprinted from [35], Copyright (©) 2010 Elsevier B.V. All rights

reserved, with permission from Elsevier. . . . ... ... ... ..

This figure shows a low temperature PL spectra of the reference
sample and the nanopatterned sample. The insert shows the power-
dependent micro-PL spectra of a single quantum dot on the pat-
tern. Reprinted from [35], Copyright (C) 2010 Elsevier B.V. All

rights reserved, with permission from Elsevier. . . . . . . . . . ..
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3-4

3-5

3-6

3-9

This figure shows a schematic of the EBL patterning process (Reprinted /adapted
by permission from Spinger Nature : Springer eBook, Fabrication

Processes for Sensors for Automotive Applications: A Review, by

Aviru Kumar Basu, Shreyansh Tatiya, Geeta Bhatt et al. Copy-

right ©) (2019) [36]). . . . . . . . .. 118

AFM image of the patterned wafer shown the preferential nucle-
ation of the quantum dots within the holes. In insert (A) an AFM
image of the hole array after the 10 nm GaAs buffer layer is de-
posited. In (B) an AFM image of the surface is presented after a
thermal desorption of an oxide layer. In (C) there is shown the
occupancy of the holes [37] (Reprinted from [37], Copyright (©)
(2006), with permission from Elsevier). . . . . . . ... ... ... 119

In figure (a), a schematic of the quantum dot etched out of the
quantum well structure is shown. The photoluminescence spectra
in (b) is that of a quantum well (2 DOF), quantum wire (1 DOF)
and quantum dot (0 DOF). The spectra are normalised for com-
parative observation. All photoluminescence measurements were
taken at 4.4 Kelvin. Reprinted with permission from [2]. Copy-
right () [1986], American Vacuum Society. . . . . . .. . ... .. 121

Figure (a) shows a schematic of the quantum dot-pillars created
in [38]. Figure (b) shows a planar SEM image of the array of
quantum dot-pillars. Figure (c¢) shows an SEM image of a single
quantum dot-pillar structure. Reprinted with permission from [38].
Copyright (©) 2015 American Chemical Society. . . . . ... ... 122

This figure shows the total lifetime reduction and integrated inten-
sity enhancement for each individual dot measured, an excitation
intensity of 283 W /cm? was used. Ag cavity — black circles, Al
cavity — red squares and control — blue diamonds. Reprinted with
permission from [38]. Copyright (C) 2015 American Chemical Society.122

This figure shows a schematic of the device created by Zhang. L
et al. Reprinted (Figures la and 1b) with permission from [39] Lei
Zhang, Chu Hsiang Teng, Pei Cheng Ku, and Hui Deng, Charge-
tunable indium gallium nitride quantum dots, Physical Review
B, 93(8):1-7, 2016. Copyright (2016) by the American Physical
Society, https://doi.org/10.1103/PhysRevB.93.085301. . . . . . . 123
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3-10

3-11

3-12

3-13

This figure shows SEM images of the SAG of GaN in [40] at (a)
1010 °C, (b) 1025°C and (c) 1050 °C [40]. All figures reproduced
from [40], Copyright (©) (1995), The Physical Society of Japan and
The Japan Society of Applied Physics). . . . .. .. ... .. ...

Figure (a) shows the time evolution of the PL after the laser ex-
citation pulse on an InGaN QD on GaN nanopyramid sample in
[41]. Figure (b) shows the time-integrated PL spectra at 5K of
the GaN/InGaN nanopyramids in [41] (both figures reproduced
from [41]. Copyright (©) 2005 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim). . . .. ... ... o000 Lo

Figure (a) shows the power dependent PL of the InGaN/GaN

127

nanopyramids. Figure (b) shows the low-temperature time-integrated

PL spectra of the InGaN/GaN nanopyramids. Figure (c) shows
the CL of the InGaN/GaN nanopyramids at the emission wave-
lengths stated [42] (Reprinted from [42] with the permission of
AIP Publishing. Copyright (©) (2005) . . . . . . . ... ... ...

Figure (a) shows the single photon PL on the structure described
in [43], this has a clear broad quantum well signal with the dis-
crete quantum dot signal at 2.61 eV (figure reproduced from [43].
Copyright (©) 2005 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim). Figure (b) is the two-photon excitation PL spectra for
different excitation powers for the structure described in [43]. This
shows a clear suppression of the quantum well signal when com-
pared to (a) [43] (figure reproduced from [43]. Copyright (C) 2005
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). Figure
(c) shows micro-PL data for the metal coated InGaN/GaN quan-
tum dots described in [44]. On the left is the spectra from single
photon excitation and on the right that of two photon excitation
(both carried out at a temperature of 7K). Reprinted (adapted)
with permission from [44]. Copyright (C) 2018 American Chemical
Society. . . ..



3-14 Figure (a) shows the micro-PL spectra of nanopyramids with single
quantum dots grown at different temperatures. Figure (b) shows
a polar plot for the normalised PL intensity against the recorder
polarisation direction. Figure (c) shows the polarisation directions
and ratios for the quantum dots shown in Figure (a) [45]. All
figures reprinted with permission from [45]. Copyright (©) 2011

American Chemical Society. . . . . . ... ... ... ... ....

3-15 Figure (a) shows the micro-PL spectra of an elongated hexagonal
pyramid with quantum dot structure/s on the top ridge. The
polariser analyses is set t0 Opaz(Omin) by which the maximum
(minimum) intensity of sharp emission peaks are detected. Fig-
ure (b) shows the spatially resolved monochromatic CL spectra of
another GaN micropyramid with InGaN quantum dot structure/s
on the top ridge (both figures reproduced and reformatted but
unaltered from [46] (2014) under Creative Commons Attribution-
NonCommercial-No Derivative Works 3.0 Unported License). . . .

3-16 This figure shows the PL spectra from a single quantum dot as
detailed in [47] at different temperatures (Reprinted from [47], with
the permission of AIP Publishing, Copyright (©) (2013)). . . . . .

3-17 This figure shows an SEM image of the matrix of GaN nanorods
with InGaN quantum dots. As can be seen there is a lack of
homogeneity between different rods. Reprinted with permission
from [48]. Copyright (C) 2017 American Chemical Society. . . . . .

4-1 SEM images of the four nanostructures created. Shown are the
deep etched nanorods (a) and nanoholes (¢) (~ 1 pm deep) and
shallow etched nanorods (b) and nanoholes (d) (~ 100 nm deep).
The insets show the plan-view SEM images of the rods and the
cross-section SEM images of the holes. . . . . .. ... ... ...

4-2 This figure shows what is meant by ‘point-to-point’ morphology
(a) and ‘edge-to-edge’ morphology (b). . . . . .. ... ... ...

4-3 This figure shows some of the crystallographic planes in the wurtzite
crystal structure. In (a) the polar c-plane ({0001}), the non-polar
m-plane ({1010}) and the non-polar a-plane ({1120}) are shown.
In (b) the semi-polar m-plane ({1012}) is shown. In (c) the semi-
polar a-plane is shown a-plane ({1122}). . . .. . ... ... ...
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4-4

4-5

4-6

4-7

4-8

4-9

4-10

SEM images corresponding to the four templates grown at dif-
ferent temperatures. The green hexagons in (g)-(1) represent the
original morphology of the dry etched structure superimposed on
the regrown holes. The red arrows in (k) indicate some of the

macrosteps that are discussed in the text. . . . . ... ... ...

SEM images of the four structures grown with different V/III ra-
tios. The green hexagons in (j) - (1) and (n) - (p) represent the
original morphology of the dry etched structure superimposed on

the regrown holes. . . . . . . . .. ..o Lo

SEM images corresponding to the growth on the four structures for
different regrowth times. The green hexagons in (i)-(p) represent
the original morphology of the dry etched structure superimposed
on the regrown holes. . . . . . . . . .. ...

High resolution tilted SEM image of the sample from growth run
9 (sample in Figure 4-6 (d)). This SEM data was taken by Dr
Pavlos Bozinakis, University of Strathclyde . . . . . . . . . . . ..

Schematic representation of the convex and concave nature of all
four structures. The images on the left are before regrowth and
the images on the right after regrowth. The deep rod, shallow rod,
deep hole and shallow hole structures are shown in (a), (b), (c) and
(d) respectively. Blue arrows indicate convex morphology whereas
yellow arrows indicate concave morphology. This figure was made
by Dr Pierre Chausse for the publication [49]. . . . ... ... ..

SEM images showing the morphology after different growth dura-
tions for the deep nanorod samples at a V/III ratio of ~ 19000.
(a) 60 min, (b) 120 min, (c¢) 180 min, (d) 210 min, (e) 270 min.

Plot of the size of the top c-plane truncations as a function of rod
growth time for the rods grown at V/III ~ 7600 and ~ 19000. The
truncation sizes were extracted from SEM images using ImagelJ

with estimates of the measurement errors. . . . . . . . . . .. ..
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o-1

o-2

2-3

Figure (a) — (d) shows the etching mechanism for GaN in KOH.
Reprinted from [50], with the permission of AIP Publishing, Copy-
right (©) 2001. Figure (e) shows an SEM image of a GaN sample
where the N-polar regions have etched to form hexagonal nanopy-
rmaids and the Ga-polar regions have been left intact. Reprinted
from [51], with the permission of AIP Publishing, Copyright (C)
2003. Figure (f) shows N-polar AIN after aqueous KOH etching.
Reprinted from [52] Copyright (©) (2004), with permission from
Elsevier. Figure (g) shows an SEM cross-section of hillocks on
N-polar AIN after KOH etching. Figure (h) shows an SEM micro-
graph of N-polar AIN etched in KOH. Figures (g) and (h) reprinted
from [53], Copyright (©) (2013), with permission from Elsevier.
Figure (i) shows an NEMS resonator structure, where the free-
standing AIN beam was prepared via KOH etching. Reproduced
from [54]. Copyright (©) 2006 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. . . . . . . .. .. ... . o

All figures here are SEM images. Figure (a) shows the planar
AIN template with a patterned SiN, mask upon it before any wet
etching. The inset is the corresponding cross-section. Figure (b)
shows the planar AIN template after 5 mins KOH etching at 150
°C. The blue hexagon in (b) shows the wet etched region of the
planar AIN template. . . . . . . . .. ..

Figure (a) shows a cross-section of the shallowest dry etched nanohole

sample prior to wet etching. Figure (b) shows a cross-section of
a nanohole of a deeper dry etch than in (a) prior to wet etching.
Figure (c) shows a cross-section of the deepest dry etched nanohole
sample prior to wet etching. In (a) - (c¢) the inset images are tilt
views of the main images. In (d) the sample in (a) is shown after
2 minutes of KOH etching at 150 °C. In (e) the sample in (b) is
shown after 2 minutes of KOH etching at 150 °C. In (f) the sam-
ple in (c) is shown after 2 minutes of KOH etching at 150 °C. The
insets of (d), (e) and (f) shows part of the respective main figures
in at a higher magnification . . . . .. ... ... ... ... ..



o-4

5-6

o-7

In this figure, a plot of the average length of the inclined planes as
a function of initial dry etch depth is shown. The length of these
planes were calculated by measuring the horizontal length of the
planes and dividing this by the cosine of the average angle of the
planes. The error bars in x represent the standard deviation of
10 measured values of the initial dry etch depth. The error bars
in y represent the standard deviation of 10 measurements of the

horizontal length of the planes. . . . . . . . ... ... ... ...

Figure (a) shows Cly based dry etching of AIN nanoholes at high
etch temperature and standard DC bias. In (b) Cl, dry etching of
AIN nanoholes is shown at low temperature with a high DC bias.
The blue material represents the AIN. The green material rep-
resents etch by-products that passivate the sidewalls of the holes.
The green arrows show if this layer is likely to evaporate. The blue
arrows show the direction of the ions incident on the nanoholes. A

thicker longer arrow represents a greater concentration of ions. . .

Figures (a) - (d) show SEM cross-sections of samples A, B, C
and E respectively. Figures (e) - (h) show a planar SEM images of
samples A - E respectively after 2 minutes of wet etching with KOH
at 150 °C unless otherwise specified. The main image of Figure
(f) shows a planar SEM image of sample B after a 1 minute KOH
wet etch at 150 °C. Inset (i) shows the sample after 30 seconds
wet etch and sample (ii) after 2 minutes wet etch under the same
conditions as the main image. In all cases if the SiN, mask had
been present before the wet etch, it would have rapidly etched

away, not affecting the morphology of the AIN nanostructures. . .

Figure (a) shows a plot of the c-plane triangle altitudes in as a
function of the initial dry etch depths. Figure (b) shows a plot of
the diameter of the bottom c-plane as a function of initial dry etch
depth. Figure (c¢) shows a plot of the angle of the inclined planes as
a function of the dry etch depth. All three plots show samples A, C
and E. In (a)-(c) the dry etch depths and other feature dimensions
were measured from cross-sectional SEM images. In (c) the angles
of the planes were extracted from AFM maps of the samples (see
Appendix 2). . . ...
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5-8 In (a) three dry etch nanohole schematics are shown. Before in-
dicates prior to wet etching, after indicates after wet etching. (i)
is shallow such as the sample in Figures 5-3 (a) and (d), (ii) is
deep such as the sample in Figures 5-3 (c¢) and (f), and (iii) is
very deep such as sample B (Figures 5-6 (b) and (f)). Figure (b)
shows the increase in the semi-polar plane size as dry etch depth
increases, from the argument perspective of a triangle. Before in-
dicates, before an increase in the dry etch depth and after refers to
after an increase in the dry etch depth. All sides after are longer

than before whilst the angle remains roughly the same. . . . . . . 184

5-9 In (a), an SEM image of a dry etched ~ 100 nm tall nanorod after
undergoing a 30 second etch with KOH at 120 °C is presented. The
inset in (a) is an SEM image of the rods prior to wet etching. In
(b) the same as in (a) is presented but this time the wet etch was
for a total of 60 seconds. In (c) the same as (a)/(b) is presented
but with a wet etch time of 120 seconds. In (d) an AFM image of
the sample presented in (a) is displayed. In (e) an AFM image of
the sample presented in (b) is displayed. In (f) an AFM image of
the sample presented in (c) is displayed. In (g) the average angle
of the nanopyramid semi-polar facets as a function of etch time is
presented. In (h) a plot of the average height of the nanopyramids
as a function of etch time is presented. In (i) a plot of the average

diameter of the nanopyramids as a function of etch time is presented. 187

5-10 In (a) — (c) cross-sectional SEM images of nanorods after dry etch-
ing, mask removal and cleaning from nanorod samples fabricated
at a 1.5 um pitch are shown for 70 s, 240 s and 540 s of dry etch-
ing duration respectively. The insets are the corresponding planar
SEM images of each sample. Figures (d) — (f) show AFM maps of
the nanopyramidal structures revealed after KOH based wet etch-
ing of the samples shown in (a) — (c) respectively. The insets in
(d) - (f) are magnified images of a single nanopyramid from the
main figures of each map. In (g) - (i) tilted maps of the AFM maps
shown in (d) - (f) respectively are presented. . . . . . . ... ... 189
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5-11

5-12

6-1

6-2

In (a) a plot of the total height of the 1.5 um pitch rods wet etched
for 30 s as a function of the initial dry etched depth is shown. In
(b) a plot of the mean angles of the inclined planes of the 1.5 um
pitch nanopyramids are shown as a function of the dry etch time

for all three wet etch durations. . . . . . . . . . . . .. ... ...

In (a) wet etching of the shallow dry etched nanorod. Top be-
fore/at the start of wet etching, bottom after a given amount of
wet etching such as 30 s at 120 °C. Figure (b) shows the wet etch-
ing of a tall nanorod, again into a nanopyramid. Again the top is
before/at the start of etching. The bottom is after a short period
of wet etching such as 30 s at 120 °C. This nanopyramid is taller
than in (a), in reality this is only slight but has been exaggerated
in this figure for clarity. . . . . . .. ... ... ...

In (a) sublimation of GaN under an Ny atmosphere performed
by Coulon et al. [55] is presented (Figure (a) is reproduced and
cropped from [55] under Creative Commons Attribution 4.0 Inter-
national License, http://creativecommons.org/licenses/by/4.0/). In
(b) and (c¢) reproductions of this work from the same original tem-
plate as that in (a) are presented at sublimation set temperatures
of 875 °C' and 925 °C' respectively. All other sublimation condi-
tions were the same as in Figure 6-1 (a). . . . . . ... ... ...

Here a schematic of the fabrication process is presented. The pla-
nar GaN template is the starting wafer in 1. In 2, PECVD is used
to deposit a ~ 35 nm thick layer of SiN,. In 3, BARC and photo-
resist are spin coated upon the template with appropriate baking
steps. In 4, DTL is used to expose the resist with a specific peri-
odic pattern. In 5, the resist is developed to reveal a hole array
within the resist. In 6, CHF3 based ICP dry etching is performed
to transfer the pattern in the resist into the SiN, hard mask. In
7, appropriate cleaning steps are taken to remove any remaining
BARC, photoresist and oxides. . . . . . . .. ... ... .. ....



6-3

6-4

In (a) a planar SEM image of sample Al (see Table 6.1) sample
after initial cleaning is presented. In (b) and (c) initial sublimation
tests are presented, at a set temperature of 900 °C' in the latter. In
(d) a planar image of the sample is shown after the second cleaning
process (A2 in Table 6.1). In (e) sublimation upon sample A2 is
shown. In (f) a planar image of the sample surface after the third
cleaning process is shown (A3 in Table 6.1). In (g) a corresponding
sublimation upon A3 is presented. Figure (h) shows the results of
sublimation on a sample from A3 with the SiN, mask stripped
off via a BOE 5:1 treatment. All samples were sublimed at a set
temperature of 875 °C unless otherwise specified. . . . . . . . ..

This figure shows a summary of the possible hypotheses for the
failure of sample A and in particular A2 and A3 to recreate the
results presented in Figures 6-1 (a) and (b). . . . ... ... ...

In the main figure of (a) sublimation upon a sample from Gl
(shown prior to sublimation in the inset) is presented. In (b) subli-
mation upon a sample from G1 is shown after a thorough cleaning
of the reactor chamber quartz components and replacement of sus-
ceptors and covering sapphire wafers. The main image is the centre
of the sample whilst the inset is that of the edge of the sample.
In (c) planar (main image) and cross-sectional (inset) SEM images
are presented after a sublimation of a sample from G1 with a mix
of Hy and Ny carrier gas (1:1). In the main figure of (d), sublima-
tion of sample G2 is shown. In the inset, sublimation of sample
G3 is shown. In the main figure of (e), sublimation of sample B2 is
presented. In the inset, sublimation of sample B1 is presented. In
(f), sublimation of sample B3 is shown. The main image is taken
at the centre of the sample and the inset at the edge. In the main
figure of (g), sublimation of sample B4 is presented. In the inset,
sublimation of sample B5 is presented. In the main figure of (h),
sublimation of sample B6 is presented. In the inset, sublimation
of sample B7 is presented. All samples were sublimated at 900 °C
set temperature. . . . . . ..o
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This figure shows the results for the initial sublimation time study.
30 minutes sublimation time is shown for samples B5, B7, B8 in
(a), (b) and (c) respectively. 60 minutes sublimation time is shown
for samples B5, B7, B8 in (d), (e) and (f) respectively. 120 minutes
sublimation time is shown for samples B5, B7, B8 in (g) and (i)
respectively. All main figures are images of the centres of the

samples and the insets are those of the sample edges. . . . . . ..

In this figure, samples have undergone sublimation for 30 minutes
at a set temperature of 900 °C after a BOE 5:1 treatment, unless
otherwise specified. In (a), sample A3 is presented. In (b), sample
B8 is presented. In (c), sample A3 without a BOE 5:1 treatment
and with the HCL:D.I. water treatment is shown. In (d), sample
B8 without a BOE 5:1 treatment and with the HCL:D.I. water
treatment is shown. In (e), sample A3 is presented but this sam-
ple, critically, has not undergone any BOE 5:1 treatment. In (f),
sample A3 with a BOE 5:1 treatment and with the HCL:D.I. wa-
ter treatment is shown. All main images show the centre of the
samples, the insets show the edges of the samples. . . . . . .. ..

In
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a) sample B8 is shown after sublimation at for 10 minutes.
)

—

b) sample A3 is shown after sublimation at for 10 minutes.
In (c) sample B8 is shown after sublimation at for 20 minutes.
In (d) sample A3 is shown after sublimation for 20 minutes. In
(e) sample B8 is shown after sublimation at for 40 minutes. In
(f) sample A3 is shown after sublimation at for 40 minutes. All
samples underwent a BOE 5:1 treatment prior to sublimated at
900 °C set temperature. For images (a), (b) (c), (e), the main
image is at the centre of the sample and the inset is at the sample
edge. For figures (d) and (f) the main image is the most successful
region of the sample. The inset is a less successful edge of the
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In (a), sublimation of sample B9 is shown. In (b), sublimation of
sample B11 is shown. In (c), sublimation of sample B13 is shown.
In (d), sublimation of sample B10 is shown. In (e), sublimation of
sample B12 is shown. In (f), sublimation of sample B14 is shown.
None of the samples (a) — (f) had a BOE 5:1 treatment, only a
BOE 100:1 ~ 20 — 30 second dip. All samples were sublimated for

30 minute at a set temperature of 900 °C. . . . . . .. ... ...

Figure 12 shows an AFM scan of part of the G1 sample, prior to
sublimation (see Table 6.1). In (a) a 5x5 um AFM map of the
sample is shown. In (b) a 1x1 pwm AFM map of the sample is
shown. In (c) a zoom of a region of the AFM map shown in the
dashed rectangle in (b) is presented. In (i) the planar AFM image
is shown and in (ii) a 3D map of the image in (ii) is shown. . . . .

In (a) the diagram of Figure 6-4 is shown with the incorrect possi-
ble explanations for the poor morphology observed in the A3 sam-
ple crossed through. From the experiments preformed the most
likely mechanism to explain the morphology of A3 is left without
a red cross through. In (b) the mechanism of surface migration
of sublimated species is shown, resulting in more material near
the edge of the window and a hole at the centre of the window
(right) after sublimation. This corresponds to an initially smooth,
minimally damaged, GaN surface (left). In (c) the surface of the
GaN window is roughened and damaged by over processing (black
lines on window of left figure). This then leads to a lumpy, rough
morphology after sublimation (right figure). In (b) and (c¢) both
tilted and cross-sectional diagrams are shown. . . . . . .. .. ..

In (a), sample B13 is shown. In (b), sample B8 is shown. In (c),
sample A3, after a BOE 5:1 treatment, is shown. All main figures
in (a)-(c) are that of the centre of the sample, the insets are that
of the edge. In (d) sample B9 is shown. All images show samples
after sublimation with optimised conditions. . . . . ... ... ..

This figure shows a diagram of interference effects within a GaN
thin film leading to Fabry-Perot fringes, as diagrammatically rep-
resented in the box to the bottom left. This figure is diagrammat-

ically only and not toscale. . . . . ... ... ... ........
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In this figure, the black line shows a plot of the reflected pyrom-
etry signal from the in-situ growth monitoring system after 3338
seconds recipe run time. In blue the signal is again presented but
after 6238 seconds run time. The red line at 500 nm is shown
as a reference point from which to see the evolution of the plot in
black to the plot in blue. This data was extracted from the ‘Laytec
Episense’ software and plotted using MATLAB. . . . ... .. ..

In (a) a nanopyramid sample is shown after wet etching and prior
to any growth/anneal. In (b) shows a nanopyramid sample after a
short anneal. In (c) shows a nanopyramid sample after 1 minute of
GaN growth without an AIN cap. All the images were amplitude-
retrace maps as this aids the viewing of the sharpness of the apices.
This data was extracted via the WXsM software [56] . . . . . ..

Figure (a) shows an SEM image of sample 5401. In (b) and SEM
image of 5402 is presented. Figure (c¢) shows a panchromatic CL
image of the sample presented in (a). In (d) shows a panchromatic
CL image of the sample presented in (b). In (e) a mean CL spec-
trum of the sample, and region, shown in (a) is presented. In (f)
a mean CL spectrum of the sample, and region, shown in (b) is
shown. This data was taken by Dr Jochen Bruckbauer, Univer-
sity of Strathclyde. These measurements were performed at room
temperature and under vacuum. The electron beam acceleration

voltage used was 20 kV. . . . . .. oo

Figure (a) shows an SEM image of sample 5415 and in (c) the
corresponding panchromatic CL map of the same area. Figure (b)
shows an SEM image of sample 5412 and in (d) a panchromatic
CL map of the same area. In (e) and (f) are two example spectra
from the centres of two rods from the panchromatic CL images
in (¢) and (d) respectively. The red circles on (c¢) and (d) show
the approximate area within which the spectra in (e) and (f) were
taken. This data was taken by Dr Jochen Bruckbauer, University
of Strathclyde. These measurements were performed at room tem-
perature and under vacuum. An acceleration voltage of 5 kV was
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Figures (a), (c) and (e) show 3 targeted pixels from the panchro-
matic CL map shown in Figure 7-5 (d). The corresponding CL
spectra for these three pixel are presented in Figures (b), (d) and
(f) respectively. This data was taken by Dr Jochen Bruckbauer,
University of Strathclyde. These measurements were performed at
room temperature and under vacuum. An acceleration voltage of
DkVwasused. . .. ...

Figure (a) shows an SEM image of sample 5412 near the cleaved
edge. In (b) a schematic of the growth occurring on 5412 is pre-
sented. In (c) a specific pixel of the panchromatic CL image which
corresponds to the same location as shown in (a) is presented.
The corresponding detected CL spectrum of the pixel highlighted
in (c) is shown in (d). In (e) another pixel (different to (c)) in
the panchromatic CL image is selected. The corresponding de-
tected CL spectrum for the pixel in (e) is shown in (f). This data
was taken by Dr Jochen Bruckbauer, University of Strathclyde.
These measurements were performed at room temperature and

under vacuum. An acceleration voltage of 5 kV was used. . . . . .

This figure shows a plot of the room temperature PL measurements
for all the samples presented in Table 7.5. . . . . . . . ... ...

Figure (a) shows a plot of the room temperature PL of samples
5412, 5420 and 5422 whilst house in the cryostat. Figure (b) shows
a plot of the PL of 5412, 5420, 5422 whilst housed in the cryostat
at a temperature of ~ 77T K. . . . ... L

In (a) a plot of the entire PL spectra for samples 5420 is plotted
at both room temperature and 77 K. No log scale has been used
on the data, although cosmic ray removal has been performed via
a mean function and the data is normalised to 1. In (b) a plot
of the evolution of the peak centred at ~ 260 nm as a function of

measurement temperature is presented. . . . . . ... ... ...

Calibration image of the AFM data. The black lines indicate mea-
surement lines from which the difference between the know size of
1 pm and the measure size is obtained. . . . . . . . ... ... ..

AFM data of the deep (a - d) and shallow (e - h) holes grown at
different V/IIl ratios. . . . . . . . .. .. ... oL
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8-3

8-4

8-5

AFM data of the growth time study of the deep holes at a V/III
ratio of ~ 7600. . . . . . ...
Plot of the height of the nanohole structures from the initial dry
etch depth as a function of growth time for V/III ratios of ~ 74
and ~ 7600. . . . ..o
In (a) a 5x5 um AFM scan of a nanohole array sample with an
initial dry etch depth of ~ 100 nm is shown after 2 minutes of KOH
wet etching at 150 °C (same sample as that shown in Figure 5-3
(d)). In (b) a 5x5 um AFM scan of a nanohole array sample with
an initial dry etch depth of ~ 150 nm is shown after 2 minutes
of KOH wet etching at 150 °C (same sample as that shown in
Figure 5-3 (e)). In (c) a 5x5 um AFM scan of a nanohole array
sample with an initial dry etch depth of ~ 1000 nm is shown after
2 minutes of KOH wet etching at 150 °C (same sample as that
shown in Figure 5-3 (f)). . . . . ... ... .. ... ..
In (a) and AFM map of sample A (Figure 5-6 (a)) after wet etching
in KOH at 150 °C for 120 seconds is presented. In (b) an AFM
map of sample B (Figure 5-6 (b)) after wet etching in KOH at 150
°C for 75 seconds is presented. In (¢) and AFM map of sample C
(Figure 5-6 (c)) after wet etching in KOH at 150 °C for 120 seconds
is presented. In (d) and AFM map of sample E (Figure 5-6 (d))
after wet etching in KOH at 150 °C for 120 seconds is presented.
In (e) an AFM map of sample B after wet etching in KOH at 150
°C for 90 seconds is presented. In (f) an AFM map of sample B
after wet etching in KOH at 150 °C for 105 seconds is presented. .
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Chapter 1

Introduction and Background -

Quantum Dots

1.1 Aims and objectives

The aims of this PhD project were to develop and investigate the creation of III-
N sites to house III-N site-controlled quantum dots. Additionally, further aims of
this project were to grow site-controlled quantum dots upon periodic arrays of the
sites created. Specifically, further exploration of the GaN/AIN materials system was
targeted. Finally, demonstration of a quantum dot single photo source at as high a
temperature as possible was the last aim, and the most ambitious aim, of this project.
Thus, this project has involved aspects of nanofabrication, crystallographic growth and

characterisation of nanostructures.

As this thesis concerns the development of sites for site-controlled III-N quantum dots
and the growth of such quantum dots. Thus, it is appropriate to present some of the
background theory of quantum dots and indeed site-controlled quantum dots compared
to other types of quantum dots. Additionally, in this chapter, the ITI-N materials group
is presented and the motivation of why the creation of site-controlled quantum dots
with this materials group is particularly promising for real world quantum information

devices.
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1.2 Quantum dots - definitions and basic information

Semiconductor quantum dots (QDs) can be described as very small regions within a
semiconductor matrix whereby band offsets lead to 3-dimensional quantum confinement
of charge carriers [58] [31]. Hence, due to this spatial 3D quantum confinement quan-
tum dots can be described as 0-dimensional structures [59] [60]. This results in these
structures having discrete energy spectra similar to that of atoms [58] [31], thus they
have been also described as ‘artificial atoms’ [61]. To illustrate this further, observe
in Figure 1-1 the plot of the density of states for 3D (bulk), 2D (quantum well), 1D
(quantum wire/rod) and 0D (quantum dot) structures [60]. As can be seen from Figure
1-1, the density of states of a quantum dot (0D) are discrete, Dirac delta-function like,
levels. Thus, carriers can only occupy specific, fully quantised energy levels. In terms
of spatial dimensions of quantum dots, one can consider something to be a quantum
dot when the nanoparticle radius is smaller than the Bohr radius of the electron, hole
(carriers) or exciton of a given material. Thus, this changes from material to material
[62]. Specifically, a system can be considered to be in the strong confinement regime
when the quantum dot radius is smaller than the Bohr radii of both carriers as well
as the exciton. Hybrid confinement regime is when the quantum dot radius is smaller
than the Bohr radius of the electron but not that of the hole as the hole has a higher
effective mass and so a smaller Bohr radii. This means that the hole is not strongly
confined and interacts with the electron via the Coulomb potential. Weak confinement
is when the quantum dot radius is larger than both the carriers’ Bohr radii but when

the exciton is formed, its motion is quantised [63].

There are numerous uses, both current and in development, concerning quantum dots
in all their forms. These applications range from improvement in the design of light
emitting diodes (LEDs) [64] [65] and laser diodes [9], in addition to applications in
quantum information processing (QIP) [66], such as quantum cryptography [67] and
quantum optical computing [68]. Further applications include the detection of cancer-
ous cells [69] [70], improvement in the design of solar cells [71], applications in field
effect transistors and photo resistors [72] and, even in consumer products in the form
of the ‘quantum dot’ television set [73]. As carriers in a quantum dot are strongly
quantized their energy spectrum is very discrete, resulting in emission peaks which are
very sharp due to this Delta function-like density of states [1]. As the emission is of
specific energies, this can potentially allow for the entanglement of emitted photons,
which is useful for QIP [45]. Moreover, these entangled photon pairs have the possi-
bility of being emitted on demand [74]. Quantum dots also allow the study and use of

electron-electron interactions [75]. Furthermore, their spatial confinement allows them
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density of states

1D wire (0D dot |
energy

Figure 1-1: This figure shows the density of states for 3D (bulk), 2D (quantum well), 1D
(quantum wire) and 0D (quantum dot) semiconductor systems. Reprinted/adapted by
permission from Copyright Clearance Center: Springer Nature, ‘Single-particle states
of quantum dots’: Quantum Dots by Professor Lucjan Jacak, Dr. Arkadiusz Wojs, Dr.
Pawet Hawrylak Copywrite @ Springer-Verlag Berlin Heidelberg 1998. ([1]).

to isolate carriers from defects such as dislocations which are sources of nonradiative re-
combination in optoelectronic applications [9]. Before further information is presented,

a very brief historical introduction will be given.

1.3 Historical quantum dot information

Reed et al. [2] [1] were the first to intentionally create semiconductor quantum dots,
without the use of a chemical synthesising process. A schematic of the device which
they created is shown in Figure 1-2 (a). As can be seen from the photoluminescence
spectra of the quantum dot which they fabricated in Figure 1-2 (b), there is a large
difference in comparison to the spectra obtained from a quantum wire or well. The
peak in the PL spectra in Figure 1-2 (b) with far higher intensity for the 0D struc-
ture is evidence of total spatial confinement. This is because, hole states available for
occupation are discrete and the inter-branch scattering time from the light hole band
to heavy hole band is observed to lead to a bottleneck. This is the first evidence of

intentionally created epitaxial quantum dots.
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Figure 1-2: In (a), a schematic of the cross-section of the quantum well system grown
by Reed et al. [2] is shown (Reprinted with permission from [2]. Copyright [1986],
American Vacuum Society). The photoluminescence spectra in (b) is that of a quantum
well (2 DOF), quantum wire (1 DOF) and quantum dot (0 DOF). The spectra are
normalised for comparative observation. All photoluminescence measurements were
taken at 4.4 Kelvin. Reprinted with permission from [2]. Copyright [1986], American
Vacuum Society.

1.4 Types of quantum dots and how they are created

There are a number of different routes which can be taken in order to create quantum
dots, each of which have their benefits, draw-backs and applications, both potential and
in current use. Site-controlled quantum dots are one such form, having pre-determined
size and location. Other ‘categories’ of quantum dots include: colloidal quantum dots
[76], self-assembled quantum dots [27], quantum dots formed via the modulation of an
electric field across a quantum well [1] and quantum dots created via the dry etching

of quantum well sandwiches [77] [2].

Colloidal quantum dots are effectively very small semiconductor nanocrystals [78]
capped with surfactant molecules and dispersed in solution [79]. They are typically cre-
ated via chemical synthesis methods. The first published work on synthesising quantum
dots, albeit not purely colloidal, was by Ekimov et al. in 1985 [80], just a few months
before the fabrication of quantum dots by Reed et al. [2]. Here, semiconductor mi-
crocrystals were formed within a silicate glass matrix, the details of which will not be
presented here [80]. Since then, more work has been undertaken using synthetic routes

to form nanocrystals within a solvent resulting in quantum dots. In order to convert
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Figure 1-3: This figure shows a TEM image of the quantum dots synthesised in [3]. As
can be seen there is a small spread in sizes and shape which will render different emission
properties. The scale bar represents 50 nm (figure reproduced and unmodifed from
[3] supplementary information under Creative Commons Attribution 4.0 International
Licence https://creativecommons.org/licenses/by/4.0/).
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a solution of quantum dots into a solid film one must deposit a small volume of the
solution onto a substrate and then evaporate the solvent. This will leave behind a film
of immobile quantum dots for processing [79]. Research into utilising colloidal quantum
dots in devices include integration in solar cells [71], use in LED systems [64], including
the now commercially available ‘quantum dot TV’ sets [73], and even as single photon
sources [3]. The major advantage of these types of quantum dots is that they are rel-
atively cheap to synthesise [71]. Their drawback is that as they are deposited onto a
substrate as a solution for creation of a quantum dot film [79]; it can be very difficult
to individually operate such quantum dots. Moreover, these quantum dots tend to
have varying shapes, sizes and locations (see Figure 1-3), thus this renders identical
emission characteristics from an array of such quantum dots realistically unattainable
[81]. It is important to mention that other synthetic routes such as spontaneous plasma
processing via chemical vapour deposition [82] and electrochemical synthesis [83] also

exist.

Modulated electric field quantum dots are quantum dots formed by the application of
a spatially modulated electric field upon [1] (see Figure 1-4) or within a quantum well
[5]. Both techniques result in a spatially localised system of electrons. The subsequent
electrical properties of these types of quantum dots can be investigated to experimen-
tally probe the effects of few particle systems [5]. In the paper by Ashoori et al. [5],
using a device shown in Figure 1-4 (b), capacitance spectroscopy was carried out using
a quantum dot created by modulating an electric field within a quantum well. This
allowed for the study of discrete quantum energy levels [5]. Whilst this is a useful
method for such studies, it is unlikely quantum dots formed in this way will ever be
usable for device applications. This is as making large scale arrays of devices with the
same or vary similar proprieties using this method would be particularly challenging.

Additionally, integration into other, current technology may also be difficult.

A fabrication based method for creating quantum dots includes the dry etching of
quantum wells [77] such as that mentioned earlier in the work by Reed et al. [2].
However, this fabrication technique can lead to large amounts of damage (especially
at the side-walls), resulting in severe carrier depletion [77]. Thus, this technique no
longer has use for practical device application. Another method, which renders spatially
determined quantum dots is via the use of a Nano-Jet Probe [84]. This is essentially
an atomic force microscope probe with an aperture in the tip allowing for precise
deposition of very small amounts of material [84]. Whilst an intriguing concept, this
technique is not useful for wafer scale quantum dot fabrication, as will be discussed in
Chapter 3.
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GaAs

............

Figure 1-4: In (a) is a quantum dot formed by electrodes, with the four inner electrodes
squeezing electrons in the quantum-well layer into a quantum dot. The outer electrodes
act as contacts for electron tunnelling in an out of the quantum dot (figure reproduced
from [4]). In (b) there is a schematic of the device used by Ashoori et al. [5] for
capacitance spectroscopy of few particle systems. The quantum dot is represented by
the ellipse within the GaAs quantum well. Figure (b) is reprinted (Figure 1b) with
permission from [5] R. C. Ashoori, H. L. Stormer, J. S. Weiner, L. N. Pfeiffer, S. J.
Pearton, K. W. Baldwin, and K. W. West. Single-electron capacitance spectroscopy of
discrete quantum levels. Phys. Rev.Lett., 68:3088-3091, May 1992. Copyright (2006)
by the American Physical Society, https://doi.org/10.1103/PhysRevLett.68.3088.
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Applying a thermal annealing stage to InGaN quantum well layers can induce the
formation of indium rich clusters within the quantum well and even extend into the
barriers [85] [86]. These clusters can act like quantum dots within the quantum well
matrix [86]. These dot-in-well structures have also been demonstrated for GaN quan-
tum dots formed at the macrostep edges in GaN/AlGaN quantum wells [87]. These
quantum dots tend to be of a high quality in terms of optical characteristics, with low
spectral diffusion [87], but suffer from difficulty in controlling the formation sites, as

they form due to interface fluctuations.

1.5 Self-assembled quantum dots

Another category of methods to create quantum dots are so-called ‘self-assembled’

quantum dots. Such methods will be discussed further here.

1.5.1 Droplet epitaxy and modified droplet epitaxy

Two interesting self assembly methods to create quantum dots are via the droplet expi-
taxy (DE) and modified droplet epitaxy (MDE) techniques. DE involves two separate
growth steps. In the first, metal droplets (such as Ga for a group-I11 metal) are formed.
This droplet formation can be controlled by optimising the growth conditions, allowing
control of the size and density of the metal droplets [88]. Secondly, the metal droplets
are crystallised in a group-V rich environment to form the semiconductor quantum
dots [88]. The kinetics of crystallising the metal droplets into quantum dots is strongly
dependent on the flow of the group-V material and the crystallisation temperature,
allowing for control in the composition and shape of the quantum dots [88]. Atomic
exchange between the metal dot and the group-V material starts first at the surface of
the dot and then extends deeper into the dot. A high temperature annealing step can
then be used to improve the crystalline quality of a, as an example, GaAs quantum dot
[89]. The dots can then be capped with a higher bandgap material. Droplet epitaxy
can be used to create quantum dots in both lattice-matched and lattice-mismatched

material system [90].

In MDE of InGaN, developed by Oliver. R, one grows an InGaN epilayer upon a GaN
substrate followed by an anneal in a Ny atmosphere. This results in the formation of
a number of small pits [91]. The pits are created via the decomposition of indium-
rich regions in the InGaN film which are formed due to spinodal decomposition [91].
These regions become unstable in the purely Ny atmosphere, resulting in islands of

metallic In and/or Ga on the substrate surface [92]. These islands then react with
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reactive nitrogen from NHj [91] during the growth step of the GaN capping layer [93].
There is also interdiffusion with the GaN capping layer during this growth step. Both
these factors lead to the formation of the InGaN quantum dots [91]. MDE of InGaN
quantum dots is typically performed in a MOVPE growth reactor, such as in the work
in [92] and [93]. Alternatively, as in the original proposal of DE [94], the DE growth
of quantum dots is typically grown in a MBE growth reactor. Another, very popular
method, to achieve high quality quantum dots is via the Stranski-Krastanov growth
mode to reveal self-assembled quantum dots [95]. Quantum dot growth via this mode

will now be briefly discussed.

1.5.2 Stranski-Krastanov grown quantum dots

Another form of self-assembled quantum dots rely on the Stranski-Krastanov epitaxial
growth mode [96]. Here, a wetting layer of one semiconductor material is deposited
onto a buffer layer of another semiconductor material. The solid adsorbate essentially
acts like a liquid drop on the surface of a solid [60]. Hence during thin layer deposition,

a material may ‘wet’ another material [97]. This is defined by the relation [97]:

os>o0p+0; [97] (1.1)

where o is the surface free energy of the substrate, oy is the surface free energy of the
heteroepitaxial layer and o; the interface free energy (neglecting the strain energy of the
film) [97]. As this is heteroepitaxial growth there will be a lattice mismatch between
the two materials, which will lead to strain in the system. There will be, as expressed
above, an inherent surface free energy across the material [6]. Concerning Stranski-
Krastanov growth, the strain favours 3D growth, whereas the surface free energy is
minimised via minimising the surface area, thus favouring 2D growth [6]. From this it
is clear that there is a competition between the strain of the system and the surface
free energy, with each favouring different growth modes [60]. If the lattice mismatch
is large enough [98] then the strain, after enough deposition (above the lower critical
heteroepitaxial thickness) [7], will induce a transformation from 2D to 3D growth. The
lower critical thickness is the thickness at which the growth will transform from 2D to
3D as a relief mechanism of the strain in the system. This thickness arises due to an
increase in total strain in the system as more material is deposited [99]. This growth
mode, which includes 2D growth followed by a transition to 3D growth, is Stranski-
Krastanov (SK) growth [60]. It is interesting to note that this island formation does
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not completely release all the strain energy of the system [6]. The two other growth
modes which may take place are firstly Frank-Van-der Merwe growth, which is purely
2-dimensional. In this case the expression above (Equation 1.1) is fulfilled. Secondly we
have Volmer-Weber growth, which is purely 3-dimensional [60]. Here, mathematically
the expression is opposite in sign to that above (Equation 1.1) [97]. All three growth

modes are shown in Figure 1-5.

(a) Frank-Van der Merwe
(b) Stranski-Krastanov
(c) Volmer-Weber

Figure 1-5: This figure shows the three heteroepitaxial growth modes: (a) the 2D
Frank-Van der Merwe growth mode, (b) the Stranski-Krastanov 2D-3D growth mode
and (c) the purely 3D Volmer-Weber growth mode. For more information on the
process in (b) see Figure 1-6 [6].

As can be seen in 1-6 (b), with SK growth of a layer thickness below the lower critical
thickness, this renders simple 2D growth at this stage [7]. After deposition of a thickness
above the lower critical thickness [7], 3D islands spontaneously form (see Figure 1-6
(c)). This occurs as an elastic relaxation mechanism to relieve strain in the system [7].
These islands, if small enough, will act as quantum dots, once capped with a higher
bandgap material [100]. These are called self-assembled, Stranski-Krastanov, quantum
dots. In the case that further material is grown on top of the self-assembled quantum

dots, another critical thickness is present, the upper critical thickness. Above this
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thickness plastic deformation occurs [7] (Figure 1-6 (d)). This significantly impacts the
quality of the layer introducing many defects into the system [7].

The critical lattice mismatch required for SK growth is 2.5% for a large range of mate-
rial systems. In the case of GaN and AIN the mismatch is 2.4% [98]. Thus, SK growth
would not typically occur. However, it has been shown that it is in fact possible to
achieve self-assembled quantum dots with these two materials via lowering the surface
free energy of the system [98]. Thus, this will lower the amount of strain required for

the 3D growth transition.

1.5.3 Self-assembled, Stranski Krastanov quantum dots, specific to
AIN/GaN or AlGaN/GaN

The next body of discussion will be concerning GaN quantum dots grown upon AIN or
AlGaN and utilising MOVPE. There are a few methods used to do this as reported in
the literature. The first is a desorption step [101] (or very similarly a growth interrup-
tion step), the second is by the use of very low V/III ratios during growth and finally
the third, via the use of an anti-surfactant [102]. All of these techniques involve the
reduction of the surface free energy in order to induce the transition from 2D growth
to 3D, island growth.

1. (a) In a desorption step, as the name suggests, material is desorbed allowing for
3D surface reconstruction. The mechanism is likely due to interactions with
the surface due to the removal of Ga and corresponding changes in chemical
potential [98].

(b) In a growth interruption step, a similar process occurs, but this is usually
performed under NHs flow. As with desorption, growth interruption likely
changes the surface free energy of the sample via a change in chemical po-
tential [98]. This leads to strain dominating over surface free energy thus

leading to 3D surface reorganisation as a relief mechanism [98].

2. For the use of very low V/III ratios, migration and evaporation of Gallium atoms
plays a key role, and this will affect the surface free energy of the sample [103],

allowing for the growth of quantum dots.

3. For the same desired effect an anti-surfactant can be used in order to modify the

surface free energy to induce 3D island formation [102].

The self-assembled quantum dots discussed above have a number of uses such as pos-

53



Stranski-Krastanov Growth in Detalil

(a) Pre-growth

(b) Initial wetting layer

(c) Elastic deformation

(d) Plastic deformation

Figure 1-6: This figure shows the evolution of a surface morphology during Stranski-
Krastanov growth. In (a) the sample is shown before the deposition of a wetting
layer. In (b) a small thickness, smaller than the lower critical thickness, of lattice
mismatched material has been deposited. In (c) the amount of material deposited has
exceeded the lower critical thickness leading to the spontaneous 3D island formation to
relive the strain in the system [7]. In (d) growth is continued, once the layer thickness
has surpassed the upper critical thickness, plastic deformation [7] occurs introducing
defects into the system. In all Figures (a) - (d) the blue dashed line represents the
lower critical thickness and the yellow the upper critical thickness.
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Figure 1-7: Figure (a) shows a schematic of a single quantum dot based LED structure.
Copyright (© IOP Publishing (2014). Reproduced with permission from [8]. All rights
reserved. In (b) a schematic of the green quantum dot laser mentioned is presented
(Reprinted from [9], with permission of AIP Publishing. Copyright (C) 2011 American
Institute of Physics). Figure (c) shows a schematic of a single photon emitting diode
(reproduced from [10]. Copyright (©) 2003 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim).

sibly improving LED efficiency and lowering semiconductor lasing thresholds. The
argued LED efficiency improvements arise from the use of quantum dots in the active
regions [65], since the 3D quantum confinement isolates carriers from defects such as
threading dislocations. Threading dislocations can act as sources of nonradiative re-
combination, lowering the efficiency of a device [104] [105]. Moreover, the reduced,
Delta function-like, density of states lead to high material and differential gain, and
good temperature stability [106]. Such a self-assembled quantum dot based LED device
can be seen in Figure 1-7. It is worth mentioning that the proposed improvements of

LEDs via use of QDs is not a consensus within the scientific community.

Laser diodes can also benefit from the use of self-assembled quantum dots. With
regards to devices emitting in the green region of the visible spectrum, InGaN/GaN
multi-quantum well systems have typically been used in the past. However, due to a
reduced electron-hole overlap resulting from the Quantum Confined Stark Effect (which
will be addressed later), these lasers have, typically, high threshold current densities
[9]. Not only that, poor indium incorporation during growth of quantum wells will
further reduce the effectiveness of the lasers. The Quantum Confined Stark Effect
is significantly lower in self-assembled quantum dots compared to that of quantum
wells.  Also, similarly with LED’s, quantum dots may isolate carriers from sites of
nonradiative recombinations, such as dislocations [9]. This will lead to a more effective

lasing device, lowering the required threshold current. The benefits of isolating carriers
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from defects via the use of quantum dots is not limited to the case of green emitting,
InGaN/GaN based devices. This can be applied to other material systems too, such as
other members of the nitrides and the III-As group [107].

There has been some progress in using self-assembled quantum dots for single photon
emitters such as the results shown by Shields et al. [10] (see Figure 1-7 (c)). In
fact, the first quantum dot single photon emitter was created by Michler et al. [108],
who used self-assembled InAs quantum dots. However, due to the nature of the self-
assembly process with these quantum dots, although a very high quality of quantum
dot is achievable [109], both the location and size (within a range) are random [110].
Whilst some of the research presented above shows that the creation of single photon
emitters is possible [111], the nature of the random position, shape and size render
these unrealistic for practical quantum information processing devices. Additionally,

the single photon emission yield tends to be low [112].

The difficulty in realising quantum information processing devices arises from the ar-
duous post-growth selection of the quantum dots with desired size and shape that is
required for device integration [46]. Regarding individual SK quantum dots their posi-
tions are undetermined before the SK growth. Hence, for applications, it is effectively
impossible to have electrical contacts in place prior to growth connected to each indi-
vidual quantum dot for individual on demand operation. One could add the contacts
in after growth [113] but again this adds a large complication as the location of the
quantum dots from sample to sample will be different and would require very time
consuming and particularly taxing fabrication steps for successful implementation (see
Figure 1-7). The other option would be to put contacts down in spatially random loca-
tions across one’s QD sample, hoping that, by chance, one would have a suitable single
quantum dot between the contacts. This can be illustrated in the work by Nakaoka et
al. [11], whereby a single electron transistor is fabricated using a self-assembled quan-
tum dot. A total of 144 nanojunctions were fabricated, with 10 containing a single
quantum dot between the junctions. This indicates that Naksaoka et al. were relying
on luck for a single GaN quantum dot to be within the nanojunctions, as many were
fabricated without any quantum dots between them (Figure 1-8). This is both not
particularly scalable and certainly not reproducible, in terms of yield, from sample to
sample. If one wanted to specifically select appropriate quantum dots, a suitable quan-
tum dot would first have to be identified, followed by the very precise patterning and
contact deposition for the electrical experiments. This would be by no means trivial

and not realistically scalable to full chip implementation.

Moreover, as mentioned, self-assembled quantum dots have, within a range, a random
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Figure 1-8: Schematic of the single electron transistor device creates by Nakaoka et.
al. [11]. Also shown is an SEM image of the quantum dot between the electrodes and
an AFM image of the self-assembled quantum dots after growth (Reprinted from [11],
with permission of AIP Publishing, Copyright (C) AIP publishing 2007).
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distribution in sizes [110]. This distribution in sizes is important as the dimensions of
the quantum dot helps to determine the confinement properties, specifically the shape
and size has a bearing on the exciton ground state energy of the quantum dot system
[114] [115]. Thus, the optical properties of these quantum dots will likewise be inhomo-
geneously distributed over a range [99]. This is not practicable for SPE (single photon
emission) devices, because for successful optical transistor devices, as an example, one
desires a quantum dot array with specific and uniform emission characteristics across
an entire chip [116]. This means the requirement is that not only are all quantum dots
emitting photons of the same wavelength but also photons need to indistinguishable,
both from every other dot in the sample but also from the same dot. Investigating a
sample with self-assembled quantum dots in order to identify suitable dots is clearly

not effective for mass production purposes [117].

From the above discussion, one is aware that whilst self-assembled quantum dots have
some areas of use for which they are successful, quantum information processing and
single photon emission devices are not a practical application for the wafer scale [117].
We will now return our attention to site-controlled quantum dots, which have the po-

tential for quantum information processing, as will now be discussed.

1.6 Site-controlled quantum dots

Site-controlled quantum dots have predetermined sites. Not only that, as the site of
the quantum dot is effectively fixed and controlled one can achieve the growth of quan-
tum dots with similar, if not identical (in theory), sizes and shapes across an entire
sample/wafer. This has numerous advantages. The lack of location determinability (as
an example), when creating contacts for individual electrical injection of the quantum
dot, such as the single electron transistor created in [11], use in photonic crystals [118],
or for the use in a some form of cavity [119]) for device fabrication, is mentioned as a
major drawback in the previous section concerning self-assembled quantum dots [120]
[121]. This can be effectively solved here as the locations of the quantum dots are
deterministic [122] [123]. This is especially promising in deterministic qubit generator

positioning [124].
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1.7 Quantum information processing

Quantum information science is the exploitation of fundamental quantum phenomena
for information and communication applications [125]. Quantum information process-
ing (QIP) encompasses quantum cryptography (such as quantum key distribution)

[126], quantum teleportation, quantum metrology and quantum computing [127].

1.7.1 Quantum information processing - applications for site-controlled

quantum dots

The main requirements of quantum dots for utilisation in photonic QIP applications
are as follows. First, the quantum dot will need to act as a single photon source. This
means that the quantum dot will act as a non-classical light source [128] whereby it
will not obey Poissonian statistics [108]. Ideally, this means it will produce exactly
one photon, preferably on demand, and at any one time [129]. This is called photon-
antibunching, whereby there is a very low probability of detecting a second photon
from the source immediately after the detection of the first photon [130], or indeed at
the same time. Another requirement for, in particular, optical quantum computing is
that the produced photons are indistinguishable [131] [132]. In terms of experiment, if
two indistinguishable photons are sent through separate arms of a beam splitter, this
results in full interference [129] (Hong-Ou-Mandel quantum interference effect [130]),
as they are effectively identical. It is also highly desirable for single photon emitters to

be operated via the use of electrical injection, for practical devices [113].

As alluded to above, different areas of QIP have different requirements regarding the
nature of the single photon emitter. For instance, for optical quantum computing, in-
distinguishability between the emitted photons from the source is a mandatory require-
ment [130]. Concerning the successful operation of a quantum computer, a two-state
quantum system which is well isolated from the environment but which can also be
controllably interacted and measured is necessary for quantum logic gates [133]. Using
a single photons to achieve this is highly desirable as they are largely free of noise. For
universal quantum computing, a requirement is the entangling of logic gates. To facili-
tate this, an optical quantum computer requires entangled photon pairs, to implement
the required quantum logic gates [134]. These photons need to be indistinguishable
for successful operation. Perfect indistinguishability of the emitted photons is required
for the successful operation of a quantum relay, which is a necessary component for
quantum computing [135]. This is as, perfect energy matching by all photons, emitted

from all different sources, is needed. If this requirement is met, it will result in the
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Figure 1-9: The figure on the left shows the biexciton state (denoted by XX) and the
exciton state (denoted by X). In (a) fine structure splitting is present in the system with
all four transitions having different energies meaning that entanglement is not possible.
In (b) the biexciton (XX) and exciton (X) energies are tuned into resonance meaning
the red transitions are equal to each other in energy as are the blue. This should
allow entanglement of the emission which would be linearly polarised. In (c) the fine
structure splitting in less than the linewidth and so the information encoded in the FSS
is erased. This results in entanglement of the emitted photons which will be circularly
polarised [12] (figure reproduced and unmodified from [12] under Creative Commons
Attribution 2/0 International Licence https://creativecommons.org/licenses/by/2.0).

emission of fully identical entangled photons from each quantum dot [135]. The in-
distinguishability of emitted photons can be tested via a Hong-Ou-Mandel two-photon
interference experiment [131], as mentioned above. With regards to quantum key dis-
tribution (QKD), this indistinguishability is not necessary [130]. This is as QKD is
able to use protocols, such as BB84, whereby photon polarisation states are used and

entanglement is not a fundamental requirement for operation [136].

1.7.2 Fine structure splitting

Fine structure splitting (FSS) is an important phenomenon when creating devices for
QIP. During a biexciton-exciton cascade, the emission from two excitons can result in

polarisation entangled photon pairs [12]. This entanglement requires the photons to
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be indistinguishable in energy [137]. FSS in quantum dots is related to the spatial
symmetry of the quantum dot [12], specifically the symmetry breaking of the excitonic
wavefunction [137]. This can originate from the shape of the quantum dot, symmetry
of the underlying crystal, anisotropy in the quantum dot strain field and alloy fluctua-
tions. This leads to different energies of the excitons, and thus the resulting photons,
due to having a different exchange interaction. The exchange interaction consists of
short and long range interactions between the electron and hole, both of which con-
tribute to the FSS [12]. The short range interaction depends on the crystal symmetry
whereas the long range interaction depends on the macroscopic symmetry of the quan-
tum dots. There can also be a contribution to the FSS via valence band mixing [138].
Thus, the FSS in quantum dots is manifested in an energy splitting of the excitonic
states. The FSS can lead to a difference in energy of the photons originating from the
biexciton-exciton decay. Thus, this leads to the existence of two decay paths which are
distinguishable from one another. This has the effect that it prevents the entanglement
of the photon pair produced in the biexciton-exciton cascade [12] (see Figure 1-9). As
can be seen in Figure 1-9 the transitions in (a) and (b) are linearly polarised. The
photons emitted in the different channels usually have orthogonal polarisation. In (a)
polarisation entanglement is prevented due to the FSS being large, making the paths
distinguishable. In (b) the FSS is still as in (a) but the average emission energies of
the biexciton transition is equal to that of the exciton transition in the other cascade
path. This should allow linear (horizontally and vertically) polarisation entanglement.
However, the mechanism in (c) is the most desirable. Here the FSS is smaller than the
linewidth of the emission and this leads to degeneracy in the two cascade paths. Thus,
the F'SS can be assumed in this case to be zero resulting in the emission of polarisation

entangled photon pairs which are circularly polarised [12].

1.7.3 The second order correlation function

The measurement of the second order correlation function, g(®(0), is a common method
for the determination of whether an emitter is a single photon source [13]. The second

order correlation function is defined as [139]:

_< IWI(t+7) >

o) = = e 139 (12)

where I(t) and I(t 4+ 7) are the intensities of the emitted light at time t and after a time

delay 7, respectively [139]. At zero delay time the second order correlation function
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Figure 1-10: Figure (a) shows a typical Hanbury-Brown Twiss set-up for determining
the second order correlation function for a sample (Reprinted from [13] supplementary
material, with permission of AIP Publishing, Copyright (©) AIP Publishing (2013)).
Figure (b) shows some typical second order correlation function data, in this case the
value of g(®(0) is found to be 0.36 (figure reproduced from [14], Copyright © 2008
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

can be expressed as [139]:

1

g?0)=1- ~ [139] (1.3)
where N is the number of photons of the electromagnetic field. The second order
correlation function, acts as a measure of the anti-bunching of light, whereby photons
travel separately from each other [140]. As the name single photon emitter suggests, the
delivery of individual quanta of light is a core requirement for this type of device. When
9(2)(0) = 0 this indicates a pure single photon source, however, in practice, a single
photon source is defined as when ¢(?)(0) < 0.5 [139]. A classical light source can be
defined as when ¢(®)(0) > 1 [141]. It is worth mentioning, for application purposes, one
desires g (0) to be as small as possible. Indeed, it has been reported that practically,
one requires the g (0) value to be < 0.1 for QKD applications but would require the
g (0) value to be < 0.001 for the realisation of linear optical quantum computing

applications [142].

The standard measurement for the second-order correlation function is with the use
of a Hanbury-Brown Twiss set up [143]. A typical set up is shown in Figure 1-10.
Whilst the Hanbury-Brown Twiss set up was originally used to measure the apparent
angular diameter of bright stars [144], it is widely used across quantum dot literature

to determine if a single photon source is present.
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Figure 1-11: This figure shows the autocorrelated histogram of a site controlled GaN
quantum dot at 350 K. There is a suppression of coincidence counts at 7 = 0. This
is clear evidence of anti-bunched light to great enough extent for the criteria of single
photon emission [15]. Reprinted with permission from [15]. Copyright (©) 2016 Ameri-
can Chemical Society.

Although it is true that many site-controlled quantum dot material systems have dis-
played single photon emission [143] [145] [146], most require operation at cryogenic
temperatures, typically at ~ 5 K [146]. This limits their practical use for quantum
information processing. However, room temperature [68], and even up to 350 K [15],
single photon emission has been achieved by utilising the ITI-N material system (see
Figure 1-11). The properties of the III-nitrides make them a very promising avenue for
achieving quantum information processing devices operating at room temperature, or

above. Some of the intriguing properties of this material system will now be discussed.

1.8 Brief overview of the III-N materials group

The ITI-Nitrides are made up of the group-III elements of the periodic table and nitro-
gen. The most notable of these materials are AIN, GaN, and InN [147]. These materials
typically crystallise into the wurtzite structure, as this is the only thermodynamically
stable polytype at ambient conditions [148]. They can form other crystallographic
structures, either the zinc blende structure, which is metastable [149], or the rock-salt
structure, under high pressures [150], see Figure 1-13. AIN, GaN and InN and their

alloys are wide [151], direct bandgap semiconductors in their most common, wurtzite,
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Figure 1-12: This figure shows a plot of the band gaps of AIN, GaN and InN for both
wurtzite and zinc-blende crystal polytypes vs lattice constants (Reprinted from [16]
Copyright (©) (2013) with permission from Elsevier).

polytype [152]. The band gaps are, 6.2 eV, 3.4 eV and ~ 0.7 eV, for AIN, GaN [153] and
InN, respectively [154]. Thus, the tuneable band gap range spans from the infra-red
deep into the UV, which is very attractive for optoelectronic applications [155]. For the
zinc blende structures, only AIN has an indirect band gap. GaN and InN still have di-
rect bandgaps with this crystal structure [147]. The band gaps for this crystal structure
are ~ 5.3 eV [156], 3.2 eV [157] and 0.7 eV[158] for AIN, GaN and InN, respectively.
See Figure 1-12 for a plot of the band gaps of all three materials with regards to lattice
constants. The wide band gaps of the III-N, along with their transport properties,
lead to possible uses in high temperature or high power electronics [159]. Table 1.1
shows some more properties of the III-N demonstrating their interesting thermal and
electronic properties. It is, however, worth commenting that there is some conflicting
data available concerning the properties of the III-N’s in the literature. For the rest of

this discussion only the wurtzite polytype of these materials will be considered.
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Table 1.1: This table presents some of the different properties of AIN, GaN and InN.

Table of properties of AIN, GaN and InN

Property AIN (wurtzite) GaN (wurtzite) InN (wurtzite)
Molar Mass 20.495 gmol ! [160] | 83.728 gmol~! [161] | 128.827 gmol ! [162]
Young’s Mod- | 308 GPa [160] 150 GPa [161] 184 Gpa [163]

ulus

Thermal Con- | ~ 285 Wm K=t | 130 Wm 1K1 [161] | ~ 120 — 150
ductivity [160] Wm~1K~! [164]
Specific Heat | 0.6 Jg~!K~1 [160] | 0.49 Jg~'K~![157] | 0.32 Jg~'K~! [157]
Capacity

Refractive In- | ~ 2.2 [160] ~ 2.3 [157] ~ 2.9 [157]

dex

Melting Point | 3273 K [165] [160] 2773 K [157] 1373 K [165]

Mobility: elec-
trons (e), holes

683 cm?V~1s71 (e)
[165]; 14 cm?V 151

1400 cm?V 1571 (e);
[165] 170 cm?2V ~1s1

100 em?V=1s71 (e)
[165];

(h) (h) [157] (h) [165]
Lattice Con- |a = 3.112 A; ¢ =|a = 3189 A; ¢ =[a = 3533 A; ¢ =
stants (a and | 4.982 A[166] 5.185 A[166] 5.693 A[165]

c)

*All parameters presented specific to a temperature of 300 K.

1.9 Waurtzite crystal structure — a closer observation

Wurtzite materials have a hexagonal crystal structure [18] consisting of two interpene-
trating close-packed hexagonal lattices [167], where the axial direction of the hexagonal
column is called the c-axis [18]. Looking at the wurtzite crystal structure, one can see
from Figure 1-13 that there is stacking of alternating layers of III-N pairs [168]. This
is shown in more detail in Figure 1-14. Although Figure 1-14 shows this specific to
GaN, this is also the case with AIN and InN. This results in the material being either
group-III polar or N-polar [168]. The crystal can have different faces perpendicular to
the c-axis [18]. This plane, the c-plane, is also known as the polar plane. Group-III
polar material has the crystal structure configured such that the group-III atoms are
at the top layer of the unit cell. Conversely, in N-polar material the structure is con-
figured so that the nitrogen atoms are at the top of the unit cell. In itself, this affects
the surface chemistry of the material [169], in addition to the possession of different
electrical characteristics [18]. In particular, when considering KOH wet etching of AIN,
GaN and InN, the group-III polar faces are much more chemically stable than that of
N-polar faces [169] [170]. This results in much faster etching of N-polar material com-
pared to group-III polar material [53]. Defects also cause a greater rate of wet etching

[169]. The high degree of selectivity of wet etching is due to the different bonding
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Figure 1-13: Figure (a) shows the general wurtzite crystal structure. In (b) the zinc-
blende crystal structure is shown. In (c¢) the rocksalt crystal structure is presented. All
figures reprinted with permission from [17] (©) The Optical Society.

conditions of both the faces, with the N-polar faces being more vulnerable to chem-
ical reactions with the OH™ molecule [53]. Concerning the group-III polar material,
once the group-III top layer is removed, an N-terminated surface with three occupied
dangling bonds of nitrogen remains. These dangling bonds heavily repel the OH™ ion
significantly reducing the etch rate/success. In comparison, the N-polar material only
has one nitrogen dangling bond allowing the OH™ ions to attack the back bond of the
group-IIT element. Thus, this etching is far easier and consequently occurs quicker in

comparison to III-polar etching [50].

1.10 Disadvantages of the III-N’s

1.10.1 Quantum Confined Stark Effect

A material with a polar wurtzite crystal configuration exhibits noncentrosymmetric-
ity [100]. This results in a strong, intrinsic polarisation field [171] along with a large
piezoelectric field for systems or structures with strain, such as systems with lattice
mismatch [16]. This has the effect of bending the bands of the system leading to a
spatial separation of the electron and hole wavefunctions [172] (see Figure 1-15). This
is the Quantum Confined Stark effect (QCSE) [173]. In optoelectronic devices it leads
to a reduction in the radiative recombination rate [172] and a redshift in the emissions

[173]. This is an issue for optoelectronic application with the III-nitrides.

Tactics utilised in order to mitigate the QCSE in the III-
N’s
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Figure 1-14: This figure shows the GaN wurtzite crystal structure with the Ga-polar
face, on the left and the N-polar face on the right. Reprinted/adapted by permission
from Copyright Clearance Center: Springer Nature, Properties and Advantages of
Gallium Nitride by Daisuke Ueda, Copyright (C) 2017, Springer International Publishing
Switzerland) figure reproduced from [18]).

The Quantum Confined Stark Effect (QCSE) is predominantly a limitation to polar
III-N optoelectronic structures such as quantum wells. In the case of nonpolar quan-
tum wells the polarisation fields are perpendicular to the growth axis. Thus, there is
the presence of no internal, in-plane electric field from the spontaneous polarisation
present in the wurtzite structure. Thus, this contributes towards solving the problem
of the QCSE [174]. There may however, still be the presence of some piezoelectric field
due to strain in the system. In terms of quantum dots, the internal electric field can be
significantly reduced via growth of the QD structures on nonpolar or semi-polar planes
[48]. However, it is worth mentioning that the growth of nonpolar and semi-polar mate-
rial is rather challenging [175] [176]. This is because growth on nonpolar or semi-polar
non-native substrates results in high dislocation densities and stacking faults. There is
also difficulty in achieving smooth film morphology [175] [176]. It has been reported
that semi-polar growth is easier than purely nonpolar growth [16]. Figure 1-16 shows

semi-polar and nonpolar surfaces for a wurtzite crystal structure.
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Figure 1-15: Schematic of the band profiles and electron and hole wavefunctions two
quantum well systems. On the left there is no internal field and so no changes to
the band profile allowing for a good overlap in the electron and hole wavefunctions.
On the right is the profile for a polar III-N quantum well. This illustrates how the
internal fields separate the electron and hole wavefunctions leading to a reduction in
radiative recombination efficiency [16]. Reprinted from [16], Copyright (C) (2013), with
permission from Elsevier.
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Figure 1-16: This Figure shows a schematic of the polar, non-polar and semi-polar

crystal planes of wurtzite GaN (figure reproduced from [19] Copyright (C) 2008 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim).
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1.10.2 Defects and dislocations in the ITI-N material group

Heteroepitaxial growth of III-nitrides is performed on non-native substrates (sapphire,
silicon, silicon carbide). This introduces a large amount of defects due to the strain
in the system from the lattice mismatch and the differences in thermal expansion
coefficients [177] [178]. A large difference in the thermal expansion coefficients of the
substrates and the III-N material, in addition to the large lattice mismatch can lead
to epilayer cracking above a certain growth thickness [179]. However, even with large
defect densities, III-nitride devices typically still perform efficiently [177]. Different
types of defects present in crystallographic structures include interfaces, dislocations,

stacking faults [180], vacancies, interstitials, impurities [181] and grain boundaries [182].

Vacancies, as the name suggests, are regions of the lattice where atoms are missing.
Interstitials are where atoms are located within the lattice, additionally, whereby they
should not be. Thus, this results in an atom residing in between atoms of respectable
lattice positions. These point defects fall into three categories, the first where there
is just a vacancy is a Schottky defect. The second, where there is a vacancy and
interstitial pair, is a Frenkel defect and the third, with just an interstitial, is an anti-
Schottky defect [181]. Another type of defect, impurities, are the occurrence of a foreign

atom replacing that of the native material within the lattice [181].

Dislocations are a form of defect existing along the line of a solid [181] or extended
structural discontinuity within a material [180] and can also be described as linear
defects [183]. In real crystals, slip occurs where a part of the crystal slides across a
neighbouring part. The surface of a planar or almost planar slip surface is called the
slip plane. Not all the atoms on the slip plane slip simultaneously, therefore the slip
effectively has a start and an end point. The boundary line between a slipped and un-
slipped area is the dislocation line, with the dislocation being the atomic configuration
at this boundary [184]. The Burgers vector defines the magnitude of the slip process
[182]. A Burgers circuit showing a Burgers vector can be seen in Figure 1-17 (d). There
are two types of dislocation of major interest to epitaxially grown III-N materials, the
edge and screw dislocation. An edge dislocation can be defined as having a Burgers
vector perpendicular to the dislocation line. Conversely, the screw dislocation has a
Burgers vector parallel to the dislocation line [21]. Dislocations are detrimental to the

electronic properties of almost any semiconductor material [180].

Stacking faults arise from a fault in the stacking sequence of the planes of the lattice’s
layers of atoms. When a dislocation disassociates into two partial dislocations, a planar

fault results between them as they move apart. This movement apart, eventually stops
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Figure 1-17: Figure (a) shows a schematic of an edge dislocation whilst (b) shows a
screw dislocation is shown. Both pertain to that of a cubic crystal. Reproduced from
[20] under Creative Commons Licence (http://creativecommons.org/licenses/by/4.0/).
Figure (c) again shows an edge dislocation on the left and a screw dislocation on the
right from a slightly different perspective for additional clarity. Reprinted from [21],
Copyright (1964) (©), with permission from Elsevier. Figure (d) shows the Burgers
vector of a dislocation. It is represented by the failure of the closure between A’ and
E’ in the circuit on the right resulting in distance, b. Here b is relative to the circuit
on the left which represents a dislocation free crystal.

due to a balance between the stress field pushing the partial dislocations apart and
the attractive force due to the surface tension of the fault. This leaves a stacking fault
remaining in the crystal [185]. A grain boundary is the boundary between aggregates
of randomly oriented single crystal grains of which the bulk crystal is composed. These

typically form during the growth process [185].

ITI-N semiconductors are regularly grown upon foreign substrates (such as SiC, sap-
phire) due to a lack of bulk III-N single crystal [168]. The large lattice mismatch
between the epilayer and substrate results in very large dislocation densities [168] (see
Table 1.2). These dislocations are formed in order to relieve strain in the system in-
duced by the mismatch [148]. Even though III-N materials can be used as part of
functioning devices with relatively high defect densities, this still has an impact on

device performance if the densities are too great.
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Table 1.2: This table presents a comparison of the lattice mismatch between different
ITI-N compounds and commonly used foreign substrates for growth.

Table of lattice mismatch between substrates and III-N materials
Material Sapphire Lattice Mismatch 6H-SiC Mismatch
AIN 13.3% [186] 0.9% (at 1100 °C) [187]
GaN 13.84% [188] 3.41% [188]
InN 29% [189] 62% [190]
*All parameters presented specific to a temperature of 300 K unless otherwise
specified.

1.10.3 Overall assessment of the disadvantages

The QCSE is a large problem in polar III-N materials when considering their use for
optoelectronic applications. This can result in a lower efficiency of carrier radiative
recombination in optoelectronic devices and thus lower efficiency for the device as a
whole [16]. As mentioned, these materials also have very large dislocation densities
when grown on foreign substrate [191]. Whilst they perform well with high dislocation
densities compared to that of other material systems (such as III-As [192]), this is still
a problem for the creation of high efficiency active regions [193]. Additionally, although
this will not be discussed in detail, the growth of high quality InN and high Indium
content ITI-N alloys also remains difficult [194] [195].

1.11 Advantages of the III-N materials group when cre-
ating SCQDs

As mentioned earlier, site-controlled quantum dots have potential applications in quan-
tum information processing (QIP), leading to a possible realisation of quantum optical
computing via the production of qubits [124]. III-N based quantum dots have the ad-
vantage over other systems of being capable of being operated at higher temperatures
for single photon emission [47]. Conversely, the I1I-As and III-P material systems re-
quires cryogenic operating temperatures for single photon emission. This is due to the
small exciton binding energies and small barrier band offsets within the system [13].
As the III-N’s have large barrier band offsets and large exciton binding energies, this

makes them capable of single photon emission at relatively high temperatures [13].
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1.12 Conclusion

Single photon emission has been demonstrated up to a temperature of 350 K with ITI-N
quantum dots [15]. However, further progress is required before successful, electrically
injected, arrays of room temperature single photon emitters suitable for QIP are re-
alised. Additionally, large arrays of wafer scale SCQDs were not created in the work
in [15]. Thus, greater exploration into the creation of periodic arrays of SCQD sites
with the III-N’s is necessary for scalable, high temperature, quantum device creation.
The work in this thesis presents new avenues for sites for such quantum dots. Whilst
it is appropriate to discuss III-N site-controlled quantum dots further, an overview of
some of the techniques used to grow, fabricate and characterise these devices will first

be presented in the next chapter.
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Chapter 2
Experimental Techniques

This chapter details the various experimental techniques used through this thesis.
Specifically, experimental techniques concerning the semiconductor growth, nanofabri-
cation processes and characterisation have been presented and discussed. This chapter

only concerns techniques explicitly used in this thesis.

2.1 Growth

Generally, semiconductor single crystals can be grown via a number of methods. These
include growth from the melt, from solution and from the vapour phase [196]. Epitaxy
can be defined as an ordered growth of one crystal upon another resulting in a well
defined orientation relationship between the two crystals. Growth of one crystal upon
a substrate of a different substance is called heteroepitaxy, whilst growth of a material
upon a substrate of the same material is homoepitaxy [197]. With the III-N’s however,
growth of sufficiently large (2-inch or more) single crystals for epitaxial substrates,
at low cost, has been found to be challenging. Standard growth from the melt, as
is performed for silicon, of AIN is difficult to achieve due to the material’s very high
melting temperature of 3200 °C. Additionally, solution growth techniques with AIN
are also challenging due to the very low solubility of nitrogen in liquid aluminium
[198]. When one considers GaN, standard growth from the melt is also not possible
due to high covalency and very high decomposition pressure at the melting point [199].
Whilst there have been some more exotic routes to create relatively large ITI-N single
crystals, these technologies have not yet reached maturity and cost effectiveness when

one compares to current silicon wafer manufacture.
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Some examples of how bulk AIN templates can be grown will now briefly mentioned.
Whilst strictly heteroepitaxial growth, thick AIN templates (up to 1 mm) can be grown
via growth of AIN upon foreign substrates utilising HVPE (Hydride Vapour Phase
Epitaxy). The foreign substrate can then be removed, leaving a thick, purely AIN
template [200]. Another route for the creation of single crystal AIN bulk templates is
solution based growth from the liquid phase upon a foreign substrate, followed by the
removal of the substrate from the bulk AIN crystal. One-inch diameter and 200 pum
thick AIN single crystals have been grown in this way [201]. Additionally, sublimation-
re-condensation and physical vapour transport (PVT) can be used to grow AIN boules
with diameters of 10-50 mm. Sublimation-re-condensation allows for the production
of 2-inch bulk AIN wafers at temperatures of 1850-2250 °C, at atmospheric pressure
with an 85% usable area [202]. PVT grown bulk AIN boules have been grown with
dimensions of 25 mm in diameter and 15 mm in length, utilising AIN powder and Ny

gas precursors at temperatures of 2100-2300 °C' [202].

Due to the relative ease of growth and cost effectiveness, foreign substrates are usu-
ally combined with the employment of heteroepitaxial growth [152], instead of using
native substrates. The use of foreign substrates does have the disadvantages of lattice
mismatch, thermal expansion coefficient mismatch and, in some cases, chemical incom-
patibility. This leads to highly stressed epilayers with high dislocation densities [199].
The epitaxial growth technique used for the work in this thesis was Metal Organic

Vapour Phase Epitaxy (MOVPE) and so this technique will now be discussed further.

2.1.1 MOVPE growth of the III-N materials group

MOVPE is a method for depositing condensed phase material from a vapour phase.
This is facilitated by chemical reactions from metal-organic precursors [203]. A car-
rier gas is use to supply the precursor materials to the reaction chamber for pyrol-
ysis, chemical reaction and subsequently material growth upon the substrate [203].
The metal precursors for III-N growth are typically group-III metal alkys (such as
trimethly gallium/aluminium/indium). These are typically in the liquid phase and
stored in ‘bubblers’. The nitrogen precursor source is usually ammonia (NHs) [203].
The chemical reactions involve gas-phase reactions which are homogeneous and surface
reactions which are heterogeneous. Homogeneous reactions are those where only one
phase of matter is involved [204] (hence for MOVPE this is why the purely gas-phase
reactions are homogeneous). Heterogeneous reactions are those that involve a number

of phases [204]. In terms of MOVPE, this refers to reactions between the gas and solid
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phases near and upon the surface of the substrate. When the gas-phase reactions limit
the efficiency of the growth or lead to the formation of unwanted by-products, these
are termed parasitic reactions [203]. Such reactions are undesirable and can lead to the
growth of morphologically poor and crystallographically defective material in addition
to a reduction in the growth efficiency. Typical carrier gases are highly pure Hs or No,

or a mixture of the two [203].

Thermodynamically, MOVPE is a non-equilibrium process. This means it has a nega-
tive difference in Gibbs free energy. The non-equilibrium state is deliberately targeted.
This is achieved via the supply of reactants in the vapour phase in order to create
super-saturation. In chemistry, a saturated solution is one where the concentration of
the solute will not increase further. Supersaturation is where there is more dissolved
solute than for a saturated solution. This can be achieved by dissolving solute in a
solution at higher temperature (in the case of dissolving ionic salts ion water), where
the saturation point is higher, followed by lowering the temperature. In such a solu-
tion, all the solute remains dissolved but interestingly when the solution is disturbed,
such as insertion of a seed crystal (of the same material as the solute) the supersatu-
rated solution comes to equilibrium via precipitating solute [205]. In a CVD (Chemical
Vapour Deposition) process, such as MOVPE, the vapour phase is supersaturated. The
system will to try and restore, or ‘drive towards’, equilibrium, via the deposition of a
solid film of material from the vapour phase. This is as, at off-equilibrium, it is more
favourable for gas phase precursor molecules to crystallise on the substrate surface as
opposed to remaining in the gas phase. One can also define the supersaturation as
the ratio of impinging flow to re-evaporated flow. Thus, in equilibrium conditions,
this supersaturation has a value of is 1, and hence there is no crystal growth as all
impinging adatoms re-evaporate [206]. In order for growth to occur, an energy barrier,
the activation free energy, of the overall reaction must be overcome [203]. Heating the

substrate to a suitable temperature can be undertaken to achieve this.

The general operation of a MOVPE system will now be briefly discussed. The carrier
gas is ‘bubbled’ through the metal-organic liquid precursor bubbler/s. This allows the
carrier gas to adsorb precursor material from the liquid bubbler, into the carrier gas,
in order to transport the material into the reactor chamber. The hydride source is also
transported to the reaction chamber via the carrier gas. Under the right conditions in
the chamber (temperature, pressure and ratio of precursors) reactions occur, resulting
in the deposition of an epitaxial layer upon a substrate [207]. More detail with regards

to growth upon the substrate is provided in Figure 2-1 and will now be discussed.

A number of processes occur during epitaxial growth. Homogeneous gas phase reac-
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Figure 2-1: This figure shows the mechanisms at play during growth within the MOVPE
reaction chamber. The reactions occurring during an MOVPE growth process are still
not well understood, hence, this figure is a gross oversimplification.

tions can occur before deposition onto the substrate surface. These can be gas phase
pyrolysis and chemical reactions in addition to undesirable parasitic reactions. The
latter results in the generation of unwanted species. Adsorption of precursor species
can also occur onto the heated substrate. Surface pyrolysis of the precursor species
can occur on the heated substrate. The group-III precursors used in the work in this
thesis were trimethygallium/aluminium/indium. Typically, pyrolysis would lead to
dimethlygallium /aluminium/indium and then monomethlygallium/aluminium/indium
which would then undergo further pyrolysis and then chemical reaction with N to form
GaN/AIN/InN and their alloys. Adatoms upon the surface can then diffuse across the
surface itself, nucleate new growth islands, or join pre-existing nucleated islands, incor-
porate onto step edges or desorb from the surface. However, the exact reactions which
occur during MOVPE growth are still not fully understood and so this description is

an oversimplification.

Waste by-products are then removed from the reaction chamber via the exhaust. The
waste is transported to a chemical ‘scrubber’ whereby it is partially cleaned before
removal from the system entirely [203]. A schematic of the specific MOVPE system
used in this thesis is shown in Figure 2-2. The MOVPE growth reactor was an AIX
200/4HT RF-S, AIXTRON system. It was a 1 x 2” horizontal chamber, where the
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Figure 2-2: This figure shows a schematic of the MOVPE growth reactor (AIX200RF)
chamber.

gaseous precursors enter from one end and exit through an exhaust at the opposite

end, as opposed to a shower head delivery system.

2.1.2 Considerations for MOVPE AIN growth

Figure 2-3: This figure shows an attempt at selective area regrowth of AIN through a
patterned SiN, mask upon an AIN template.

Aluminium adatoms have a high sticking coefficient [208] and low diffusion length [209].
This makes techniques such as selective area growth (SAG), utilising growth through

a mask, impossible via MOVPE. SAG is essentially the site determined growth of a
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material upon exposed seed windows. These windows are usually created via openings
in a patterned dielectric mask [210]. This can be shown in Figure 2-3, where an attempt
at selective area growth of AIN through a SiN, mask is shown. As one can see, there
is mostly deposition on the mask itself and not the growth of nanopyramids within the

mask openings as has been reported previously with GaN [211].
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2.2 Fabrication Techniques

2.2.1 Photolithography

Lithography is the technique of transferring copies of a master pattern onto the surface
of another material. The word ‘Lithography’ is derived from Greek, and means writing
on stone [212]. Photolithography, is a sub-group of the lithography family, and means
the writing of a pattern using light. ‘The advances in photolithography’ have been a

critical part in the rapid development of the semiconductor industry [213].

2.2.1.1 Principle of photolithography

A light sensitive liquid, the photoresist, is spin coated upon a wafer/sample to be
patterned [213]. This layer, is key for the creation of the desired micro/nanostructure
patterns. A photoresist is typically composed of a polymer, a sensitiser and a casting
solvent [214]. The wafer is then baked, evaporating most of the solvent, and turning the
wafer into a photographic plate suitable for the illumination process. This coated wafer
is then exposed to UV (Ultraviolet) light through a mask with a specific pattern. This
mask then alters the light distribution and thus, the illuminating shape transferred
from the mask to the photoresist. Regions of exposed resist are either softened, in the
case of positive resit, or hardened in the case of a negative resist [213]. For a positive
resist, polymer chain scissions occur within regions exposed to UV light, making these
regions more soluble within a specific solvent (developer), as there are fewer polymer
bonds in these regions. For negative resists, cross-linking of polymer chains occurs
when exposed to the UV radiation, making the exposed regions less soluble within a
developer [214], as there are more polymer bonds in these regions (the wafer/sample
can be either dipped or sprayed in a suitable photoresist developer after UV exposure

and the choice of developer is dependent on the photoresist itself).

The wafer can then be etched using the photoresist as a mask. This can either be
used to directly transfer the pattern into the wafer underneath or to transfer it into a
more robust mask deposited before the lithography process. The patterned mask can
then be used as a dry etch mask to pattern the wafer/layer below. Alternatively, the
patterned resist, providing that an undercut has been formed, can be used to reverse
the pattern by the deposition of a metallic mask. The remaining photoresist, including
the metal layer deposited upon this resist, then can be removed in developer. This
is the so-called ‘lift-off” process [214]. This metal dot array can then be used as an

etch mask for the wafer, allowing one to create structures such as uniform, spatially
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predetermined nanorods [215] or metamaterial structures [216]. The wafer can then be
cleaned for the removal of any residual organic material, contamination and removal of
the remaining mask. Examples of the creation of nanorod structures via the ‘lift-off’

process can be seen in Chapters 4 and 5.

There are three more traditional forms of photolithography. These are contact print-
ing, proximity printing and projection printing. Contact printing places the mask in
contact with the the photoresist and proximity printing places the mask in a close
proximity to the photo-resist [217]. The gap present in proximity printing removes the
possibility of any potential damage created by mask contact with the sample as is the
case in contact printing. This also increases the lifetime of the mask but does result
in a loss in resolution because of defocusing due to diffraction [218]. Typically, these
two techniques can achieve features of a few microns. Alternatively, projection printing
utilises optics to project a pattern from a mask allowing for the creation of patterns
of a few 10’s of nanometers [217]. However, projection lithography suffers from both
depth of focus limitations and high cost [22]. The need to control the light diffraction
before and after the mask is the source of the high cost as expensive optics are required
[219]. An alternative photolithography technique that has high resolution, low cost,
high throughput and can produce periodic pattern across large areas is Displacement
Talbot Lithography (DTL) [22]. As this is the lithographic technique used in the work

in this thesis, further information on DTL will be given here.

2.2.1.2 Displacement Talbot Lithography

The Talbot effect is the manifestation of a series of self-images in planes beyond a
grating when illuminated by coherent light [220]. This results in a periodic interference
pattern that appears beyond the grating/mask. The periodicity of this pattern is
dependent on the periodicity of the grating/mask used. There is also the formation
of Talbot sub-images at distances equivalent to integer fractions of the Talbot period.
They have frequencies which are multiples of that of the grating frequency. The Talbot
effect alone can be used to pattern a wafer with photoresist. However, the depth of
field of Talbot images scales with the square of the grating period and so is often small
[22]. This renders execution of photolithography with purely the Talbot effect alone,
very difficult practically. Additionally, it rules out being able to use this technique on

rough surfaces or on wafers where there is significant wafer bow.

The depth of field problem arising in Talbot lithography can be overcome however,
by changing the distance between the mask and substrate by at least 1 Talbot period
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Figure 2-4: In (a) a schematic of the DTL process is shown. Here a photoresist covered
wafer is moved 1 Talbot length towards the mask during exposure. In (b) a calculated
intensity distribution is shown for an illuminated linear grating. Two self-images are
highlighted with dashed lines, a sub-image is highlighted with a dotted line. This sub-
image has twice the frequency of the original grating. Both (a) and (b) reprinted and
adapted with permission from [22] (C) The Optical Society. In (c), an AIN nanotube
is shown made via patterning a ring into resist via utilising a high exposure dose with
DTL to generate a secondary interference pattern. This is then transferred into a SiN,
mask which is used to dry etch a tube into an AIN template.
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during the exposure process. This is called ‘Displacement Talbot Lithography’, or
DTL. This displacement causes the recording of an effective image. This effective
image is independent of the absolute gap value [22]. Thus, rough/non-planar samples
can be patterned in this way, without the depth of field limitation, as this technique
has effectively unlimited depth of focus [221].

A number of different masks can be used in DTL. An example of one type of mask is a
grating, where the mask is made up of a periodic array of lines. Another example is a
periodic hole array, either in a hexagonal or square pattern. Performing DTL upon a
grating mask can result in a periodic pattern upon the wafer half the pitch of that of
the mask. However, this is not also the case for a hexagonal hole array. In this latter
case, a one-to-one copy (in terms of pitch) of the hexagonal pattern from the mask to
the wafer is transferred [221]. The calculated Talbot length (Lp) for a hexagonal mask
is [222]:

Lp=— 2 2] (2.1)

4)2
1-\/1-2%

Here, p is the pitch of the mask and A is the wavelength of illuminating light [222]. By
varying the exposure dose, a large range of feature diameters can be achieved. Even
the realisation of ring structures, when the exposure dose is high enough, is possible via
harnessing the effects of the secondary interference pattern. See Figure 2-4 (c) for a dry
etched tube structure made by patterning a ring into photoresist using the secondary

interference pattern.

DTL does have disadvantages, however. These include low contrast between exposed
and unexposed regions of the sample and the restriction to simple periodic features.
The former is a result of the mixing of the self-images and secondary constructive
interference features [222]. The latter disadvantage can be remedied by the use of
‘Double-displacement Talbot Lithography’ to create more complex periodic structures
[223].

The DTL system used in the work in this thesis is a Phable 100 EULITHA system.
It has a 375 nm UV laser as the illumination source with optics that generate a plane
wave to illuminate a conventional lithography mask at normal incidence. The masks
used were hexagonal amplitude masks with either a 1.5 ym pitch and 800 nm openings

or a 1 um pitch with 550 nm openings.
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2.2.2 Mask Deposition techniques

Vapour phase deposition includes both chemical vapour deposition (CVD) and physical
vapour deposition (PVD). Examples of PVD include thermal evaporation, sputtering,
cathodic arc deposition, ion plating [224] and electron beam evaporation [224]. This
latter method is the only form of PVD used in the work in this thesis and so will be

discussed further here.

2.2.2.1 Electron beam evaporation

In electron beam evaporation, a high-intensity electron beam gun is focused onto a
target. The electron beam is magnetically directed onto the evaporant target (such
as some solid gold or nickel), this locally melts and evaporates the target [214]. Both
the target, the electron beam, and the evaporant are all housed within an evacuated
chamber. This is necessary as under vacuum the electrons have a longer mean free path
compared to atmospheric pressure and so there is a reduction in unwanted collisions.
This high intensity beam then impinges upon the target deposition source, evaporating
some of this material [225]. The evaporating material then condenses onto the surface
of the target substrate resulting in the deposition of a thin layer. Rotation of the
substrate in the vapour cloud is desirable for uniform coating as this technique is a

‘line-of-sight’ process [224].

The electron beam locally heats the metal source, as opposed to directly heating the
entire chamber, including the sample. This allows for evaporation and subsequent
deposition of the metal without the degradation of the photoresist. Another advan-
tage of e-beam evaporation is that it offers a deposition technique with fewer source-
contamination problems than resistive heating [214]. Electron beam evaporation can
have disadvantages. One such disadvantage is that the process may induce x-ray dam-
age. This is as the electron beam is driven to a high voltage, highly accelerating

electrons, which can cause x-ray emission [214].

The lift-off process can be used to apply a metal mask/metal layer to a sample in spe-
cific location. Electron beam evaporation is a tool that can be used for relevant metal
deposition. Typically, with lift-off, metal deposition is limited to temperatures below
200-300 °C' as above these temperatures photoresists often start to degrade [214]. For
this reason electron beam evaporation is a particularly attractive method for metal
mask deposition as part of a lift-off process. The electron beam evaporator used for
metal layer deposition in this thesis was an Edwards FL-400. A rotating sample mount

was used to ensure uniform deposition.
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2.2.2.2 Plasma formation via an RF field for Plasma Enhanced Chem-

ical Vapour Deposition

Before further discussion of Plasma Enhanced Chemical Vapour Deposition (PECVD),
Reactive Ion Etching (RIE) and Inductively Coupled Plasma (ICP), the formation of

a plasma via application of a radiofrequency (RF) field will be discussed.

A plasma is a macroscopically, electrically neutral, ionised gas. Plasmas are conductive
as electrons can move freely within it. One can generate a plasma via the application
of RF power to a pair of electrodes within an etch chamber. The applied RF power
generates an oscillating electric field which, in turn, accelerates electrons back and
fourth within the chamber [23] [226]. Comparatively, any ions present move very little
as they are much more massive [226]. The accelerated electrons collide with atoms and
molecules. If the kinetic energy of the accelerated electrons is greater than the ionisation
energy of the atoms/molecules, ejection of an outermost shell electron results. Thus,
an additional electron and an ion are now present in the gas. This ejected electron
can then be accelerated by the electric field itself causing further electron ejection and
ionisation of atoms and molecules. The number of electrons and ions continues to

increase until, over a certain threshold, a discharge begins, creating a plasma [23].

A glow discharge plasma is the type of plasma used for both PECVD and dry etching
processes. This type of plasma is weakly ionised. Due to their low mass, the electrons
in the plasma can move much more and much quicker than the ions in the plasma
(hence, the temperature of the electrons is effectively much larger than the rest of the
gas, the latter being at or close to room temperature). The fact that the electrons are
highly energetic allows them to cause excitation, ionisation, and disassociation of the
atoms and molecules in the gas (whilst the gas can remain at ~ 300 K if that is what
one desires). Excitation, ionisation and dissociation come about due to inelastic colli-
sions with the highly accelerated electrons and the atoms or molecules. The excitation
process results in the emission of a photon. In ionisation, a neutral atom is ionised into
a positive ion and a free electron. Dissociation occurs when the accelerated electron
splits a molecule into its constituent parts. These resulting parts of the molecule are

often highly reactive and in the form of excited radicals [23].
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2.2.2.3 Plasma Enhanced Chemical Vapour Deposition

Chemical vapour deposition (CVD) can be described as the formation of a thin solid
film on a substrate material via the chemical reaction of vapour-phase precursors.
These chemical reactions can be promoted or initiated by heat, high frequency (UV)
radiation or via a plasma. The advantage of using a plasma is that deposition can occur
at relatively low temperatures allowing for the use of temperature sensitive substrates
[227].

The PECVD system specific to the work in this thesis is a Plasma-therm 790. In order
to generate the plasma, a RF voltage (13.56 MHz) is applied between two parallel
plates. Typically, an upper electrode is connected to ground, and the lower electrode,
which also supports the wafer for deposition, is connected to a RF power supply. The
lower electrode is also connected to a heating assembly to heat this up to an appropriate
temperature, such as 300 °C' (the temperature used in this thesis). A shower head is
attached to the upper part of the chamber to supply the appropriate precursor gases
and a vacuum pump is used to ensure a suitable vacuum for plasma generation [228].
Typically, NH3 is used as the reaction gas for the nitrogen source and SiHy is used as
the reaction gas for the silicon source. These two precursors arrive at the sample and
allow for the growth of a SiN, film [229]. SiN, was the material used as a dielectric

mask for the work involved in this thesis.

2.2.3 Etching and cleaning
2.2.3.1 Plasma based dry etching

In reactive ion etching, an etch chamber pumped down to high vacuum is used. Specific
etch gases are then introduced into the chamber. There are two electrodes which face
each other in the chamber and a 13.56 MHz radiofrequency (RF) power is applied to
them, see Figure 2-5 (a). This results in the formation of a plasma as described in
Section 2.2.2.2. The reactive species transport to the wafer surface and react with the

target material [23].

Concerning the two electrodes, the upper electrode in the system is connected to
ground, whilst the lower electrode is connected to the RF power supply via a block-
ing capacitor. The 13.56 MHz RF frequency used allows for rapid oscillation of the
direction of the electric field between the electrodes. Only electrons can follow the
oscillating field due to their small mass, moving between the electrodes. As a result of
the bottom electrode being connected to a blocking capacitor, this electrode gradually

biases negatively. This direct current bias (DC bias) that is generated is the self-bias
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lighting the plasma, ion sheath and DC bias. In (b), on the left a high density plasma
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sort of plasma generated via ICP. On the right a lower density plasma with higher
pressure, larger ion sheath and smaller mean free path is shown. This is more typical
of an RIE plasma. In (c), on the left, a high pressure etching schematic, whilst on
the right a low pressure etching schematic. All images reprinted/adapted by permis-
sion from Copyright Clearance Center: Springer Nature, Dry Etching Technology for
Semiconductors by Kazuo Nojiri Copyright (C) 2015, Springer International Publishing

Switzerland ([23]).
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of the system and depends on the RF power. As the negatively biased electrode repels
electrons this leads to a region near the bottom electrode of no electrons and only ions,
and is called the ion sheath, see Figures 2-5 (a), (b) [23]. Whilst this negative bias re-
pels the electrons, it accelerates the ions to an energy given by the potential difference.
Thus, the larger the negative bias, the more energetic the ions [230]. This, in turn,
leads to greater etch rate for a given material since the etch rate of physical etching
is dependent on ion energy and surface binding energy of the etch target. Physical

etching can be termed sputtering [230].

As has been mentioned in Section 2.2.2.2, highly reactive disassociated radicals are also
formed within the plasma. Such radicals will react with the sample surface chemically.
When etching with purely these radicals, the target is typically etched isotropically,
it can however be highly selective [230] [23]. In ion-assisted reactions, incoming ions
enhance surface chemical reactions via simultaneous action of the reactive species and
ions upon the target surface [23] [230]. In such a reaction, the etch rate is much larger
than the etch rate by simply neutral radicals. Additionally, this promotes anisotropic
etching as the ions strike the target surface at normal incidence [23]. The most widely
believed model for ion assisted etching, according to Nojiri [23], is the hot spot model.
Here, the local temperature of regions under ion irradiation are much higher, resulting
in much faster radical reactions in these regions. Thus, due to the much faster etching
in regions of ion irradiation, anisotropic etching profiles can be obtained [23]. It is worth
mentioning that often the etch profiles achieved via ion-assisted etching alone are not
always perfectly isotropic and can be tapered to some extent. With the additional
component of ion-enhanced inhibitor etching more anisotropic etch profiles can be
realised. Here, the reactive species and ions combine with inhibitor precursor molecules.
These complexes can then deposit on the sidewalls of the etched structure, passivating
it. This inhibits further lateral etching of the sidewalls whilst allowing a continued etch

of the trench at the bottom of the structure (for the case of nanohole etching).
The dry etching process proceeds in what can be separated into four steps:
1. Reactive species (atoms, radicals, molecules and ions) are generated in the plasma

2. Species transported and the adsorbed onto the target (physisorption or chemisorp-

tion depending on if the species are ions or reactive molecules)
3. Reactions take place on the target surface

4. Etch byproducts desorb from the surface of target and transport away from the

surface back to the plasma
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5. Possible redeposition of etching byproducts [23] [230]

The gas pressure is an important parameter. This is as the scattering of ions in the
sheath has an important impact on the etch behaviour. The mean free path (average
distance over which a particle travels from one collision to the next), is inversely pro-
portional to the pressure. When the mean free path is sufficiently larger than the ion
sheath thickness, the ions undergo almost no scattering before arrival to the wafer, see
Figure 2-5 (c). The selectivity of the mask is the ratio of the rate of etching between
the target layer and the mask.

2.2.3.2 Inductively Coupled Plasma etching

In inductively coupled plasma etching (ICP), an additional induction coil with a 13.56
MHz RF power supply (ICP power) is used to generate the plasma. A magnetic field
is generated when the high frequency current flows through the induction coil. This,
in turn, creates an electric field in the chamber [23]. The electric field causes a helical
motion to the electrons and forms the plasma in the chamber. Plasmas produced via
ICP are high density plasmas compared with those usually generated by simply RIE.
This is as the ICP power from the induction coil can be controlled separately to the
RIE forward power. High density plasmas such as an ICP plasma have small sheath
thicknesses such that there is minimal ion scattering compared to batch type RIE,
see Figure 2-5 (b). This allows for better fine etching as fewer ions are impinging on
the patterned wafer at off-normal angles [23], see Figure 2-5 (c¢). This allows for very
anisotropic etching, Figures 2-5 (b) - (c). The 13.56 MHz RF RIE power supply is
connected to the wafer stage (RF power) and is used for controlling the ion energy,
independently of the plasma discharge [23]. The control and flexibility offered by ICP
compared to that of RIE allows for well controlled etch profiles and higher selectivity.
The ICP used for the work in this thesis, was an Oxford Instruments Plasma Technology

PlasmaPro 100 Cobra. A basic schematic of this ICP can be seen in Figure 2-6.

In the work by Coulon et al. [231], an investigation of the dry etch conditions on AIN
nanorods was undertaken. It was found that by increasing the pressure for the ICP dry
etch, etch rate decreased. This was as a result of the reduction in the mean free path
of ions at higher pressure leading to more ion collisions and hence lower ion energy. As
the etching of the AIN was assisted by the ion bombardment this led to the observed
reduced etch rate. An increase in pressure, did however increase the selectivity of the
etch, leading to less tapered nanorods. This was partially down to the reduced ion

energy, which led to reduced physical sputtering. Additionally, the greater range of
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Figure 2-6: This figure shows a basic schematic of the Oxford Instruments Plasma
Technology PlasmaPro 100 Cobra ICP system used in this thesis.
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incident ion angles due to the higher pressure aided the sputtering of etch by-products
on the nanorod sidewalls which would normally act to passivate the sidewall surface,

restricting the lateral etch rate [231].

Also investigated was the impact of the RF power. As the RF power increases, whilst
there is no change in the tapering profile of the rods, the etch rate increases and the
selectivity decreases. The increased RF power leads to a much higher DC bias which
therefore leads to a higher ion energy. This both increases the physical sputtering
component and also assisting bond breaking and enhances surface chemical reactions,
increasing the chemical component of etching [231]. What is clear from the work by
Coulon [231], is that the profiles and etch rates of AIN nanostructures can be controlled
via the tuning of different dry etch parameters. This can be important in the fabrication

process of nanorod and nanohole arrays.

In this thesis, a number of different dry etch gas chemistries were used. For dry etch-
ing into BARC and subsequently a SiN, mask, CHF3 gas was used. The reason for
this is that whilst CHF3 readily etches BARC and SiN, it is relatively inert to the
ITI-N’s. For dry etching of AIN itself a Cly/Ar gas chemistry was used. This is as the
Cls component of the gas is highly reactive with ITI-N materials, whilst the Ar compo-

nent supplies ions in order to enhance the chemical dry etch process, as discussed above.

2.2.3.3 Wet etching

Wet etching is the etching of a material in baths of wet chemicals [213]. This provides a
higher degree of selectivity in comparison with dry etching. The process of wet etching

involves:
1. Reactant transport to the surface of the target material via diffusion
2. Surface reactions
3. Reactant transport away from the surface via diffusion [214]

If steps 1 or 3 are rate determining, the etching is diffusion limited. This means that
the etch rate can be increased by stirring the etchant solution. If step 2 is the rate-
determining step, the etch is reaction-rate limited. This means the etch rate strongly de-
pends on etch temperature, etching material and solution composition [214]. Isotropic
etchants etch in all crystallographic directions at the same rate and are typically diffu-
sion limited. Anisotropic etchants etch away different crystal planes at different rates

are are typically reaction rate limited. These latter etchants can result in geometrical
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shapes bounded by perfectly defined crystallographic planes [214].

2.2.4 Chemical cleaning steps
2.2.4.1 Piranha Clean

A Piranha solution is a mixture of concentrated sulphuric acid (H250y4, 95% concen-
tration) and hydrogen peroxide (H202, 30% concentration). A ratio of 3 parts H2SOy
to 1 part H30; is used to clean organic material from samples (3:1 ratio). For the
cleaning of lithography masks, especially in the case of DTL masks, a ratio of 2:1 is
used. Piranha solution is successful at removing organic material from a sample or
mask as it is a strong oxidant [232]. It oxidises the surface of the sample, targeting and

removing organic material.

2.2.4.2 Aqua Regia

This is a chemical mixture of a ratio of 3:1 of concentrated hydrochloric acid (HC1, 37%
concentration) and nitric acid (HNOs, 69% concentration) respectively. This acts as
a powerful oxidising agent which will dissolve metals [233]. This chemical mixture was

used to remove remaining metal dot masks during the process for nanorod creation.

2.2.4.3 Buffered Oxide Etch

Buffered oxide etch (BOE) is a diluted form of hydrofluoric acid (HF). It usually con-
tains buffering agents such as ammonium fluoride. These buffering agents are used to
help prevent fluoride ion depletion. This acts to maintain a more stable etch charac-
teristic of the solution. This is desirable as it allows more control over the wet etch
as a whole [234]. HF based solutions are typically used for the etching of silicates
[235] and silicon nitride [236]. Some of the masks used in this thesis are SilV, and
therefore BOE was used to remove these masks as part of the process. Additionally, as
BOE is an oxide etch, treatment with BOE is a very effective way of removing oxides
from a sample. This is an important step if preceded by steps such as Piranha or
Aqua Regia cleaning which oxidises the sample surface. The dilution level used was
either a 5:1 or 100:1 ratio of the buffering agent to hydroflouric acid in water. Specifi-
cally, the buffering agent was 5 or 100 parts 40% ammonium fluoride to 1 part 49% HF.
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2.2.5 Processes
2.2.5.1 Lift-off Process

In this process, BARC (Back Anti-Reflection Coating) and photoresist are spin coated
onto an initially planar wafer. A soft bake is then performed. This BARC is required
to be an appropriated thickness, such that one can despoit a tall enough metal dot to
be used for a dry etch mask. Additionally, the BARC needs to be able to be devel-
opable, in order to allow both lateral and vertical removal of the BARC layer. After
photolithographic exposure (via DTL), the sample is then over developed. This has the
effect of removing the BARC within the developed photoresist down to the template
layer in addition to the removal of BARC on the sidewalls to create an undercut, see 3
of Figure 2-7. Electron beam evaporation is used for the deposition of a metal dot array
upon the undercut wafer. The sample is then reintroduced into developer to complete
the ‘lift-off” process, removing the majority of the remaining BARC and resist. These
metal dots can then be used as a hard mask for dry etching nanorod structures into
a material such as AIN [49]. Finally, the remaining mask can be removed followed by
appropriate cleaning ready for growth experiments. A schematic of the entire lift-off

process for such an application is shown in Figure 2-7.
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Figure 2-7: Starting with the initial wafer, in 1, BARC (Back anti-reflection coating)
and resist are spin coated upon the wafer with appropriate baking steps (a soft bake for
the BARC). At 2, Displacement Talbot Lithography is used to expose the resist. In 3,
the resist is developed for a long enough time such that an undercut is now present in
the BARC layer. Electron-beam evaporation is used in 4 to first deposit a thin layer of
Au followed by a thicker layer of Ni to realise a metal dot array. The sample is then put
back into developer for the final part of this ‘lift-off” procedure where the remaining
resist and BARC are removed (or lifted-off) at stage 5. An Oy based plasma etch can
now able applied to remove any remaining unwanted organic material. This dot array
in 6, is then used as a mask to etch into the underlying wafer. Finally, in 7, this is
followed by an Aqua Regia, Piranha clean and Buffered oxide etch in that order, in
order to remove the mental mask and clean the sample.
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2.2.5.2 Nanohole Fabrication Process

In this fabrication processes, PECVD is first used for the deposition of an initial di-
electric hard mask to be used for etching. A BARC and photoresist can then be spin
coated upon it with appropriate baking steps. The photoresist is then patterned via
DTL followed by development. This patterned resist can then be used as a mask for
dry etching in order to transfer the pattern into the dielectric hard mask. After removal
of the remaining BARC and resist, this patterned hard mask can be used to etch into
the sample below. The advantage of this is that at this stage the dry etching can be
performed at a relatively high temperature, such as 150 °C [49], and the mask itself is
fairly robust. This fabrication process can be seen in Figure 2-8. Additionally, if one
did not want to etch into the underlying wafer/sample, one could stop the process at
step 5 in Figure 2-8. One could now proceed straight to cleaning stages for the removal
of organics and oxides, leaving a patterned dielectric mask, with periodic openings,

upon a planar wafer.
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Initial AIN Wafer 1

Figure 2-8: The process starts with the initial wafer. At stage 1 a SiN, mask is
deposited via PECVD. At stage 2 BARC (back anti-reflection coating) and photoresist
are spin coating with appropriate baking steps. At 3, displacement talbot lithography
is used to expose the resit. The sample is then developed in MF-CD26 developer at
stage 4. The resist is then used as a dry etch mask for CHF3 etching into the SiN,
mask. The organic layers are then removed and the SiN, is used as a mask to dry etch
into the underlying wafer. Finally, a buffered oxide etch (BOE) is used to remove the
remaining SiN, mask.
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2.3 Characterisation

Characterisation is the determination of the properties or behaviours of a material. In
terms of semiconductor materials this can be achieved by a large number of different
methods which will give different information about the properties of the material being
investigated. Such information which is characterisable and relevant to this discussion
are properties concerning the structure, shape, size, morphology and optoelectronic
properties of nanostructures. With regards to quantum dots, these properties are of
particular importance, as has been alluded to in the first chapter of this thesis. Before
looking at some characterisation techniques in greater detail an overview of some of

the available and suitable techniques will be briefly discussed.

2.3.1 Microscopy

Standard microscopy uses visible photons in an optical set up to create a magnified

image of the object being studied [24].

2.3.1.1 Electron Microscopy

In order to increase the possible resolution, instead of photons, electrons can be used
in microscopy as they have a much smaller de Broglie wavelength than the wavelength
of optical photons. This means far greater resolutions can be achieved [237]. Electron
microscopy must however, be performed under vacuum as electrons are scattered much

more strongly by gas than light [24].

A variety of signals can be detected in electron microscopy. These can scatter elasti-
cally or inelastically [238]. With elastic scattering there is often large deflection angles
involved. If the sample is thin enough then some of the beam can be transmitted
through the sample. This will incur Bragg scattering of the beam rendering a diffrac-
tion pattern as a result of the structural nature of the material being probed. This is
the basic principle of TEM [24]. Backscattered electrons are primary electrons which
have undergone a number of elastic scattering collisions before exiting the sample [239].
These electrons penetrate relatively deep into the sample and typically have relatively
high energies [24]. Secondary electrons are typically low energy electrons generated by
energy transfer between the primary beam and surface, or close to surface, electrons,
ejecting them from the sample [238]. Subsequently, an image of the sample surface

can be formed using the signal detected from these electrons [25]. As has been alluded
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to, they originate from regions of very low penetration depth [24]. These electrons
are typically weakly bound, conduction band electrons and can even be produced by
backscattered electrons themselves [239]. Other detectable signals include cathodolumi-
nescence (the emission of light on electron bombardment), characteristic x-ray emission
and Auger electron emission [238], see Figure 2-9. Electrons also carry charge which is
an important attribute when considering the scanning electron microscope (SEM) [24],

which will now be discussed in more detail.

2.3.1.2 Scanning Electron Microscopy

An SEM (Scanning electron microscope) gives information on the surface structure of a
sample. It allows direct observation of the external form of micro/nanostructures [238].
An SEM system uses electromagnetic lenses in a similar configuration to an optical mi-
croscope. Two orthogonal scan coils are placed between the final condenser lens and
the objective lens. These are used to enable the electron beam to be rastered across
the sample, with the beam manipulated via use of the electron charge [24]. Detectors
for secondary electrons and backscattered electrons from the sample surface (although
they do originate from within the sample to some extent) are used to produce an image
of the samples surface structure [24]. The usual mode of operation is the detection
of secondary electrons which are knocked out of the surface atoms in order to form
an image [238] and these provide the most important detection signal [25]. Secondary
electrons provide the best resolution due to their very small exit depth [25]. In some
systems x-ray detection is also possible giving some compositional information close
to the surface of the sample [24]. SEM systems can be used for bulk specimens as
thickness and roughness of the surface of the sample is not an imaging limitation [25].
Figure 2-10 (a) shows a typical schematic of an SEM system and some SEM images
of nanostructures. SEM can give important information of the structure and morpho-
logical quality of sites created to house quantum dots. Moreover, it is also capable of
providing some characterisation of uncapped self-assembled quantum dots. The SEM
used to characterise samples in this thesis was a Hitachi Field-Emission S-4300 SE sys-
tem using a 5 kV electron beam voltage and using secondary electron signal detection

unless otherwise specified.
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2.3.1.3 Atomic Force Microscopy

Atomic force microscopy (AFM) can provide high-resolution topological information
on a sample. In AFM, a sharp tip is scanned over the surface of a sample. The tip is
connected to a cantilever and the sample mounted on a piezoelectric stage which can
be used for precise sample movement [26]. The repulsive force between the tip and the
sample is measured via measurement of the cantilever deflection. From the change in
force across the sample or the changes in the tip height and the corresponding cantilever
deflection, an image of the sample’s surface can be produced [240]. The cantilever
deflection is usually measured via the change in angular deflection of a laser beam
reflecting off the cantilever itself and detected by a position sensitive photodiode [26].
As this is a force based microscopy a wide range of different materials with different
properties can be imaged. For instance, whereas STM (scanning tunnelling microscopy)
requires semiconducting or conducting samples for successful imaging, AFM (atomic
force microscopy) has the ability to also investigate insulating materials [240] and even
biological samples such as microbes [26]. Surface morphology, nanoscale structures and

atomic scale lattices can all be imaged via AFM [240].

AFM can operate in different modes, two of which are contact mode and tapping
mode. In contact mode, as mentioned above, the force on the tip is measured via the
cantilever deflection. From this, a surface image of the sample can be produced. There
is the disadvantage that for soft samples such as organic material, the constant force
of the AFM tip acting on the sample can cause surface modification and damage [240].
This also needs to be considered with fragile, non-organic samples. However, there is
another option with the use of a partially non-contact method for measuring samples

[240]. This is tapping mode.

In tapping mode, the cantilever vibrates such that the AFM tip makes contact with
the sample intermittently. This acts to lessen the surface modification resultant from
keeping the tip in contact with the sample. The cantilever is set to vibrate at, or near
its resonant frequency [240]. When there is a hill in the surface morphology the vibrat-
ing frequency of the cantilever will increase, when there is a valley /crater the frequency
will decrease. In order to rectify this the Z scanner of the cantilever will displace the
distance between the tip and the sample, in order to keep the tip amplitude constant.
Thus, from measurement of the Z displacements taking place, a topological image of
the sample surface can be formed [241]. By only making intermittent contact with
the sample this reduces surface changes and damage to soft samples, such as biological
matter [240]. Tapping mode also has the advantage that it helps prevent AFM tips

from being trapped by a capillary force which is usually present on all samples due to a
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Figure 2-11: Figure (a) show a schematic of a typical AFM operational set-up. Figure
(b) shows a schematic of AFM during contact mode. Figure (c¢) shows a schematic of
AFM during tapping mode. Figure (d) shows an AFM image of some self-assembled
(uncapped) GaN quantum dots upon a smooth, terraced AIN surface (Figures (a)-(c)
modified and reproduced from [26] Copyright (©) 2010 Wiley Periodicals, Inc. Figure
(d) reprinted from [27], with the permission from AIP Publishing, Copyright (C) 2006.)

very thin layer of water residing on the surface when the sample is in air [242]. Figure
2-11 shows a schematic of a typical AFM and a diagrammatic representation of contact
and tapping modes. Concerning quantum dots in particular AFM is widely used across
the literature to characterise the shapes, sizes, densities and distributions of uncapped
self-assembled quantum dots (Figure 2-11 (d)) [243]. The AFM systems used in this
thesis were the Bruker Multimode TITA and the Oxford Instruments Jupiter XR. It will
be explicitly specified as part of the figure caption which of the data has been taken

by each microscope when the data is presented.
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2.3.2 Luminescence spectroscopy

Luminescence can reveal information about the chemical composition of a material.
When light is used to induce luminescence this is called photoluminescence [244]. This
is the starting point of the brief luminescence discussion which follows and how it can

be used as a characterisation tool.

2.3.2.1 Photoluminescence

The emission of a photon can occur when an excited electron makes a transition into
a lower energy state (the electron radiatively recombines with a hole) with the energy
difference of the transition equating the energy of the photon. In photoluminescence
(PL), the electron in the excited state is promoted to this state via optical absorption
from a light source incident on the sample. When considering a semiconductor ma-
terial this corresponds to an excitation of an electron from the valance band to the
conduction band. The impinging light source will typically have a higher energy than
the band-gap of the material one wants to excite. Basic PL can be used to determine
the optical emission efficiencies, alloy composition of a material and the level of im-
purities. The characteristic energy range of PL is related to the bandgap [245]. This
results in emission of light with the energy equating to the bandgap of a material when
there is a transition between the bottom of the conduction band and the top of the
valence band, see Figure 2-12. However, there are other possible transition paths which
may be taken such as intra-band gap transitions which involve energy level within the
band gap. These arise from surface or near-surface states or due to the presence of
deep traps, present due to crystallographic defects or impurities [246]. The quantum
efficiency of photoluminescence can be defined as the quantity of light emitted per that
of the light adsorbed by the sample [244]. Whilst PL is a useful characterisation tool
for materials it by no means gives a complete view of the properties of a material or
even just the optical properties of a material. Having said that it can be very useful
when studying the properties of materials, complementary to other techniques [245].
Considerable work has been done to improve the versatility of PL from its most basic
form to some of the more specific, niche, expansions of the technique [245]. The impact

of temperature on PL measurements will now be discussed.
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Figure 2-12: This figure shows diagrammatically the process of photoluminescence. In
this figure the colour schemes used are arbitrary.

2.3.2.2 Considerations for low temperature and high temperature mea-
surements

Semiconductor bandgaps are temperature dependent and so PL. measurements at dif-
ferent temperatures will naturally give slightly different spectral results [245]. This is
not the only consideration concerning the influence of temperature on PL though. The
intensity of a PL spectra decreases with increasing temperature due to thermal quench-
ing. This is due to the redistribution of carriers into different energy levels following
carrier excitation [247]. Subsequently, high quality room temperature PL measure-
ments can be challenging in some circumstances. PL at higher temperatures also leads
to spectral linewidth broadening. This is due to thermal population of higher energy
levels and phonon effects. This is important as the linewidth of a PL peak can be used
as a measure of the quality of a semiconductor active region and thus high temperature

measurements may not represent a true indication of the material quality [248].

Optical transition linewidths can be used as measures of coherence of the excitons and
are indicative of the environmental interactions. These environmental interactions will
cause broadening of the linewidths. These interactions can be with acoustic phonons
and electronic fluctuations. The term spectral diffusion is attributed to the linewidth
broadening associated with Coulombic interactions with the fluctuating electronic en-
vironment [249]. In terms of quantum dots, this can result from traps in the vicinity

of dots and defects acting as sources of confined charge in the environment [250].

Individual quantum dots will typically have narrow, discrete, sharp peaks [251]. The

103



emission linewidth of a quantum dot is important as it can give an indirect measure
of the dephasing time (which is related to the coherence), which is important in QIP
applications [252]. Spectral diffusion can occur in quantum dot emissions and this
will impact the successful production of indistinguishable photons [249]. Quantum dot
spectra also (typically) exhibit rapid PL quenching at higher temperatures [253]. As
the temperature of measurement is increased the quantum dot peak becomes broadened
and also lessens in height with respect to the background due to increasing acoustic
photon coupling [44]. This makes low temperature studies of quantum dots more

preferable in order to obtain cleaner and clearer PL spectra.

However, with III-N quantum dots even with low temperature measurements there can
still be significant linewidth broadening. This is due to the large interaction strengths
of the quantum dot and the rest of the system and high density of defects in III-N mate-
rials. The high interaction strengths are due to the presence of the internal fields which
leads to large permanent dipole moments for the excitons [249]. This leads to large
linewidths being detected relative to that of other material systems even at cryogenic
temperatures. The inhomogeneous broadening of the emission linewidths of quantum
dots can deteriorate the purity of single photon generation. Suppression of spectral
diffusion is also preferable for high quality single photon emission [87]. To quantify
this, one would expect linewidths of ~ 1 peV for temporal processes occurring on ~ 1
ns timescales in the absence of spectral diffusion [250]. Most studies on III-N quan-
tum dots however, find values far higher than this. Other useful photoluminescence
techniques include photoluminescecne excitation spectroscopy, polarisation dependent
photoluminescence, two-photon excitation, and time resolved photoluminescene. As
these techniques were not used for the work in this thesis they will be discussed no

further here.

2.3.2.3 Photoluminescence of GaN quantum dots

Here GaN/AIN quantum dots will, in particular, be briefly discussed. In Figure 2-13
one can see in (a) the CW PL spectra of 10 planes of GaN/AIN quantum dots and in

(b) the PL spectra as recorded under different time delays for pulse laser excitation.

As a result of the strong internal polarisation fields in GaN/AIN polar quantum dots,
height variations of one atomic monolayer yield energy variations over several hundred
eV. These variations are as a result of on-axis confinement combined with the QCSE
[28]. Thus, as QCSE dominates over confinement for quantum dot sizes more that

~ 2 nm, there is a significant impact of the emission wavelengths when comparing
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quantum dots with smaller and larger height, see Figure 2-13 (c). In addition, this also
results in much longer radiative lifetimes when the quantum dot is larger in height.
Again, this is as a result of a greater impact of the internal field which will inevitably
separate the electron and hole wavefunctions more in taller dots [29]. The internal
fields can be screened to some extent when there is an accumulation of large densities

of electron-hole pairs in the dots [28].
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Figure 2-13: In (a) a continuous wave (CW) PL spectrum of a sample with 10 planes
of GaN/AIN QDs is shown. The QDs here have typical heights of 4.3 nm. In (b), PL
spectra recorded at different delays after pulsed laser excitation is shown. Intensity of
the spectra have been normalised. The dashed line indicates the CW PL peak from (a).
For short delays, spectra are artificially broadened by the presence of long lived PL at
3.2 eV, arising from defects in the GaN buffer layer, whose short-lived PL line appears
at 3.48 eV. Here (a) and (b) are reproduced from [28]. Copyright (©) 2008 Elsevier
Masson SAS. All rights reserved. In (c), a plot of the measured radiative lifetimes as
a function of PL peak for different quantum dot samples is shown. Solid lines show
the calculated value of lifetime as a function of energy of the fundamental transition
for an effective electric field of 7, 9 and 11 MV /cm respectively. The calculated QD
height corresponding to the transition energies for 9 MV /cm electric field is shown at
the top axis. Electron and hole energy levels and wavefunctions are sketched in the
regimes dominated by the QCSE (left) and quantum confinement (right). Figure (c)
is reprinted (Figure 3) with permission from [29]. Copyright (2006) by the American
Physical Society, https://doi.org/10.1103/PhysRevB.73.113304.

In Figure 2-13 (a) one can see a huge red-shift in emission of the quantum dot ensemble
compared to bulk GaN. The internal electric field lead to very large radiative lifetimes

for such quantum dots, this means that by using only moderate optical excitation one
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can generate a large number of electron-hole pairs within the dot at any one time. This
is demonstrated in Figure 2-13 (b), where screening is observed when the time delay
is reduced during pulse laser excitation. This leads to a relative blue shifting of the
emission at short time delay [28]. Clearly with GaN quantum dots there are many

considerations when performing photoluminescence based characterisation upon them.

2.3.2.4 Cathodoluminescence

Cathodoluminscence (CL) is effectively the emission of light of a material upon electron
bombardment [24], see Figure 2-14 (b). The CL signal detected will vary with the
composition of the material, allowing one to discern between the different materials in
heterostructure devices [24]. Defects within optoelectronic materials and their effects
on a devices performance can also be analysed with CL [24]. The sample itself, after
being bombarded with electrons relaxes back to its equilibrium condition. In order to
release the energy obtained via the primary electron bombardment, light is emitted
[238]. In closer detail, the bombardment of electrons causes some of the materials
valence band electrons to excite to the conduction band, leaving a hole behind in the
valence band. This resultant electron-hole pair can then radiatively recombine, leading
to the emission of a photon with the wavelength equating to an energy close to the
energy gap between the conduction and valence band. There is also electron and hole
cooling via phonon emission however. Thus, the photons are characteristic of the
material of which is being investigated (as the band gap is characteristic of a given
material) [239]. Materials which display CL typically will reveal a spectrum which is
highly dependent on the levels of impurities present and the species of impurity. This
will reflect in the CL spectra obtained in regards to both wavelengths detected and
the overall brightness measured [238]. In addition, crystallographic defects will also
have an impact on the detected CL spectra [239]. For instance, it is well known that
dislocations act as non-radiative recombination centres [193]. Cathodoluminescence can
be performed via an adapted SEM (providing it has the ability to accelerate electrons
to high enough energies) [254]. Some cathodoluminescence measurements performed
on III-N nanostructures are shown in Figure 2-14 (a). In this figure, an intensity map
of a particular emission band on a nanorod structure is shown. This allows for the
spatial resolution of luminescent features within a small wavelength range. Thus, one
is able to spatially resolve the source of, and intensity of, an emission band across the

geometry of the rod structure.
CL is a non-destructive characterisation method that can be used for determining the
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Figure 2-14: Figure (a) shows a tilted SEM image of a III-N nanorod with an AlGaN
single quantum well structure. In (a) ((b)) the corresponding intensity map over the
single quantum well emission range of 4.9-5.5 eV is shown, measured with the use of
Cathodoluminescence hyperspectral imaging (figure reproduced and unmodified from
[30] under Creative Commons Attribution 4.0 International license). Figure (b) shows
diagrammatically the process of cathodoluminescence. In this figure the colour schemes
used are arbitrary.
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distribution of dislocations at the surface of a material. This has an advantage over
TEM, as destructive sample preparation is not required, which is the case for TEM
samples as they are required to be very thin [255]. Furthermore, CL can be used to
measure luminescence of different facets of individual nanostructures or multifaceted
thin films [256]. As an example in the work by Kusch et al. [257], nanorods with
quantum wells on the pyramid side facets and the c-plane apex of the rod were first
detected from the sample and then measured with the use of CL hyperspectral imaging.
The emission properties of the quantum well structures on the semipolar and polar
planes were investigated. Different emission ranges were detected from the quantum
wells on the semipolar and polar planes. Thus, using CL, properties of different faceted
regions of nanostructures could be probed [257]. CL hyperspectral imaging is a CL
system which can record a full luminescence spectrum at each point on a sample.
Analysis on the multidimensional datasets can be completed providing a wealth of

information about the region of the sample probed [258].

In CL, the spatial resolution of the technique is determined by the distribution of excess
carriers in the sample and this allows the possibility of nanometre-scale semiconductor
characterisation [258]. However, in order to achieve the highest resolution, measure-
ment depth within a sample must be sacrificed. This is often the case when performing
CL upon quantum well or quantum dot structures [258]. Whilst CL typically has ex-
cellent spatially resolved luminescence, it does usually have inferior spectral resolution

and control over excitation densities compared to PL.

The CL performed upon samples presented in the results chapters of this thesis was
conducted using a custom built hyperspectral CL acquisition system on a FEI Quantum
250 field-emission-gun SEM at the University of Strathclyde by Dr. Pavlos Bozinakis
and Dr. Jochen Bruckbauer. Spectra interpretation and analysis was performed using
Dr. Paul Edwards ‘Chimp’ software. A schematic of the CL system and set-up can be
seen in Figure 2-15. As can be seen in this figure the filed emission gun SEM impinges a
very small (minimum spot diameter ~ 1 nm), high brightness electron beam spot upon
a sample. The beam acceleration voltage applied was either 20 kV or 5 kV as specified
in the respective figure captions. The sample is mounted on a stub titled at 45°. The
emitted light is collected and collimated by the reflecting objective through a silica
window. This emitted light is then focused by a parabolic mirror into a slit opening
of a spectrograph and (50 um opening) with exchangeable diffraction gratings. A 600
lines/mm diffraction grating (blazed at 400 nm) was used for the CL data collected in
he results chapter of this thesis.

As mentioned, the spatial resolution of CL in terms of nanostructure luminescence is
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Figure 2-15: This figure shows a schematic of the CL system used for the characterisa-
tion undertaken in this thesis. All the CL maps presented in this thesis were measured
by Dr. Jochen Bruckbauer at the University of Strathclyde.

a particularly attractive feature. This is demonstrated in the work by Edwards et al.
[31], see Figure 2-16, where regions of different luminescence can be observed on the
semi-polar facets and apex of a GaN nanopyramid with InGaN active regions grown
upon it. Specifically, a 5-period InGaN quantum well structure was deposited upon
selectively area growth GaN nanopyramids in order to form QDs at the sharp apices.
The apex quantum dots in this work were confirmed via PL rather than CL and the
apex emission shown in Figure 2-16 (b) was put down to defect luminescence rather
than a quantum dot signature [31]. Even under this consideration this work does
highlight the usefulness in CL for spatially resolving active regions on nanostructures

with different luminescence properties.

There are a number of examples of the characterisation of GaN/AIN quantum dots
systems via CL in the literature. A brief review of some of the literature will now be
presented to demonstrate the versatility of the characterisation tool for the identifica-

tion of GaN/AIN quantum dots and their spatially location.

In the work by Schmidt et al. [32], a GaN layer was grown upon a planar AIN tem-
plate with a 30 second growth interruption step followed by an AIN cap [32]. Figure
2-17 (e) shows strong CL luminescence originating from regions near to where there
are high densities of threading dislocations (dark lines in STEM image). Additionally,

monochromatic CL intensity maps are recorded at different emission wavelengths. In
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Figure 2-16: Here the images are constructed from parameters determined by fitting 3
Gaussian peaks to each of 150x150 spectra obtained during CL hyperspectral imaging.
In (a) and (c) the peak intensity and energy respectively of the QW emission from the
inclined facets are shown. In (b) the intensity of the apex-related 2.37 eV emission is
shown. The line scan in (d), shows the QW peak energy varying across the pyramid.
This was extracted via a horizontal line through the apex in (c). Reprinted from [31],
with the permission of AIP Publishing, Copyright (©) (2004).
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Figure 2-17 (a), what appears to be a quantum well signature can be seen. In contrast,
at slightly longer wavelengths, emission predominantly comes from GaN islands ((b) -
(d)) where are further confirmed to likely be quantum dots via their sharp PL signa-
ture and SPE characteristics [32]. The quantum dots are preferentially formed upon
regions of high dislocation density. It is thought that this is due to threading disloca-
tions providing regions of tensile strain and therefore reduce the lattice mismatch in a
localised region leading to these areas being preferential for GaN quantum dot nucle-
ation [32]. This work demonstrates the ability of CL to spatially resolve the sources of

luminescence. This would not be possible to such an extent with a tool such at PL.

Whilst the CL characterisation of GaN quantum dots discussed above have been in
the wurtzite crystal phase, Garayt et al. [33] has studied cubic phase GaN quantum
dots via CL. Here a smooth cubic AIN buffer layer was first grown followed by growth
of stacks of GaN dots and an AIN capping layer. As can be seen the TEM image in
Figure 2-17 (f), the QD’s preferentially grow along the stacking faults as these fronts
are areas of local strain relaxation. Mesas were patterned upon the sample to isolate
single quantum dots for characterisation [33]. As can be seen from the spectra shown
in Figure 2-17 (g) relatively narrow linewidths are present for individual quantum dot
spectra. These spectra have linewidths narrower than that of wurtzite GaN quantum
dots at 80 K (not shown) [33]. What is particularly important here is that entire
spectra can be extracted on a pixel-by-pixel basis, allowing for a spatially ‘finecombed’
investigation of localised luminescence features. This is particularly attractive for QD
characterisation as it allows one to isolate the spectra originating from a quantum dot
from the background emission of other features or the bulk material. Indeed, it allows
one to collected data without being overwhelmed by bulk emission spectral features
such as a large defect band in the underlying template. This capability is not possible

with simply a PL measurement.

What can be discerned from the results presented in [31], [32] and [33] is that in addi-
tional to being able to resolve luminescence spatially with CL, spectra at each of the
pixels can be recorded. As this is used in tandem with electron microscopy, one can
build up a microscopy image with a corresponding spatial map of luminescence. This
can be used to find areas of specific luminescence such as those shown in Figures 2-16
(b) and 2-17 (a) - (e). This can be very useful in identifying active regions and thus
could be used to identify the location of quantum dots within/upon a nanostructure.
Additionally, one can see the individual luminescence pixel by pixel allowing one to

extract spectra from areas one believes to be active regions (such as in Figure 2-17 (g)).
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Figure 2-17: Monochromatic STEM-CL intensity images are shown recorded at spectral
positions of a GaN/AIN quantum well in (a) and GaN/AIN islands (thought to be

quantum dots) in (b) - (d).

(a) - (e) are reprinted from [32], with the permission

of AIP Publishing, Copyright (© (2015). In (e) a panchromatic CL intensity map
is presented, taken at 15 K. In (f) A TEM cross-sectional image of cubic GaN/AIN
quantum dots is shown. The GaN quantum dots (highlighted by the white boxes) grow
along the stacking faults. In (g) CL spectra of two single quantum dots are presented.
Here (f) and (g) are reprinted from [33], Copyright (©) (2005), with permission from

Elsevier.
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2.4 Conclusion

This chapter has given a detailed overview of the experimental, nanofabrication, growth
and characterisation techniques that have been used in the work in this thesis. The
diversity in techniques and tools required to both create and identify site-controlled
quantum dots helps to demonstrate the complex nature in both successfully forming
them and determining their presence. Following this chapter, a more detailed survey of
the III-N site controlled quantum dot literature, both recent and more historical, will

now be presented.
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Chapter 3

III-N Site-Controlled Quantum
Dots

3.1 Historical or less scalable methods used to achieve site

controlled quantum dots

Many procedures have been used historically to achieve site controlled quantum dots.
Each of them have their own advantages and disadvantages. Most of the techniques
highlighted in this brief section are of historical interest only as their use has become
discontinued for various reasons. It is still important to have an awareness of the pre-
vious procedures used in order to evaluate the progress which has been made by the
field. Moreover, the procedures themselves are interesting especially in the case of the

nano-jet probe. It is this method which will be discussed first.

3.1.1 Jet probe tomography

In the Nano-Jet Probe (NJP) method, first demonstrated by Ohkouchi et al. [34], a
specially designed AFM which is hollow and has an aperture on its apex is used on a
cantilever. Here a material reservoir (usually of the desired metal) is housed within the
stylus. On the applications of a voltage pulse between the substrate and the tip, metal
deposition occurs via clusters of the material in the reservoir being extracted through
the tip aperture. Thus, utilising an AFM set up, the resulting nanodots of metal
can be positioned down to nanometre scale precision [34]. A schematic of the device

described is shown in Figure 3-1. In the paper by Ohkouchi et al. [34], indium nanodots
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Figure 3-1: This figure shows a schematic of the nano-jet probe device created by
Ohkouchi et al. [34] for the creation of site controlled InAS quantum dots upon a
GaAs barrier layer (Reprinted from [34]), Copyright (©) (2004), with permission from
Elsevier).

were deposited. This can be followed by a subsequent irradiation of arsenic flux in an
MBE chamber. This uses the droplet epitaxy technique in order to crystallise Indium
nanodots into InAs quantum dots [34]. The droplet epitaxy method is essentially
the incorporation of group-V elements into group-III metal droplets which have been
deposited on a passivated buffer layer. Here, group-III metal droplets are deposited
followed by flux of a group-V material leading to the creation of III-V microcrystals

which are essentially quantum dots [259].

This method is successful in creating spatially specified quantum dots giving full control
over the location of quantum dot sites, as desired. However, although the uniformity is
generally good, achieving perfectly uniform arrays of metal nanodots can be challeng-
ing [34]. Moreover, this is a time consuming method if one requires a large periodic
array of quantum dots and as such, is not really practically suitable for this endeavour.
Nanoimprint lithography can be used to create large periodic arrangements of quantum

dots however; this technique will now be considered.
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3.1.2 Nanoimprint lithography

In nanoimprint lithography (NIL), an imprint resist is first coated on a substrate. Then
a stamp with the desired pattern is mechanically pressed into the resist. This resist is
cured with pressure along with thermal or ultraviolet exposure, followed by the removal
of the stamp. Dry etching can then be used to transfer the pattern generated by the
imprint into the substrate below. It is a high throughput, high resolution method (sub

~ 5 nm), which is relatively cheap and simple to operate [260].
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Figure 3-2: Figure (a) shows an SEM image with an AFM image insert of the surface of
the buffer layer prior to epitaxy as fabricated by UV-NIL. Figure (b) shows and AFM
image of the site-controlled InAs quantum dots on the UV-NIL patterned GaAs buffer
layer. Reprinted from [35], Copyright (€) 2010 Elsevier B.V. All rights reserved, with
permission from Elsevier.

In the work by Tommila. J et al. [35], soft UV-NIL was used to pattern an AlGaAs
on GaAs buffer layer. The soft UV-NIL was performed as of UV NIL mentioned
above, then an oxygen plasma and reactive ion etching was used to expose the GaAs
surface from the holes imprinted into the resist (see Figure 3-2). The buffer layer
was then etched using the resist as a mask before resist removal. This patterned
layer was then grown upon via MBE. First a 30 nm GaAs buffer layer was grown
followed by a thin InAs layer and then a GaAs capping layer which led to quantum
dots located within the patterned holes [35] (see Figure 3-2). The quantum dots were
grown by the Stranski-Krastanov growth mode, but were effectively seeded to specific
sites via the UV-NIL patterned buffer layer. However, several holes were occupied
by more than one quantum dot, sometimes up to three. PL was performed on the
seeded quantum dots as well as a layer of standard self-assembled quantum dots for
comparison. This can be seen in Figure 3-3. There is evidence of ground state and
first excited state recombination in both quantum dots on the nanopatterned surface
and flat surface. The ground state room temperature linewidths for the quantum dot

ground states are 52.5 nm and 54 nm for the patterned and unpatterned quantum dot
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Figure 3-3: This figure shows a low temperature PL spectra of the reference sample and
the nanopatterned sample. The insert shows the power-dependent micro-PL spectra of
a single quantum dot on the pattern. Reprinted from [35], Copyright (C) 2010 Elsevier
B.V. All rights reserved, with permission from Elsevier.

templates respectively [35]. These values, albeit at room temperature, are still quite
large when considering the narrow linewidths required for indistinguishable photon
emission for quantum computing applications [250]. However, at low temperature (10
K) the average micro-PL of a single quantum dot revealed a linewidth of ~ 100 peV,

which is a relatively small value compared to other literature.

There is a disadvantage of NIL, in that it can suffer from a variety of defects impacting
the homogeneity of large area pattern transfer. This is mainly due to defects upon the
stamp itself which will be transferred into the resist and subsequently the substrate
below upon processing. The stamp will wear over time, adjusting the pattern due to
increased defects. Subsequently this will require frequent inspections of the stamp and
eventual replacement [260]. Due to the inherent defects which will be inevitable on a
stamp which has never even been used, the use of this method toward the creation of
sites for quantum dots has been relatively unutilised in comparison to other techniques.
Perhaps in the future if higher quality stamps can be produced almost free of defects,
then this technique may become a key method toward the creation of site-controlled
quantum dots. One method which has been widely utilised in the literature is the
use of electron beam lithography to pattern resist and then transfer this into a hard

mask below. Due to its importance in the literature, this method will now be discussed.
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3.1.3 Electron beam lithography

Electron-beam lithography (EBL) is a popular method for patterning resists to be
used as, or pattern, masks as part of a nanofabrication process. A brief overview of
the operating principle of electron-beam lithography will now be presented. In EBL,
first an electron sensitive resist, is spin coated upon the sample. A focused electron
beam is exposed to the sample and writes a pattern in the resist. The exposed regions
of resist will have a change in its chemical properties. The resist is then developed in
a developer. This, in the case of positive resist, will lead to the removal of the exposed
areas. In the case of negative resist, the unexposed areas will be removed (see Figure

3-4). EBL is capable of achieving nanometer resolution [36].

Step1 Step 2 Step 3

Spin coat resist Expose pattern Develop resist
with electron beam

-
< 2

Figure 3-4: This figure shows a schematic of the EBL patterning process
(Reprinted /adapted by permission from Spinger Nature : Springer eBook, Fabrica-
tion Processes for Sensors for Automotive Applications: A Review, by Aviru Kumar
Basu, Shreyansh Tatiya, Geeta Bhatt et al. Copyright (©) (2019) [36]).

As an example of its utilisation in the creation of sites for spatially deterministic quan-
tum dot growth, the work of Atkinson et al. [37] is worthy of note. Here, EBL followed
by reactive ion etching was used to pattern a GaAs substrate with an array of holes of
diameters of 60-100 nm and depths of ~ 35 nm. A GaAs buffer layer (~ 10 nm) was
then overgrown on the sample. This was followed by deposition of 2 monolayers of InAs
for the quantum dot growth followed by a ~ 70 nm GaAs capping layer [37]. An AFM
image of the patterned layer at various stages of the process is shown in Figure 3-5.
Whilst this method does largely control the spatial locations of the holes and therefore

the dots, albeit with some being nucleated at pits between the holes in the array, it does
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still lead to a small distribution in the sizes of the dots themselves. Moreover, more
than one dot can nucleate in each hole, as was seen in the work presented utilising NIL.
It was found that larger holes tended to lead to more cases of multiple dot occupancy
[37]. It is evident that with this method as with that of NIL discussed above, where
in both cases there are situations of multiple dot occupancy per hole (site), methods
such as these are not suitable for quantum dot production for QIP applications. For
such applications, one would desire a single dot occupancy per site and arrays of dots

with ideally identical dimensions.

e [110]

0 1.0 2.0 3.0 4.0

Figure 3-5: AFM image of the patterned wafer shown the preferential nucleation of the
quantum dots within the holes. In insert (A) an AFM image of the hole array after the
10 nm GaAs buffer layer is deposited. In (B) an AFM image of the surface is presented
after a thermal desorption of an oxide layer. In (C) there is shown the occupancy of the
holes [37] (Reprinted from [37], Copyright () (2006), with permission from Elsevier).
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EBL is not limited to mostly obsolete applications. For instance, in the work by Holmes
et al. [68], the lithography technique was used with reactive ion etching in order to pat-
tern a SiO9 mask. The mask lay upon a thin AIN layer upon which GaN nanorods were
subsequently grown via selective area growth (which will be discussed in more detail in
a latter section). A layer of AlGaN was grown upon the rod followed by a GaN quan-
tum dot and an AlGaN capping layer [68]. This demonstrates that EBL certainly still
has its uses, especially when desiring patterning to high spatial precision. Patterning
via EBL and subsequent dry etching have also been used upon n-GaN-InGaN quantum
well-p-GaN structures as a way of creating spatially determined quantum dots [261].
This method involves the top-down dry etching of a planar LED structure in order to
create a site controlled quantum dot. Similar procedures to this one, with the use of

the top-down approach, will now be discussed.

3.1.4 Dry etching of Quantum well sandwiches

As mentioned in the first chapter, Reed et al. [2] created the first intentional semi-
conductor quantum dots. The group first grew a GaAs quantum well structure and
then after patterning with electron beam lithography, a subsequent metal deposition
and lift-off technique was used to create a metal mask upon the structure. This was
then dry etched to reveal a system with total spatial confinement (0 degree of freedom
device) [2] (see Figure 3-6). As can be seen from the photoluminescence spectra of the
quantum dot which they fabricated (see Figure 3-6), there is a large distinguishability
in comparison to the spectra obtained from with a quantum wire or well. This shows
a peak which has a far higher relative intensity for the quantum dot in comparison to
the quantum well and is not present at all for the quantum wire. It is thought that
this is due to electron recombination with holes from the light hole band [2]. This
is evidence of total spatial confinement as the hole states available for occupation are
discrete and the inter-branch scattering time (if large enough) from the light hole band
to heavy hole band will cause a bottleneck. This will in turn lead to a much higher
relative population of light holes. The result of this larger population of light holes
are far more electron-light hole recombinations. Therefore, the system will be forced
to have carrier recombination from the light hole band as a long scattering time will
render the heavy hole band unpopulated for periods of a given time [2]. This results
in the prominent peak observed in the left of the photoluminescence spectra for the

quantum dot in Figure 3-6.
This was also, in-fact, the first site-controlled quantum dot created, as via the dry
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Figure 3-6: In figure (a), a schematic of the quantum dot etched out of the quantum well
structure is shown. The photoluminescence spectra in (b) is that of a quantum well (2
DOF), quantum wire (1 DOF) and quantum dot (0 DOF). The spectra are normalised
for comparative observation. All photoluminescence measurements were taken at 4.4

Kelvin. Reprinted with permission from [2]. Copyright (©) [1986], American Vacuum
Society.

etching method, the quantum dot’s location was spatially predetermined. There have
been more recent demonstrations of the creation of site-controlled quantum dots via
top down etching of quantum well sandwich structures. In the work by Demory et al.
[38], InGaN/GaN quantum wells were first grown between a GaN buffer and capping
layer, followed by electron-beam lithography and dry (inductively coupled plasma)
etching. This revealed pillars with a small InGaN quantum well sandwich which acts
as a quantum dot due to the vertical confinement between the GaN buffer and capping
layers. The horizontal confinement is generated by the dot-air barrier where there is
band-bending due to surface depletion [38]. Figure 3-7 shows the SEM images of the
array of quantum dot structures created. The pillars were then coated in a thin layer
of AlyO3 followed by a thin layer of Ag. This was done to create a localised surface
plasmon resonance cavity surrounding the quantum dot with the aim of utilising the
Purcell effect to reduce the radiative lifetimes of the structure. Instead of Ag, Al was
also deposited on some of the structures and some just had the AloO3 layer. These were
used as controls in order to determine the effect of the plasmonic phenomenon on the
quantum dot-pillars and not merely an effect due to a standard metal coating. It was
found that the use of the Ag coating on the quantum dot-pillar structures enhanced the
intensity on average by ~ 11 times and the radiative lifetimes reduced by ~ 15 times.
In contrast the Al coated pillars intensities were reduced by ~ 0.23 times and lifetimes
reduced by ~ 3.13 times on average (see Figure 3-8). Thus, the plasmonic effects have

a very beneficial effect on the emission rate of the quantum dot-pillar structures [38].
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Figure 3-7: Figure (a) shows a schematic of the quantum dot-pillars created in [38].
Figure (b) shows a planar SEM image of the array of quantum dot-pillars. Figure
(c) shows an SEM image of a single quantum dot-pillar structure. Reprinted with
permission from [38]. Copyright (©) 2015 American Chemical Society.
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Figure 3-8: This figure shows the total lifetime reduction and integrated intensity
enhancement for each individual dot measured, an excitation intensity of 283 W/cm?
was used. Ag cavity — black circles, Al cavity — red squares and control — blue diamonds.
Reprinted with permission from [38]. Copyright (©) 2015 American Chemical Society.

This shows a relatively successful use of the top down etching of quantum wells on the
formation of site controlled quantum dots. However, it is worth noting that this study
was not aiming to demonstrate the suitability of the top down approach on the creation
of quantum dots, but the plasmonic enhancements which could be achieved by using

an Ag cavity.

In the work by Zhang. L et al. (2016) [39], single InGaN/GaN quantum wells were
patterned via electron-beam lithography, followed by reactive ion etching. Selective
wet etching was then used. The device is as shown in Figure 3-9. Spin-on-glass was
deposited on top of the rods, it was etched back to reveal some of the p-GaN material.

Upon this, indium-tin-oxide p-contact was deposited before metal contacting of both
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n-GaN

Figure 3-9: This figure shows a schematic of the device created by Zhang. L et al.
Reprinted (Figures 1la and 1b) with permission from [39] Lei Zhang, Chu Hsiang Teng,
Pei Cheng Ku, and Hui Deng, Charge-tunable indium gallium nitride quantum dots,
Physical Review B, 93(8):1-7, 2016. Copyright (2016) by the American Physical Soci-
ety, https://doi.org/10.1103 /PhysRevB.93.085301.

the p- and n-regions. The purpose of their device was to study the effect of applied
voltage bias on the tunnelling of electrons into an empty quantum dot. This was suc-
cessful, and a good demonstration of how a top down approach can be used to make a
complex device [39]. However, whilst they performed a wet etch (KOH based) after the
dry etching step, the top down approach will inevitable suffer from irreparable sidewall
damage which may impact device performance. This is especially compounded in the
applications for QIP where it is desirable for all quantum dots to be the same and
of a high quality as there may be different degrees of damage to different dot-pillars.
This would inevitably result in the properties of the quantum dots to deviate from one

another to some extent.

3.1.5 Summary of historical or less scalable techniques and reasons
for these methods being undesirable in certain circumstances

The Nano-Jet probe method, whilst extremely creative, does not always produce totally
homogeneous results and there may be a limit of the dot size which can be achieved.
Nano-imprint lithography, whilst being a relatively cheap and fast process suffers from
too many inhomogeneities in the transferred pattern originating from defects in the

stamp and its wear over time. Whilst high resolution can be achieved, in cases for QIP
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this method is largely unsuitable because of the replication of defective patterns from

the stamp.

Although EBL is very effective at producing precise, high resolution patterns, it is
typically a very slow process leading to low overall throughput [262]. Subsequently,
whilst it still has its uses, such as creating individual patterns or small arrays of periodic

patterns, it is not really suitable for wafer scale patterning.

The top down approach, using dry etching of quantum well sandwiched structures is
attractive for patterning wafer scale quantum dot arrays. This can be undertaken rela-
tively quickly especially if a patterned etch mask is created via the use of a photo-based
lithography technique. However, the damage incurred to the side-walls of the etched
structures can be detrimental to device performance. Whilst the group mentioned
above, Zhang. L et al. [39], have used wet etching after the initial dry etch to help
remove the damage incurred from dry etching, this may not be sufficient to avoid all
negative impact to device performance if the damage caused by dry etching has been
substantial. Moreover, the lateral confinement of these structures is defined by the
band bending at the active region-air interface. It is more desirable to have barriers of

semiconducting material; this is likely to give better and more and precise confinement.

3.2 Selective area growth

3.2.1 Selective area growth - general principle

The general principle behind selective area growth (SAG) involves first the deposition
of a thin dielectric mask on a semiconductor material. This mask will be subsequently
patterned with an array of apertures, revealing the material underneath. Upon re-
growth, material will be preferentially grown in the exposed regions of the mask [263].
The growth mechanism itself is thought to be as follows. First, there is preferential
growth around the edges of the mask windows, followed by island formation around the
centre of the mask apertures [264]. The lateral dimensions of the mask openings are
set to be less than the surface diffusion length of the incident atoms, such as gallium,
which is also dependent on the growth conditions. This leads to the preferential growth
in the mask openings as atoms will choose to migrate here due to the availability of
more favourable bonding sites [265]. In this way, there is growth upon the patterned,
exposed regions of the mask and not on the mask itself. The seed growth within the
mask openings will then coalesce across the whole opening area and after that vertical

growth will occur. This will end up being faceted, with perhaps some competition
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between faceting before the formation fully hexagonal structure in some form for ITI-N
materials (i.e. such as a hexagonal nanopyramid). This eventuality is reached due to
it being the most thermodynamically stable shape, with the lowest surface free energy
[266]. The selective area growth structures may be in the form of nanopyramids or
nanorods, the former of which will now be discussed and its role for the site control of

quantum dots.

3.2.2 Selective area growth — what has been achieved in the literature
— basic pyramids

Concerning the III-N’s the majority of selective area growth reported has involved
GaN. This is as with MOVPE growth of AIN, the Al adatoms have a very high sticking
coefficient and low diffusion length [267]. This renders AIN unsuitable for selective
area growth with MOVPE, which requires diffusion across a mask to the substrate
(usually native) material exposed in the mask openings. In terms of InN, whilst good
quality material is difficult to grow due to its low thermal decomposition temperature
and large lattice mismatch with most typical substrates, there have been some reports
of successful selective area growth [268]. These results are very much in a paucity
comparative to the published work on GaN, however both nanopyramid and nanorod
structures have been achieved for InN [268] [269]. Being a material of low bandgap,
it cannot be used as a barrier layer for a quantum confined system of III-N materials.
Subsequently, selective area growth of InN suitable for the creation of sites for quantum
dots will not be discussed further. The rest of the discussion will be focusing on SAG

of GaN to achieve sites for quantum dots.

The first demonstration of selective area growth, using GalN, on a hole patterned mask
was by Kitamura et al. [40]. This group achieved the growth of GaN micropyramid
arrays with no visible deposition on the mask. They found that as they increased the
growth temperature, a small region of c-plane truncation appeared on the top of the
pyramid and, on further increase in temperature, grew in size [40] (see Figure 3-10).
This holds significance as the top, truncated c-plane can be used as a quantum dot site.
This is possible providing the truncated apex is small enough. The growth of a capping
layer after that of the quantum dot would also be necessary. Obviously, the material
required for the quantum dot must be of a smaller band gap than GaN in order to have
quantum confinement. Hence, InN and InGalN alloys are suitable for quantum dots

grown on GaN sites.

There are numerous examples of the creation of site-controlled quantum dots via this
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Figure 3-10: This figure shows SEM images of the SAG of GaN in [40] at (a) 1010
°C, (b) 1025°C and (c) 1050 °C [40]. All figures reproduced from [40], Copyright (C)
(1995), The Physical Society of Japan and The Japan Society of Applied Physics).
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Figure 3-11: Figure (a) shows the time evolution of the PL after the laser excitation
pulse on an InGaN QD on GaN nanopyramid sample in [41]. Figure (b) shows the time-
integrated PL spectra at 5K of the GaN/InGaN nanopyramids in [41] (both figures
reproduced from [41]. Copyright (©) 2005 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim).

process. Perez-Solorzano et al. [41] demonstrated this process successfully, creating
capped InGaN quantum dots upon GaN micropyramids. Photoluminescence measure-
ments were preformed on their samples. In particular, the time evolution of the PL
after an excitation pulse of a laser was recorded. This data is shown in Figure 3-11. The
measurements were performed at 5 K, within the 280-340 ps range additional peaks
appear. There can be filling of excited states within the low-dimensional structures,
due to the ground state being fully occupied. This observed state filling phenomenon
is typical for quantum dot structures [41]. Low-temperature time-integrated PL was
also performed on the sample revealing a broad peak. It is believed that this peak is
made up of three different emission peaks, possibly due to three different confinement

dimensions of the semiconductor material (Figure 3-11) [41].

In another study by Perez-Solorzano et al. [42], cathodoluminescence was also per-
formed on the quantum dot on micropyramid structures. It is worth mentioning that
power-dependent PL and low-temperature time-integrated PL were also performed on
their samples. State filling effects are again observed, this time in the power dependent
PL. There is evidence of an excited state filling when the ground state is fully occu-
pied, giving robust evidence for the presence of quantum dots. In the low-temperature,
time-integrated PL spectra, three peaks are distinguishable within the broad spectrum,

resultant from 0D, 1D and 2D structures. Thus, quantum wires form on the side ridges
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Figure 3-12: Figure (a) shows the power dependent PL of the InGaN/GaN nanopy-
ramids. Figure (b) shows the low-temperature time-integrated PL spectra of the In-
GaN/GaN nanopyramids. Figure (c¢) shows the CL of the InGaN/GaN nanopyramids
at the emission wavelengths stated [42] (Reprinted from [42] with the permission of
ATP Publishing. Copyright (©) (2005)

and wells on the sidewalls. The radiative decay time of the 0D peak is found to remain
more or less constant as temperature increases, which is the indication of excitons in
a 0D system. Spatially resolved CL reveal emission from the side walls occurring at a
different wavelength to that of the apex, further confirming the presence of quantum
dots here [42]. As can be seen from both works presented above, a variety of character-
isation techniques can be used to confirm the presence of quantum dots. CL has also
been demonstrated to be a good compliment to the state filling effects observed in the
PL data, in confirming the presence of the quantum dots. The power-dependent PL,

low temperature-time integrated PL and CL results are shown in Figure 3-12.

Jarjour et al. [43], used two-photon excitation photoluminescence spectroscopy to iden-
tify the presence of InGaN/GaN quantum dot micropyramid structures. The structure
grown was a 5-period InGaN quantum well and GaN barrier layer system upon a mi-
cropyramid, such that full spatial quantisation is resultant at the pyramid apex. The
motivation for using two-photon excitation is that the underlying quantum well leads
to a significant background signal in a one-photon excitation spectrographic measure-
ment of this system. The use of two-photon excitation spectroscopy suppresses the
emission from these quantum wells leading to a far more distinguishable quantum dot
spectra [43] (see Figure 3-13). As reported by Kim et al. [270], the emission direction
of nanopyramids quantum dots can be controlled. The architecture used consisted of

a GaN nanopyramid, with a quantum dot at the apex and all coated in silver. This
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architecture produces in a 3D plasmonic cavity which results in a Purcell enhancement.
This allows efficient light coupling toward the bottom of the pyramid whilst preventing
light escape from the top or sidewalls. The decay time of quantum dots in such a system
also reduces. Modelling suggested that 91% of extracted light from the quantum dot
could be directed to the bottom hemisphere of the nanopyramid. In order to measure
from the bottom of the pyramids, the silver coated quantum dot nanopyramids were re-
moved from the substrate. The experimental information found from the now inverted
nanopyramids show that the emission is mainly toward the normal direction out of the
original base of the pyramid. In contrast, the as grown nanopyramids have directional
emission typically in two lobes. The inverted quantum dots were also confirmed to be
single-photon emitters via the use of a Hanbury-Brown Twiss experiment. The g(2)(0)
value was found to be 0.39 which is less than the 0.5 threshold, below which an emitter
is described as a single photon source [270]. This however, is far from a remarkable
value for the second order correlation function when one compares its value to others

in the literature.

In another study by Gong et al. [44], plasmonic effects were also taken advantage
of. Two-photon photoluminescence, which is desirable when one wants to avoid hav-
ing a large background signal, was strongly enhanced. Here a metal-pyramid hybrid
structure was used to take advantage of plasmonic nanofocusing, allowing for spatially
selective individual quantum dot excitation. The quantum dots themselves were In-
GaN dots upon apices of selective area grown GaN nanopyramids [44]. As can be seen
in Figure 3-13, in the single photon excitation PL of the metal coated InGaN/GaN
quantum dots has a far greater signal contribution from the background compared to
that of the two-photon excitation PL. Thus, the quantum dot signal can be much more
clearly distinguished in the two-photon excitation PL spectra. When comparing the
two-photon excitation of an as-grown InGaN/GaN quantum dot (no metal coating)
and one with the metal coating it was found that the two-photon excitation intensities
were enhanced by ~ 5000 times [44]. Both this and the previous study mentioned high-
light that optical characterisation of individual site-controlled quantum dots within an
array can be extremely challenging indeed and in some cases require rather innovative

techniques in order to achieve this.

Cho et al. [271] utilised Fourier-transform spectroscopy to estimate the linewidth of
their quantum dots beyond the spectral limit. They found a homogenous linewidth
of 64 £ 8 peV. This a very good result for III-Nitride quantum dots indeed. To
achieve this they used the SAG of nanopyramids of GaN, as with the more recent work

discussed above, as opposed to micropyramids, with the apices as the sites for quantum

129



(a) 35000 — Wavelength (nm)
30000} 0o 0
__ 25000} ] © o.osmw| ]
3 20000/ gg l“‘;v"- o ‘ 1
< M
= 15000 10 pW] © ‘ w ]
o 10000} 5 UW- 2 h’mq \ “'
so00l 1.4 W, Gl L
o J AR /b8
e 06 W 150 ]
2.4 25 2.6 2.7 2.8 2.9 3.0 3.1 . 007 mwl

3 ' \' El
Energy (eV) < 2o} 1 <l w |
5 \ Z
(b) 2000 £ 1o} Q\M {1 £ ﬂq'Hl |
1800 : 2 z Mm ' ‘WW
" l
1600 ] P PR 9 B A b W‘*m
- 1 1.3uW 0.12mwW
3120 An e Jisomw 't“l' = ‘ -
SA000L T 150 mW a0} | A ol |
a WWL_TL 145 mw Wy )
600E o A J40 mw o0l ] 20r A
400,._....._,...,\,:/1_‘, 535 mW 100l AR 1
200 - 30 mW /
) S - 25mw o ™ e W
24 25 26 27 2.8 2.9 3.0 3.1 22 24 26 28 30 22 24 26 28 30
Energy (eV) Photon energy (eV) Photon energy (eV)

Figure 3-13: Figure (a) shows the single photon PL on the structure described in [43],
this has a clear broad quantum well signal with the discrete quantum dot signal at 2.61
eV (figure reproduced from [43]. Copyright (©) 2005 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim). Figure (b) is the two-photon excitation PL spectra for different
excitation powers for the structure described in [43]. This shows a clear suppression
of the quantum well signal when compared to (a) [43] (figure reproduced from [43].
Copyright (©) 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). Figure (c)
shows micro-PL data for the metal coated InGaN/GaN quantum dots described in [44].
On the left is the spectra from single photon excitation and on the right that of two
photon excitation (both carried out at a temperature of 7K). Reprinted (adapted) with
permission from [44]. Copyright (C) 2018 American Chemical Society.
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dot locations. Then a 2 nm layer of InGaN was deposited leading to quantum dot
height sizes equal to or less than this. Furthermore, there was no indium accumulation
observed within the quantum dots. All this led to quantum dots of a high quality
allowing for the measurement of such narrow homogenous linewidths [271]. They also
observed a ~ 99% inherent polarised emission towards one of the crystal axes. At 10 K
they measured g(Q)(O) = 0.11 which is a reasonable, yet not remarkable, value. However,
as the temperature rose to 80 K, ¢(? (0) became 0.68 which is not a single photon source
by definition [271]. Whilst some promising and in places, impressive results, this final
second order correlation function measurement shows that this is unsuitable for room
temperature operation. This is likely due to the bandgap difference between the GaN
nanopyramids and the quantum dots being too small for strong enough confinement at

higher temperatures.

Finally, in the work by Hsu et al. [45], InGaN quantum dots were grown on the apices
of nanopyramids. It was found that on decreasing the growth temperature of the active
layer, the PL spectra red shifted. This was put down to enhanced indium incorporation
at lower temperatures. The spectra exhibit FWHM values of 350-1200 peV, which at
the time of the work (2011), was arguably a thin linewidth. It is also worth noting
that the minimum detectable value for the FWHM may be limited by the resolution of
the system. The quantum dots exhibit a polarisation ratio above 0.9 and are linearly
polarised (see Figure 3-14). This was suspected to be due to in-plane anisotropy of the
quantum dot potential [45]. The nitrides have a small split-off energy which results in
a high degree of linear polarisation for even weakly asymmetric quantum dots [272].
This phenomenon was in fact deliberately studied by Lundskog et al. [46] in a later
study. This work, and other more exotic forms of the creation of site-controlled ITI-N

quantum dots via selective area growth will now be discussed.

3.2.3 Selective area growth — more exotic results

Lundskog et al. [46] controlled the emission polarisation of quantum dots via elongat-
ing the GaN micropyramids upon which the dots were grown. This was achieved by
the creation of oval openings in the selective growth mask upon which SAG of micropy-
ramids could take place. The anisotropy in the strain field of each individual quantum
dot determines the polarisation of the emission of the 0D structure [46]. If quantum
dots have the same emission polarisation direction this suggest that they possess the
same unidirectional in-plane anisotropy. The orientations of the elongated micropyra-

mids and the subsequently formed top ridges of the structures are found to have a high
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Figure 3-14: Figure (a) shows the micro-PL spectra of nanopyramids with single quan-
tum dots grown at different temperatures. Figure (b) shows a polar plot for the nor-
malised PL intensity against the recorder polarisation direction. Figure (c) shows the
polarisation directions and ratios for the quantum dots shown in Figure (a) [45]. All
figures reprinted with permission from [45]. Copyright (©) 2011 American Chemical
Society.
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Figure 3-15: Figure (a) shows the micro-PL spectra of an elongated hexagonal pyra-
mid with quantum dot structure/s on the top ridge. The polariser analyses is set to
Omaz (Omin) by which the maximum (minimum) intensity of sharp emission peaks are
detected. Figure (b) shows the spatially resolved monochromatic CL spectra of another
GaN micropyramid with InGaN quantum dot structure/s on the top ridge (both figures
reproduced and reformatted but unaltered from [46] (2014) under Creative Commons
Attribution-NonCommercial-No Derivative Works 3.0 Unported License).

correlation with the quantum dot emission polarisation direction. Micro-PL and CL
confirmed the presence of quantum dots at the top ridges (Figure 3-15). The linewidth
was found to be larger than 4 meV. This broad linewidth may be due to the presence
of multiple quantum dots on the top ridges of the structures [46]. As observed in Fig-
ure 3-15 all of the dot emissions are polarised in the same direction supporting the
hypothesis that linear polarisation is due to the in-plane anisotropy of the confinement
potential. It was also found that at certain elongation angles polarisation guiding in
different directions is controllable. In InGaN quantum dots there is a large sensitivity
to the dot asymmetry, and this is put down to a large amount of band mixing due to

the small split-off energy [46].

Some advantages of quantum dots grown upon the apices of nanopyramids are as fol-
lows. They typically have better light extraction than quantum dots embedded within
a planar structure. In addition, via elongation, the orientation of linear polarisation can
be controlled, threading dislocations also tend to bend towards the semi-polar planes
leading to relatively good material quality at the apex. Furthermore, the piezoelectric
field should decrease because of the nanoscale pyramid geometry [271]. The emission
polarisation of these quantum dots can be controlled, as mentioned above, via quan-
tum dot elongation. However, this has the disadvantage of resulting in fine structure
splitting in the emission [250]. Some other disadvantages of these quantum dots are the
poor light extraction when one does not use some of the more complex architectures

involving utilising plasmonic effects or pyramidal removal and inversion as discussed
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above. Consequently, this makes using these architectures to realise QIP applications
relatively improbable. This is particularly true for quantum optical computing and

quantum relay devices.

Another attractive route for site-controlled quantum dots via the use of selective area
growth is the creation of dots embedded in the apices of nanowires. In such quantum
dots, the polarisation direction is parallel to the long axis of the nanowire, thus resulting
in having an intrinsic emission polarisation. This is clearly desirable for QIP devices.
The reasoning behind this intrinsic emission polarisation is due to the large dielectric
contrast between the nanowire and that of the surrounding air. This acts to attenuate
the electric field along the long axis of the nanowire, resulting in polarised light emission
[46]. Also, the high geometric aspect ratio of the nanowires allows for good light

extraction efficiency [47].

Choi et al. [273] found when performing SAG of a GaN nanorod upon a thin, defect
heavy AIN layer there was minimal negative impact compared to that of using a thick
GaN underlying layer. A shell structure followed by a GaN quantum dot and a capping
layer was grown. It was found that MOVPE growth of an AIN shell upon the GaN
nanowire resulted in a poor, rough surface due to a short diffusion length and tensile
deformation of the AIN. However, an AlGaN shell layer resulted in a much better surface
quality in comparison. Moreover, the PL spectra of the AIN-shell-GaN-Quantum-dot
structure presented multiple peaks in the region of suspected quantum dot emission.
This was put down to localisation centres of GaN at the rough, depressed areas of the
AIN shell. The same is not observed for the AlGaN shell. The AlGaN shell nanorod
grown upon the underlying AIN template layer showed a strong peak in the PL spectra,
indicative of a quantum dot. The spectra also has a high signal to noise ratio as there
is minimal contribution to the background from the AIN underlying template due to
it being only 25 nm thick. The group found that the PL linewidths of the quantum
dot were 2.7 meV, which at the time of publication was competitive compared to
other, similar, publications [273]. This approach is a promising one and the use of an
AlGaN shell layer dominates literature on SAG GaN nanowire/shell/ GaN-quantum-dot
structures. However, it is worth mentioning the majority of the literature concerning
the MOVPE SAG of nanowire quantum dots concerning the ITI-N is mainly from the

same group.

In further work by Choi et al. in 2013 [47], site-controlled quantum dots of the struc-
ture mentioned above were investigated in more detail with regards to their optical
properties. It was found that there was still a PL signal even up to 300 K (see Figure

3-16). This is attributed to the presence of strong carrier confinement in the dot. The
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Figure 3-16: This figure shows the PL spectra from a single quantum dot as detailed
in [47] at different temperatures (Reprinted from [47], with the permission of AIP
Publishing, Copyright (©) (2013)).
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linewidths however, increased from 4 meV at 4 K up to 45 meV at 300 K, the latter is
quite a large value. They also observed both exciton and biexciton transitions within
their quantum dots. The significance of the last point is important in terms of the
biexciton binding energy [47]. The biexciton binding is the energy separation between
the exciton and biexciton peaks in the PL [47]. It is resultant from the difference in en-
ergy of a bound biexciton and that of two non-interacting excitons [250]. In this work,
a value of 52 meV was observed. At the time, this was the largest value for a III-V
semiconductor quantum dot. This was thought to be due to the increased confinement
present in quantum dots with small heights, as in this structure, and therefore a smaller
spatial separation of the electron and hole wavefunctions. It is thought that the re-
duced piezoelectric polarisation in the nanowire quantum dot could also contribute to
the large biexciton binding energy observed [47]. From this they drew the conclusion
that as the biexciton binding energy is so large, with even the large linewidth mea-
sured at 300 K it still may be possible to avoid significant spectral overlap between
the exicton and biexciton emissions. This therefore, allows for the potential for room

temperature single photon emission [47].

Room temperature SPE was achieved by the same group mentioned above (Holmes et
al. [68]) in 2014. They measured a ¢ (0) value of 0.13 at 300 K, once corrected for
background and detector dark counts [68]. This was further improved upon in 2016
when Holmes et al. [15] measured a ¢(?)(0) value of 0.34 at a temperature of 350 K.
This demonstrates the potential suitability for single photon emitters of this nature
being integrated to on-chip devices as they can operate at temperatures above that of
standard room temperature. This is important as there will be inevitable component
heating in integrated on-chip devices. The micro-PL emission of the quantum dots in
this study did have a relatively large linewidth (33 meV), however, considering these
studies are at 350 K which will lead to a sizable amount of acoustic phonon interactions,

this is still a rather remarkable achievement [15].

The same group above also analysed the emission linewidths of their nanorod quantum
dots via the use of Fourier transform spectroscopy. It is thought that spectral diffusion
should not be as great in nanorod quantum dots due to the higher quality material
produced by SAG, the smaller size of quantum dots in these systems (as they are not
strain-limited), and as the environment volume is reduced because only the nanorods
alone are grown [249]. The homogenous linewidth measured by Fourier transform
spectroscopy was found to be 135 £+ 30 peV, which is a very good value for site-
controlled ITI-N quantum dots and comparable with self-assembled GaN/AIN QDs.

This is however, broader than the radiative decay limit and so some other decoherence
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Figure 3-17: This figure shows an SEM image of the matrix of GaN nanorods with
InGaN quantum dots. As can be seen there is a lack of homogeneity between different
rods. Reprinted with permission from [48]. Copyright (C) 2017 American Chemical
Society.

processes must be taking place [249].

In the work by Gacevic. Z et al. [48] in 2017, SAG GaN nanorods were also used with
quantum dots formed within an InGaN nanoshell. This led to quantum dots grown on
three different regions of the rod each with different polarities (nonpolar, semi-polar
and polar). All three of these quantum dots were demonstrated to be single photon
sources. In order to grow the nanorods, colloidal lithography was used to pattern a
mask with an array of holes before using SAG of the GaN nanorods. This produces
rods with a lack of uniformity to some extent and a diameter variance of 6%. There
was also the presence of the occasional nanorod with much larger diameters across
the sample [48]. This highlights the limitations of this type of lithography for the
production of uniform arrays of nanorods for quantum dot sites. Although this is a
promising route for achieving single photon emitting quantum dots, the inhomogeneity
between separate nanorods is not desirable for chip-scale QIP applications (see Figure
3-17).

Although the work by Deng et al. [274], concerned MBE (Molecular Beam Epitaxy)
grown structures rather than MOVPE, their research is interesting nonetheless. In
this work, GaN nanorods were SAG via PA-MBE (Plasma-Assisted Molecular Beam
Epitaxy). A purely AIN shell layer was then grown on the GaN rod core, followed

by a GaN nanodisk quantum dot and an AIN cap. Upon measuring the second order
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correlation function of a single QD-in-rod structure, after correction a g (0) value of
0.19 at 300 K is found. This is similar to the work of Holmes et al. [68] that found
a g®(0) value of 0.13 at 300 K. This demonstrates that the less mature GaN core
AIN/GaN quantum dot-in-rod structures can achieve similar results compared to the
more studied GaN core AlGaN/GaN quantum dot-in-rod structures. Further study of
AIN/GaN rod structures may therefore lead to an improvement upon the results found
by Holmes et al. in [15]. The work of Deng et al. [274] and Holmes et al. [68], [15]
also demonstrates that nanorod structures are particularly desirable to house quantum

dots; the reasons for which are now briefly discussed.

Some advantages of nanorod structures with quantum dots on their apices are as fol-
lows. They typically exhibit large biexciton binding energy, coherently controllable
excited states, and have been shown to exhibit single photon emission up to 350 K
[249] [15]. They also exhibit intrinsic emission polarisations which is highly desirable
for QIP applications [46]. However, most studies on these quantum dots have involved
the patterning of a mask via EBL followed by SAG of a GaN nanorod core via either
MOVPE [249] or MBE [274]. From there a MOVPE grown AlGaN confining shell
(typically with 0.8 Al content) is deposited on the rod [249], or MBE growth of an
AIN shell [274], before GaN quantum dot growth and a capping layer. Whilst using
SAG can result in high crystal quality of the grown nanowire [249], this technique also
has a number of disadvantages. First of all, as AIN cannot be practically selectively
area grown in a typical MOVPE reactor, GaN has to be used as the nanorod core. It
would be more preferable to have a purely AIN core followed by a GaN quantum dot
and an AIN capping layer. This would provide more confinement with the possibility
for even higher temperature single photon emission. Whilst an AIN shell has been
demonstrated in [274], this was grown via MBE rather than MOVPE. MOVPE grown
AIN shells on GaN cores are found to be poor morphology [273]. Furthermore, when
growing a shell on a GaN core, the confining shell layer may bring forward more prob-
lems in the current nanorod-quantum dot architecture. There will be inherent strain
between the high Al content AlGaN layer or AIN and that of the GaN core. This
could introduce crystallographic defects into the system. The generation of defects will
depend on the thickness of the Al1GaN or AIN deposited of course (plastic relaxation),
but this still may be a problem even with rather thin layers of AlGaN or AIN. Finally,
the use of EBL to define the SAG apertures within the mask is good for studying
optical properties of individual quantum dot architectures. Conversely, when desiring
large area arrays of nanorod quantum dots for QIP device applications, this is not a
suitable patterning technique. Clearly, some of the work presented above is promising

and, especially in the case of 350 K single photon emission, is remarkable.
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3.2.4 Selective area growth — disadvantages

A lot of literature has been presented concerning selective area growth and how it can
be used to successfully create site-controlled quantum dots. However, there are some

disadvantages of this technique. These will now be mentioned.

Firstly, selective area grown arrays of quantum dots typically suffer from the growth
enhancement effect. This effect results in an inhomogeneous difference in thickness
of the quantum dots grown across the width of the dielectric patterned mask growth
template [275]. This will then lead to quantum dots with slightly different proper-
ties. Additionally, SAG structures can suffer from compositional variations [276]. Dry
etching damage upon the surface of the window openings can also be caused due to
bombardment from the dry etch plasma during the patterning process in forming the
open windows in the dielectric mask [277]. Furthermore, Si-based (such as SiN, or
Si0,) masks typically utilised for SAG of GaN can decompose at the high growth tem-
peratures required for the MOVPE growth of GaN. This can then lead to unwanted

contamination from the mask to the selectively area grown structure itself [278].

When considering the creation of SCQDs via the growth upon SAG nanostructures,
such structures can be hard to integrate into devices. For instance if one wanted to
sandwich an array of QDs grown upon SAG nanostructures between two DBR’s (dis-
tributed Bragg reflectors) such that the QD layer is effectively housed between two
mirrors, this may be challenging. Furthermore, if one wanted to align single SAG
based SCQDs for further fabrication (such as trying to pattern a mesa to isolate a
single quantum dots) this could be very challenging considering the likely sub-micron
alignment accuracy one would need. Finally, if one wanted to remove the dielectric
mask after growth of SAG and SCQD structures and then planarise the sample, one
would need to remove the sample from the growth reactor, strip the mask off the sample
and place the sample back into the growth reactor for further growth. This could lead
to contamination of the surface of the SAG sample, in close proximity to the initially

grown QD active region.
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3.3 Other routes for achieving site-controlled I1I1I-N quan-

tum dots

Other routes toward achieving site controlled quantum dots with different material
systems include, buried stressor growth [279], growth into pyramidal recesses [280] and
in-situ laser nano-patterning during growth [281]. With regards to III-N quantum dots
it is worth mentioning the work by Arita et al. [87] in 2017. In this work, quantum
dots were formed via interface fluctuations in thin quantum wells. As they do not rely
on the Stranski-Krastanov growth mode, they do not require the lower growth tem-
peratures applied in this growth mode. The linewidth of a single quantum dot in this
architecture was measured to be 87 + 4 peV, which is very impressive indeed. A second
order correlation value of g (0) = 0.085 (with no correction applied) was found, this
is again a very good value for a III-N quantum dot. This was limited by the detector
response function and so utilising fitting to negate this limit (without any correction
for background emission) a value of g (0) = 0.02 was found. They did however, detect
a large value of fine structure splitting in both the exciton and biexciton transitions
which would hinder the emission of polarisation entangled photon-pairs, a requirement
for optical quantum computing [87]. Also, this route for quantum dot production is

not strictly site-controlled, losing the advantages of deterministic size and positioning.

3.4 Conclusion

Whilst there appears to be a wealth of research in the creation of GaN nanostructures,
mainly due to the ability to perform SAG via MOVPE growth, there has been far less
exploration of AIN nanostructures. From the discussion above, it seems evident that
an AIN/GaN/AIN nanorod architecture would be a desirable. A top-down bottom-
up approach is a hybrid approach to achieving such structures by employing both
top-down dry etching and bottom-up regrowth. The work in this thesis involved the
investigation of this technique applied to AIN. This exploration is presented in the next

chapter, Chapter 4.
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Chapter 4

Top-down, bottom-up approach
for the creation of uniform arrays

of facted AIN nanostructures

4.1 Introduction

The top-down bottom-up approach is a hybrid method for achieving faceted nanostruc-
tures which combines some of the advantages of the purely top-down and bottom-up
techniques. The top-down bottom-up approach involves the periodic deposition/patterning
of a hard mask upon an initial template (in this case AIN). This is followed by top-
down dry, plasma based etching (in the case of AIN, using Cl based gas). Bottom-up
MOVPE regrowth is then performed in order to enhance the resolution achieved from
the lithographic and dry etching steps. This then allows for faceted growth whereby

one can achieve a highly uniform array of nanostructures with sharp features.

This technique avoids the AIN-shell-on-GaN-core method investigated with MOVPE
in [273] and employed with MBE in [274]. Thus, one can avoid a highly strained shell
as results from heteroepitaxy. This may allow for better facet formation and higher
quality crystalline material, allowing for higher quality, purely AIN sites to house GaN

quantum dots. In addition it avoids absorption from the GaN core.
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4.3 Background & motivation

Aluminium Nitride (AIN), Gallium Nitride (GaN) and their alloys are wide- [151] and
direct-band-gap semiconductors when in the stable, wurtzite, crystal polytype [152].
The band gaps for AIN and GaN are ~6.2 ¢V and ~3.4 eV respectively [153]. The large
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band-gap range of AIN and GaN means that alloys of these two materials, with high
Al content, are suitable for UVC devices across the range of 200-280 nm. However,
planar AIN-based UVC devices suffer from low quantum efficiency and output power
[282]. This is partially due to large amounts of non-radiative recombination in these
devices. The main cause for non-radiative recombination in AIN and AlGaN based
UV LEDs are the high levels of threading dislocation densities and point defects. This
leads to an inevitable reduction in the internal and external quantum efficiencies [283].
High device operation voltages are also necessary [284] and the polarisation coefficient
of emission also acts as a bottleneck for high-performance UVC applications [285]. The
polarisation coefficient is important as TM polarised light is predominantly emitted
from high-Al-content-AlGaN- and AIN-based planar LEDs. Light of this polarisation
is very difficult to extract from c-plane AIN or high-Al-content-AlGaN material [286]
[287]. This, therefore, leads to heavily-reduced light extraction efficiencies [282].

3D structures can, however, be used to overcome these limitations to some extent.
Nanopatterning of sapphire/AIN templates has been shown to be effective at lowering
threading dislocation densities [267] [288] [289]. 3D nanostructures also allow for stress
relaxation, increased active volume [290] and higher extraction efficiencies [291]. In the
case of higher extraction efficiencies, utilising nanostructures has been found the be
very effective in allowing the escape of TM polarised photons [292] due to the presence
of non- and semi-polar planes from which TM polarised light can escape with greater

ease.

AIN nanostructures can be used to house more exotic light emitters such as quan-
tum dots. For this, ideally the nanostructures would comprise highly uniform and
ideally spatially-predetermined arrays, to aid electrical injection. Single photon emis-
sion (SPE) from III-N site-controlled quantum dots has been demonstrated to operate
above room temperature [15]. Arrays of quantum dots which offer spatial, shape and
size determination leading to identical properties are particularly suitable for quan-
tum information processing (QIP) applications [124, 123, 15]. Previously, SPE from
GaN quantum dots at [68] and above room temperature [15] was achieved using GaN
nanorods created via selective area growth (SAG). This was followed by growth of an
Al,Gaj_,N shell (z = 0.8), GaN quantum dot growth and finally a capping layer [273].
Ideally, one would desire a pure AIN barrier layer to increase the band offsets, resulting
in better confinement, in order to realise even higher temperature SPE. Additionally,
the use of a purely AIN core would avoid photon re-absorption problems associated
with a GaN core. However, current methods to achieve AIN nanostructures are not

well-developed and, using pure AIN as a shell layer on SAG GaN nanostructures with-
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out considering the nanostructure core, is insufficient [273]. Therefore, another route
for the creation of uniform, well-faceted, high-quality arrays of AIN nanostructures for

both optoelectronic UVC applications and as sites for quantum dots is necessary.

AIN nanostructures have been fabricated via a number of different routes; AIN nanowires
[293], via arc discharge [294], vapour-liquid-solid [295] and vapour-solid [296] tech-
niques, in addition to MOVPE growth utilising catalyst droplets [297]. However,
achieving dimensionally-uniform structures is very challenging [293] and no spatially-
predetermined arrays have been realised. One of the most widely-employed meth-
ods is the growth of self-organised AIN nanorods via radio-frequency plasma-assisted
molecular beam epitaxy [284]. Whilst these rods are somewhat uniform and vertically
aligned [284] they are not homogeneous in their shape and they nucleate randomly.
As has been discovered with GaN self-assembled nanorods, these structures will ex-
hibit non-uniform properties and may hinder device processing [298]. Specifically, the
non-uniform dimensions of the rods will lead, upon growth of active regions, to inho-
mogeneous optoelectronic properties of the rod arrays. Circumventing these problems

would obviously be desirable in device applications.

Recently, a catalyst- and lithography-free method for the fabrication of AIN nanorods
by polarity selective epitaxy and etching has also been demonstrated [291]. Here, an
AIN layer of mixed polarity is grown and wet etching is used to selectively etch away
N-polar regions of material [284]. Multiple quantum wells were then grown on the
resultant nanorods in a core-shell architecture. However, the rods had random spatial

locations that led to non-uniform regrowth of the active regions.

Selective area growth (SAG) is an effective method for the creation of faceted, highly-
uniform, spatially-predetermined arrays of nanostructures. This has been widely utilised
for the growth of GaN nanostructures such as nanopyramids [40] and nanorods [299].
It has also been demonstrated with InN; again the growth of nanopyramids [269] and
nanorods [268] have been achieved. However, with AIN, no demonstration of SAG, via
MOVPE, has been demonstrated thus far. This is because aluminium (Al) adatoms
have a very short diffusion length and a large sticking coefficient [300]. This means
that they cannot diffuse effectively across a dielectric mask to any more favourable,
native, bonding sites. This results in parasitic growth upon the mask itself instead of

the formation of AIN nanostructures within the mask apertures.

The combined top-down, bottom-up approach is a promising approach to achieve com-
plex nanostructures [267] [288] [301] [302]. This process involves the nanopatterning

and top-down etching of a material (such as an initial planar AIN template) to create
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nanostructures. This is followed by bottom-up regrowth leading to well-faceted nanos-
tructures. Any surface damage introduced from dry etching is buried during regrowth
or removed by wet etching to limit its impact on device performance. This technique
has been used to create arrays of GaN/InGaN/GaN core-shell structures [303] [301]
and AIN/AlGaN/AIN structures [209] [302]. However, this technique is predominantly

used for regrowth onto nanorods, with other structures largely unexplored.

The nature of the faceting that occurs during regrowth on structured substrates (as
shown later in this paper) allows for an enhancement of the resolution of conventional
lithographic processes in order to create small nucleation regions for the growth of
quantum dots. Such regions are typically much smaller than the resolution of large-
area lithography techniques that are widely available to researchers. Moreover, access
to well-organised semi- and non-polar facets opens up avenues to reduce the impact of
the quantum-confined Stark effect (QCSE) present in active regions suitable for UVC

emission applications in planar devices [209].

In this work, we present the fabrication of AIN nanorod and nanohole structures, fol-
lowed by a study and analysis of the effect of different MOVPE regrowth conditions.
The growth dynamics of planes of different orientations is presented and discussed for
both nanorods and nanoholes. We also discuss the results with regards to suitability

for the applications mentioned.

4.4 Materials & Methods

Commercially-sourced, planar, ~ 4.5 pm thick, AIN templates (Suzhou Nanowin Sci-
ence and Technology Co. LTD, Suzhou, China) were used to fabricate nanorod and
hole structures at two different etch depths. The fabrication process involved the use
of Displacement Talbot Lithography [304] [22] in order to pattern photoresist for either
the deposition or patterning of a hard etch mask onto the AIN templates. This hard
mask was then used during a ICP (inductively coupled plasma) dry etch to create hole
and rod structures with depths of 1 pm and ~ 100 nm. The two different etch depths
were chosen to study the impact of the aspect ratio of the structures on the regrowth

dynamics taking place.

Figure 4-1 shows the nanostructured templates after the dry etching and removal of
the hard mask. This figure presents a number of interesting observations. As one
can see in (a) and (b) the rod samples are relatively circular with slight hexagonal

faceting exhibiting ‘edge-to-edge’ morphology (see Figure 4-2) observed in the deep
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Figure 4-1: SEM images of the four nanostructures created. Shown are the deep etched
nanorods (a) and nanoholes (c¢) (~ 1 pm deep) and shallow etched nanorods (b) and
nanoholes (d) (~ 100 nm deep). The insets show the plan-view SEM images of the
rods and the cross-section SEM images of the holes.
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Figure 4-2: This figure shows what is meant by ‘point-to-point’ morphology (a) and
‘edge-to-edge’ morphology (b).

rod sample (as can be seen from the inset in (a)). The hole samples ((c), (d)) by
contrast, exhibit very clear and distinctive hexagonal faceting with ‘point-to-point’
morphology (see Figure 4-2). By comparing the geometry with the flat of the sapphire
wafer, the sidewall facets can be determined to be m-planes ({1010}). Also of note, is

the clear difference in etch depth as shown by the insets of (c) and (d).

A series of regrowth experiments were performed (see Table 4.1). The effect of the
growth temperature (runs 1-3), the V/III ratio (runs 4, 2, 5, 6) and a growth time
study (runs 5, 7, 8, 9) was performed. The growth set temperature was the tempera-
ture set via the growth reactor and this was measured to have an offset of up to ~ 100
°C less than that of the true temperature measured via an emissivity-corrected pyrom-

eter. The regrown AIN nanostructures were then characterised via SEM and AFM.

4.5 Growth parameter investigations

The wurtzite crystal structure, being the most thermodynamically favourable crystal
polytype for AIN, leads to the possible presence of a number of planes which can be
categorised as polar (normal to the plane parallel to the c-axis), non-polar (normal
perpendicular to the c-axis) and semi-polar upon regrowth of nanostructures. See
Figure 4-3 for the relevant planes in this chapter. The resulting shape of the structures

depends on the speed of the different planes and the topography of the template.
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Figure 4-3: This figure shows some of the crystallographic planes in the wurtzite crystal
structure. In (a) the polar c-plane ({0001}), the non-polar m-plane ({1010}) and the
non-polar a-plane ({1120}) are shown. In (b) the semi-polar m-plane ({1012}) is shown.
In (c) the semi-polar a-plane is shown a-plane ({1122}).

For convex structures, such as the nanorods, the slowest growing facets determine
the resulting geometry of the structure, whereas for concave structures, such as a
shrinking void, the fastest growing planes determine the final shape [305]. This means
that for convex structures, slow growing facets expand at the expense of faster growing
facets, leading to these slow growing facets dominating the morphology of the structures
after prolonged growth. Conversely, for concave structures, the fastest growing facets
expand at the expense of the slowest growing facets leading to these fast growing facets

dominating the morphology of the structures after prolonged growth.

Given that the growth speeds of the different planes will alter depending on the growth
conditions, we now present the results of varying the growth temperature, V/III ratio

and growth time.

4.5.1 The effect of growth temperature

Figure 4-4 presents SEM images of the growth on the four different templates as a
function of the growth temperature whilst keeping all other growth conditions the

same. The growth conditions are shown in runs 1-3 of Table 4.1.
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Table 4.1: Details of the growth experiments with the changes highlighted in red. For
all growth experiments the TMAI flow was 20 sccm, the pressure was 20 mbar and the
carrier gas was Ha.

Growth | Set temper- | NHs Flow | V/III ratio | Growth Corresponding

run ature °C (scem) time (min) | figures

1 900 1000 ~ 3800 60 4-4 (a), (d), (g),
()

2 950 1000 ~ 3800 60 4-4 (b), (e), (h),
(k)

3 980/10051 1000 ~ 3800 60 4-4 (c), (f), (1), (1)

4 950 20 ~ T4 60 4-5 (a), (e), (i),
(m)

2 950 1000 ~ 3800 60 4-5 (b), (f), (),
(n)

5 950 2000 ~ 7600 60 4-5 (c), (g), (k),
(o)

6 950 5000 ~ 19000 60 4-5 (d), (h), (1),
(p)

5 950 2000 ~ 7600 60 4-6 (a), (e), (i),
(m)

7 950 2000 ~ 7600 120 4-6 (b), (f), (),
(n)

8 950 2000 ~ 7600 150 4-6 (c), (g), (k),
(0)

9 950 2000 ~ 7600 180 4-6 (d), (h), (1),
(p)

Tn run 3 the two set temperatures correspond to that of two different growth runs for
the deep and shallow structures. These temperatures were measured to be the same
true temperature measured via emissivity-corrected pyrometry.
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Figure 4-4: SEM images corresponding to the four templates grown at different tem-
peratures. The green hexagons in (g)-(1) represent the original morphology of the dry
etched structure superimposed on the regrown holes. The red arrows in (k) indicate
some of the macrosteps that are discussed in the text.
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The deep rod samples in Figure 4-4 (a) - (c¢) have a ‘pyramid-on-rod’ structure with
neighbouring structures being ‘point-to-point’. The side facets are m-plane as a result
of this being the slowest-growing non-polar plane, and therefore expanding at the ex-
pense of the faster growing non-polar a-plane plane. However, the sidewall facets are
limited and the corners between them are not fully formed. With increasing growth

temperature, the hexagonal shape of the rods is more well defined with sharper corners.

This is likely due to the increased adatom diffusion at higher temperatures. The top
c-plane truncation is small at all growth temperatures due to the c-plane being fast
growing in all cases compared to that of the semi-polar planes, leading to extinguish-
ment of the c-plane and expansion of the semi-polar planes. Finally, the sidewall facets
are almost vertical at the base of the rod, with no presence of semi-polar facets, and

tapers slightly outwards as they meet the base of the pyramid.

All the shallow rod samples (Figures 4-4 (d) - (f)) have large top c-planes surrounded
by semi-polar planes resulting in an ‘edge-to-edge’ morphology. Non-polar planes are
not present due to the small aspect ratio resulting in either a rapid extinction or
no initial formation of the non-polar planes. As the growth temperature increases
the features appear less hexagonal, indicative of greater competition between different
semi-polar facets. In addition, the semi-polar plane relative to the c-plane growth rate
increases resulting in rods with an expanded c-plane and therefore large diameters.
Therefore, no nanopyramids are formed. Many defects are observed that reduce in
number as the growth temperature increases due to the increased adatom diffusion at
higher temperatures that allows the defects to be planarised. These defects might have

been initiated by the dry-etching step or from pre-existing dislocation pits.

Figure 4-4 shows the effect of temperature on the deep (g) - (i) and the shallow (j) -
(1) hole samples. Both sets show improving regularity of the features with increasing
temperature. At the lower temperatures, for the deep hole templates in Figure 4-4
(g)-(h), irregular facets are formed on the semi-polar planes, whereas for the shallow
hole templates, an unusual morphology is observed for the lowest temperature in Figure
4-4 (j) due to semi-polar facet competition, and a ‘star like’ growth for a mid-range

temperature in Figure 4-4 (k) as a result of growth upon the central c-plane of the hole.

If one looks at the outer contrast of each hole, showing the intersections between the
semi-polar sidewalls and the top-c-plane, it can be seen that all of the deep hole samples
and all of the shallow hole samples, except for the one at the lowest temperature,
exhibit edge-to-edge morphology. This indicates the presence of semi-polar a-planes

({112i}), in stark contrast to the m-plane faceted holes after etching. Indeed, the
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Figure 4-5: SEM images of the four structures grown with different V/III ratios. The
green hexagons in (j) - (1) and (n) - (p) represent the original morphology of the dry
etched structure superimposed on the regrown holes.

unusual morphologies at low temperature might result from the transition between
the m-plane facets ({1010}) of the dry etch templates to the semi-polar a-planes after
regrowth. In contrast, if one looks at the inner contrast of each deep hole sample, the
central voids are larger at a higher growth temperature and less hexagonal, indicating

less growth and a less dominant non-polar plane.

Macrostep features are visible on the c-plane which appear to bend around both hole

samples and appear to bend less at higher growth temperatures.

4.5.2 The effect of V/III ratio

Figure 4-5 depicts the impact of the V/III ratio on the regrowth of AIN for all four
types of templates. Four different V/III ratios were chosen ranging from a very low
value of ~ 74 to a very high value of ~ 19000 (see Table 4.1, growth runs 4, 2, 5, 6).
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Figure 4-5 (a) shows that at very low V/III ratio no smooth non-polar planes are
formed on the deep rods. It is likely that rapid extinction, and no real expansion of
the non-polar planes gives rise to this very undulating, rough sidewall rather than a
smooth non-polar facet. The presence of a large top c-plane is due to the growth of
the c-plane being considerably slower than the semi-polar planes with these conditions

therefore leading to the expansion of the top c-plane.

As the V/III ratio increases, the non-polar planes form and intersect each other more
closely, with the height of the non-polar planes increasing, Figures 4-5 (b) - (d). The
tendency for higher non-polar sidewalls and sharper intersections suggests that the
relative speed of the m-plane growth decreases as the V/III ratio increases; thus ex-
tinguishing any residual a-planes via expansion of the m-plane. The diameter of the
top c-plane also increases from Figures 4-5 (b) - (d) indicating that the relative speed
of the semi-polar planes increases. This then leads to the semi-polar planes expanding
at the expense of the top c-plane less. For the highest V/III ratio, the inset in Figure
4-5 (d) shows a much smaller increase in rod diameter due to a significantly reduced

non-polar growth rate.

By examining the height of the nanorods after growth, it can be seen that the nanorods
reduce in height with increasing V/III ratio. As the nanorod height is found to be equal
or lower than the initial 1 pm tall dry etched nanorod, the c-plane growth rate at the
bottom c-plane, in between the rods, is equal or higher than the one on the top nanorod
c-plane (see Appendix 1 for more details regarding estimates of the c-plane growth rates
at two different V/III ratios). The reason for this is unclear, but the effect of the slower
top-nanorod c-plane growth rate is to limit the reduction in lateral size of the c-plane
facet on top of the nanorod for the high V/III ratios. This effectively means that the
semi-polar planes therefore expand less to the expense of this top c-plane for the higher
V/III ratios.

Growth with a very low V/III ratio on shallow rods (Figure 4-5 (e)) gives rise to well-
defined ‘point-to-point’ structures in contrast to all other samples ((f) - (h)). No in-
clined semi-polar planes are observed, with the structure being defined by slow-growing
m-planes; slower than the non-polar a-plane or other semi-polar planes. The lack of

semi-polar planes at V/III ~ 74 is also observed in the nanohole samples.

As the V/III ratio increases (Figure 4-5 (f)-(g)), the shallow rods change from being
‘point-to-point’ to ‘edge-to-edge’ with the sidewalls switching from non-polar m-planes
to semi-polar a-planes. At very high V/III ratio (~ 19000) (Figure 4-5 (h)) the rods

appear multifaceted with a mixture of ‘point-to-point’ and ‘edge-to-edge’ morphology.
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Given that, like for the deep rods, they also exhibit a smaller diameter, it is likely
that the lack of growth has prevented the structure finding more of an equilibrium and

uniform shape.

Turning to the hole samples, no semi-polar planes are formed for either shallow or deep
holes at the lowest V/III ratio (Figure 4-5 (i) and (m)), leading to rapid planarisation
of the hole array and the likely generation of subsurface voids. For higher V/III ratios,
the semi-polar a-planes appear along with either other irregular facets in the deep hole
samples that reduce when the V/III ratio increases from ~ 3800 to ~ 7600, or star-like
features in the shallow hole samples originating from the competition with the central

c-plane of the hole.

At a very high V/III ratio of ~ 19000 the deep holes (Figure 4-5 (1)) are very circular
due to facet competition and an overall lack of growth; also observed in the shallow
hole sample (Figure 4-5 (p)).

Macrosteps dominate the images of the hole samples at a very low V/III ratio with
the height of the steps decreasing with increasing V/III ratio with none being visible
in Figure 4-5 (1) and (p). This is due to the increase in nitrogen atoms on the surface
reducing Al-adatom diffusion resulting in shallower steps [306]. Furthermore, in both
Figures 4-5 (i) and (m) the remaining holes appear to act as sinks for macrosteps,
whereby they bend towards and terminate at these nanoholes. This differs from all
other growth conditions, both in Figure 4-4 and 4-5 where the macrosteps bend around
the holes, likely due to the semi-polar planes that are also present. This ‘sink like’
behaviour in (i) and (m) is a result of macrostep pinning caused by the presence of
the remaining holes within what is predominately a 2D c-plane growth regime, under

these conditions.

In an attempt to identify the specific semi-polar planes in the hole samples, their angles
were extracted from the AFM scans as shown and detailed in Appendix 1. It was found
that, for the deep hole samples, at V/III ratios of ~ 3800 and ~ 7600 and the shallow
holes at V/III ratios of ~ 3800 and ~ 19000, the planes were oriented around 58-62°
to the horizontal. Combining this with the knowledge of the orientation of the sample
and the ‘edge-to-edge’ morphology leads to the likelihood of these being {1122} facets.
At a V/III ratio of ~ 19000 for the deep holes and ~ 7600 for the shallow holes the

facets are not well defined.

To summarise the results from these growth studies with respect to the original aim
of creating suitable sites for quantum dots, it was found that the deep nanorod sam-

ple with a V/III ratio of ~ 7600 provided a well-faceted structure along with a small
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c-plane truncation. Moreover, the deep hole sample under the same growth conditions
was also the most promising, with minimal undesirable faceting on the semi-polar
planes. Therefore, these conditions were chosen as a starting point for studies of the

growth time.

4.5.3 The effect of the increase in growth time

Figure 4-6 displays the effect of increasing the growth time for the four types of tem-
plates (see Table 4.1 runs 5, 7 ,8 ,9). For the deep rod samples in Figures 4-6 (a) -
(d)), increasingly sharp apices at the peaks of the pyramidal regions are formed with
increasing growth time. The tilted SEM image in Figure 4-7 from a system capable
of higher resolution shows the sharpness more strikingly along with the considerable
lateral expansion of the deep rod sample under prolonged growth time that results in

rod coalescence.

An overhang is observed at the base of the nanopyramid that is much more pronounced
in Figures 4-6 (c) and (d), after the apex is fully formed. The overhang arises due to
preferential incorporation of material around this convex region of the rod (see Section
4.6). More material arrives at the pyramidal section compared to the sidewalls of
the rod, but the slow growth rate of the semi-polar planes leads to adatom diffusion
to neighbouring planes. Once the c-plane is extinguished, the overhang region is the
only sink region for these adatoms; hence the rapid increase in its size. This effect is
compounded by restricted gas diffusion to the base of the rod caused by the presence

of the large semi-polar planes.

The shallow rods show increasing planarisation and one would expect that further
prolonged growth would lead to coalescence. The rods exhibit an ‘edge-to-edge’ mor-
phology with increased growth time, indicative of much faster semi-polar plane growth
compared to that of c-plane [288]. This then leads to the expansion of the top c-plane
facet. The fast growing semi-polar a-plane contrasts with the very slow growing semi-
polar m-planes forming the nanopyramids for the deep rod structures, and is due to
them having a concave rather than a convexr growth nature. This results in the fastest
growing planes dominating the rod sidewall morphology, leading to a lateral expansion
of the rods.

For the deep hole samples, the semi-polar facets increase in size as the growth time is
increased (see Figures 4-6 (i) - (1)) due to its slow growth rate (and therefore expansion)

compared with that of the c-plane. The nanopyramidal pits in Figure 4-6 (j) are close
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Figure 4-6: SEM images corresponding to the growth on the four structures for different
regrowth times. The green hexagons in (i)-(p) represent the original morphology of the
dry etched structure superimposed on the regrown holes.

Figure 4-7: High resolution tilted SEM image of the sample from growth run 9 (sample
in Figure 4-6 (d)). This SEM data was taken by Dr Pavlos Bozinakis, University of
Strathclyde
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to coalescing with only one family of 6 facets present. With further growth, the holes
are found to never fully coalesce (see insets of Figure 4-6 (j) - (1)) and a second family
of facets are visible that compete with each other once this local equilibrium shape has
been reached (Figure 4-6 (1)). Irregular facets also appear for the highest growth times
(Figure 4-6 (1)).

Figure 4-6 (m) - (p) shows the effect of prolonged growth on the shallow holes. After
120 and 150 min the structures themselves appear to shrink in size. At 120 min growth
they have well-defined ‘edge-to-edge’ facets with minimal competition. However, after
a growth time of 150 - 180 min, ridges (or joins) appear to form within the holes lead-
ing to an irregular morphology without a well defined hexagonal shape and sometimes
elongated in seemingly arbitrary directions. The latter is due to anisotropic planarisa-

tion of the hole, on the way to full coalescence and planarisation.

4.6 Discussion of Growth Mechanisms

This section describes the mechanism for how the morphology of each template influ-
ences the form of the final structure independently of the growth parameters. Whilst
this morphology is the major determining factor, the growth parameters primarily in-
fluence the final structure through modifications of the relative growth rates of different

planes.

Figure 4-8 shows schematics of the different samples highlighting various critical points
and whether they have a convex or concave shape. An important note is that this
shape determines whether the equilibrium morphology is determined by the slowest-
or fastest-growing crystal facets. However, points on the surface can be characterised
by their shape in two dimensions, leading to situations where it is convex along one
line (blue arrow in Figure 4-8), and concave along its perpendicular (yellow arrow in
Figure 4-8), corresponding to a saddle point. This is in addition to the cases where it
is convex or concave in both directions, referred to as double-convex or double-concave
in the following descriptions, or indeed where it is flat in one or two dimensions. This
convex-concave or double convex (concave) morphological nature then determines the
shape of towards which the structure grows, as presented in the model described in
[263]. Although in [263] this is considered for GaN SAG structures this can also be

applied to our AIN top-down bottom-up nanostructures.

In the deep rod sample (Figure 4-8a) a double-convex base of a semi-polar pyramid

forms in the upper region of the rod. Due to the reduced number of bonding sites being
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(c) (d)

Figure 4-8: Schematic representation of the convex and concave nature of all four
structures. The images on the left are before regrowth and the images on the right
after regrowth. The deep rod, shallow rod, deep hole and shallow hole structures are
shown in (a), (b), (c) and (d) respectively. Blue arrows indicate convex morphology
whereas yellow arrows indicate concave morphology. This figure was made by Dr Pierre
Chausse for the publication [49].
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available at this corner it is more costly for adatoms to bind here. Thus this region
is slower growing than other regions and leads to the slow-growing semi-polar planes
expanding and dominating the rod structure after prolonged growth times. This man-
ifests itself with a visible overhang and an increase of the size of the semi-polar planes

relative to other plane geometries, also leading to the top c-plane being extinguished.

In the shallow rod sample (Figure 4-8b), the base of the rods has a concave morphology
in one direction so that there are more bonding sites available than in other regions.
This results in a more rapid growth of the semi-polar planes leading to no formation
of any non-polar planes and the fast-growing semi-polar planes dictating the final mor-
phology of the structure. In the absence of the non-polar planes, prolonged growth
results in lateral expansion of the rods. This also results in an expansion of the top
c-plane as it is slower growing relative to the semi-polar planes resulting in an almost
coalesced layer after the longest growth time, despite the top of the rods having double

convex morphology.

Also of note is that these structures have ‘wavy’ edges. This is likely due to the impact
of the irregular dry etch trench on this critical convex-concave region which is driving

the speed of the semi-polar growth.

In the deep hole samples (Figure 4-8c) the intersections of the planes are mostly convex
in nature, with concave regions between families of semi-polar planes and between
families of non-polar planes. The concave nature leads to the formation of the faster-
growing semi-polar and non-polar a-plane facets. However, the growth rate of these
semi-polar planes is still slow enough for the semi-polar planes to continue to expand,

at the expense of the faster growing c-plane between the holes.

The shallow hole structures (Figure 4-8d) have an additional c-plane within the hole
upon which growth can occur. The gives a double-concave morphology at the base of
the holes causing rapid growth on the semi-polar planes as with the shallow rods. In
this case, the top c-plane surrounding the hole structures is slower growing than these
semi-polar planes, causing the c-plane to expand laterally as growth time increases,

reducing the size of the hole structures.

It has been found that the aspect ratio of the holes or rods has a key role in determin-
ing whether convex or concave growth occurs and this has a profound impact on the
morphology of the structures. This is especially visible after prolonged growth. It also
has a knock on effect on whether the top c-planes between (holes) or upon (rods) the

structures expand or contract.
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4.7 Optimisation of AIN nanostructures for applications

The introduction described two possible applications for the use of regular arrays of
faceted AIN nanostructures: as sites for the creation of quantum dots, and for core-shell
UVC emitters. For quantum dots, one requires features on the order of nanometres,
commensurate with the excitonic Bohr radius of these materials of ~ 1.5 nm [307]. The
sharp, high-quality, uniform rod apices of the deep rod samples are ideal as sites to
house such structures. For core-shell UVC architectures, large, high-quality non- and
semi-polar facets for active region growth is desirable to harness the reduced intrinsic
QCSE of such devices [209]. Thus a desirable structure would have access to these
facets for active region growth and an example of this is a well faceted non-polar rod

sidewall.

The small sharp apices of the deep rod samples in Figures 4-6 (c) and (d) are promising
as sites for GaN or AlGaN quantum dot growth (see Figure 4-10). However, the rods are
coalesced which is undesirable as there may be preferential incorporation of material
at these coalesced regions. The coalescence also prevents non-polar sidewalls being
available for the growth of non-polar quantum well structures for DUV devices. One
solution would be to fabricate rods at a larger pitch to avoid coalescence. Another would
be to utilise a higher V/III ratio during prolonged growth, and such an experiment is

shown in Figure 4-9.

After prolonged growth (Figure 4-9 (c) - (e)) the sidewall facets fully meet each other
all the way down the rod, since the non-polar m-plane growth is considerably slower
than that of the a-plane. In addition, as the growth time increases (see Figure 4-9 (e))
the size of the apices becomes very small, beyond the resolution limit of our SEM (see
Figure 4-10). Crucially, even after 270 minutes growth, coalescence between rods has

not occurred due to the very slow growing m-planes.

In contrast, the deep hole samples are unsuitable for creating sites for quantum dots,
for example within the apex of an inverted pyramid, without further optimisation and
fine-tuning, as coalescence is never observed. It appears that the persistent, remaining
channel at the centre of the holes is evidence of the self-limited growth nature of these
deep etched structures. Furthermore, the shallow hole samples are also not promising
due to the irregular bridging and joining within the holes after a prolonged growth
time (Figure 4-6). However, after optimisation of the dry etch depth of these nanohole
structures it may be feasible to achieve fully-formed, well-faceted, inverse pyramid
structures. Nevertheless, there is potential for the deep hole and deep rod samples to

be utilised for the growth of quantum well structures on the non-polar or semi-polar
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Figure 4-9: SEM images showing the morphology after different growth durations for
the deep nanorod samples at a V/III ratio of ~ 19000. (a) 60 min, (b) 120 min, (c)
180 min, (d) 210 min, (e) 270 min.
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Figure 4-10: Plot of the size of the top c-plane truncations as a function of rod growth
time for the rods grown at V/III ~ 7600 and ~ 19000. The truncation sizes were
extracted from SEM images using ImageJ with estimates of the measurement errors.
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planes for optoelectronic applications in order to take advantage of a reduced quantum
confined Stark effect.

4.8 Conclusions

In conclusion, a detailed study of the growth conditions upon the regrowth of AIN
nanostructures has been undertaken. The V/III ratio has been found to be more
influential than growth temperature on the morphological regrowth of all of the nanos-
tructures investigated. The prolonged growth at a V/III ratio of ~ 19000 realised sharp
apices at the tips of the nanorods, suitable for the site-control of quantum dots, with
the absence of rod coalescence. In addition, well-formed side-walls in the same samples

show promise for their potential use in quantum well core-shell structures.

The deep hole samples appear to be self-limited with a hole always remaining at the
centre of the structure. Both deep and shallow hole samples start to exhibit mis-
oriented, competitive growth from the centre of the structures, demonstrating that it
is difficult to form nanopyramidal pit structures without facet competition for a wide

range of growth conditions.

Overall, we have shown that the hybrid top-down, bottom-up approach has been suc-
cessful for the realisation of uniform, well faceted AIN nanostructures. This approach
shows promise for obtaining previously unattainable devices to be realised with this

material.

4.9 Final comments

The results in this chapter present purely AIN nanostructures suitable to house GaN
quantum dots, at the sharp apices have been realised. Attempted growth of GaN
quantum dots upon such nanostructures is presented in Chapter 7. The next chapter,
Chapter 5, presents another route for the creation of AIN nanostructures via a purely
subtractive, wet etched based, process to create AIN nanostructures, avoiding the AIN
regrowth step. This represents an alternative route for the creation of purely AIN sites

to house GaN quantum dots.
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Chapter 5

Wet etching of AIN to realise

sites for quantum dots

5.1 Introduction

It is important to develop a number of different methods to create purely AIN sites to
house GaN quantum dots. The advantages of purely AIN nanostructures to house GaN
quantum dots were presented in previous chapters. Whilst the top-down bottom-up
process certainly shows promise for the creation of periodic arrays of AIN nanostruc-
tures suitable for housing quantum dots, there are still some issues with this approach.
For example, regrowth step upon a dry etched nanorod can lead to the incorporation
of a large number of defects in the regrown material. Thus, this may then hinder the
detection of any optical signature of a quantum dot. Wet etching of nanostructures
could be an alternative route for the creation of nanostructures with sharp features to
house quantum dots without introducing additional defects. This chapter investigates
the attempted creation of periodic arrays of AIN nanostructures via wet etching, with

the aim of creating features suitable to house quantum dots.

5.2 Introduction to wet etching

Etching can be defined as the removal of unwanted material. One form it can take is
dry etching, which usually employs plasma based processes to generate reactive species
that allows for anisotropic material removal via the use of patterned a hard mask, as

has been describe in Chapter 2 . Alternatively, wet etching is a process where chemicals
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are used (usually acids or bases), in order to remove material via chemical reactions
[308]. Etching can occur selectively. This is where unwanted material is removed at a
different, preferably higher, rate to that of the desired material. This is possible due
to different chemical reactivity of the unwanted and desired material. An example of
selectively is the preferential etching of certain crystal planes. Liquid etchants will etch
crystalline materials at different rates depending on which crystal face is exposed to
the etchant [308].

Comparing wet etching to dry etching, the former has the advantages of a high etch
selectivity, lack of damage incurred by the etch and high throughput. However, dry
etching has the advantages that it, typically, can be much more anisotropic than wet
etching, although wet etching of crystalline structures can also display anisotropy. Dry
etching also typically allows for much better fine-pattern definition and better process
control [308]. However, the surface and near-surface damage caused by utilising dry
etching can cause significant impairment to a potential device [309] and indeed the
electrical and optical properties of a material [310]. In addition, whilst local defects of
the hard mask will be transferred in dry etching this is not the case in wet etching, if

an etch mask is not being used.

The processes of wet etching typically involves the transportation of reactive ions to the
etching target from the bulk etchant solution via diffusion. These ions then chemically
react with the target material. The reaction products then dissolve and diffuse from
the etched material into the bulk solution [308]. In most cases, the critical parameters
to control in order to manipulate the etching process, are etchant concentration, etch
time, etch temperature, and the agitation method employed [308]. Wet etching specific

to the ITI-N’s will now be discussed in more detail.

5.2.1 Introduction to the principle of wet etching of AIN

The ITI-N’s have excellent chemical stability leading to them being robust and resistant
to most forms of wet etching. However, these materials can be wet etched by potassium
hydroxide (KOH) based aqueous solutions, molten KOH, hot phosphoric acid (HsPOy)
and a potassium hydroxide/sodium hydroxide (KOH/NaOH) eutectic alloy [168].

Technically, the etching mechanism of ITI-N’s typically involves oxidation of the semi-
conductor surface followed by subsequent dissolution of the oxides [168]. The polarity
of the III-N material (either N-polar or group IIl-polar) has a huge bearing on the

reactivity of these semiconductors to etching. N-polar surfaces have been reported to
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have 900 and 20 times higher etch rates compared to group IIl-polar surfaces for AIN
and GaN, respectively [53]. A model for this polarity dependent KOH based etching
of GaN is presented in [50] (see Figure 5-1 (a) - (d)). Here, Li et al, propose that
in Ga-polar GaN, once the Ga layer is removed, N-termination of the surface results.
The hydroxide ions cannot attack this N-terminated surface easily as there are three
occupied nitrogen dangling bonds that strongly repel the hydroxide ions. It is likely
that this is why the +c polar surface (Ga-polar) is resistant to KOH etching, compar-
atively, the -c¢ (N-polar) surface etches readily [53]. This is likely due to the fact that
there is only a single dangling nitrogen bond in the upward direction, leading to much
less repulsion of the hydroxide ions (see Figure 5-1 (a)). The hydroxide ions can then
attack the back bonds of the Ga atoms (Figure 5-1 (b)). The hydroxide ions react with

the GaN forming gallium oxide and ammonia [53].

2GaN + 3H,0%%" GayO5 + 2N Hs[53] (5.1)
GaN + 3H,0KCHGa(OH)3 + N H3[311] (5.2)

The KOH acts like a catalyst. Once the gallium oxide is formed, it dissolves into the
KOH solution. The first layers of the Ga atoms would be removed as shown in Figures
5-1 (a) - (c) and then as shown in (d) the resulting surface structure is again the same
as that shown in (a) [53]. For a Ga-terminated surface this process would start at
Figure 5-1 (c) [53]. The effect of polarity on etching readiness can be seen in Figure 5-1
(e) where N-polar GaN strips are heavily etched by KOH and the adjacent Ga-polar

stripes are left visibly unaffected.

This model for GaN can also be similarly applied to AIN. AIN is also thought to be
oxidised via being catalysed with KOH. The resultant oxide is then dissolved by the
KOH solution.

2AIN + 3H,O0%OM Al,05 + 2N H3[311] (5.3)
AIN + 3H,OKOH AI(OH)3 + N H3[311] (5.4)

Wet etching can also be used as a tool for defect density determination. This is as

defective sites, such as threading dislocations, can be more easily attacked by KOH
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Figure 5-1: Figure (a) — (d) shows the etching mechanism for GaN in KOH. Reprinted
from [50], with the permission of AIP Publishing, Copyright (©) 2001. Figure (e)
shows an SEM image of a GaN sample where the N-polar regions have etched to form
hexagonal nanopyrmaids and the Ga-polar regions have been left intact. Reprinted
from [51], with the permission of AIP Publishing, Copyright () 2003. Figure (f) shows
N-polar AIN after aqueous KOH etching. Reprinted from [52] Copyright (©) (2004),
with permission from Elsevier. Figure (g) shows an SEM cross-section of hillocks on
N-polar AIN after KOH etching. Figure (h) shows an SEM micrograph of N-polar
AIN etched in KOH. Figures (g) and (h) reprinted from [53], Copyright ©) (2013),
with permission from Elsevier. Figure (i) shows an NEMS resonator structure, where
the freestanding AIN beam was prepared via KOH etching. Reproduced from [54].

Copyright (©) 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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compared to non-defective sites. Specifically, wet etching of III-polar GaN or AIN
surfaces can be used to preferentially etch hexagonal pits into the sample surface.

These pits are spatially located at defect sites, such as threading dislocations [168].

Additionally, as weakened or defective bonds are more susceptible to etchant attack,
material quality has a significant impact on the etch rate of the material [312]. For
instance, Vartuli et al. [313], found that the etch rate of sputtered AIN in KOH de-
creased with increasing annealing temperature. This is a consequence of improvement
in material quality. Similarly, Cimalla et al. [54] found that etch rate was a func-
tion of crystal quality, with sputtered AIN etching much more quickly than MBE or
MOVPE grown AIN. Cimalla et al. also reported that etch rate of AIN is also strongly
dependent on etch temperature, with a higher etch rate at higher etch temperature [54].

5.2.2 Wet etching of AIN — what has been realised before in the

literature

Shown in Figures 5-1 (f) - (i), are some previous results in the literature concerning
the wet etching of AIN. As can be seen in (f) - (h), sharp hexagonal nanopyramidal
features can be realised when etching N-polar AIN in KOH. The disadvantage of the
results here is that these pyramids are not uniform in height or total structure diameter

and occur without any spatial determinability.

Wet etching has also been demonstrated to be able to realise complex structures that
can be used for device applications. In Figure 5-1 (i), a NEMS resonator with a free-
standing AIN beam was realised via wet etching. Additionally, wet etching can be
combined with an initial dry etching step such as the work in [314]. Here an initial
dry etch is used to create a fin, which is at an angle of 70°, which is then subsequently
wet etched to obtain a vertical sidewall [314]. The wet etch would also likely remove
surface damage which could impair device performance. This demonstrates how dry
and wet etching can be combined to realised micro/nano features which may be difficult

to realise by utilising only one of the etching techniques.

5.2.3 Gaps in the current knowledge of AIN wet etching

Wet etching of AIN could be used to create complex arrays of AIN nanostructures.
Etching of large arrays of spatially predetermined AIN nanostructures has been largely

unexplored. Such structures, with geometries previously not investigated, could house
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active regions. Due to the possibly novel geometries revealed by wet etching this could
lead to the growth of active regions with different properties to those currently in the
literature. An interesting area of exploration would be to spatially selectively etch AIN
via wet etching through patterned a mask. Additionally, combining dry and wet etching
to create complex AIN nanostructures would also be an interesting area of investiga-
tion. This may allow one to access more exotic geometries than those available from
simply wet etching planar AIN. Moreover, it may be possible to create sharp features,
small enough to house site-controlled quantum dots. There have been no reports yet
of utilising wet etching based techniques to create uniform arrays of AIN sites to house

quantum dots.

5.3 Wet etching of planar AIN

All the AFM performed in this chapter and the corresponding appendix (Appendix
2), was performed with a Oxford Instruments Asylum Jupiter XR. All x-y dimensions
were checked for distortions along either axis, as was performed in Appendix 1. No
correction of the x and y dimensions were necessary with the scans used from this
AFM. High resolution silicon AFM tips (supplied from Nunano) with a tip radius of
curvature of < 10 nm were used in this thesis. Other specifications of the tips include
a spring constant of 42 N/m, resonant frequency of 350 kHz, cantilever dimensions
of 125 pm, 30 ym and 4.5 pm for the length, width and thickness of the cantilever,
respectively. The tips had a high aspect ratio with a cone angle < 15° over the last
1 pm. All AFM maps were extracted and analysed via the Gwyddion software unless
otherwise specified. Any SEM images that were analysed for dimensional properties

were done so with the ImagelJ software [57].

In Chapter 4, the creation of inverse pyramidal pits, to house quantum dots at the
inverse apices, via the top-down, bottom-up approach was found to be challenging.
Using selective wet etching of planar AIN through a patterned dielectric mask holds

promise to realise this geometry by purely wet etching alone.

In order to attempt to create periodic AIN arrays of hexagonal pyramidal pits to house
quantum dots, wet etching of planar AIN covered in a patterned SiN, mask (~ 300
nm thick, deposited via PECVD) was performed. The mask was patterned with a
hexagonal array of circular openings (1 um pitch). Samples from the same template
were etched with a KOH based solution at high temperature for different etch durations.

The KOH solution was made by dissolving 30 g of solid KOH flakes into a mixture of
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SiNy mask

AIN template

Figure 5-2: All figures here are SEM images. Figure (a) shows the planar AIN tem-
plate with a patterned SiN, mask upon it before any wet etching. The inset is the
corresponding cross-section. Figure (b) shows the planar AIN template after 5 mins
KOH etching at 150 °C. The blue hexagon in (b) shows the wet etched region of the
planar AIN template.

30 ml of ethylene glycol and 5-10 ml of D.I. water. An ethylene based solvent was
used since it has a higher evaporation temperature than water and thus would allow
for higher temperature etching. The 5-10 ml of D.I water was added to aid dissolution
of the KOH flakes into the ethylene glycol. A Teflon thermocouple attached to a hot
plate was used, within the etchant solution, to ensure heating of the etchant accurately

to the targeted temperature.

The results of etching planar AIN using a periodic SiN, mask with circular openings is
shown in Figure 5-2. In Figure 5-2 (a), the sample (with the patterned SiN, hexagonal
array mask upon it) prior to wet etching is shown. As can be seen by the cross-sectional
inset, there is negligible tapering from the top of the mask to the bottom. In (b) the
same sample as in (a), etched in KOH at 150 °C for 5 minutes, is presented. The
aim was to use the mask to selectively etch a nanopyramidal pit into the exposed
planar AIN. As can be seen from (b) only minimal etching has taken place. There is
the presence of a hexagon within the opening in the mask (highlighted with a blue
hexagon overlayed across one of the etched hexagons in Figure 5-2 (b)). This hexagon
has a diameter roughly equivalent to the size of the diameter of the original SiN,
mask opening (see Table 8.3 in Appendix 2). This hexagon represents the total, mask
selective AIN etching that has occurred. The observed lack of etching suggests that
the AIN target is indeed Al-polar. Also of note is significant lateral etching of the SiN,
mask. Thus, after only a short etching time the mask would be fully removed with
only minimal etching to the planar AIN. Clearly, for successful selective etching of a

planar AIN layer a mask more resistant to etching is required.

170



After 60 minutes of etch time (data not shown), the entire AIN layer has been removed
suggesting that planar AIN will etch readily under these conditions provided the etch
time is long enough. It is likely once the mask etched away, defects were preferentially
etched leading to pits within the AIN surface. These pits will likely have more rapidly
etched laterally than the c-plane material, eventually leading to the removal of the

entire AIN epilayer.

From the results shown in Figure 5-2, it appears that attempting to wet etch a pla-
nar AIN has been largely unsuccessful, especially considering the readiness of the SiN,
mask to etch away as etch time progresses. In the next section, applying wet etching

to previously dry etched nanostructures is explored.
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5.4 Wet etching of dry etched AIN structures

5.4.1 Wet etching of dry etched nanoholes

Another possible route to create AIN nanostructures is to perform a wet etch upon dry
etched nanostructures. The motivation of this avenue of exploration is that dry etching
could reveal less stable planes to wet etching, potentially impacting the morphology of
the structures after wet etching. This may allow for the creation of complex nanos-
tructures with sharp features to house quantum dots. Additionally, it could avoid one
relying on the robustness of the dielectric mask which has been found to be not particu-
larly resistant to KOH at high temperature. Two nanostructure that can be fabricated
using the same patterning and dry etching processes presented in the previous chapter
are nanohole and nanorod arrays. These are the specific dry etched nanostructures

explored here.

KOH wet etching was performed on three nanohole structures of similar starting di-
ameter but with significantly different vertical etch depths. This was undertaken to
investigate how hole aspect ratios affected the resulting structural morphology after
wet etching. The wet etching was performed at 150 °C. The results of wet etching for

2 minutes upon these three dry-etched structures is shown in Figure 5-3.

A dry etched nanohole of depth ~ 100 nm is presented in Figure 5-3 (a). In (d) the
same sample is shown as that in (a) but after 2 minutes of KOH at 150 °C. A clear
hexagonal structure can be seen with the formation of inclined planes and a relatively

large spacing of c-plane material between the hexagonal structures.

In (b) a dry etched nanohole of ~ 150 nm depth is presented with the mask remaining.
In (e) the same sample is shown after 2 minutes of wet etching with KOH at 150 °C.
Contrasting (e) with that of (d), what is immediately clear is that the total diameters
of the structures realised after wet etching is larger. Specifically, the lengths of the
inclined planes in (d) are smaller than those in (e) (Figure 5-4). Additionally, the
structures extend across more of the c-plane material in-between the inclined planes.
Whilst in (d) there is surrounding c-plane material around each structure, in (e) the
corners of the inclined planes between each structure meet. This leaves an almost
isolated top c-plane triangle in-between the structures, separated by inclined planes.
This then suggests that this triangle could potentially be controlled in size depending

on the dimensions of the starting dry etched structure.

The dry etch depth in (c) is dramatically deeper than that in (a) or (b) whilst the

diameter is similar. The impact this has on the sample after wet etching, shown in (f),
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Figure 5-3: Figure (a) shows a cross-section of the shallowest dry etched nanohole
sample prior to wet etching. Figure (b) shows a cross-section of a nanohole of a deeper
dry etch than in (a) prior to wet etching. Figure (c) shows a cross-section of the deepest
dry etched nanohole sample prior to wet etching. In (a) - (c) the inset images are tilt
views of the main images. In (d) the sample in (a) is shown after 2 minutes of KOH
etching at 150 °C. In (e) the sample in (b) is shown after 2 minutes of KOH etching at
150 °C. In (f) the sample in (c) is shown after 2 minutes of KOH etching at 150 °C.
The insets of (d), (e) and (f) shows part of the respective main figures in at a higher

magnification
*Some samples were wet etched with the SiN, mask still in place and others with it removed.

It is worth mentioning that starting with or without the SiN, mask only makes a small
impact on the etch rate of the samples. It also does not effect the morphology of the wet

etched structures realised. Thus, this can be ignored.

** Figure (e) inset - The blue hexagon indicates what is referred to, in the text, as ‘the
bottom c-plane’. The green triangle represents what is referred to, in the text, as the ‘top
c-plane triangles in-between the structures’. The red arrow represents the ¢ altitude of the

c-plane triangles’.

is rather intriguing. Firstly, the size of the bottom c-plane (see inset of Figure 5-3 (e)) is
dramatically reduced compared to the samples shown in (d) or (e). This suggests that
the diameter of the bottom c-plane obtained after wet etching, is largely dependent
on initial vertical dry etch depth. Additionally, the triangles in-between the structures
are also smaller (see inset of Figure 5-3 (e)). Thus, there is also a correlation between
the initial dry etch depth and size of the c-plane material between the structures after
wet etching. This is possible as corners of the structures no longer align and this leads
to a reduction in the size of this c-plane triangle. The consequence of this is that this
c-plane between structures may be able to be controlled and potentially reduced down

to dimensions suitable to house quantum dots.
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Figure 5-4: In this figure, a plot of the average length of the inclined planes as a
function of initial dry etch depth is shown. The length of these planes were calculated
by measuring the horizontal length of the planes and dividing this by the cosine of the
average angle of the planes. The error bars in x represent the standard deviation of
10 measured values of the initial dry etch depth. The error bars in y represent the
standard deviation of 10 measurements of the horizontal length of the planes.

In order to gain an insight into the nature of the inclined planes in these wet etched
nanohole samples, AFM scans of all three samples (Figures 5-3 (d) - (f)) were per-
formed, in Appendix 2, Figure 8-5 (a) - (c)). The angles of the planes were extracted
along with the lengths of the planes. More details can be found in the Appendix 2.
The angles of the inclined planes (data not shown) do not show any real correlation
between a change in dry etch depth and change in the inclined plane angles. Hence,
there does not seem to be any relation of the dry etch depth and the angle of inclined

planes.

The triangle top c-plane material holds promise to house quantum dots. Hence, it was
desirable to find the relation of the size of these triangles with respect to initial dry etch
depth, to see if they could be tuned. The length between the triangles in between the
nanohole structures were extracted from the SEM images shown in Figure 5-3. There
is a correlation between the dry etch depth of the nanoholes and the altitude of the
top c-plane triangles (data not shown). The deeper the initial dry etch, the shorter the
altitude of the triangles (and indeed the size of the triangles as a whole). The length
of the bottom c-plane was also measured from the SEM images shown in Figure 5-3
(data not shown). There is also a a correlation with increased dry etch depth and a

reduction in the diameter of the bottom c-plane.
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A plot of the average lengths of the inclined planes is presented in Figure 5-4. It was
found that the length of the inclined planes increased with increasing initial dry etch
depth. It should be noted that although estimating etch depth via dimensions shown in
an SEM cross-section is unreliable, as one does not know if the cleave is directly through
the centre of the hole, it can give some coarse estimate of the trend present. This is
especially so when considering the stark contrast in aspect ratio’s present between the

features in Figures 5-3 (d) or (e) compared to (f).

In summary, the size of the bottom c-plane of these nanohole structures (in Figure 5-3)
and the altitude of the top, in-between, c-plane can both be controlled by the initial
starting vertical dry etch depth. Potentially, a sharp inverse apex may be realisable
via increased dry etch depth or by using a tapered, but also deep, dry etch to reduce
the starting bottom diameter of the holes. Additionally, a deeper dry etch may realise
sharp features at the top c-plane material. Both could potentially be suitable for quan-

tum dot sites. This was investigated and is shown in the next sub-section.

5.4.2 Study of the effect of wet etching on deliberately tapered dry
etched nanoholes

By deliberately performing a deep dry etch (more than 500 nm) that heavily tapers the
nanohole, it may be possible to form a sharp inverse apex. The reasoning behind this
was that if the bottom c-plane was small to begin with, in addition to a deep etch, this
may allow for a sharp inverse pyramid to be formed with effectively no bottom c-plane
after wet etching. A number of dry etching conditions were investigated in order to try
and create this structure. The dry etch parameters chosen to manipulate to achieve

this tapered profile will now be discussed.

5.4.2.1 Tapered dry etching of nanoholes

The plasma based etching used here utilised a gas chemistry of 50 sccm of Cly and
10 sccm of Ar. The chemical component of the etch was provided from active species
formed in the plasma from the Cls gas. The Ar component provided ions to enhance
the dry etch process via ion bombardment in addition to contributing to the efficient
decomposing and ionising the chlorine feed gas. Furthermore, Ar ions play an important
role in the removal of etch by-products [231]. The three parameters investigated here in
order to try and achieve a tapered dry etched hole were the dry etch pressure, the RF

power and the etch temperature. Both the pressure, and particularly the RF power,
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Table 5.1: Etch details of the tapered nanohole samples and the corresponding esti-
mates of the dimensions. All etching was performed with a Cly/Ar gas chemistry with
flow rates of 50 and 10 sccm respectively. All etching was performed at room tem-
perature (other than the no taper sample which was etched at 150 °C). All dimension
estimates were performed by measuring dimensions of cross-sectional SEM images via
ImageJ.

Table of tapered nanohole samples.
Dry etching details Structure Dimensions
Sample | RF ICP | DC Pressure| Time (min- | Depth| Top Bottom| Tapering| Figure
power| power| Bias | (mTorr) | utes:seconds)| (nm)*| diam- | diam- | (nm)*
(W) | (W) | (V) eter eter
(nm)* | (um)*
No ta- | 80 800 364- | 14 10:00 998 354 223 131 5-3
per 362 (c)
A 100 800 417- | 12 06:30 915 309 110 199 5-6
403 (a)
B 120 800 456- | 12 08:00 1362 | 300 27 273 5-6
443 (b)
C 80 800 369- | 12 07:00 890 341 131 210 5-6
354 (c)
E 100 800 374- | 6 04:00 989 319 177 142 5-6
354 (d)

*These quantities are only rough estimates. They are taken from cross-sectional SEM
images, meaning that they would only be truly correct if the cleave had perfectly gone
through the centre of the structures.

have an impact on the DC bias during the etch. The DC bias is important as this
has a major influence on the ion energy and therefore the level of physical sputtering
taking place. We were aiming to have a large amount of physical sputtering as this
would help realise a tapered etch as more material would be removed at the center of
the hole compared to closer to the sides. Thus, we wanted a higher DC bias during our
dry etch.

A reduction in etch pressure should increase the ion energy due to the ions possessing
a large mean free path. This essentially means there will be fewer collisions, which
the ions take part in, which would act to reduce the ion energy, before bombarding
the etch target [231]. Additionally, a reduction in etch pressure results in less off-
angle ions being incident upon the etch target improving the etch anisotropy. At lower
etch pressure there is an inhibition of the lateral etching of the nanoholes due to less
sputtering of sidewall passivants. Oppositely, an increase in pressures leads to more
off-angle ions incident on the etch target. Thus, at a higher etch pressure there will be
more sputtering of etch by-products deposited on the sidewalls of the holes that act as
passivation [231].
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What is can be seen from Table 5.1 is that comparing recipes A with E, more tapering
of the nanohole occurs at higher etch pressure. Additionally, the etch depth of E is
greater than A. As in the work of Coluon et al. [231], an increase in etch pressure
results in a reduction in the mean free path of the ions, meaning more ion collisions
and so lower average ion energy. As the etch gas used here was Cly and Ar, the Ar
ions act to enhance the Cl based chemical etch. Lower ion energy therefore means
less enhancement of the chemical etch by the Ar ions and thus a lower etch rate, as is
observed (comparing the etch depths of sample A and E). In the work by Coulon et al.
[231], a higher etch pressure was found to lead to less tapered nanorods as there are
more off angle ions. This was because there were then more ions able to sputter away
etch by-products on the sidewalls of the rods that would normally act to passivate these
sidewalls, hindering etching, thus leading to tapering. In the case here, a higher etch
pressure leads to a more tapered nanohole. A higher pressure means fewer ions will
enter the nanohole and reach the bottom of the hole during the etch, especially as the
nanohole gets deeper, as there are more off angle ions. This will likely mean that fewer
ions will impinge near the edges of the base of the holes compared to the centre. Thus,
the centre of the hole will etch more than the edge, leading to tapering. Additionally,
as is revealed in column 4 of Table 5.1, the recipe in A also has a significantly larger
DC bias during the etch than that of recipe E. It is know that a higher DC bias leads
to higher ion energy and therefore more physical sputtering [231]. This would likely
lead to more tapered nanoholes, as is observed. This is discussed in the section below

in more detail with regards to the RF power.

The RF power is a critical parameter one can use to control the etch profile. An
increase in the RF power would typically also lead to an increase the DC bias. A
higher bias would then increase the energy of the incident ions on the etch target, due
to the a greater electron charging of the electrode surface. This will contribute to the
chemical etching component of the etch, as a larger ion energy would greater enhance
the chemical reactions and assisting in increased bond breaking [231]. Not only would
this result in a greater etch rate as a whole but the physical etching component would
increase. The physical sputtering is typically highly anisotropic. This is due to both
greater ion irradiance on surfaces normal to the accelerating electric field rather than
inclined planes and the much lower sputtering efficiency for ions incident at glancing
angles [315]. This would lead to greater etching in the centre of the hole compared to
closer to the edges. Thus, when nanoholes are etched at a higher RF power this would
lead to a higher DC bias and would subsequently promote tapering of the structures.
In addition, an increase in etch rate would also occur. As can be seen from Table

5.1, when one compares sample B with either samples A or C, this is exactly what is
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observed, in both respects.

The choice of a low temperature Cly/Ar based dry etch is also an important factor when
trying to achieve tapered sidewalls. It was found that the tapering of GaN nanorods was
heavily dependent on the dry etch temperature when utilising a Cly/Ar gas chemistry
[315]. This can be explained based on the passivation layer mentioned earlier. At
higher temperature this passivation layer can more readily be removed via evaporation
combined with physical sputtering [316]. Conversely, a lower etch temperature, such as
300 K, only physical sputtering can contribute to the removal of this layer. Therefore,
as the sidewalls, and indeed the edges of the exposed etch target, are bombarded by less
energetic ions, and there is much less thermal evaporation, less of this layer is removed.
This is additive to the fact that glancing ions have much lower sputtering efficiency.
Therefore, as the physical sputtering is weak on the tapered sidewalls, the removal
of the passivisation layer in this region does not occur readily. The tapered profile
is protected as the etch progresses allowing for only the most energetic ions, incident
closer to the centre of the etch window, to readily sputter the target material or enhance
chemical etching in this region. Whilst the structures being etched here were AIN and
not GaN, the results shown in the previous chapter (Chapter 4) suggest that high
temperature dry etching (~ 150 °C') also leads to relatively straighter nanostructure
profiles in AIN.

The most successfully tapered nanohole sample was recipe B, with a higher RF power
than any of the other samples combined with a high etch pressure and a low, room tem-
perature, etch temperature. One thus would expect sample B to be the most promising
sample to achieve a sharp inverse apex upon wet etching. However, this was only an
initial prediction based on the dry etch profile. It cannot really be assumed that this
structure would render the desired, inverse nanopyramidal pit after wet etching with-
out performing the experiment. Thus, the effects of wet etching on all 4 of the tapered

holes was investigated for comparison.

5.4.2.2 Wet etching of the tapered nanoholes

One can visually see the tapering profile after dry etching of sample A (Table 5.1)
in Figure 5-6 (a). There is ~ 200 nm tapering (from the top to the bottom of the
hole), also visible from the SEM image is that the bottom of the hole isn’t particularly
sharp (it is ~ 220 nm in diameter). After wet etching, see Figure 5-6 (e), large six-
sided hexagonal inclined planes are visible with a small c-plane at the centre of the

structures. Similar to Figure 5-3 (f), the corners of the inclined planes are misaligned
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(a) (b)

High temperature, Standard DC bias Low temperature, High DC bias

Figure 5-5: Figure (a) shows Cly based dry etching of AIN nanoholes at high etch
temperature and standard DC bias. In (b) Cly dry etching of AIN nanoholes is shown
at low temperature with a high DC bias. The blue material represents the AIN. The
green material represents etch by-products that passivate the sidewalls of the holes.
The green arrows show if this layer is likely to evaporate. The blue arrows show the
direction of the ions incident on the nanoholes. A thicker longer arrow represents a
greater concentration of ions.

leading to a small triangular top c-plane between the structures. The source of this
misalignment is from the lithography step. The wafer’s crystal orientation was slightly
misaligned during the lithography step, meaning that any faceted structures would be
at an angle to a parallel line through the wafer. This is as the wafer was not positioned
with the flat of the wafer exactly horizontally during the UV exposure. More details
of how lithographic wafer orientation affect faceting orientation (such as edge-to-edge

or point-to-point in rods) can be seen in Appendix 1.

The tapering profile of sample B (Table 5.1), can be seen in Figure 5-6 (b). Here,
one can see the deepest etch compared to other samples with significant tapering such
that the bottom c-plane appears to have been etched out to almost a point. After
wet etching (Figure 5-6 (f)) for 1 minute, a void can be observed in the centre of the
structure. This is also present after only 30 seconds (inset (i)) but after 120 seconds of
etching (inset (ii)) the uniform array of nanostructures appear to be etched away with
only a remnant pattern remaining. It appears that the sharp tapering effect has not
been successful for forming a sharp inverse apex. The presence of the void appears to
be related primarily to the initial etch depth. There is some critical dry etching depth

above which, after a small amount of wet etching, a void will result at the center of the
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Figure 5-6: Figures (a) - (d) show SEM cross-sections of samples A, B, C and E
respectively. Figures (e) - (h) show a planar SEM images of samples A - E respectively
after 2 minutes of wet etching with KOH at 150 °C unless otherwise specified. The
main image of Figure (f) shows a planar SEM image of sample B after a 1 minute KOH
wet etch at 150 °C. Inset (i) shows the sample after 30 seconds wet etch and sample
(ii) after 2 minutes wet etch under the same conditions as the main image. In all cases
if the SiN, mask had been present before the wet etch, it would have rapidly etched

away, not affecting the morphology of the AIN nanostructures.
*These images must be taken with caution as one cannot say for certain that the cleave, and
therefore the cross-sectional SEM image is directly through the centre of the holes in (a) - (d).
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inclined planes. Interestingly, the top triangle c-plane regions between the structures
are non-existent. In its place are sharp regions where three inclined planes from three
planes meet. It is likely that the void, beneath the inclined planes, itself etches laterally
as etch time progresses, effectively resulting in the etching away of the structure after

a certain amount of time (as is observed in Figure 5-6 inset (ii)).

Samples C (Table 5.1) and E are shown before wet etching in Figures 5-6 (c¢) and (d)
respectively. Sample C has similar tapering to that of sample A, and sample E has
less than that of samples C or A. The diameter of the bottom c-plane of E, after wet
etching, is larger than either that of C or A. Whilst one could argue there appears to be
some correlation between amount of tapering and diameter of bottom c-plane (graph
not shown), the error in these measurements is very large. This is even more apparent
when considering that the cleave in all samples to provide the cross-section may not

be perfectly through the centre. The sample standard deviation is defined as:

N

SD = ﬁ ;(3: — )2 [317] (5.5)
This definition of the standard deviation was chosen as the sum of squares multiplied
by a ﬁ term instead of just % provides a better estimate of the standard deviation
[317]. This standard deviation was primarily used as an estimate of the error of the
measurements of the dimensions extracted from various SEM and AFM images/maps.
In Figure 5-7 (b) the diameter of the bottom c-plane as a function of the dry etch depth
for the tapered nanoholes is shown. It appears that there is likely a trend similar to
that of Figure 5-3 where as etch depth increases c-plane diameter decreases but sample

E is an outlier to this behaviour.

The altitude of the c-plane triangles (length of the triangle peak to the centre of the flat
base) appear to reduce with increased dry etch depth, Figure 5-7 (a). From samples
A, C, E in (a), the tapering appears to have had no real difference on the altitude of
the triangles in these samples. This is evident from the very similar measured altitudes
across these three samples. It is important to point out again that the errors in the
measurements presented in Figure 5-7 are large when considering the spread of data

point and so it is difficult to reliably deduce too much information here.

AFM maps of each of the samples were taken (see Appendix 2, Figure 8-6). From these
maps the average angles of the facets were extracted. The result of this can be seen in

Figure 5-7 (c). As can be seen in this plot, there seems to be some correlation between
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Figure 5-7: Figure (a) shows a plot of the c-plane triangle altitudes in as a function
of the initial dry etch depths. Figure (b) shows a plot of the diameter of the bottom
c-plane as a function of initial dry etch depth. Figure (c) shows a plot of the angle of
the inclined planes as a function of the dry etch depth. All three plots show samples A,
C and E. In (a)-(c) the dry etch depths and other feature dimensions were measured
from cross-sectional SEM images. In (c) the angles of the planes were extracted from

AFM maps of the samples (see Appendix 2).
The data in (a) and (b) must be taken with caution as it was extracted from cross-sectional
SEM images.
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increasing tapered dry etch depth and reduction in angle of the inclined planes. Sample
B is an exception to this and has been omitted from the plot for better clarity on any
trend present in the other samples. The errors are very large, and coincide with other

measurements so it is difficult to reliably extract information from this data.

Overall, it appears the tapering plays only a small role in determine the size of the
bottom c-plane. The size of the top c-plane triangles in-between the structures and the
bottom c-plane diameters of the structures are largely determined from the initial dry
etch depth, especially when considering the results of both Figures 5-3 and 5-6. The
mechanism of the nanohole etching process from a geometrical standpoint will now be

discussed.

5.4.3 Wet etching dynamics of the nanohole structures

It seems evident that the initial dry etch depth of the nanohole structures is a major
determining factor in the resultant morphology of the wet etched structures. If we make
two fairly sensible assumptions about the system being wet etched this can provide
one possible explanation of what is observed. First, we could assume that the dry
etch depth does not increase by anything more than a nominal amount during the
wet etching process. Secondly, considering that the structures all have well defined
hexagonal symmetry, the inclined planes that are formed are those of a semi-polar

plane. These planes are either conventional or more exotic.

If we now consider a triangle, see Figure 5-8 (b), with an opposite plane which represents
the dry etch depth of the nanohole and some hypotenuse which is at a given angle to the
adjacent (this angle corresponds to a semi-polar plane). If the angle of the hypotenuse
is assumed to remain similar or the same and we increase the length of the opposite
plane (the dry etch depth), then both the length of the hypotenuse and adjacent planes

will increase in size to accommodate this increase in opposite plane height.

Now if we apply this to the nanoholes in this chapter, we would expect that when the
dry etch depth is larger the length of the semi-polar planes will be greater (Figure 5-8
(a)). This is what is observed and manifests itself as the observed reduced sizes in the

bottom c-plane and top c-plane triangles as dry etch depth is increased.

With a very deep hole, such as sample B (Figure 5-6 (b)), a void is formed at the centre.
This is as only a semi-polar plane of a certain maximum angle can form. The pitch
is fixed at 1 pum. The total possible length of this semi-polar plane is now limited by
the pitch of the hole array. As the dry etch depth is very large, the semi-polar planes

expand as much as possible, joining to meet those of another hole and forming a sharp
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Figure 5-8: In (a) three dry etch nanohole schematics are shown. Before indicates prior
to wet etching, after indicates after wet etching. (i) is shallow such as the sample in
Figures 5-3 (a) and (d), (ii) is deep such as the sample in Figures 5-3 (c) and (f), and
(iii) is very deep such as sample B (Figures 5-6 (b) and (f)). Figure (b) shows the
increase in the semi-polar plane size as dry etch depth increases, from the argument
perspective of a triangle. Before indicates, before an increase in the dry etch depth and
after refers to after an increase in the dry etch depth. All sides after are longer than
before whilst the angle remains roughly the same.

feature at the join. If the pitch of these structures was large enough, these semi-polar
planes would also end up being larger and extend down to the bottom of the nanohole.
However, as this is not the case the semi-polar planes, with a certain maximum angle,
extend only part of the way down the hole. Hence, what is left is a void at the centre

of the structure where the semi-polar planes terminate.

The same scenario with sample B could therefore be achieved with a structure that has
a shallower etch depth with a smaller pitch. Conversely, structures with a base similar
to samples A, C, and E could be achieved with sample B if the pitch was large enough.
It is likely that a remaining small c-plane at the bottom of the wet etched structures is
preferential, from the data presented in this chapter. It may be that a perfect inverse
apex without bottom c-plane is a thermodynamically unfavourable structure and so is

unlikely to be formed. If this structure is actually achievable, it would require perfect
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tuning of the dry etch depth. This depth is difficult to estimate accurately with the
data collected here. It is interesting to note that this is a similar result to that of

growth upon dry etched nanoholes, presented in the previous chapter (Chapter 4).

On the atomic level the mechanism is similar to that reported for Ga-polar and N-polar
GaN in [53]. The OH™ ions can readily attack the sidewalls of the nanoholes as there
are less dangling bonds here relative to the c-plane. This allows for the rapid etching
of these sidewalls to realise semi-polar planes. Whilst there are convex-concave region
at the tops of inclined planes where they meet the c-plane, these do not appear to etch
away as one would expect from a ‘corner’ that may be more easily attacked by the
OH™ ions than the c-plane. Thus, the structures appears to self-limit, with the final
exact geometry based on the discussion above. Further, excessive etching, appears to

remove the nanostructures and, eventually, the epilayer as a whole.

Other nanostructures were explored for wet etching other than dry etched nanoholes.
Specifically, wet etching of dry etched nanorods was also studied. The next sub-sections

presents the results of the investigation into these nanostructures.
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5.4.4 Wet etching of dry etched shallow nanorod samples

Whilst the nanohole structures resulted in some interesting morphologies after wet
etching, no inverse apex geometry was created. The most promising feature was indeed
the sharp features formed by the joining of inclined planes as seen in Figure 5-6 (f).
The fact that this top c-plane region between the nanoholes shrunk upon wet etching
is an interesting result. By using the inverse structure to a nanohole, a nanorod, there
could certainly be the potential to create sharp features, as the top c-plane of such a
rod may also etch away to a point. This structure could then be used to act as a site

for quantum dot growth.

The starting material for all wet etched nanostructures shown in Figures 5-9 (a) - (f)
was a ~ 100 nm dry etch nanorod. A planar image of this starting material is shown in
the inset of Figure 5-9 (a). This precursor structure can be seen in more detail Figure
4-1 in Chapter 4. In the main image of Figure 5-9 (a), an SEM image of the dry etched
nanorod sample after 30 seconds KOH etching at 120 °C is shown. As is revealed in
the AFM image in 5-9 (d), the structures still have a sizable c-plane which is a fraction

of the size of the original starting diameter.

After a further 30 seconds of wet etching (Figure 5-9 (b)) the nanopyramids appear to
be difficult to see in the SEM image compared to that of (a). This suggests that more
material has been ‘etched away’ than in (a). What is revealed from the AFM image (e)
is that the nanopyramids have sharp tips with no real visible c-plane remaining. What
is visible from (d) and (e) is that whilst the top of the nanorod etches to a sharp tip

as the etching progresses, the base does not change significantly in diameter.

Figure 5-9 (c) shows precursor nanorods after etching for a total of 120 seconds at 120
°C in KOH. The structures are barely visible in the SEM image. What is revealed
in the AFM image in (f) is that the uniform hexagonal pyramid structures no longer
remain. Instead, only slightly raised features of nonuniform height and with no well
defined facets/planes are present. This made determining the average angles of the
features rather difficult as there were no well defined planes to measure across. This
AFM image confirms the previous observation from (b), that with increasing etch time
the nanopyramid structures ‘etch away’ leaving little to no features remaining. Etching

for 120 s at 150 °C' (data not shown) results in complete removal of the nanostructures.

The average angles of the inclined planes were determined from the AFM scans in (d)
- (f) and were plotted as a function of etch time (see Figure 5-9 (g)). Indeed, what is
observed is that the angle of the planes decreases as etch time increases. In (h) the

average height of the pyramids of each sample as a function of etch time is shown. A
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Figure 5-9: In (a), an SEM image of a dry etched ~ 100 nm tall nanorod after under-
going a 30 second etch with KOH at 120 °C is presented. The inset in (a) is an SEM
image of the rods prior to wet etching. In (b) the same as in (a) is presented but this
time the wet etch was for a total of 60 seconds. In (c) the same as (a)/(b) is presented
but with a wet etch time of 120 seconds. In (d) an AFM image of the sample presented
in (a) is displayed. In (e) an AFM image of the sample presented in (b) is displayed. In
(f) an AFM image of the sample presented in (c) is displayed. In (g) the average angle
of the nanopyramid semi-polar facets as a function of etch time is presented. In (h) a
plot of the average height of the nanopyramids as a function of etch time is presented.
In (i) a plot of the average diameter of the nanopyramids as a function of etch time is

presented.

Figure (i) - Measuring the dimensions of the diameters however was extremely challenging
and as such this plot should only be taken as a rough estimate.
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linear reduction in height is found as etch time increases. Conversely, little change in
the diameters of the structures is found as a function of etch time (Figure 5-9 (i)).
What can be discerned is that the height of the structures reduces much more rapidly
than the diameters. This, therefore, leads to a a reduction in the angle of the inclined
planes. The fact that the angle of the inclined planes can be tuned via the etch time
is an interesting result. It also raises the question of the nature of the faceting in this
experiment. The planes appear uniform and the pyramids are hexagonal in structure
but do not necessarily correspond to a conventional semi-polar facet. They may corre-

spond to an unconventional, exotic semi-polar facet.

5.4.5 Wet etching of dry etched nanorods of different aspect ratios

In order to determine a more general model for the wet etching dynamics, rods of
different aspect ratios were etched in order to study the impact of both the starting

diameters of the rods and the starting dry etch heights.

The same wet etching process as in Figure 5-9 at a temperature of 120 °C' was applied
to a number of wet etched nanorods with different aspect ratios. Figure 5-10 shows
three sets of dry etched rods with different aspect ratios, shown before and after wet
etching. The diameters, and pitch, were all larger than previous rod samples, such as
those in Figure 5-9. The key observations from the morphology revealed in the AFM

maps in Figures 5-10 will now be discussed.

The rods shown in Figures 5-10 (a) - (c) were fabricated from the same template via
a lift-off process followed by ICP dry etching. Hence the diameters of the hard mask
upon the template for all the samples shown in (a) - (¢) were the same, prior to dry
etching, see Table 5.2. The diameters of the rods were not the same however, after dry
etching, as the metal mask reduced in diameter as the dry etch time increased. Thus,
the diameters of the tops of the rods are smaller with increased dry etch time. This
has been highlighted to show that the rods are not exactly the same in diameter even

though they are taken from the original template.

When comparing the rods in Figures 5-10 (a) - (c) after wet etching ((d) - (f), respec-
tively), one can observe that in all cases nanopyramids are formed. It is interesting
to see that no ‘pyramid-on-rod’ structure is created in the 30 s wet etch duration pre-
sented here. Hence, it appears that a nanopyramid is the most stable structure to be
realised after the initial duration of wet etching. Thus, when speaking generally about

the resulting morphology of the rods after wet etching, the increase in aspect ratio of
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Figure 5-10: In (a) — (c) cross-sectional SEM images of nanorods after dry etching,
mask removal and cleaning from nanorod samples fabricated at a 1.5 pum pitch are
shown for 70 s, 240 s and 540 s of dry etching duration respectively. The insets are the
corresponding planar SEM images of each sample. Figures (d) — (f) show AFM maps
of the nanopyramidal structures revealed after KOH based wet etching of the samples
shown in (a) — (c) respectively. The insets in (d) - (f) are magnified images of a single
nanopyramid from the main figures of each map. In (g) - (i) tilted maps of the AFM
maps shown in (d) - (f) respectively are presented.

Table 5.2: Diameters of the 1.5 um pitch rods for different dry etch durations. The
diameters of the rods were measured at the top of the rods. Measurements were per-
formed upon cross-sectional SEM images

Diameter of the rods (1.5 um pitch) as a function of dry etch duration
Dry Etch Duration (seconds) Diameter of 1.5 um pitch rods (nm)
70 620 £64
240 470 +29
540 444 +48
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the rods appears to have little effect.

Height dimensions of the nanostructures after wet etching are summarised in Table 5.3
for all rods created with a 1.5 pum pitch at wet etch times of 30, 60 and 120 seconds.
There is a clear reduction in total structure height of all three dry etched structures
as wet etch duration increases from 30 to 120 seconds. Additionally, whilst the height
dimensions of the 70 s and 240 s dry etched structures after equivalent wet etch duration
appear similar, the total height of the sample dry etched for 540 s is noticeably higher.
Considering the sample dry etched for 540 s starts off much taller than the samples
etched for either 70 or 240 s this result is an expected one. This can be seen more

clearly in Figure 5-11 (a).

After the dry etch process, trenches are formed around the rod structures, which have
a greater depth than the surrounding c-plane. On further inspection of the data in
Table 5.3, one can see that the trenches of the three rods remain roughly the same in
depth during each of the three wet etch durations. What does appear stark is that these
trenches increase in depth significantly as dry etch time increases. Interestingly, in rods
of all three aspect ratios, in most cases, as wet etch time increases the height of the
nanopyramid structure decreases compared the the unpatterned c-plane. Thus, from
this we can further confirm that generally the height of the nanopyramid structure itself
decreases as wet etch time increases in all three samples. This is without exception

when comparing 30 s wet etch time to 120 s wet etch time.

Table 5.3: This table shows the structure height dimensions for the 1.5 pm pitch
pyramid samples after wet etching

Height dimensions of 1.5 um pitch pyramids after wet etching

Dry Etch Dura- | Wet Etch Time | Height of c-plane to | Trench  Depth | Total Structure
tion (seconds) (seconds) pyramid apex (nm) | (nm) Height (nm)
70 30 73 £4.7 3+14 75 +4.8

70 60 50 £2.5 5 +3.8 56 +2.6

70 120 55 £5 3 £1.8 58 +4.3

240 30 63 £5.3 16 £4.0 79 £6.7

240 60 52 £3.4 26 +4.8 78 +£6.2

240 120 39 £5.1 14 +£4.1 92 £8.2

540 30 41 £8.5 80 £4.8 122 £9.3
540 60 4 £+6.1 76 £11.6 80 £11.0
540 120 -33 £11.6 84 £10.0 51 +11.1

In order to give more information on the nature of the inclined planes of the pyramids,
the angles of these planes were extracted in the same manner as that performed for the
data in Figure 5-9. This data is presented in Table 5.4, for the pyramids with a 1.5 um
pitch. See Figure 5-11 (b) for a plot of the angle of the inclined planes as a function of
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Table 5.4: This table shows the average angles of the inclined planes of the 1.5 um
pitch pyramids extracted from AFM maps.

Average angles of inclined planes for 1.5 pm pitch pyramids
Dry Etch Duration (seconds) Wet Etch Time (seconds) | Mean Angle of Inclined
Planes (degrees)

70 30 13.5 +£0.8

70 60 11.4 +0.6

70 120 9.8 £0.6

240 (top) * 30 15.3 £1.6

240 (bottom) * 30 11.7 £1.3

240 60 13.6 £0.5

240 120 10.2 £0.7

540 30 18.7 +£0.8

540 60 11.9 £0.9

540 120 9.3 £0.7

* This indicates the top and bottom of the pyramids. It appeared from the data that for
these pyramids there may have been different gradients at different regions of the pyramid,
although this is inconclusive. This was not taken into account for any other sample only the
1.5 wm pitch pyramid dry etched for 240 s and wet etched for 30 s.

dry etch duration and wet etch time.

As can be seen from Table 5.4 and Figure 5-11 (b), in most cases as wet etching time
increases, the angle of the inclined planes reduces. In most samples, this is only a
relatively shallow decrease in angle. However, for the sample dry etched for 540 s this
is more dramatic. Additionally, samples with taller starting rod heights appear to have
more steeply inclined planes after 30 s of wet etching. This suggests a taller initial rod

leads to an initially taller nanopyramid with sharper inclined planes.

5.4.6 Wet etching dynamics of nanorod structures

Considering the data presented in Figure 5-9, the sidewalls of the nanorod, with less
dangling bonds than the c-plane, etch more readily. Similar to the model described in
[50], the OH™ ions are repelled by the dangling bonds present on the structure. Whilst
the model presented in [50] concerned itself with polarity selective etching, some of
the principles can still be applied here. As there are less dangling bonds oriented
perpendicular to the c-direction, on the sidewalls, the OH™ ions are repelled more
weakly than the c-plane, leading to the rapid lateral, inward etching of the sidewalls
to form inclined planes. This results in the etching away of the top c-plane to realise
a sharp apex at the centre of the rod. The inclined planes then etch away to those of

shallower and shallower angles.
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(a) Plot of the total height of the 1.5 um pitch
structures after 30 s wet etching time as a
function of the dry etching duration

130
120 +
110
100
90

80 ; %

70
0 100 200 300 400 500 600

Total structure height (nm)

Dry etch time (seconds)

(b) Plot of the angles for the inclined planes for the
1.5 um pitch samples of different wet etch

@ duration as a function of initial dry etch duration
[
& 200 ® 305 wet
E 180 + etch time
S8 16.0
L= : ; ® 60s wet
S & 14.0 tch tim
P . * ® e e
& 120 ‘ 3
<Cz > T 120 wet
© 10.0 ¢ 1 I etch time
= 8.0

0 200 400 600

Initial dry etch Duration (seconds)

Figure 5-11: In (a) a plot of the total height of the 1.5 pum pitch rods wet etched for
30 s as a function of the initial dry etched depth is shown. In (b) a plot of the mean
angles of the inclined planes of the 1.5 pm pitch nanopyramids are shown as a function
of the dry etch time for all three wet etch durations.
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At the base of the nanorod the higher number of dangling free bonds, due to the
surrounding c-plane material, repel the OH™ ions. Whilst there is the formation of
inclined planes at this base, there is not the significant rapid etching to a point that
is observed at the top of the rods. This results in the base diameter of the structure

barely changing, although there is faceting of the base, see Figure 5-12 (a).

(a) (b)
Before Before
(OH) R o) 0o
After After
dBefore = dAﬂer dBefore =d After
Shallow rods Tall rods

Figure 5-12: In (a) wet etching of the shallow dry etched nanorod. Top before/at the
start of wet etching, bottom after a given amount of wet etching such as 30 s at 120 °C.
Figure (b) shows the wet etching of a tall nanorod, again into a nanopyramid. Again
the top is before/at the start of etching. The bottom is after a short period of wet
etching such as 30 s at 120 °C. This nanopyramid is taller than in (a), in reality this is
only slight but has been exaggerated in this figure for clarity.

As etch time progresses, lateral etching does not occur much on the base of the nanos-
tructures but etching, causing a reduction in the height of the pyramids, does occur.
This manifests itself in a reduction in pyramid height relative to pyramid diameter as
etch time increases. Thus, there is a reduction in inclined plane angle as etch time

progresses.

What is observed in Section 5.4.5 is that even relatively tall rods etch into a nanopy-
ramid structure, albeit with initially taller height than the shallower counterparts.
Additionally, the starting diameter does not appear to have a very critical impact on
the resulting morphology of the structure after wet etching, when comparing the data

in Figures 5-9 and 5-10. Finally, a key element to consider in all of the wet etched
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nanorod data is the very well defined and faceted hexagonal symmetry present in all
but one (Figure 5-9 (f)) of the rod structures. Based on this information, a clearer

picture can be discerned.

Whilst the above mentioned impact of dangling bond geometry is important, it is likely
that the observed hexagonal symmetry is a result of the formation of rather exotic semi-
polar planes. The differences in height of the pyramid structures and the corresponding
differences in inclined facet angle, especially on increased wet etch time will now be
explained. It is likely that steeper, exotic semi-polar planes are first formed in the early
stages of wet etching after the consumption of the top c-plane. These steeper, exotic
semi-polar planes are likely stable for a short amount of time before rapid etching to
another, shallower exotic semi-polar plane, which then is also stable for a short amount
of time. This also leads to a reduction in total pyramid height, whilst keeping the well
defined hexagonal symmetry. Eventually, the hexagonal symmetry is lost as is shown
in Figure 5-9 (f), before removal of the structures completely. This occurs similarly for
the taller nanorods as the dry etched sidewalls can also be easily attacked resulting in
the formation of a pyramid rather than pyramid-on-rod structure (see Figure 5-12 (b)).
It is likely that a pure pyramid is a more thermodynamically stable than a pyramid-
on-rod structure and so etching into this former structure directly is more preferential.
This means that as the structure will assume the lowest possible surface energy [318],
suggesting a nanopyramid structure, as opposed to a nanopyramid-on-rod structure,
has a lower surface energy. Hence, this the the general morphology assumed by the

nanostructure before full removal of the feature by the wet etch.
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5.5 Conclusions

In conclusion, two different nanostuctures have been realised with the potential to
house site-controlled quantum dots. The sharp join between the nanohole inclined
planes being the first and the apices of the wet etched nanopyramids being the second.
The former was a largely unexpected result as we expected the formation of arrays of
inverse nanopyramids. The latter is particularly promising for site-controlled quantum
dot growth considering the wealth of previous literature on growth of InGaN quantum
dots at the apices of GaN nanopyramids ([41], [43], [45]).

In Chapter 7, the effect of the growth conditions are explored in regards to trying to
form a GaN quantum dot at the apex of some of these nanopyramids. Before visiting
attempted GaN growth on these nanopyramid structures, an investigation of thermal
etching of GaN to realise sites for InGaN quantum dots will be presented in the next

chapter.
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Chapter 6

Selective area sublimation of
GaN as a route towards

site-controlled quantum dots

6.1 Introduction to selective area thermal etching and its

advantages

Whilst high quality GaN nanostructures can be realised by selective area growth (SAG),
such nanostructures have lateral dimensions limited by the resolution of the lithography
technique employed to pattern the mask upon the GaN layer itself [319]. Many previous
reports have shown the growth of site-controlled InGaN quantum dots upon SAG upon
GaN micro/nano-pyramids ([41], [43], [270], [45]). However, residual contamination
resulting from the fabrication processes and/or air exposure remains a problem in SAG
[319]. Moreover, bottom-up growth of nanowires often result in incorporation of high
concentrations of impurities and defects due to the non-ideal growth conditions which
need to be employed [320].

By employing a purely subtractive process to create high quality, high resolution nanos-
tructure features, these problems can be avoided. Selective area thermal etching or se-
lective area sublimation of GaN can be described as a simple subtractive process which
is thermally activated. Compared to dry etching, thermal etching does not generate
any ion-induced surface defects which could affect the optical properties of a device [55].
In addition, the lack of these defects would allow, in theory, an active region grown

within these thermally etched structures to be of a higher quality. This is as there,
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ideally, would be a damage and defect free interface between the thermally etched GaN
nanostructure and the subsequently grown active region. Optoelectronic benefits of
such an interface would be a reduction in the likelihood of non-radiative recombina-
tion, current leakage and/or increased sheet resistance, as would be problematic with
GaN based nanostructures created via ICP-based dry etching [321]. A structural ben-
efit would be a likely crystallographic higher quality active region grown within the
thermally etched GaN as a result of the lack of defect surface GaN states. As ther-
mal etching is not believed introduce any nonradiative defects into the nanostructures
which have been created, this can lead to material with more intense optical emission
compared to that of purely planar material [320]. Evidence of this can be seen in the
work by Fernandez-Garrido et al. [320], where it was shown that the cathodolumines-
cence (CL) emission is greater for GaN nanowires created by thermal etching compared

to the original planar layer demonstrated in [320].

In the work by Coulon et al. [55], it was found that arrays of very small nanoholes could
be produced within openings of a dielectrically masked GaN sample after selective area
sublimation (see Figure 6-1 (a)). This result could be achieved when subliming using
purely Ng carrier gas, a small flow of ammonia (10 sccm), a reactor chamber pressure
of 100 mbar, a set temperature of 875 °C (true temperature ~ 950 °C) for a time of
60 minutes [55]. Upon reproduction, a novel application of such a structure would be
to grow an individual InGaN quantum dot within each small opening. This chapter
is dedicated to the study of the reproduction of this structure as shown in Figure 6-1
(a) and (b), and the subsequent growth of InGaN quantum dots within the nanohole

structures.

Using the same fabricated wafer as that used by Coulon et al in [55], sublimation
experiments were repeated with all conditions remaining the same except a change in
set temperature. The morphology of the GaN at a set temperatures of 875 °C and 925
°C are shown in Figures 6-1 (b) and (c), respectively. Several notable observations can

be made.

Firstly, temperature drastically affects the etch depth. In more detail, the morphology
presented in Figure 6-1 (b) is more desirable for site controlled quantum dots growth.
The ‘pin-hole like’ features at the centre of each window appear to have lateral di-
mensions comfortably less than 50 nm potentially . The exact size is hard to measure
from the data shown in Figure 6-1 (b) however. It is likely these features are small
enough to house quantum dots. Even if the hole features are larger than quantum dot
dimensions, a small amount of growth at the centre of each hole should realise quantum

dot growth at the inverse apex. Alternatively, inverse pyramid and holes are formed at
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Figure 6-1: In (a) sublimation of GaN under an Ny atmosphere per-
formed by Coulon et al [55] is presented (Figure (a) is reproduced and
cropped from [55] under Creative Commons Attribution 4.0 International License,
http://creativecommons.org/licenses/by/4.0/). In (b) and (c) reproductions of this
work from the same original template as that in (a) are presented at sublimation set
temperatures of 875 °C' and 925 °C' respectively. All other sublimation conditions were
the same as in Figure 6-1 (a).

higher sublimation temperature (Figure 6-1 (c¢)). Not all windows have these features
at this temperature. Some have a 2-layer structure with a thicker layer of material
near the edges of the window. In addition, windows with pitted surfaces among the
central features are also present in Figure 6-1 (c). Sasaki demonstrated that when
GalN was grown at too high a temperature, re-evaporation caused a thermally-pitted
surface [322]. This appears to also be the case in these purely sublimated templates,

the occurrence of which is to a lesser extent at the centre of the sample.

From the raw SEM data image in Figure 6-1 (c), 7 windows were analysed to obtain
an estimate of the number of pits per unit area. 10 measurements of the diameters of
the windows were measured and an average extracted. Where a central sublimation
feature existed, the average diameter (from 10 measurements) of this was determined.
The feature was approximated to be circular, and when present the area of this feature
extracted from the total window area. The number of pits were then manually counted.
Summing the total number of pits and the area of each window (subtracting the sub-
limed central feature area where present), a density of pits per unit are was calculated.
This crude estimate of the pit density was found to be in the region of 7 x 107 em 2.
The template was a commercially sourced 7 um GaN wafer grown upon a sapphire
substrate [55]. Dislocation densities quoted by the supplier for these templates are in

the region of ~ 5 x 108 em™2. This is an order of magnitude smaller than the densities
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estimated from the SEM image in Figure 6-1 (¢). When comparing dislocation densi-
ties of GaN grown upon sapphire in the literature some interesting comparisons were
found. Some historical values for some typical dislocation densities on GaN grown on
sapphire substrates have been reported to range from 10'% - 10® cm=2 [323] and on
the order of 108 when using micropatterned sapphire substrates [324]. Considering the
crude estimate of the pit density of 7 x 10° cm™2 it is debatable that the pits observed
in the SEM image correspond to preferentially thermally etched threading dislocations.
This is as there is an order of magnitude difference between the estimated density of
pits and the typical quoted value from the supplier. However, there is likely a large

degree of error in the pit density estimation presented here.

Phenomenologically, it is likely a potential minimum exists at the centre of the GaN
windows where it is preferential for more material to be thermally etched. Considering
that the main pit features are at the centre of the windows in Figures 6-1 (a) - (c),
it is likely that the mask plays a key role in defining this minimum, as the centre of
the windows is the furthest region away from the mask in all directions. This makes
the centre the easiest place for sublimation of material without re-incorporation. Re-
incorporation then gradually increases as one moves from the centre of the window

closer to the mask-GaN interface.

Several attempts to reproduce the results by Coulon et al. (in Figure 6-1 (a) and (b))
were made. The key information concerning fabrication and cleaning procedures on
every sample are presented in Table 6.1. Further details can be found in Appendix
3. On all samples the first fabrication step was to deposit a ~ 35 nm SiN, mask
layer via PECVD (Plasma Enhanced Chemical Vapour Deposition) (see Figure 6-2)
for a schematic of the fabrication process. This was followed by the spin coating of
back antireflection coating (BARC) and photoresist, with appropriate baking steps.
Displacment Talbot Lithography (DTL) was then used to expose the reist followed by
development in MF-CD26 photoreisist developer. This patterned resist was then used
as an etch mask in order to transfer the pattern in the resist into the SiN, mask below.
Finally, appropriate cleaning steps were performed. The sublimation conditions for
these thermal etching experiments were as follows, unless specified: pure Ns carrier
gas, reactor chamber pressure of 100 mbar, NH3 flow of 10 sccm and a 60 minutes ther-
mal etch time. A set temperature chosen to be either 875 or 900 °C', and is specified

when the particular results are presented.

In this chapter, initial reproduction attempts of the samples shown in Figures 6-1 (a)

and (b) were undertaken. This proved challenging and there could have been a num-
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Initial GaN wafer PECVD of SiNx Spin coating of BARC DTL exposure
and photoresist layers
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- etching through wafer with patterned (Tilt)
Photoresist BARC and SiNx SiNx mask (cross-
development section)

Figure 6-2: Here a schematic of the fabrication process is presented. The planar GaN
template is the starting wafer in 1. In 2, PECVD is used to deposit a ~ 35 nm thick
layer of SiN,. In 3, BARC and photo-resist are spin coated upon the template with
appropriate baking steps. In 4, DTL is used to expose the resist with a specific periodic
pattern. In 5, the resist is developed to reveal a hole array within the resist. In 6, CHF3
based ICP dry etching is performed to transfer the pattern in the resist into the SiN,
hard mask. In 7, appropriate cleaning steps are taken to remove any remaining BARC,
photoresist and oxides.
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Table 6.1: Fabrication and cleaning details of all samples within this study. Samples
taken from the same initial wafer are denoted with the same letter. Those with different
numbers have different fabrication/cleaning conditions applied to them.

Table of sample processing
Patterning Processes Cleaning Processes
Sample ICP CHF3 etch Piranha O3 descum - | BOE clean | Other Comments
time (minutes) (3:1 ratio, | gentle/very in seconds
x gentle, time | (100:1 =
(minutes)) blue, 5:1 =
red)
Al 10 None. None. Cleaning = only piranha.
x
A2 Al None Gentle, 15 Al + additional cleaning steps
10 incl. 10 s AZ400K
A3 Al Gentle 15 A2 + additional cleaning steps
X
G1 11 None. 1 piranha clean then BOE 100:1,
X 40 repeated 4x ensuring thoroughly
clean sample.

G2 G1 Gentle, 10 2x piranha cleans, Og2 descum,

X 10 then BOE 100:1. On G1 sample.
G3 G1 Gentle, 1 1x piranha clean, Og descum, then
X 10 BOE 100:1 on G1 sample.

B1 8 None. 10 2x piranha cleans, then BOE 100:1.
X

B2 B1 Gentle, 10 2x piranha cleans, Og2 descum,
X 10 then BOE on part of B1 sample.

B3 B1 Gentle, 2 1x piranha clean, Og descum, then
X 10 BOE 100:1 on part of B1 sample.

B4 7 CHF3 + 1 None. 2x piranha then BOE 100:1 on part
minutes O2 X 10 of Bl sample after optimised etch
+ calibrated through SiN,.

BOE 5:1
B5 B4 Very Gentle, 2x piranha, Oz descum, then BOE
X 3 10 100:1 on part of B1 after optimised
etch through SiN,.

B6 6(05:20) for None. 2x piranha then BOE 100:1 B1 af-
minimal GaN X 10 ter optimised etch through SiNg.
exposure to
CHF3 plasma.

B7 B6 Very Gentle, 2x piranha, Oz descum then BOE

X 3 minutes 10 100:1 on B1 after optimised etch
through SiN.
B8A 8(09:30) for Acetone Very gentle, 3 1x acetone, 1x piranha clean, O2
(B8B) minimal GaN rinse, Ix minutes 10 descum, then BOE 100:1 after cal-
exposure to ibrated CHF3 etch on part of B1.
CHF3 plasma.
B9 8 No. 20 1x piranha then BOE 5:1 only.
X

B10 B9 Gentle, 1 1x piranha, O2 descum then BOE
X 20 5:1.

B11 B9 No. 50 1x piranha then BOE 5:1 only.
X

B12 B9 Gentle, 1 1x piranha, Oz descum then BOE
X 20 5:1.

B13 B9 No. 20 1x piranha then BOE 5:1 only.
X

B14 B9 Gentle, 1 1x piranha, O2 descum then BOE
X 20 5:1.
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ber of reasons for the difficulties encountered. In order to determine the source of
poor morphology encountered in Section 6.2, a detailed investigation of the fabrication
and sublimation conditions was undertaken. In terms of fabrication, both patterning
conditions and the effects of sample cleaning were studied in detail. A mechanism is
proposed for selective area sublimation under the conditions employed here in addition
to the underlying cause of the poor morphology observed in unoptimised samples. Fi-
nally, optimisation of the fabrication process and sublimation conditions was employed

to realise arrays of sites suitable to house InGaN or InN quantum dots.

6.2 Initial reproduction attempts of reproducing sublima-

tion sites

Sample A1l from template A can be seen in Figure 6-3 (a), after the fabrication steps
elaborated in Table 6.1. This same sample after sublimation at set temperatures of 875
°C and 900 °C can be seen in Figures 6-3 (b) and (c) respectively. Whilst there are
central hole features in both (b) and (c), there appears to be some undesirable central
growth features in the holes. This is more prevalent in (c) compared to (b). In addition,
the holes themselves are not particularly uniform in shape, and, to some extent, size.
This lack of uniformity of the central holes appears to be more accentuated at higher
sublimation temperature. This demonstrates, due to the variation between Figures
6-3 (b) and (c) that sublimation temperature is a critical parameter in determining
the resultant morphology of the GaN windows as was also observed in Figure 6-1 (b)

and(c). Thus, this is key to realise sites for quantum dot growth.

This lack of uniformity and the presence of central growth features required investi-
gation and as the only cleaning process performed on the sample was a 3:1 ratio ~ 3
minute piranha clean, further cleaning steps were performed (see sample A2 in Table
6.1). The sample surface of the GaN windows looks relatively clean with only differing
contrast observed within a fraction of the windows. The surface after sublimation at
875 °C is shown in Figure 6-3 (e). There is a large amount of undesirable growth-like
structures at the centre of each hole; a phenomenon which is enhanced in magnitude
and tendency after further cleaning compared to the morphology shown in Figure 6-
3 (b). This suggests that the extra cleaning steps have had a detrimental effect on

achieving the desired morphology of the structures.

There are a number of possible reasons for the observed poor morphology of sample
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Figure 6-3: In (a) a planar SEM image of sample A1 (see Table 6.1) sample after initial
cleaning is presented. In (b) and (c) initial sublimation tests are presented, at a set
temperature of 900 °C' in the latter. In (d) a planar image of the sample is shown after
the second cleaning process (A2 in Table 6.1). In (e) sublimation upon sample A2 is
shown. In (f) a planar image of the sample surface after the third cleaning process is
shown (A3 in Table 6.1). In (g) a corresponding sublimation upon A3 is presented.
Figure (h) shows the results of sublimation on a sample from A3 with the SiN, mask
stripped off via a BOE 5:1 treatment. All samples were sublimed at a set temperature
of 875 °C unless otherwise specified.
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A2 (Figure 6-3 (e)). The responsible cause for this poor morphology required fur-

ther investigation. The potential causes of this poor morphology are listed below and

summarised in Figure 6-4:

1.

The long (15 minute), excessive Oz descum has severely oxidised the surface.
These surface oxides have not been fully removed by the BOE 100:1 10 second
dip. This may then have caused the accumulation of some compound of GaO,
at the centre of the windows. Hence these central ‘lump’ features would actually
be GaO, compounds. This oxidation theory, if it is purely just a surface effect,
could potentially be tested by exposing the sample to a chemical treatment to

significantly reduce any excessive surface oxides present prior to sublimation.

. Processing has physically damaged the surface. This has then led to a rougher or

defective surface which may have led to non-uniform thermal etching and could
inhibit the movement of material across the surface, either in the form of gaseous
GaN (or Ga and N) or liquid Ga droplets. This reduced movement of species
would then result in some material accumulation at the center of the windows
instead of the central hole within each window as material finds it more difficult
to travel away from the center of the window. This hypothesis can be tested
by fabricating new templates with a significantly reduced Oy descum step and

optimisation of other fabrication/cleaning processes.

. The choice of a 10 second AZ400K dip has had a very detrimental effect on the

surface of the GaN. In particular, it may have caused a surface reconstruction,
resulting in a rougher surface, inhibiting the migration of material. This may
result in less diffusion across the GaN window and incorporation at the center
instead of effective diffusion from the center. The remedy for this would be the

fabrication of new samples, avoiding an AZ400K process on the sample.

The reactor chamber is dirty and thus contamination has caused this unusual
morphology at the centre of the windows. This can be solved, to some extent, via
cleaning of the internal quartz parts of the reactor chamber. However, cleaning
of the separation plate (due to the difficulty of it’s removal) and the reactor walls
themselves presents a large challenge which may not be realistically achievable

without irreversible damage to the reactor itself.

. The sample is simply not properly clean. This can be tested by preforming further

cleaning steps upon the sample.

Sample A3 was a sample from A2 with additional cleaning in order to test hypothesis
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Figure 6-4: This figure shows a summary of the possible hypotheses for the failure of
sample A and in particular A2 and A3 to recreate the results presented in Figures 6-1
(a) and (b).

5. The surface of sample A3 before sublimation can be seen in Figure 6-3 (f). As can
be seen the sample surface of the GaN windows looks very clean with minimal differing
contrast observed in the windows. The surface after sublimation at 875 °C is shown
in Figure 6-3 (g). The further cleaning steps have degraded the surface morphology
further, leading to this undesirable lumpy and very rough surface morphology across
the majority of the GaN window compared to only the center of the window in Figure
6-3 (e). As this has had a negative impact on the morphology of the sublimed sample,
this confirms that hypothesis 5 is not correct. Indeed, this result indicates that the
processing steps upon the sample may have a very influential impact on the morphology
of the sample after sublimation. A study into the effect of the fabrication and cleaning
processes themselves required investigation, in particular, this included an exclusion of

the AZ400K treatment step that was performed upon sample A2.

To further confirm that processing has had a significant impact on the GaN surface,
sublimation after stripping the SiN, mask with BOE 5:1 was performed as shown in
Figure 6-3 (h). A remaining, somewhat, periodic pattern corresponding to the location
of the mask openings is visible, providing fairly solid evidence that processing has
impacted the exposed GaN window regions. Another interesting observation is that

there is a central pit within some of the lumpy features.

Whilst it is apparent that processing and potentially contamination has had a profound
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impact on the resulting morphology of the sample after sublimation, it remains unclear
what the exact cause has resulted in the lumpier, less desirable morphology observed in
Figures 6-3 (e) and (g). As processing steps have appeared to have caused irreversible
damage to the sample surface, new templates required patterning in order to investigate

the impact of fabrication and cleaning processes upon the sublimation of GaN windows.
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6.3 Study of the impact of fabrication/processing and re-

actor cleanliness

Fabrication of new template without AZ400K step

Figure 6-5 (a) inset shows a planar image of sample G1 after 4 cycles of cleaning (as
detailed in Table 6.1). This image is representative of the entire sample. As can be
seen the GaN windows appear very clean. It is however difficult to see if the processing
has roughened the surface of the exposed GaN to some extent, as this is beyond the
resolution limit of the SEM.

6.3.1 Temperature study on sample G1

An investigation on the impact of sublimation temperature was performed on sample
G1 (data not presented here), but this did not result in any profound impact on the
surface morphology of the majority of the samples. No central hole features in any of
the samples were observed. This seems to indicate that a property of the sample itself
is the source of this lack of central hole feature (as can also be seen in Figure 6-5 (a)

main figure).

6.3.2 Effect of reduction of contamination via cleaning of reactor
parts on sample G1

The quartz components of the reactor chamber were removed and replaced, after thor-
ough cleaning with KOH solution. Comparison of a sublimed G1 sample before and
after quartz component cleaning can be seen in Figures 6-5 (a) and (b) respectively. As
can be observed in the figures, there has been no significant impact on the morphology
of these sublimed samples after component cleaning. This suggests that contamination
from the rector chamber components is not the source of the lack of a central hole

feature.

6.3.3 Deep etch study (N,:H, carrier gas)

As a test to see if surface contamination or damage had taken place on the G1 sample
a deep thermal etch using a 1:1 mixture of Ho:No carrier gas was performed, this is
shown in Figure 6-5 (c). As can be seen in the inset of (c¢) whilst there has been some

deep thermal etching, it is by no means uniform as one would expect (such as similar
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Figure 6-5: In the main figure of (a) sublimation upon a sample from G1 (shown prior
to sublimation in the inset) is presented. In (b) sublimation upon a sample from G1
is shown after a thorough cleaning of the reactor chamber quartz components and
replacement of susceptors and covering sapphire wafers. The main image is the centre
of the sample whilst the inset is that of the edge of the sample. In (c) planar (main
image) and cross-sectional (inset) SEM images are presented after a sublimation of a
sample from G1 with a mix of Hy and Ny carrier gas (1:1). In the main figure of (d),
sublimation of sample G2 is shown. In the inset, sublimation of sample G3 is shown. In
the main figure of (e), sublimation of sample B2 is presented. In the inset, sublimation
of sample B1 is presented. In (f), sublimation of sample B3 is shown. The main image
is taken at the centre of the sample and the inset at the edge. In the main figure of
(g), sublimation of sample B4 is presented. In the inset, sublimation of sample B5 is
presented. In the main figure of (h), sublimation of sample B6 is presented. In the
inset, sublimation of sample B7 is presented. All samples were sublimated at 900 °C
set temperature.
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results by Coulon et al. [55]). In addition, the planar image shows that whilst there
has been considerable thermal etching vertically beneath the GaN windows, many have
a very thin top layer of unetched material. This is observed in the contrast difference
in the windows in the main image of (c¢) with the lighter contrast being the thin top
layer and the dark regions being holes to the deep etched material underneath. This
indicates that the surface of the windows have either been contaminated (such as with
large amounts of oxides) or damaged in a way such that they do not thermally etch as
readily as the material underneath. This is interesting as it suggests that the sample
itself (Figure 6-5 (a) and (b)) is the source of the unsuccessful reproduction of Figure
6-1 (a) and (b). Thus, processing plays a key role in the ability to reproduce Figures
6-1 (a) and (b) and hence a detailed investigation of the impact of fabrication and
cleaning on the sublimation of the GaN windows is necessary. Another possibility is
that the original template itself, before processing was contaminated to some extent

which resulted in the unsuccessful morphology observed.

6.3.4 Fabrication of a new template

After fabrication of a new sample (B1 in Table 6.1), the subsequent sublimation reveals
a sample with no central hole features. Thus, we can likely rule out that the lack of
central hole features in the G1 template (Figures 6-5 (a), (b)) is due to the initial
template itself, before processing. This is as the results in Figures 6-5 (a) and (b),
from the previous sample, G, has effectively been reproduced in the new sample, B, in
Figure 6-5 (e) inset. This again demonstrates that the impact of the fabrication and

cleaning is a likely source of poor sample morphology.

6.3.5 Further cleaning with long O, descum

Samples G2 and B2 were taken from the Bl and G1 templates but with additional
cleaning steps preformed on them, as detailed in Table 6.1. Comparing G1, (a), to the
sample with further cleaning processes, including a 10 minute Oz descum, (d) main
image, one can see that the additional cleaning steps have led to a much rougher,
‘lumpier’ morphology. Similarly, comparing B1, (e) inset, to that of B1 with the addi-
tional cleaning steps (B2, Figure (e) main image) the morphology here is also rougher,
with a ‘brain-like’ structure across the whole window. Comparatively, B1 appears less
rough than that of G2, which has similar morphology to A3. However, both have un-

desirable features without a singular uniform feature in each window, as is required for
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site-controlled quantum dot growth. It is apparent that the additional cleaning steps
have had a negative impact in the subsequent morphology after sublimation. New sam-
ples taken from the G1 and B1 templates were taken and the cleaning steps repeated
with a much shorter Oy descum time (1 minute) to give an indication if reducing this

step has a large impact in the resulting morphology.

6.3.6 Further cleaning with a short O, descum

Comparing the G3 (Table 6.1) sample in Figure 6-5 (d) inset to that of G1 (a) one
can see that again the additional cleaning, even with a reduced Oz descum time has
not resulted in any real morphological improvement. Specifically, the G3 is still very
rough and ‘lumpy’, however, the lumps themselves seem to be smaller in size than that
observed in G2 (d) main image. This represents a small improvement in the morphol-
ogy of the sample. Similarly, B3 (F) has also seen some improvement in morphology
compared to that of B2 (e). However there still appears to be some roughness to the
windows although this is hard to see. Importantly neither the B3 or G3 samples, un-
dergoing the additional cleaning, have successfully reproduced the results in Figures
6-1 (a), and (b). So, whilst the length of the Os descum does have a small impact on
the morphology of the windows, it does not appear to be a particularly vital step, and,

in fact, may have a negative impact on the samples themselves.

6.3.7 Effect of reactor pressure

The impact of the reactor pressure (during sublimation) on the sublimation process
under Ny carrier gas was also investigated but this had very little impact on the suc-
cess of recreating the morphology of Figure 6-1 or in a change in the morphology itself

at all. For this reason these results won’t be presented here.

6.3.8 Effect of the CHF; dry etching

The impact of processing on the morphology of the sublimed samples is stark. For
this reason optimised etching through the SiN, mask was investigated in order to see
if exposure of the GaN surface to the CHF3 dry etch had had a negative impact on the

surface morphology after sublimation.

Thus, this exposure was minimised by two methods. The first, B4 and B5 (with Oq
descum) in Table 6.1 etched up to the mask and then through the mask with BOE 5:1.
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The second, B6 and B7 (with O descum) (Table 6.1) used a carefully optimised etch

time such that there was limited exposure of the GaN surface to the dry etch.

Sample B4 (Figure 6-5 (g) main image) has rough lumpy features across the whole
window. With the addition of an Og descum (B5, Figure 6-5 (g) inset) the lumpiness
observed appears slighly more centralised. In sample B6 (Figure (h) main image), there
appears to be the same slight sign of central features with cracking and lumpiness that
seems to occur across the entire GaN window. Similarly with B5, B7 (Figure (h) inset)
offers a minimal improvement with more well defined localisation of lump features

towards the centre of the GaN windows.

Overall, the windows of all samples B4-B7 are rather lumpy and undulating. There
may be some, marginal, improvement with the addition of an Oy descum (B5, B7)
but this is minimal. The same is true with the minimisation of the GaN window to
contact with the CHF3 plasma in general. Thus, controlling this fabrication parameter

extremely carefully is not particularly important.

The investigations into reactor cleanliness, sublimation conditions and processing pa-
rameters in this section (6.3) have not rendered any significant improvement in the
morphology of the sublimed samples samples. In all cases, uniform ‘pin-hole-like’ cen-
tral features, such as those in Figures 6-1 (a) and (b) were not realised. Indeed, in
most samples lumpy, undulating morphology across the majority of the GaN window
was observed. Thus, it appears the parameters examined in this section (6.3) did not
drastically alter the GaN window morphology. Hence, it is unlikely the parameters
investigated here were responsible for the lumpy, undulating features in the majority of
GaN windows. Investigation into other areas of the sublimation recipe and fabrication

process was therefore required.
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6.4 Initial study into the effect of sublimation time on the

morphology of the samples

Initial attempts to tune the fabrication/cleaning steps to improve the GaN morphology
after sublimation were rather fruitless. A study of the impact of the growth conditions,
specifically the growth time, was employed in order to determine if the sublimation

recipe itself required optimisation to reveal successful structures.

For B5, after 30 minutes etch time (Figure 6-6 (a)) the morphology of the sample is
very promising, especially in the centre of the sample where there are some central
holes. The majority of the holes have unwanted deposition/growth at the centre but
this sample is promising nonetheless. However, after 60 minutes (d) the sample appears
rough with large features compared to those in (a). The same is true after 120 minutes,
shown in (g), where the mask also appears to have degraded after this etch time (see
inset). Thus, for this sample, sublimation time is shown to be a critical parameter to

optimise in order to realise small central hole structures, especially homogeneously.

Similar results can be found for B7 after 30 minutes etch time (Figure 6-6 (b)) albeit
less successful. As can be seen from the inset in (b) there is the occasional central hole
but most have central growth within the window where the central hole would have
been located. Again, as with B5 (a), as time is increased to 60 minutes (e) and 120

minutes (h) to morphology becomes considerably worse.

The fabrication details of B8 was designed in order to follow the process of Coulon et
al. [55] more closely (see B8 in Table 6.1) than that of any of the B or G samples
presented so far (G1-G3, B1-B7 in Table 6.1). Specifically this processes utilised only

one piranha clean to minimise surface oxidisation and surface damage.

The B8 (see Table 6.1) sample is shown for 30, 60 and 120 minutes sublimation time in
Figures 6-6 (c), (f) and (i), respectively. This sample appears to be the most successful
across all three etch times. In (c) there is an overall majority of successful windows, with
central hole features, in both the centre and edge of the sample. As sublimation time
increases to 60 (f) and 120 (i) minutes, the size of the hole features in both the centre
and the edges of the samples appear to increase in size. In addition, there appears to
be the formation of ‘channels/cracks’ across the window regions propagating out from
the central holes. These appear to also increase in width and number as growth time

is increased from 60 to 120 minutes.

Samples G1 and B2 were also investigated, but very little change was observed across

the sublimation time range investigated. Whilst this shows that sublimation time alone
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30 minutes

60 minutes
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B5 B7 B8

Figure 6-6: This figure shows the results for the initial sublimation time study. 30
minutes sublimation time is shown for samples B5, B7, B8 in (a), (b) and (c) respec-
tively. 60 minutes sublimation time is shown for samples B5, B7, B8 in (d), (e) and
(f) respectively. 120 minutes sublimation time is shown for samples B5, B7, B8 in (g)
and (i) respectively. All main figures are images of the centres of the samples and the
insets are those of the sample edges.
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cannot be the only factor required to achieve the desired morphology, these samples

were rather insignificant. For this reason these samples are not shown.

The success of the window morphology after sublimation is clearly dependent on time
for B5, B7 and B8. This is therefore a critical parameter that may need further tuning
to avoid unwanted central lumpy growth in the GaN windows. Additionally, it appears
from B8 that the sublimation time can be used to tune the size of the central hole

openings.

6.5 Impact of oxidisation on the sample surface and re-

sulting sublimation

In order to test the impact of surface oxidation on the sample morphology after 30
minutes sublimation time, a BOE 5:1 treatment was applied to a selection of samples
prior to thermal etching. This was performed for ~ 30 seconds in order to have enough
of a deoxidising impact on the samples such that a change in sublimation morphology
with respect to untreated samples can be easily discerned. The BOE 5:1 treatment was
limited to ~ 30 seconds in order to limit the removal of the thin, ~ 35 nm, mask. The
etch rate of a SiN,, layer on a silicon substrate in BOE 5:1 was calibrated to be 30 - 40

nm/min.

In Figure 6-7 (a), a sample from the A3 template presented at the beginning of this
chapter is shown after a BOE 5:1 treatment and 30 minute sublimation. The combina-
tion of the BOE 5:1 treatment and the shortened sublimation time has led to a sample
with some potentially usable hole features at the centre of some of the GaN windows.
However, there are many windows with undesirable growth in the central region. This
result overall is surprising as it shows that the A3 sample is potentially salvageable and

usable even after the excessive processing steps performed upon it.

In Figure 6-7 (b), the B8 sample after 30 minutes of sublimation is presented. The
sample has arrays of windows with many of them possessing central hole features
without unwanted deposition/growth. There is still the presence in some windows
of this unwanted deposition/growth. In addition, the hole structures themselves are
irregular, many with shapes deviating from that of a perfect circle. Even with these
issues, this result is still promising for the growth of InGaN quantum dots within
the holes themselves. The homogeneity and regularity of the hole structures may be

improved upon further by fine tuning the sublimation temperature and, in particular,
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Figure 6-7: In this figure, samples have undergone sublimation for 30 minutes at a set
temperature of 900 °C after a BOE 5:1 treatment, unless otherwise specified. In (a),
sample A3 is presented. In (b), sample B8 is presented. In (c), sample A3 without a
BOE 5:1 treatment and with the HCl:D.I. water treatment is shown. In (d), sample
B8 without a BOE 5:1 treatment and with the HCL:D.I. water treatment is shown. In
(e), sample A3 is presented but this sample, critically, has not undergone any BOE 5:1
treatment. In (f), sample A3 with a BOE 5:1 treatment and with the HCl:D.I. water
treatment is shown. All main images show the centre of the samples, the insets show
the edges of the samples.
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the sublimation time.

As another test a sublimation process was performed on an A3 sample without such
a BOE 5:1 treatment, the results of which are shown in Figure 6-7 (e). As can be
seen from (e) there is a rough, lumpy morphology which appears to be present across
the entire sample as has been seen previously in Figure 6-3 (g). This shows that by
applying a BOE 5:1 treatment on sample A3 is a critical process required for salvaging
the A3 sample (comparing (e) without, to (a) with a BOE 5:1 treatment).

Samples B1, B2, G1 and B7 were also investigated (not shown). All of these samples
showed a very marginal improvement. This was certainly not significant enough to

constitute a useful surface morphology after sublimation.

To determine more conclusively if the removal of oxides has a significant, positive impact
in the resultant sublimation morphology of the samples another chemical treatment
was performed using a 1:1 ratio of concentrated HCL:D.I. water for a duration of ~ 5
minutes. This treatment was chosen as it has been shown to remove oxides effectively
from GaN in previous literature [325], [326]. Moreover, a longer cleaning time could be
used for a more thorough oxide removal as HCI is unlikely attack the SiN, mask. The

results of this are shown in Figures 6-7 (c) and (d).

The HCL:D.I. treatment on samples for ~ 5 minutes at room temperature has not had
a significantly beneficial impact on the morphologies of any of the surfaces after subli-
mation if at all ((c) and (d)). The simplest explanation of this observation is that oxide
removal has not had a major impact on the surface of the samples. This would then
suggest the mechanism behind the rough, lumpy surface morphology which has been
observed is not as a result of surface oxides. It can however, be discerned that a BOE
5:1 treatment has a significantly beneficial impact on the A3 sample with or without
the HCL:D.I. water treatment ((b) and (f)). It is likely that surface roughness/defects

on this sample is somehow reduced.
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6.6 Further optimisation of the sublimation time

In this section a closer inspection of the effect of sublimation time on the B8 and A3
samples which had undergone a BOE 5:1 treatment was performed. In Figure 6-8, an
additional time study for the B8 and A3 samples, both with a BOE 5:1 treatment, is

shown.

After 10 minutes sublimation (Figures 6-8 (a) and (b)), it appears that not enough
material has migrated across the GaN window. This has led to a lumpy morphology
without revealing properly formed central holes, especially in sample B8. Similar is

observed in A3 with a rough, lumpy morphology in most windows.

Sublimation after a duration of 20 minutes reveals small central holes in both samples
in most windows (see Figures 6-8 (c) and (d)). This looks to be a good balance between
enough sublimation to realise relatively uniform central holes and, in addition, to keep

the holes reasonably small.

40 minutes of sublimation is shown in Figures 6-8 (e) and (f). In sample B8, (e), exces-
sive material removal has led to less uniform holes with the start of sublimed channels
propagating out from the central holes. As a result the features are less uniform. Sam-
ple A3, (f), has remained similar to that of 20 minutes sublimation time, (d). The
results in this figure further suggests that the sublimation time is critical to the for-
mation of relatively uniform central holes withing the GaN windows. In particular, 20
minutes is the most successful time. This is as at 20 minutes the central holes are fully
formed but there has not been too much material removal such that the holes have
become more irregular with ‘channels’ appearing in the rest of the window, as is the

case for B8 after 40 minutes sublimation time.

6.7 Study of the effect of the piranha clean duration

A study of the effect of piranha clean time on samples from the B template (see samples
B9-B14 in Table 6.1) and the resulting morphology after sublimation was investigated

in the section.

It seems evident from all the data presented so far that not only the sublimation recipe
employed but also the processing steps have a significant impact on the success of
the formation of central holes within the GaN windows. Omne processing parameter

which has not yet been investigated thoroughly is the impact of the piranha clean step.
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10 minutes
sublimation
time

20 minutes
sublimation
time

40 minutes
sublimation
time

Figure 6-8: In (a) sample B8 is shown after sublimation at for 10 minutes. In (b)
sample A3 is shown after sublimation at for 10 minutes. In (c) sample B8 is shown
after sublimation at for 20 minutes. In (d) sample A3 is shown after sublimation for 20
minutes. In (e) sample B8 is shown after sublimation at for 40 minutes. In (f) sample
A3 is shown after sublimation at for 40 minutes. All samples underwent a BOE 5:1
treatment prior to sublimated at 900 °C set temperature. For images (a), (b) (c), (e),
the main image is at the centre of the sample and the inset is at the sample edge. For
figures (d) and (f) the main image is the most successful region of the sample. The
inset is a less successful edge of the sample.
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1 minute
O, descum

1 minute

2 minute
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Figure 6-9: In (a), sublimation of sample B9 is shown. In (b), sublimation of sample
B11 is shown. In (c), sublimation of sample B13 is shown. In (d), sublimation of
sample B10 is shown. In (e), sublimation of sample B12 is shown. In (f), sublimation
of sample B14 is shown. None of the samples (a) — (f) had a BOE 5:1 treatment, only
a BOE 100:1 ~ 20 — 30 second dip. All samples were sublimated for 30 minute at a set
temperature of 900 °C.
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Indeed, whilst a piranha clean of a 3:1 ratio is an effective way of removing organic
material, it is a rather aggressive cleaning process. It is certainly conceivable that
excessive piranha cleaning could lead to significant surface damage of the underlying
GaN. This could then impact the effectiveness of the sublimation process on the GaN
window. For this reason, a piranha clean study was performed. Here, piranha cleans of
different time durations on the GaN templates followed by sublimation are presented.
Some samples also underwent an Oy descum after the piranha clean and all had a ~ 20

second 100:1 ratio BOE performed upon them just prior to sublimation.

From Figure 6-9 the following can be determined. The O2 descum step doesn’t make
much of a difference. If anything it has a slight negative impact. It appears that the
samples which were cleaned for 1 and 2 min with piranha 3:1 had the most consistent
topology with holes in the centre of most windows with central growth features a
rarity. Thus, the piranha clean duration is then a critical processing factor. 2 minutes

of piranha cleaning or less is the most desirable duration.

A BOE 5:1 treatment was also performed on second halves of all of the samples prior to
sublimation (not shown) but this seemed to give no beneficial impact on the subsequent
morphology and, in fact, appeared to have a slightly detrimental effect. Overall it can
be discerned that piranha clean duration has a greater impact on the final morphology
of the sublimed samples, compared to many of the other fabrication process parameters

explored.
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6.8 Mechanism of GalN sublimation under N,

From the evidence collected from the experiments presented in this chapter, it is clear
that processing, and in particular, the cleaning of the GalN samples plays a significant
role in the morphology obtained after sublimation. Section 1.5 demonstrated that
surface oxides were unlikely to be the cause of poor, rough morphology observed across
a number of samples. The final cleaning stage of the AZ400K dip on sample A2
will have likely had a detrimental impact in realising a central small pit structure
in the centre of the GaN windows after sublimation to some extent. However, as
there were also issues in reproducing this morphology in newly fabricated templates,
which also exhibited lumpy morphology, this is not the main source of the undesirable
morphology. Moreover, some of the A3 template could be salvaged with a BOE 5:1
treatment. Whilst it is still certainly possible that there could be reactor chamber
contamination, no noticeable change in surface morphology of the sublimed samples
before and after extensive reactor chamber quartz component cleaning was observed.
Hence, this hypothesis is also unlikely. Furthermore, contamination of the samples
themselves was ruled out by the extensive and excessive cleaning upon some of the
studied samples. Therefore, a rough, ‘lumpy’ surface morphology is very likely to
be caused by surface roughening and damage created in the GaN windows during

processing.

In order to further investigate the source of the lumpy surface after sublimation, AFM
scans of the G1 sample prior to sublimation were performed. These can be seen in
Figures 6-10 (a) and (b). As can be seen in (a) whilst there is some minor contrast
differences within the windows, this is not especially prominent. One would expect a
greater range of colour or at least more of a variation in the observed blue if there was
large rough, lumpy features across the window prior to sublimation. There is some
contrast differences between the centre and top and bottom of the windows but this
is likely a scan artefact as it is also present across the SiN, mask too, observed as the
orange streaks present. There does appear to be some slight other colour differences
within some of the windows however this is difficult to see in the 5xb um scan. Thus

a 1x1 pm scan was performed (see (b)) to more closely inspect a window’s features.

In Figure 6-10 (b), one can see a single GaN window surrounded by SiN, mask. Very
few large roughness features can be seen within the window other than the slight pit
offset to the left from the centre of the window. Whilst the scale is roughly 50 nm
in total height one would still expect to see some larger rough features if they were

present as a 5 nm change in height gives a easily noticeable colour change with the
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Figure 6-10: Figure 12 shows an AFM scan of part of the G1 sample, prior to subli-
mation (see Table 6.1). In (a) a 5x5 um AFM map of the sample is shown. In (b)
a 1x1 um AFM map of the sample is shown. In (c) a zoom of a region of the AFM
map shown in the dashed rectangle in (b) is presented. In (i) the planar AFM image
is shown and in (ii) a 3D map of the image in (ii) is shown.
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colour scheme used. For instance, larger rough features are observable on the SiN,

mask itself.

In order to explore this more fully, a crop of the figure in (b) was taken in order to
view the GaN window surface independently of the SiN, mask. This is shown in (c)
(i) (planar) and (ii) (3D). The total height change in (c) (i) from left to right and top
to bottom is an artefact of the scan in addition to the observed scan lines across the
window. However, there does appear to be some small undulation across the window,
especially visible in the 3D image in (ii), other than the obvious pit. It is also possible
that the observed small undulations could also be some form of artefact but as they

are present across most of the image in (c) (ii) this seems unlikely.

Thus, from this data it can be concluded that there are only undulations which are
small in height. After sublimation however, a severely rough surface present in the
GaN windows is observed. It is likely that, due to the initial undulations prior to
sublimation being small in magnitude, that small scale roughness may be responsible
for the lumpy morphology observed after sublimation. What is meant by this is that,
a very small scale, undulating, rough morphology may be present on the GaN surface
that is present as result of surface damage, and would not be present in undamaged
c-plane GaN. It is likely that the small scale roughness leads to extra nucleation sites
that allows more easy nature of the GaN or Ga and N adatoms travelling across the
GaN window to bond to, compared to the normal free bonds present on an undamaged
c-plane GaN layer. Thus, these new nucleation sites, as a result of surface damage, act
as sinks for reincorporation of material during the sublimation process leading to the

rough lumpy grains observed on the surface.

It was found that a piranha clean duration of over 2 minutes piranha leads to a poor
surface morphology after sublimation. It is likely, due to this being a very aggressive
cleaning process, that this causes the formation of small roughness features on the
GaN surface when the clean time is long enough. This rough, damaged surface limits
the mobility of sublimed species across the GaN window and restricts the movement
of material away from the centre of the windows. Additionally, this allows for more
reincorporation of material. This results in successful windows having smaller holes
at the centre as less material has migrated effectively from the centre of the window.
There are far more windows with central growth features, compared to piranha cleans
of shorter times, where material has not migrated effectively from the centre of the

window.

Thus, the cleaning processes and in particular the duration and number of piranha
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cleans is a critical factor. This is summarised in Figure 6-11 (a). A rough, damaged
surface would hinder species migration in the form of either liquid Ga or gaseous GaN
or gaseous Ga and N across the window. It is desirable to determine if the material
migrating across the window is indeed liquid GaN or gaseous GaN or Ga and N. Ac-
cording to Coulon et al. [55] and Koleske et al. [327] liquid Ga droplet formation does
not occur for thermal etching in a nitrogen atmosphere. Therefore, it is most likely
that it is gaseous GaN, gaseous Ga and N or a combination of the two which sublimes
and then diffuses across the GaN window. To further corroborate this, as it is known
that HCI effectively dissolves liquid Ga droplets [328], a sample with a large amount
of lumpy features, post sublimation, was immersed in HCL:D.I. water at a 1:1 ratio for
30 minutes at ambient conditions. After this process (data not shown) no noticeable
change in the sample surface occurred. This is as the lump features in the centres of
the windows, thought to possibly be Ga droplets, remained after the HCI treatment.
This then provides further evidence that the transport of material across the surface is
not in the form of liquid Ga. Thus, the material diffusion across the sample after it has
been thermally etched will be either gaseous Ga and N or GaN. Some of the gaseous
species appears to accumulates near the mask-window interface, leading to a gradient
from the mask region to the inner region of the window, finally with a sharp small hole

at the centre. A schematic of the process is shown in Figures 6-11 (b) and (c).

When one considers the ability to salvage the A3 sample via a BOE 5:1 treatment, a
possible explanation can be proposed. First it is important to consider than the only
sample where a BOE 5:1 clean significantly improved the surface morphology was that
of A3. It is likely the AZ400K dip actually had a beneficial impact on the surface
morphology when combined with a BOE 5:1. A previously rough and damaged surface
could have had this roughness etched away by the short AZ400K exposure which would
react with the GaN via the formation of GaO, [53]. The remaining GaO, could then
have been removed via the BOE 5:1 clean, leaving a very smooth surface, allowing
for the formation of small central holes upon sublimation. Some of these oxides could
be more readily attacked by BOE than HCI:D.I. water. The reason behind this is
unknown but it may be as a result of generation of subsurface oxides which HF may
remove more easily than HCIL:D.I. water. This would require further investigation to
determine if this was indeed the case. It is worth noting that a G1 sample was also
able to be salvaged (data not shown) via the use of a 10 second AZ400K dip followed
by a 40 second BOE 100:1 treatment. This further supports that the AZ400K dip is

key to salvaging the samples.
Using the understanding of the likely mechanism of sublimation and the results from
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Figure 6-11: In (a) the diagram of Figure 6-4 is shown with the incorrect possible
explanations for the poor morphology observed in the A3 sample crossed through.
From the experiments preformed the most likely mechanism to explain the morphology
of A3 is left without a red cross through. In (b) the mechanism of surface migration
of sublimated species is shown, resulting in more material near the edge of the window
and a hole at the centre of the window (right) after sublimation. This corresponds to
an initially smooth, minimally damaged, GaN surface (left). In (c) the surface of the
GaN window is roughened and damaged by over processing (black lines on window of
left figure). This then leads to a lumpy, rough morphology after sublimation (right

figure). In (b) and (c) both tilted and cross-sectional diagrams are shown.
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previous sections, optimised growth conditions were preformed on the fabricated sam-
ples which have rendered the best results. The results of these final optimisations are

shown in the next section.
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6.9 Conclusions of the sublimation investigation and final

optimisations

In order to achieve the aim set out at the start of this chapter of growing InGaN
quantum dots within uniform arrays of holes, of quantum dot dimensions, at the centre
of the GaN windows the sublimation process needed to be optimised. The small hole
dimensions realised in Figure 6-1 (b) when subliming at a temperature of 875 °C in
addition to those realised after a sublimation time of only 20 minutes in Figure 6-
8 provide good conditions for quantum dot sites. Thus, this set temperature and
sublimation time was chosen in addition to all the other standard conditions used
throughout the rest of the sublimation experiments presented here. This was performed
upon some of the most successful samples (B13, B8, A3 with BOE 5:1 treatment and
B9) and can be seen in Figure 6-12.

As can be seen in Figure 6-12 (a) only minimal success is achieved with sample B13,
although there were the presence of some very small central hole features. Thus, this
sample is an unlikely candidate to produce InGaN quantum dot sites. In (b), showing
sample B8, there is moderate success across most of the sample with over 50% of
the windows (estimated from image of lower magnification, this is not shown here)
showing successful small central hole openings. Sample A3, in (c), is also less successful
with a large inhomogeneity across the sample. The edge (not shown) shows moderate
success, whereas the centre of the sample is far less successful. Sample B9, in (d),
shows the most successful sample. As can be observed in (d) the sublimation is largely
successful across the majority of the sample with the majority of windows displaying the
desirable morphology. This demonstrates that careful optimisation of the processing
parameters and growth conditions can be utilised to realise successfully sublimed small
hole openings, across the majority of the sample, suitable for InGaN quantum dot

growth.

Whilst suitable sites for InGaN quantum dots were created, the growth of site-controlled
InGaN quantum dot structures was not investigated in much depth. Thus the results of
attempted InGaN quantum dot growth has not been presented in this thesis as we chose
to concentrate on GaN site-controlled quantum dot growth on the AIN nanostructures,
created in the previous two chapters. The results of the attempted site-controlled GaN

quantum dot growth will now be presented in Chapter 7.
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Figure 6-12: In (a), sample B13 is shown. In (b), sample B8 is shown. In (c), sample
A3, after a BOE 5:1 treatment, is shown. All main figures in (a)-(c) are that of the
centre of the sample, the insets are that of the edge. In (d) sample B9 is shown. All
images show samples after sublimation with optimised conditions.
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Chapter 7

Attempted site-controlled GalN

quantum dot growth

7.1 Introduction

The target of this thesis was to grow a single GaN quantum dot on sharp, periodic
AIN nanofeatures. A review of the literature is an important starting point in order to
chose some suitable starting growth conditions from which site-controlled GaN quantum
dot growth can be attempted. Self-assembled GaN/AIN quantum dots are grown via
the Stranski-Krastanov (SK) growth mode. This can be achieved with MOVPE. The
GaN layer is typically grown under a very low V/III ratio of input precursors [96].
Quantitatively, this V/III ratio is usually below 100 and can be as low as 30 or even
lower [329], [330], [331]. This is especially true if one wants to grow quantum dots with
relatively small dimensions [332], [330]. Such Ga-rich conditions are used in order to
decrease the surface energy of the planar AIN layer [330] allowing the build-up of strain
during heteroepitaxial growth to be the dominant factor between compensating for the
the strain and minimising the surface energy. This then allows for the formation of SK
quantum dots via a 2D-3D morphological transition. Self-assembled quantum dots can
also be grown at higher V/III ratios, but this leads to larger dots [332], [333]. GaN
growth pressures have been reported to be in the range of 200 mbar [332], [96] - 133
mbar [330]. GaN quantum dot growth temperatures have been reported to be in the
range of 860 °C' [330] - 990 °C' [334], [96].

Choi et al. [273] grew GaN quantum dots at the apices of AlGaN nanorods, utilising

a very high V/III ratio to promote faster growth in the c-direction compared to other
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Table 7.1: Initial quantum dot growth conditions identified from the literature.

Initial GalN quantum dot growth conditions
Growth temperature (°C) | V/III ratio Growth  pressure | Growth time (sec-
(set)* (mbar) onds)
820 20,000 300 ?
*True temperature, as measured by pyrometry, has an off-set from the set temperature. In
this case the true temperature is higher than the set temperature by ~ 100 °C.

facets. The specific TMGa and NHs flow rates used in [273] were 0.13 pmol/min and
60 sccm, respectively. This corresponds to a V/III ratio of ~ 20,000. The growth

temperature utilised to grow site-controlled GaN quantum dots upon AlGaN was of
880 °C.

What can be seen from the information above is that there are two different growth
conditions, and, in particular, V/III ratios, that are utilised depending on if one wants
to grow Stranski-Krastanov GaN/AIN quantum dots or GaN/AlGaN nanorod site-
controlled quantum dots. Whilst we will be growing GaN/AIN quantum dots they do
indeed intend to be grown at the apices of AIN nanorods. For that reason it seems
most logical to attempt to reproduce the GaN growth conditions reported by Choi et
al. in [273] as opposed to those conditions reported in the self-assembled GaN/AIN
quantum dot literature. Concerning the V/III ratio, and considering our systems limi-
tations, the above precursor flows are particularly low. Our MOVPE system had mass
flow controllers for the precursor flows that were unable to accurately replicate such
low flow rates. We can, however, recreate roughly the same V/III ratio with our re-
actor albeit with higher precurosr flow rates. For our reactor this corresponds to a
flow rate of 1 sccm of TMGa and a flow rate of 1800 sccm for NHj3 in order to realise
a V/III ratio of ~ 20,000. Whilst a growth temperature of 830 °C' was used in the
work by Choi [273], there is no mention of if this was measured via pyrometry or by
their growth reactors internal temperature monitoring apparatus. Thus, there is no
mention of the magnitude of any off-set, if present, of this growth temperature value.
Hence, this value can only be taken with caution, and it was decided to target a true
growth temperature of ~ 920 °C' (corresponding to a set temperature of 820 °C). As
growth pressure was not specified in the work by Choi [273], other literature for the
growth of GaN/AIN systems was consulted and was found to be in the range of 100
[335] - 267 [336] mbar. For this reason a growth pressure of 300 mbar was chosen
as a starting point. Table 7.1 summarises these growth conditions. In order to deter-

mine a suitable growth time, the growth rate was investigated utilising these conditions.
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7.2 GaN growth rate

The growth rate of GaN using the growth conditions specified in Table 7.1 was required
in order to select an appropriate deposition duration for quantum dot growth. As we
were aiming to grow a thin layer of GaN on the remaining c-plane of a sharp feature,
such as a nanopyramid or rod apex, calibration of the growth rate of c-plane GaN
was therefore appropriate. In order to do this in-situ monitoring of the growth was

harnessed via the use of pyrometry/spectroscopic reflectometry.

Air GaN Thin Film Substrate

M
Thickness (d)

Figure 7-1: This figure shows a diagram of interference effects within a GaN thin
film leading to Fabry-Perot fringes, as diagrammatically represented in the box to the
bottom left. This figure is diagrammatically only and not to scale.

In-situ monitoring of growth via spectroscopic reflectometry allows for measurement
of the true temperature of the sample during MOVPE growth [337]. Additionally, one
can use this measurement tool in order to measure the amount of growth which has
occurred [338]. The background of how this can take place will be now briefly presented
followed by the calculation of the growth rate.

Fabry-Perot fringes originate from multiple interferences between beams transmitted
and partially reflected from the thin film-air and thin film-substrate interfaces [339], see

Figure 7-1. The resultant constructive and destructive interference of the beams leads
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to the the formation of peaks and troughs in the detected signal. The positions of the
peaks and troughs in the fringe pattern are determined by the Fabry-Perot relationship:

m-A=2n-d [339] (7.1)

where A is wavelength, m is an integer corresponding to the number of successive peaks
(i.e. a nearest neighbour peak-to-peak value would have m = 1), n is the refractive index
and d is the thickness [339]. Hence, as the peaks and troughs at a given wavelength is
dependent on the thickness for the thin film, the change in position of these peaks and

troughs can give an indication of the corresponding change in the thickness of the film.

In-situ monitoring of the changes in location of peaks and troughs present in the spec-
troscopic reflectometry signal can give a measure of the growth thickness deposited
and, therefore, the growth rate. The growth rate can be calculated using the below
equation from [338], this is a modified version of the equation shown above from [339).
In this case, m is effectively taken as a half. When considering movement of the spectra
to the left from a peak to a trough (or vice-versa) in the reflectometry signal, one can

determine the growth rate from the following:

A 1
Growth rate = T At [338] (7.2)
Here )\ is the wavelength at which the peak/trough shift is being measured, n is the
refractive index of GaN, and At is the time elapsed during the movement from a peak
to trough (or vice versa). This measurement of the change in peak/trough position
can be seen in Figure 7-2. In this figure the spectral reflected signal from the sample is
plotted in black after a recipe run time of 3338 seconds. In blue the spectra is shown
after 6238 seconds. Using the red vertical line at 500 nm as a reference point one can
see the spectra has effectively shifted to the left after by a distance of ~ 1 trough to

peak.

Extracting the refractive index of GaN at ~ 900 °C from [337], this is found to be a
value of 2.4. If we look at the shift to the left of a trough to peak at 500 nm in Figure

7-2, this occurs in ~ 2900 seconds. Thus, we can calculate the growth rate as:
~ 1 nm/min.

Thus, from this measurement an approximate growth rate of 1 nm/min has been ex-

tracted. It is worth mentioning that this is the growth rate across a planar GaN
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Figure 7-2: In this figure, the black line shows a plot of the reflected pyrometry signal
from the in-situ growth monitoring system after 3338 seconds recipe run time. In blue
the signal is again presented but after 6238 seconds run time. The red line at 500 nm
is shown as a reference point from which to see the evolution of the plot in black to the
plot in blue. This data was extracted from the ‘Laytec Episense’ software and plotted
using MATLAB.
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sample. The growth in this chapter intends to be localised to a small nanostructure
c-plane apex. Hence, one would expect that a shorter growth time would be required
to create a small localised region of GaN growth of height of 1 or a few nanometers.
This supposition is further supported by the short growth time, 8 seconds, and low flow
rates presented in the work by Choi [273]. Whilst this is a rather crude measurement

and calculation, it does give an indication of the order of growth time that is required.

7.3 GaN growth on AIN nanopyramids

As was determined in the previous sections, some sensible growth conditions for the
site-controlled growth of c-plane GaN quantum dots have been found. The aim was now
to attempt growth upon a sharp AIN nanofeature. One array of promising structures
realised in a previous chapter were the AIN nanopyramids formed by combining dry
and wet etching. These appear to have very sharp apices, which could potentially house
a single quantum dot. As the conditions determined in the previous section favour c-
plane growth, it may be possible to grow a small amount of GaN at this apex, if there

is a small c-plane, without also growing on the semi-polar planes.

It is worth mentioning that a very sharp apex is not necessarily an absolute requirement
for growth of a 3-dimensionally confined system at a rod apex. A continuous quantum
wire layer could be grown across a nanorod that would be thicker at the apex leading
to a different ground state energy at this apex region compared to the rest of the wire
[340]. According to Inoshita and Sakaki [340], this thicker channel at the ridge top of
the rod would lead to stronger carrier confinement in this region [340]. This would then
result in some 3D confinement at this apex. However, we chose to aim for very sharp
features to grow our active regions upon as the level on confinement via a small region
of material at a sharp apex encapsulated purely by the barrier material would likely
be greater than that of a thickness variation of a wire. In the latter structure, carriers
may be able to more easily excite, via thermal effects, into regions of lower quantum
confinement compared to barrier capped growth at purely localised sharp features,
which we aimed to create. Such an architecture would then lead to a QD device which
would not be able to operate at as high a temperature as a QD device (such as the

device we intended to create) fully encapsulated by a higher bandgap barrier layer.

Whilst the pyramids look exceptionally sharp see Figure 7-3 (a), a small top c-plane,
beyond the resolution of the AFM tip, may still be present. Additionally, after a short

anneal only, the nanopyramid peaks appear blunter, see Figure 7-3 (b). Considering
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Figure 7-3: In (a) a nanopyramid sample is shown after wet etching and prior to any
growth /anneal. In (b) shows a nanopyramid sample after a short anneal. In (c) shows
a nanopyramid sample after 1 minute of GaN growth without an AIN cap. All the
images were amplitude-retrace maps as this aids the viewing of the sharpness of the
apices. This data was extracted via the WXsM software [56]

this anneal was merely a temperature ramp step which would be required in order to
grow GaN in any case, this does offer promise that there should be some amount of

small c-plane at the apex upon which to grow the quantum dot.

In order to gain a greater appreciation of the amount of GaN deposited after 1 minute
and, if indeed, it would growth preferentially at the top c-plane, an uncapped sample
was grown. This sample after growth can be seen in Figure 7-3 (¢). As can be seen in
this figure, there is a sizable amount of GaN growth visible across the sample signified
by this ‘lumpy’ morphology. It does however seem to have some slight localisation to
the AIN nanopyramid as a whole. Thus, it seemed sensible to grow for a shorter growth

time to try and achieve small amounts of localised growth at the apices.

Two samples were deposited with GaN for two different growth times, followed by AIN
caps. A summary of the growth conditions for these two samples and the uncapped
and annealed samples is presented in Table 7.2. SEM images of these two samples,
5401, and 5402, can be seen in Figures 7-4 (a) and (b) respectively. The GaN growth
time in Figure 7-4 (a) was 10 s and in (b) was 30 s. As can be seen in (a) there seems
to be some dark features at the apices of the pyramids and a rough texturing to the
c-plane between the nanopyramids. Similar is also observed in (b), where, in this case,
there are lighter regions at the apices of the pyramids in addition to rough texturing
of the c-plane between structures. It is worth noting that the majority of the sample

did not have this morphology and had a morphology closer to that of (a).

When we now consider both panchromatic CL images in (c¢) and (d), what is immedi-
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Table 7.2: Summary of conditions of attempted GaN quantum dot growth on AIN
nanopyramids.

Attempted GalN quantum dot growth on AIN nanopyramids

Sample Growth V/III ratio Growth pres- | Growth time | AIN cap
temperature sure (mbar) | (seconds)
(°C) (set)*

Anneal only | 850 NH; only 100 60

5399 820 20,000 300 60

5401 820 20,000 300 10

5402 820 20,000 300 20

*True temperature, as measured by pyrometry, has an off-set from the set temperature. In
this case the true temperature is higher than the set temperature by ~ 100 °C.

ately clear is that dark regions are localised to the nanopyramid regions. Additionally,
it appears that some of the semi-polar planes are darker than others, and this seems
similar for all pyramids in a given image. What is also of note is the lack of any bright

localised emission, especially at the apices of the pyramids.

Turning to the mean CL spectra in (e) and (f), both are largely very similar. There
is a large defect band from ~ 290 nm to ~ 510 nm in both spectra. This originates
from the defects inherent in the AIN template. The periodic modulation of these defect
bands is likely due to Fabry-Perot oscillations within the AIN template. There is again
no evidence of quantum dot signatures or any visible GaN signature at all. A weak
GaN signal could have been masked by the large, strong defect band in the spectra
however. After performing both room temperature and low temperature (~ 77 K)
photoluminescence on sample 5402 (data not shown), no other features of any interest

are revealed and the PL spectra is largely similar to that of the CL in Figure 7-4 (f).

It is difficult to see from the CL (Figures 7-4 (c) - (f)) any sign of active region lumi-
nescence. There could be a number of reasons for this. Whilst it appears there may
have been some deposition from the SEM images, especially in (b), this may in fact be
contamination. Hence, it is possible that both 10 s and 30 s growth time are not long
enough for the nucleation of GaN to occur on these structures, especially at the apices.
This is supported form the lack of any real GaN signature in either of the samples as

seen in (c) - (f).

Another possibility, is that GaN growth has occurred but is so defective this just
appears as dark regions on the CL images shown in (c) and (d). In highly defective

material, the majority of recombination would be via nonradiative routes, therefore
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Figure 7-4: Figure (a) shows an SEM image of sample 5401. In (b) and SEM image of
5402 is presented. Figure (c) shows a panchromatic CL image of the sample presented
in (a). In (d) shows a panchromatic CL image of the sample presented in (b). In (e)
a mean CL spectrum of the sample, and region, shown in (a) is presented. In (f) a
mean CL spectrum of the sample, and region, shown in (b) is shown. This data was
taken by Dr Jochen Bruckbauer, University of Strathclyde. These measurements were
performed at room temperature and under vacuum. The electron beam acceleration

voltage used was 20 kV.
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this would show up as dark regions in the panchromatic CL map.

Alternatively, the orientation of the CL detection source with respect to the detector
could hinder the detection of an optical signal from these nanopyramids. This is sup-
ported to some extent by the darker regions observed from different semi-polar planes
of the pyramids. It may be easier for photons to escape certain planes more easily, and
be subsequently detected. This would manifest itself in darker planes where photons

are more difficult to be detected from, which is what is observed.

Another hypothesis is that the growth conditions used are not suitable for growing
localised GaN material at the apices of the pyramids. Finally, the fact that the pertur-
bation of the c-plane layer is minimal could mean that there is no preferential growth
at the apices of the structures and just conformal deposition of material. This material
could then, additionally, be either is highly defective or difficult to detect considering
the detection geometry of the system and the shallow nature of the pyramids. Both

these latter points would result in little or no GaN signal being detected.

7.4 Initial Investigation of GaN growth on AIN nanorods

The attempted growth of GaN QD’s upon the nanopyramid nanostructures, in the
previous section, was not successful. There are a lot of possibilities for why this was
the case. If it is assumed that this is as a result of the sample itself, and not as a result
of the growth conditions employed, a sensible route forward can be made. The shallow
and minimal perturbation of the c-plane AIN, in these nanopyramid structures, may
have led to no real preferential incorporation at the apices of the pyramids. Thus, it
is pertinent to investigate the growth of GaN on AIN nanostructures with much more
drastic aspect ratios and hence perturbation, from the flat c-plane. The ‘top-down

bottom-up’ AIN nanorods presented in Chapter 4 are one such suitable structure.

Dry-etched ~ 1 wm AIN rods first underwent faceted regrowth to realise hexagonal
rods with pyramidal heads and sharp apices. GaN growth was then performed for 10
and 60 seconds, followed by an AIN cap. More details of the growth conditions can be
seen in Table 7.3.

SEM images of samples 5415 and 5412 are shown in Figures 7-5 (a) and (b) respectively.
As can be seen in both (a) and (b) hexagonal nanorods with pyramidal heads and
sharp apices have been realised after the AIN faceted growth step, GaN deposition

and AIN cap. Both arrays of rods are almost fully faceted, except for an incomplete
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Figure 7-5: Figure (a) shows an SEM image of sample 5415 and in (c) the corresponding
panchromatic CL map of the same area. Figure (b) shows an SEM image of sample
5412 and in (d) a panchromatic CL map of the same area. In (e) and (f) are two
example spectra from the centres of two rods from the panchromatic CL images in
(c) and (d) respectively. The red circles on (c) and (d) show the approximate area
within which the spectra in (e) and (f) were taken. This data was taken by Dr Jochen
Bruckbauer, University of Strathclyde. These measurements were performed at room
temperature and under vacuum. An acceleration voltage of 5 kV was used.
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Table 7.3: Summary of conditions of attempted GaN quantum dot growth on AIN
nanorods.

Stage 1 - AIN faceted regrowth

Sample Growth  tem- | V/III ratio Growth  pres- | Growth time
perature (°C) sure (mbar)
(set)*
5412/5415 960 19,000 20 150 minutes
Stage 2 - GaN growth
5412 820 20,000 300
60 seconds
5415 820 20,000 300
10 seconds

Stage 3 - AIN cap
5412/5415 | 820 | 7,600 | 20 | 8 minutes
*True temperature, as measured by pyrometry, has an off-set from the set temperature. In
this case the true temperature is higher than the set temperature by ~ 100 °C.

m-plane near the base of the rods. The rods are known to have m-plane facets as the
slowest growing, and therefore dominant, non-polar facets from the evidence presented
in Chapter 4. Although these rods were dry etched in a different batch to those shown
in Chapter 4, they were from the same originally patterned template and so from the
same argument in Chapter 4, they display m-planes when in point-to-point geometry.
As can be seen in the panchromatic CL in (c) there are not many interesting features
and little sign of localised emission. There are two bright pixels but these correspond to
cosmic rays. In (d) however, there does seem to be some features of note. In particular,
there appears to be regions of localised bright emission near the corners of the pyramid
sections of some of the rods. In order to ascertain the nature these bright regions,

individual pixels at these positions were inspected more closely.

As can be seen in Figure 7-6 (a), (c¢) and (e), individual pixels were inspected in more
detail and their corresponding emission spectra extracted, Figures 7-6 (b), (d) and (f)
respectively. What is immediately striking from these spectra, and not observed in
other regions, are the sharp emission peaks centered at ~ 280, ~ 300 and ~ 290 nm for
(b), (d) and (f) respectively. As can be seen from all three spectra these peaks appear
to be the dominant luminescent feature in these specific locations. It is not entirely
clear from this figure where exactly the luminescence source is spatially located. What
is apparent is that these sharp luminescence features do not originate from the apices
of the rods as one intended. It was unclear what regions of the rod these emission
features were localised at or if they were located at some point on the bottom c-plane
of the sample, between the rods. Hence, another CLL map was taken of this sample, but

at an edge which had been cleaved post-growth in order to get a semi-cross-sectional
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Figure 7-6: Figures (a), (c) and (e) show 3 targeted pixels from the panchromatic CL
map shown in Figure 7-5 (d). The corresponding CL spectra for these three pixel are
presented in Figures (b), (d) and (f) respectively. This data was taken by Dr Jochen
Bruckbauer, University of Strathclyde. These measurements were performed at room
temperature and under vacuum. An acceleration voltage of 5 kV was used.

view on the rods themselves.

The SEM image in Figure 7-7 (a) shows a post-growth cleaved-edge from sample 5412.
As can be seen fromm the image, nearly the entire length of the nearest most rods can
be seen. Hence, if any interesting luminescent data was observed along the length of
these rods, its spatial location on the rod could be easily identified. A corresponding
panchromatic CL image of the region shown in (a) is shown in (c), with a specific pixel
highlighted. As can be seen from the spectra associated in this pixel, in (d), a sharp
luminescence peak can be observed centred on ~ 290 nm. Similarly in (e) another
region of the panchromatic CL map is selected with the corresponding spectra in (f)
also showing a sharp peak. This latter peak was also centred at ~ 290 nm. When
comparing with the SEM image in (a) it appears that the localised sharp emission
features arise from near the bottom of the rods, but crucially, not at the base. There
seems to be a correlation with these sharp emission features and the top of the regions

where there is still some a-plane non-polar facet remaining.

What is believed to be occurring, as can be seen from the schematic in Figure 7-7 (b),
is that after the AIN faceted regrowth stage, near the bottom of the rods, the m-plane
has not fully formed with the a-plane not being fully extinguished. A triangular region

of remaining a-plane is subsequently remaining near the lower part of the rod, prior to
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Figure 7-7: Figure (a) shows an SEM image of sample 5412 near the cleaved edge. In
(b) a schematic of the growth occurring on 5412 is presented. In (c) a specific pixel of
the panchromatic CL image which corresponds to the same location as shown in (a)
is presented. The corresponding detected CL spectrum of the pixel highlighted in (c)
is shown in (d). In (e) another pixel (different to (c)) in the panchromatic CL image
is selected. The corresponding detected CL spectrum for the pixel in (e) is shown
in (f). This data was taken by Dr Jochen Bruckbauer, University of Strathclyde.
These measurements were performed at room temperature and under vacuum. An
acceleration voltage of 5 kV was used.
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GaN growth. Under the GaN growth conditions employed, there is preferential incor-
poration of material at the top of this triangle region where the fast growing a-plane
is being extinguished and grown out leaving only the m-plane. Hence, GaN accumu-
lates at this region as this area/facet of the rod is fast growing. This then leads to
localisation of emission in these regions, which show sharp emission peaks, especially

considering the measurements were performed at room temperature.

It cannot be said for certain if the emission features present in Figures 7-6 and 7-7
correspond to non-polar GaN quantum dots close to the bottom of the rods. In order
to give a better indication of this, the FWHM of each of the sharp spectra presented
in these figures were extracted and compared to those reported in other literature.
The data can be seen in Table 7.4. This data was taken from the CL spectra in its
raw form and then smoothed before calculating the FWHM of the sharp peak regions.
Thus, these extracted linewidths can only be taken as estimates of the true linewidths
of the sharp emission features. As a reference point some room temperature linewidth
FWHM’s of GaN/AIN or GaN/AlGaN quantum dots are also presented in Table 7.4.

As one can see from Table 7.4, the FWHM’s of the sharp features in the CL data
presented in Figure 7-6 and 7-7 have rather broad linewidths, ~ 309 — 104 meV, com-
pared to some results from the literature. In most of the literature the linewidths are
measured from PL data, whereas our data was collected via CL. Even considering this

it is still useful to survey and compare the literature with our data.

In the work by Choi et al. [273], the PL linewidths of single GaN quantum dots are
~ 10 meV. This data was collected at 4 K. In the works by Yang et al. [331] and Peres
et al. [341], PL of ensembles of self-assembled quantum dots was performed. Whilst
PL performed in the work by Yang et al. was performed at 300 K the work by Peres
et al. was performed at 14 K. Yang et al. found a linewidth of 153 meV and Peres
et al. found a linewidth of ~ 300 meV. In the works by Holmes et al. [15] and Deng
et al. [274] PL spectra was measured at or above room temperature. In the former,
a linewidth of 33 meV (350 K) is reported and in the latter a linewidth of 58 meV is
reported (300 K).

Whilst Choi et al. [273] found very narrow linewidths of ~ 10 meV, these measurement
were performed at 4 K. This is significant as it is known that at higher measurement
temperatures, PL measurements suffer from to spectral linewidth broadening. This

is as a result of thermal population of higher energy levels and coupling to phonons
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Table 7.4: Measured linewidths of sharp peaks observed in CL spectra.

FWHM of sharp peaks from CL spectra

Sample Emission wavelength | FWHM (meV) FWHM (nm)
(peak centre) (nm)
1 (Figure 76 (a), | 279 308.6 183
(b))
2 (Figure 7-6 (c), | 298 217.4 17.8
(d)
3 (Figure 7-6 (e), (f)) | 284 233.3 20.4
1 (Figure 7-7 (c), | 290 120.6 8.07
(4))
5 (Figure 7-6 (a), | 284 103.9 13.4
(b))
Averages and Standard deviations
Mean linewidth | Standard deviation | Mean linewidth (nm) | Standard Deviation
(meV) (meV) (nm)
196.8 84.7 15.6 4.9

Linewidth data from the literature

Linewidth (meV) Measurement Tem- | Emission wavelength | Source Material
perature (K) (nm)

7-9 4 ~ 310 — 290 Nanowire Al-
GaN/GaN QD’s
[273]

153 300 ~ 310 Self-assembled ~ Al-
GaN/GaN/AIN
QD’s [331]

~ 300 14 ~ 520 — 320 Stacks of SK
GaN/AIN quan-
tum dots [341]

33 350 290 AlGaN/GaN
nanowire QD [15]

58 300 322.5 AIN/GaN  dot-in-

self-assembled  wire
[274]

* The experimental values are not too accurate as the data was quite noisy. One would
expect a relatively large error in these measurements.
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[248]. In addition, there would likely be greater degrees of spectral diffusion at higher
measurement temperatures, which would further broaden the detected linewidths [342].
Hence, although our linewidths are much broader, it is difficult for us to compare our
results with that found by this group. For the works by Yang et al. [331] and Peres
et al. [341] it can be seen that our CL linewidths appear in the same broad range of
the PL linewidths measured in both [331] and [341]. Indeed, the results by Peres et al.
reveals a larger linewidth value than for our sample. However, this data also cannot
be directly compared to our own. This is as ensembles of self-assembled quantum dots
are probed in both these publications as opposed to the single feature probed via our
CL measurements. It is known that self-assembled quantum dots have a distribution in
shape and size [110], corresponding to slightly differing energetic structures [114] [115].
Thus, one would expect the PL linewidths of these samples to be broader than a single
QD, especially in the case of the work of Peres et al., where stacks of many quantum

dots were probed.

The quantum dots measured in the works by Holmes et al. [15] and Deng et al. [274]
are much more comparable to our own data. This is as both measured single GaN
quantum dots at at above room temperature albeit via PL. These values do appear to
be smaller than our average linewidth of ~ 197 meV by a noticeable amount. This could
be due to the structures reported in [15] and [274] being quantum confined in more
dimensions than ours. Alternatively, it is also possible that both our structures and
those from the literature have the same level of quantum confinement (i.e. 3D quantum
confinement), but the grown material quality surrounding our structures is noticeable
poorer. This is as a greater incorporation of defects in the material surrounding the
quantum dots could lead to a larger amount of spectral diffusion, subsequently leading
to a broadening of the emission linewidth [249], [250]. This would not be unexpected,
as was argued in Chapter 5, the AIN regrowth step for these nanorods could be largely

defective.

In more detail, point defects, such as interstitials, vacancies and impurities could be
introduced during the AIN faceted regrowth step of the rods [267]. This would then
provide a defective material, with poorer crystallographic quality, on the non-polar
planes upon which the GaN quantum dot growth nucleates. In turn, this would lead
to the growth of a GaN region in the vicinity of a barrier region, of a poorer crystallo-
graphic quality compared to those grown in some of the literature (such as [273], [15],
[274]). Poor crystal quality of the AIN barrier region would lead to a broader emission
linewidth of the quantum dot due to a greater contribution to the emission spectra from

spectral diffusion. Spectral diffusion is a linewidth broadening phenomenon whereby
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an optical transition between two states suffers from inhomogenous broadening as a
result of Coulomb interactions with a fluctuating electronic environment [249]. This
essentially means that there will be a strong Coulomb interaction between the quan-
tum dot confined charges and the charges present in the surrounding barrier material
[343]. Such charges in the barrier material can arise due to charge traps originating
from the occurrence of point defects in the barrier material [249]. These charge traps
in the vicinity of the quantum dot cause emission shifts of the energy of the quantum
dot when the traps change their charging status [343]. Thus, this leads to a variation
in the emission wavelength of the quantum dot as different traps change their charge

status, resulting in an overall broader emission linewidth.

In the work by Deng et al. [274], both GaN quantum dots in self-assembled AIN struc-
tures, and GaN quantum dots in SAG AIN nanowires were presented. Both structures
were grown via plasma-assisted MBE. The quoted linewidth, (58 meV), in Table 7.4 is
that of a GaN QD-in-self-assembled-AIN rod. On inspection of the data presented in
[274], the linewidth of the QD in self-assembled structure appears considerably narrower
than that of the compared selective area grown GaN/AIN site-controlled quantum dot
also presented in the work. This latter linewidth is not reported in the publication, but
on inspection of the data can be estimated to be ~ 200 meV. Taking this into account,
the suggestion from this data and the arguments above are that there is a reasonably
high chance of emission features we observe on the non-polar planes of our rods being

ascribed to GaN quantum dots.

Importantly, it is also worth noting that whilst the FWHM’s in our samples were taken
across the entire smoothed peak, many of the peaks in their raw form appear to be
double-peaked in nature. This could either be as a result of noise in the data or the
presence of two sharper peaks in very close proximity. Two sharp peaks in proximity
could indicate the presence of two quantum confined GaN structures, such as quantum
dots, with very similar properties in close proximity. Alternatively, these double peaks

could be the sign of both exciton and biexciton transitions from a single quantum dot.

If we now compare the emission wavelength of our structures with those of the liter-
ature an interesting observation is found. For all but the work in [341], our emission
wavelengths, 279-290 nm, are very similar to those of the literature. This indicates
that the sharp peaks in our structures arise from a highly confined GaN region. Ad-
ditionally, our spectra appear much brighter than the defect band which dominates
spectra obtained from other areas (Figure 7-5 (f) for comparison). Considering these
last two points, along with the linewidth data just mentioned and the possible double-

peaked nature of our emission profiles, some conclusions can be drawn. As the emission
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wavelengths are similar to those of the literature for known quantum dots, one would
assume that there is a similar amount of quantum confinement in our structures to that
of the literature. This, however, does not take into account that our structures are on
the non-polar planes of the rods, whereas the QD’s in the literature mentioned are all
c-plane structures. It is known that the internal fields present in polar III-N structures
can lead to a red shifting of the emission spectra [173]. However, it is also the case
that the Quantum Confined Stark Effect (QCSE) in c-plane GaN/AIN quantum dots
which are shallow in height is largely suppressed [274]. Hence, if our structures were
also c-plane, we would expect them to have an emission wavelength slightly longer than
that we observe here. The nature and general emission wavelength of our structures
do imply a high degree of quantum confinement. Whilst, the emission peaks are gen-
erally broader than those most similar in the literature, it is not out of the question
that our structures are indeed quantum dots, especially if the peaks are double-peaked
in nature and represent more than one QD or if the double peaks are a sign of both
exciton and biexciton transitions. This is not conclusive evidence that we have grown
some non-polar quantum dots but the evidence presented here certainly suggests that

it could indeed be the case.

7.5 Further investigation of GaN growth on AIN rods —

room temperature and low temperature PL

From the last section we have found that sample 5412 certainly has some interesting
features. We decided to explore the growth conditions around those used for 5412
in order to try and promote growth of localised emission features at the apices of
the rods, where we initially intended. In order to do this we wanted to investigate an
attempt to further promote top c-plane growth of GaN upon the AIN structures. Table
7.5 summarises the differing growth conditions explored. The choice of these growth

conditions will now be discussed and justified in more detail.

As can be seen from Section 7.4 localisation of GaN growth has been achieved, but
not at the regions of the rods initially intended. In order to promote growth of GaN
at the apex of the AIN nanorod, the growth conditions for sample 5412 (Table 7.3)
were tuned. In all cases one growth condition was changed whilst the rest remained

the same in order to gain a direct comparison with 5412.

The GaN growth step for sample 5419 was performed at higher temperature. The

motivation behind this was that this higher growth temperature would provide the
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Table 7.5: Further exploration of GaN quantum dot growth conditions on AIN
nanorods.

GalN growth conditions
Sample AIN faceted | GaN growth set | GaN V/III ra- | GaN  growth
regrowth™*, temperature* tio pressure (mbar)
growth  time | (°C)
(minutes)
5411 150 none none none
5412 150 820 20,000 300
5419 150 20,000 300
900
5420 150 820 20,000 20
5421 150 820 300
60,000
5422 820 20,000 300
120

*True temperature, as measured by pyrometry, has an off-set from the set temperature. In
this case the true temperature is higher than the set temperature by ~ 100 °C. **All samples
had an AIN cap grown upon them after the GaN growth stage. The growth conditions for
both the AIN regrowth stage and the AIN cap of all samples are specified in Table 7.3. In
5419 of Table 7.5 the growth temperature was increased from a set temperature of 820 to 900
°C. The intention was that by increasing the growth temperature, adatom migration would
increase as the adatoms would have more energy at this higher temperature. This then may
allow for more migration of the adatoms on the surface of the rod allowing for nucleation and
incorporation of GaN at the apex regions of the rods.

adatoms with more energy, increasing their average migration length. This then may
allow for more migration of adatoms to the apex regions of the rods where it is hoped

growth should be preferential.

The GaN layer in sample 5420 was grown at a significantly lower pressure, an order
of magnitude less than 5412 (Table 7.5). It was the hope that this would also lead to
better adatom migration due to fewer collisions with gas phase atoms and the migrating
surface adatoms. Additionally, fewer gas phase collisions at lower pressure, before
adatom adsorption would allow for higher energy adatoms adsorbing on the surface,
also increasing the migration length. Finally, this would also allow for more desorption
of adatoms allowing for less GaN incorporation as a whole and incorporation to be likely
only in the most preferential regions. Hence, if the other growth conditions promoted
c-plane growth it should be more likely that growth occurs preferentially in this region

at lower growth pressure.

Sample 5421 was grown at an even higher V/III ratio than 5412. The V/III ratio used
was 60,000. This was performed as a high V/III ratio is known to promote c-plane
growth [273]. By increasing the V/III ratio from 20,000 to 60,000 it was thought that
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Plot of counts as a function of detected photon energy (all samples)
1T .
W
S09r y N
- ) T,
2 f \ A
{
308f i SAY
' I | N
o W "\
E 5411 (AIN only) )
w071 /h 5412 (GaN Std) \ .
g / 5419 (GaN 900 °C) YA
7 06t / 5420 (GaN Press 30 mbar)
'g /1 ———— 5421 (GaN VIl 60k)
8 ~ I 5422 (AIN 120 mins) :
g 0.5 L\ ‘,I'
@ /|
= f
£ 04 : b
S | i
=z | .
0.3 § gj |
250 300 350 400 450
Wavelength (nm)

Figure 7-8: This figure shows a plot of the room temperature PL. measurements for all
the samples presented in Table 7.5.

this could lead to conditions which would promote c-plane GaN growth more than 5412

and so lead to incorporation of GaN at the apices of the rods.

Finally, sample 5422 was grown with the same conditions during the GaN step as of
5412 but the initial AIN faceted regrowth step was shorter by 30 minutes. As can be
seen in Figure 7-5 (b) the apices of the rods from batch 5412 appear very sharp. It is
possible that these structures are in fact too sharp, after the first AIN growth stage, to
allow for growth at the apices as there may be no remaining c-plane. Hence, utilising
a shorter AIN faceted regrowth step would lead to a greater c-plane truncation at the
top of the rod prior to GaN growth. This may then allow for incorporation of GaN at
the top of the rods which was not observed in 5412.

Micro-PL was performed upon the samples at room temperature to see if there were
any features of interest. The wavelength of the laser used for the Micro-PL experiments
was 244 nm and the spot size was at least ~ 3.5 um. This was additionally undertaken
with sample 5412 and a control sample with only the AIN faceted regrowth step to
allow for direct comparison with a sample known to have sharp emission features and
a sample known to have no GaN growth whatsoever. A plot of all 6 samples (all the
samples in Table 7.5) are shown in Figure 7-8. This plot is displayed on a log scale (base

10) to better reveal any luminescent features of interest considering the large and very
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luminescent defect band present in all samples. On inspection of sample 5412 what is
immediately apparent, other than the large AIN defect band, is the luminescence at
short wavelength at ~ 260 — 270 nm. No sharp features, such as those observed in
the CL data from Figures 7-6 and 7-7 are observed however. Additionally, the short
wavelength luminescence in the PL does not correspond to the wavelength range of the
sharp emission in the CL. It is unclear why this is. It could be that the source of this
luminescence is not the same as that observe in the CL. Alternatively, there could be
some blue shifting of the emission wavelength in the PL compare to that of the CL but

the author is unaware of a mechanism that would cause this.

Sample 5419, grown at higher temperature, in the plot in Figure 7-8 shows very little
features of interest. There certainly does not appear to be any sign of confined GaN
luminescence in the wavelength region ~ 300 — 250 nm. One possible reason for this
observation is that the growth temperature was too high leading to too much adatom
desorption during growth. This renders growth of GaN under these conditions either
not possible or requiring longer than the 60 seconds growth time for nucleation and
further incorporation. Interestingly, what is observed for sample 5420, grown at lower
pressure, in Figure 7-8 is that there is a noticeable luminescence feature centered at
~ 260 nm. It is rather broad but relatively bright, even considering this plot is on a
log scale. It is certainly the most dominant luminescence feature not ascribed to the

defect band across all of the samples presented.

In contrast to 5420, what was observed from the PL data in Figure 7-8 for sample 5421,
grown at a higher V/III ratio, is very little except for the large AIN defect band. This
suggests that there are no quantum confined GaN regions under the growth conditions
used in sample 5421. It is possible that as the V/III ratio here is so large that the ratio
of Ga to N is such that very little growth occurs at all. Sample 5422, with shorter AIN
refaceting time, also possesses some interesting features at short wavelength. There
appears to be some sign of some broad luminescence which appears to have some

shallow oscillatory nature to it.

Overall what seems most obvious from Figure 7-8 is that samples 5412, 5420 and 5422
are the most promising, showing signs of short wavelength luminescence. As this was
the case, measurements of these samples were performed at liquid nitrogen temper-
atures within a cryostat. This data is shown in Figure 7-9 (b). In order to view
a like-for-like comparison a room temperature measurement was also taken with the

samples mounted in the cryostat. This data can be seen in Figure 7-9 (a).
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Plot of counts as a function of detected photon energy at ~300 K (5412, 5420, 5422)
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Plot of counts as a function of detected photon energy at ~77 K (5412, 5420, 5422)
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Figure 7-9: Figure (a) shows a plot of the room temperature PL of samples 5412, 5420
and 5422 whilst house in the cryostat. Figure (b) shows a plot of the PL of 5412, 5420,
5422 whilst housed in the cryostat at a temperature of ~ 77 K.
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When one compares Figures 7-9 (a) and (b) what appears most striking is the significant
increase in luminescence of the band in sample 5420 at short wavelength (~ 250 — 270
nm). There also appears to be a shoulder on the defect band emission at ~ 280 nm
which is not present at room temperature (in (a)). There may also be another shoulder

at slightly longer wavelength of ~ 300 nm.

Similarly, sample 5412 shows an increase in the relative brightness of the band at short
wavelength (centred at ~ 255 nm). As with 5420 there appears to be a shoulder on

the defect band at ~ 280 — 290 nm, which is not visible at room temperature.

In 5422, there is perhaps a slight increase in luminescence in the short wavelength
region, more prominently observed in the other two samples. Additionally, there is
also a shoulder present on the defect band at low temperature, again at ~ 280 nm.
The sharp peaks observed in all three spectra at ~ 270 nm are as a result of the ambient
lighting in the laboratory. This was confirmed by taking a spectra with the lights off

(data not shown) which resulted in this peak being no longer present in the spectra.

When one compares the results in the CL data for 5412 (Figures 7-6 and 7-7) with the
PL data at low temperature (Figure 7-9 (b)) a few conclusions can be drawn. From
what has been observed in the CL maps of 5412, the shoulder around ~ 290 nm in
the PL spectra for 5412 likely arises from the sharp emission peaks observed near the
lower regions of the rods. This shoulder is also present in 5420 and 5422 and thus it
is likely that these two samples would reveal similar features if probed with CL. The
rather weak, broad emission in 5412, centered at ~ 260 nm in Figure 7-9 (b) is rather
intriguing. This feature is not observed in the CL and its origin is unknown. This could
be a signature of some quantum confined GaN as the PL will excite an ensemble of
nanorods and perhaps reveal information difficult to observe with CL when considering
the geometry of both the CL excitation source and detector. When considering sample
5420 this is much more prominent. There is a large relative increase in the bright-
ness of the luminescence band centred at ~ 260 nm at low temperature compared to
room temperature. It is unknown what the source of this luminescence band is. It is
a rather broad band to be a quantum dot signature. However, the shoulders of the
defect band, which likely correspond to the sharp luminescence features in the CL, also
appear somewhat broad. Thus, this sample requires further investigation in order to

determine the source of this short wavelength luminescence feature.
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7.6 Sample 5420 in more detail

The interesting luminescence feature centred at ~ 260 nm in 5420 (see Figure 7-9 (b))
appears to have a large temperature dependence. This interesting behaviour justifies
further investigation considering how bright this feature appears on the log scale of
Figure 7-9. To gain a greater appreciation of the brightness of this feature, the spectra

was plotted without use of a log scale. This can be seen in Figure 7-10 (a).

What appears a bit more clearly on this plot is a possible shoulder on the defect band
centred around ~ 300 nm. Additionally, when comparing the short wavelength lu-
minescence at room and low temperature the dramatic increase in brightness is also
visible. At 77 K the brightness of the emission centered at ~ 260 nm is greater than
10% that of the defect band. This is significantly more than any other sample, and a
clear view of this UV luminescence is visible without the use of a log scale. As was
discussed in the previous section the origin of this luminescence is unknown. Cathodo-
luminescence of this sample would be an attractive proposition in order to identify the

source of the bright UV luminescence feature.

In order to gain a better insight into the evolution of the brightness of the feature at
~ 260 nm, a plot of this peak as a function of measurement temperature is presented in
Figure 7-10 (b). At 77 and 100 K the magnitude of the brightness of the luminescence
is rather similar. This is not entirely unexpected as there is not too big a difference
in these two temperatures. What is observed as the sample heats from 150 K - 300 K
is a sizeable reduction in the relative luminescence of the feature, where at 300 K it is
less than ~ 10% that of 77 K. One cannot estimate the IQE of this feature as 77 K is
not a low enough temperature to assume all the non-radiative centres are completely
frozen out. Typically one would require temperatures accessible via liquid helium to
do this. It is however interesting to see that the brightness of this luminescence is
very temperature dependent. Comparatively, the work by Choi et al. [47] also shows
a temperature dependence in the intensity of the PL spectrum of a GaN quantum
dot. The emission features they detected, also increased in linewidth as measurement
temperature increased. This is not so obvious in the data shown in Figure 7-10 (b).
However, the data presented by Choi el al. [47] was of a single quantum dot and the
data shown in Figure 7-10 (b) may be that of an ensemble of quantum dots. This is as
the spot-size of the laser was at least ~ 3.5 pum and nanorod pitch of 1 ym. Thus we
can assume more than one quantum dot would be excited. Additionally, if this emis-
sion were to originate from a number of c-plane quantum dots at the apex, spectral

diffusion could significantly broaden a polar QD emission linewidth. This is as it is
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Figure 7-10: In (a) a plot of the entire PL spectra for samples 5420 is plotted at both
room temperature and 77 K. No log scale has been used on the data, although cosmic
ray removal has been performed via a mean function and the data is normalised to
1. In (b) a plot of the evolution of the peak centred at ~ 260 nm as a function of

measurement temperature is presented.

254



know that the presence of the in-plane internal electric fields in c-plane GaN quantum
dots can cause significantly worse spectral diffusion compared to non-polar QDs. The
reason for this is that the internal electric field enhances the effect of the electrostatic
environment fluctuations on the QD transition [344]. However, considering this, and
although it is interesting nonetheless that a similar behaviour in the emission intensity
shown in Figure 7-10 (b) is also observed in the work by Choi et al. [47], ultimately
further investigation is required in order to determine the nature of this luminescence

feature.

7.7 Conclusion

Whilst the AIN nanopyramid samples were not particular successful regarding growing
quantum confined GaN, the AIN rod samples were much more promising. Sharp emis-
sion features were realised closer to the bottom of the rods (5412). The sharp nature
of these emission features suggest that they could arise from quantum dots localised at
where the m- and a-planes meet on the AIN rods. Whilst the GaN growth conditions
were employed to try and promote top c-plane growth it was interesting to observe that
these features grew on the non-polar planes. It is likely that, due to the fact that the
m-plane was not fully formed near the bottom of the rods, preferential incorporation
of GaN here occurred as the system drives towards a shape of low surface energy. We
know from Chapter 4 that this corresponds to a fully formed m-plane with an extin-
guished a-plane. In addition, compared to the literature, the emission wavelength of
these features appear sensible on the assumption that they arise from quantum dots,
albeit that they are non-polar. If these structures are indeed non-polar GaN quantum
dots this an interesting result. This is as non-polar III-N quantum dots are particularly
desirable for quantum information science applications. The reason for this is because
the orientation of non-polar quantum dots with respect to the internal fields avoids a
spatial separation of the electron and hole wavefunctions, as is found with polar quan-
tum dots. This leads to shorter excitonic lifetimes and thus faster repetition rates in
devices such as single photon emitters [345]. Further GaN growth would likely lead to
a quantum well or wire like structure extending to the base the rod, extinguishing the

remaining a-plane.

The nature of the bright feature centered at ~ 260 nm in sample 5420 is also very
intriguing. It shows strong temperature dependence and further investigation of this
luminescence would be interesting. Specifically, CL would be a promising avenue to

explore this sample in order to gain information on the spatial location of this emission
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on the AIN rod itself. A feature of this brightness is not observed in the other samples
so it would be reasonable to assume that the CL map of 5420 would reveal additional
features to that of 5412 presented in Figures 7-5 - 7-7.
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Chapter 8

Summary, Conclusion, Future

Exploration and Outlook

8.1 Introduction

Quantum information science (QIS) can be described as ‘involving the encoding, com-
munication, manipulation and measurement of information using quantum mechanical
objects’ [346]. Photons are a good choice of quantum mechanical objects for QIS appli-
cations. This is as they travel at the speed of light and only weakly interact with their
environment, meaning that they suffer lower noise and loss during transit compared to
other quantum mechanical objects [346]. Often, for QIS applications, one requires a
single photon emitter (SPE). Quantum dots are useful structures for generating single
photons on demand as they can more easily be integrated into existing semi-conductor

technology compared to other SPE devices [342].

In terms of the III-N’s, as has been mentioned previously, single photon emission has
been recorded up to 350 K [15]. When this is compared to the typical operating temper-
atures of III-As quantum to single photon emitters, requiring cryogenic temperatures
[13], this is rather astounding. Even if, in real devices, high operation temperatures
such as these are not achieved, with the ITI-N’s, operational temperatures accessible via
thermoelectric cooling should be possible, avoiding the use of cryogenics [342]. There
has been quite a lot of research conducted on self-assembled GaN/AIN quantum dots
grown by the Stranski-Krastanov growth mode [329], [330], [332], [331], [96]. However,
such quantum dots are not spatially predetermined and have a distribution in shape

and size and therefore energetic structure. This would mean that one quantum dot may
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have different luminescent properties from another because they may possess different

properties, such as the ground state energy [114], [115].

ITI-N site-controlled quantum dots (SCQDs) are grown at specific spatially predeter-
mined sites and have uniform shape and size. Hence, integration into real world de-
vices is far more practical. GaN/AIN III-N SCDQs grown via MOVPE have been
rarely reported on. This is largely due to the difficulty creating uniform arrays of AIN
nanostructures suitable to house GaN quantum dots. One reason for this is the failure,
thus far, to perform selective area growth via MOVPE with AIN [49]. The work in this
thesis presents some different avenues in order to realise periodic arrays of uniform AIN
nanostructures, suitable for housing GaN quantum dots. Additionally, an investigation
of an unexplored route to create periodic sites in GaN for quantum dot growth was un-
dertaken. An exploration of attempted growth of GaN SCQDs on AIN nanostructures

is also performed.

8.2 Summary and conclusions of research completed

The work in this thesis showed that AIN nanostructures could be created by a number
of routes by combining dry etching with either selective additive regrowth or subtractive
wet etching. The mechanisms of the growth or wet etching processes were explored.

Structures created by both methods appeared suitable to house quantum dots.

In Chapter 4, an exploration of the creation of uniform spatially predetermined AIN
nanorod and holes was performed via the top-down bottom-up approach. This involves
combining top-down dry etching with bottom-up MOVPE regrowth. As is presented
in this chapter, whilst the creation of inverse apex nanopyramidal pits was challenging,
nanorods with complete non-polar m-plane facets and sharp apices were realised. These
rod structures held promise in housing GaN quantum dots, specifically at the sharp

apices where a small amount of GaN growth could be localised [49].

An alternative approach, presented in the next chapter, Chapter 5, was to employ wet
etching on dry etched AIN nanostructures. Initially etching of a planar AIN template
with a pattered dielectric mask to try and create inverse pyramids was explored. This
was not found to be successful and so the wet etching of more complex, dry etched
structures was undertaken. The wet etching of nanorod and nanohole arrays realised
some interesting features. In particular, the AIN nanopyramid array created via the
wet etching of shallow rods showed particular promise as sites to house GaN quantum

dots. Sharp features were also realised between faceted nanohole structures.
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Moving away from AIN, quantum dot sites in a GaN template were realised in Chapter
6. Here, selective area thermal etching of GaN windows exposed through a patterned
dielectric mask was performed. By carefully controlling the processing parameters to
avoid surface damage small ‘pin-hole’ like features were realised at the centres of each

exposed GaN window.

En-route to achieving this a thorough investigation into the process parameter effects
on the formation of a small hole at the centre of GaN windows via thermal etching
was performed. The result of this investigation and optimisation was the realisation
of sites for InGaN quantum dots with an understanding of parameters that need to
be carefully controlled to successfully thermally etch small central holes in the GaN
windows. This study highlighted the importance of the sensitivity of the exposed GaN
surface if one wants to selectively thermal etch GaN. The dimensions of these features

were on the order of that of quantum dots.

Hence, it should be possible to grow InGaN quantum dots within these openings if the
growth conditions are carefully optimised. As this thermal etching avoids subsurface
damage compared to dry etching techniques, and defective material, with weaker bonds,
would be more easily etched away by this technique, this should realise sites with good

crystallographic quality.

Finally, attempted site-controlled GaN quantum dot growth was performed. This was
undertaken on both the wet etched AIN nanopyramid samples and also on the top-down
bottom-up AIN faceted regrown rods. This was not successful on the nanopyramid
samples, or at the apices of the top-down bottom-up AIN rods. This did highlight the
challenge in trying to grow localised regions of GaN on features that were as sharp as
those at the apices of the rods or pyramids. Overall, further optimisation of the growth
conditions would be required to achieve this combined with ensuring there is a large

enough c-plane at this apex upon which to grow the GaN.

Sharp emission features were detected on other locations of the AIN nanorods. These
sharp emission features were however, located on the non-polar planes rather than
the intended sites at the rod apices. Whilst the evidence from the CL and PL is not
conclusive, the nature of the sharp emission lines at room temperature suggest that
these could be ascribed to non-polar GaN quantum dots. Non-polar III-N quantum dots
are attractive for QIS applications as they do not suffer from the in-built spontaneous
electric fields that polar III-N quantum dots suffer from which leads to the quantum
confined stark effect (QCSE) [345]. This means that non-polar quantum dots do not

suffer from the large spatial separation of the electron and hole wavefunctions that
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occurs with polar III-N quantum dots [345]. This could therefore allow for a device
with shorter exciton lifetimes and thus, a faster repetition rate if one uses non-polar as

opposed to polar quantum dots [345].

On further exploration of the growth conditions it was found that, in one sample, a
bright emission feature at ~ 260 nm was detected via PL. This emission feature in the

UV is an interesting observation, however the origin of which is not fully understood.

8.3 Possible future exploration

Considering the work presented in this thesis, whilst there has been some success, fur-
ther exploration, particularly of the quantum dot growth conditions would be desirable.
Further study and optimisation of the growth conditions of the GaN active region to
ensure apex GaN quantum dots would be an attractive exploration. Additionally, it
may be possible to control the location of the quantum dots, either the apex, pyramid
corners of the rods, or at a specific point down the non-polar plane by control of the
AIN regrowth step. The lack of success of growth of GaN quantum dots at the apices
bring into question either the AIN nanostructures used for this endeavour or the GaN
growth conditions employed. The sharp apex features realised for both the pyramids
and rods could be in-fact too sharp for the nucleation of any GaN material. This does
suggest that if one were to optimised the AIN regrowth step of the nanorods suitable

sites for GaN quantum dots may be achieved at the apices.

Avoiding the defective AIN regrowth step in the top-down bottom-up approach could
lead to higher quality AIN sites for QDs. This may then, in addition to optimisation
of the GaN growth conditions, allow for higher quality GaN quantum dot growth. The
possibility of optimising the morphology of the AIN nanopyramids seems less promising
when compared to the AIN rods, however. One could carefully tune wet etch rate to
realise a top c-plane truncation. Unfortunately, it is likely that precisely tuning the
wet etching process may be difficult to do accurately and reproducibly. If one were to
undertake this, a very long wet etch at, or close to, room temperature would probably

be the best route to allow for the greatest degree of control.

Additionally, utilising the sharp features in the inclined plane joins of the wet etched
nanoholes for GaN quantum dot growth would also be attractive. This could allow for
some more fundamental studies of III-N quantum dots as these sites should have 3-fold,
rather than 6-fold symmetry. Ultimately, optimisation of both the wet etch process in
addition to the GaN growth conditions would present a rather lengthy body of work
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for both AIN wet etched structures.

The growth of InGaN in thermally etched GaN windows would be a novel route towards
InGaN site-controlled quantum dots. The nature of thermal etching may lead to GaN
sites with higher crystallographic therefore allowing for the growth of higher quality
InGaN quantum dots. Further investigation of the process could allow for thermal
etching of a n-type GaN template followed by InGaN quantum dot growth and a p-type
top layer in order to create an electrically injected quantum dot device. Optimisation of
InGaN quantum dot growth conditions would likely be rather challenging as one would
want to enable enough adatom migration for preferential InGaN formation within the
central pits. One is limited in the range of growth temperatures one could use as
InN has a low thermal decomposition temperature [347]. This makes growing InGaN
quantum dots at anything but relatively low growth temperatures compared to pure
GaN or AIN impossible if one wants to have a relatively high In content in the InGaN
QDs.

Finally, further characterisation of sample 5420 in Chapter 7 via CL would be an at-
tractive proposition in order to identify the source of the bright luminescence feature
observed at ~ 260 nm in the PL spectra. Such a bright emission could be the signature
of quantum dot arrays. Further work with AlGaN rods as opposed to purely AIN rods
could allow for the creation of AlGaN/GaN/AlGaN quantum dot architectures that
could be electrically injected. This latter investigation would comprise a very large

body of work however.

8.4 Outlook and final comments

The work in this thesis provided investigation into areas of uniform, wafer scale AIN
nanostructuring that were previously unexplored. The process impact of GaN sublima-
tion has also been explored in detail. It is arguable that site-controlled GaN quantum
dots have been realised on one of the AIN structures created. This work therefore of-
fers a route to the creation of non-polar AIN/GaN/AIN site-controlled quantum dots.
Further optimisation of the top-down bottom-up AIN nanorods and GaN quantum dot
growth to form apex quantum dots would be the most attractive avenue of exploration.
This is as this area of investigation seems to be more well developed than that of the
other routes for sites for quantum dots. Optimisation of the wet etched structures
would likely be challenging and time consuming. Additionally, the sublimed GaN sam-

ples presented their own issues with regards to homogeneity and full optimisation of
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this process to the wafer scale in addition to site-controlled InGaN quantum dot growth

presents a sizable undertaking.

When referring back to the original aims and objectives of this project at the start of
Chapter 1, the aims of this project have only partially been fulfilled, with the original
aims being rather ambitious. Three methods were developed to create suitable sites
to house SCQDs. It is arguable (although certainly not conclusive) that GaN/AIN
site-controlled quantum dots have been created albeit not in the specific regions of
the nanostructures intended. The creation of a single photon source was not achieved
however. It may be possible for another researcher to build upon the results in this

thesis to achieve this final aim in the future.

Considering these conclusions, is still the authors hope, that with further work and
optimisation, even higher temperature SPE than that reported by Holmes et al. [15]
could be achieved with the top-down bottom-up AIN rod architectures, within a feasible
investigation time scale. This may then allow for a further step forward in III-N QIP

technology.
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Appendix 1

In this appendix, extra details and data regarding the AFM measurements and c-
plane growth rate mentioned in Chapter 4 is provided. All data in this appendix was
collected with a Bruker multimode IIIA AFM system. High resolution silicon AFM tips
(supplied from Nunano) with a tip radius of curvature of < 10 nm were used. Other
specifications of the tips include a spring constant of 42 N/m, resonant frequency of
350 kHz, cantilever dimensions of 125 pm, 30 pm and 4.5 pm for the length, width and
thickness of the cantilever, respectively. The tips had a high aspect ratio with a cone
angle < 15° over the last 1 pm. All AFM data was analysed with the freely available
Gwyddion software package. The AFM raw data of all of the samples was distorted to
some extent in terms of the lengths scales of the x and y axis measured. All the samples
were fabricated with a 1 pum pitch; therefore by measuring the pitch of the structures in
the x and y directions, one could obtain the level of distortion (see black lines in Figure
8-1). From the obtained dimension measurements the length of the x and y axes were
re-scaled. This process was performed iteratively until the correct pitch between the
structures was obtained. It was often observed that only the y-direction was distorted
and not that of the x. This calibration step was performed on scan sizes of either 2x2
or 5x5 pwm and then applied to 1x1 pum scans under the assumption that the distortion
remains constant across all scan sizes. Using this calibration, the pixel ratios of the
AFM scans were also adjusted accordingly. From this, profile slices perpendicular to
the facets were taken in order to extract the angles of the semi-polar facets present and
thus identify their nature. As all of the samples have edge-to-edge morphology, it is

assumed that the semi-polar facets are a-plane in type {xz2xy}.
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Figure 8-1: Calibration image of the AFM data. The black lines indicate measurement
lines from which the difference between the know size of 1 ym and the measure size is
obtained.
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Figure 8-2: AFM data of the deep (a - d) and shallow (e - h) holes grown at different
V/III ratios.

The AFM scans of single faceted nanohole structures are shown in Figure 8-2. The
angles extracted from the planes are given in Table 8.1. Any misoriented growth
observed in the AFM images are neglected and omitted from Table 8.1 as they do not
provide a true representation of the semi-polar facets present. The error is estimated to
be quite large considering that a reasonable amount of calibratory changes have been
made to the AFM scans which has had an effect on the angles extracted comparatively
between the raw and adjusted data. Considering that the error is likely to be on the
order of +3 —4° and the samples exhibit edge-to-edge morphology, it is very likely that
the semi-polar facets of samples 1, 2, 4 and 6 (in Table 8.1) are that of {1122}. Whilst
sample 3 has facet angles similar to that of the other samples, due to the circularity of
this sample is is difficult to definitively identify the semi-polar facets present. Indeed,

the circularity could mean that a mixture of {1122} and {1011} facets are present.

Figure 8-3 shows the AFM data corresponding to the prolonged growth time study
upon the deep hole structures. As above, the angles of the semi-polar planes were
extracted (see Table 8.2). The angles of samples 1-3 all resided between 59 and 62°.
Considering that all the structures have edge-to-edge morphology this data suggests
that the semi-polar facets present are again {1122}. Sample 4 of Table 8.2 has a lot
of facet competition and misoriented growth present. Subsequently the extraction of
reliable angles from this structure is not possible. This does however suggest that after
a given, prolonged growth time, facet competition arises which is not present in samples

grown for a lesser amount of time (comparing Figures 8-3 (c) and (d)). Thus, this data
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Table 8.1: This table provides the semi-polar facet angles

shallow hole structures grown at different V/III ratios.

measured for the deep and

Sample Sample V/III Facet Angle Mea- | Comments
Number Ratio sured
1 Deep Holes | ~ 3800 61-62° Some misoriented growth
2 Deep Holes | ~ 7600 58-62° some misoriented growth
3 Deep Holes | ~ 19000 | 60-62° Circular morphology, likely
a lot of mixed, competing
faceting
4 Shallow ~ 3800 59-62° Some misoriented growth at
Holes centre of hole
5 Shallow ~ 7600 N/A A lot of facet competition,
Holes cannot really extract angle
date from this sample
6 Shallow ~ 19000 | 58-59° Some misoriented growth
Holes

Table 8.2: This table provides the semi-polar the facet angles measured for the deep
hole structures grown at a V/III ratio of ~ 7600 for prolonged growth times.

Sample Growth Time | Facet Angle Mea- | Comments

Number | (Minutes) sured

1 60 61-62° Some misoriented growth

2 120 59-61° Well faceted structure

3 150 60-61° Well faceted structure

4 180 N/A A lot of misoriented growth
and facet competition

suggests that the observed inverse pyramid with channel structure (Figure 8-3 (a) -(c))

is not a stable one after prolonged growth.

When considering the quantitative growth rates of the nanostructures, estimation of the
c-plane growth rate is very difficult due to a lack of contrast difference in homoepitaxial
regrowth. This is especially the case when considering the nanorod samples where only
the relative growth between the top c-plane and bottom c-plane in between the rod can
be compared. This difficulty is further compounded by the large variation in total AIN
wafer thickness across the original template, making estimation of the c-plane growth
rate via inspection of the total height of the AIN layer impossible. Nevertheless, in
analysing cross-sectional images of some of the deep hole samples under different growth
conditions and comparing that to the initial dry etched sample, one can estimate the

growth rate of the c-plane. This is possible as it is observed that very little growth
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500 nm

Figure 8-3: AFM data of the growth time study of the deep holes at a V/III ratio of
~ 7600.

occurs at the bottom of the holes due to very limited gas species travelling the full
depth of the hole structure. We assume that this growth rate can then be used as an

estimate for the different AIN nanostructures such as the AIN nanorods.

The depth of the nanohole structures was extracted using the ImageJ software in order
to measure length scales on cross-sectional SEM images. This was performed for both
the deep hole structures at a V/III ratio of ~ 74 and ~ 7600 (see Figure 8-4). 10
measurements were made via ImagelJ for each sample allowing us to find a average value
for each sample plotted. This also allowed us to extract an error which was determined
to be the greatest deviation from the average within these 10 measurements taken. We
justify this because the only error of any significance in this process was the physical
human error of using the ImageJ software for the hole structure depth determination.
The c-plane growth rate per hour was determined from the average difference between
the total depth after a given growth time compared to that of the initial dry etch depth.
This can be extracted from the gradient of the fitted lines in Figure 8-4.

The average c-plane growth rate for a V/III ratio of ~ 74 was calculated to be ~ 430
nm/hour. The average c-plane growth rate for a V/III ratio of ~ 7600 was calculated
to be ~ 280 nm/hour. Thus, this shows that the V/III ratio has a significant impact on
the rate of c-plane growth such that as the V/III ratio is increased the c-plane growth
rate decreases. This is likely due to a reduction in the total amount of growth as V/III
ratio increases when considering the slow c-plane growth comparative to that of other
planes as observed in Figure 4-5 (a).
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Figure 8-4: Plot of the height of the nanohole structures from the initial dry etch depth
as a function of growth time for V/III ratios of ~ 74 and ~ 7600.
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Appendix 2

Measurements of the mask opening changes and hexagonal

etch features in Figure 5-2

For the data presented in Table 8.3 dimensions were extracted from SEM images. The
pitch of the patterned structures (Figures 5-2 (a) and (b)) were measured 10 times and
the average compared to the known pitch of the pattern from the lithography step.
Five measurement were taken in each direction to make a total of 10 measurements. A
correction value was thus obtained, and whilst there was some difference from the mea-
sured pitch to the true pitch it was relatively small. This was performed as charging
effects can distort the dimensions observed on the SEM image. This would then incur
spurious measurements when extracting values for the diameters of the hole openings
from such an SEM image. The hole openings at the AIN mask interface can be reason-
ably estimated to be the same as that at the top of the mask. This is justified from
the almost unobservable tapering as seen in the cross-sectional inset of Figure 5-2 (a).
The diameters of 10 of the nanoholes was measured. The average of these values were
determined with and without the correction as mentioned above. When measuring the
diameters of the holes every measurement was on a new hole and 50% of measurements
were taken in the y-direction and the other 50% in the perpendicular x-direction (this
method was applied to all measurements presented in Table 8.3). This was performed
to minimise spurious lengthening or widening of the holes as a result of charging effects.
All of these dimensions were extracted from the main Figure in 5-2 (a). The diameter
of the mask openings after wet etching and the hexagonal etched structures were ex-
tracted from Figure 5-2 (b). After multiple measurements of the pitch present on this
image, it was determined that no correction was required. All of the data extracted
and the standard deviations of the 10 measurements of the corresponding features are
presented in Table 8.3. All dimensions were extracted from SEM images via the ImageJ
software.

Table 8.3: Measurements of features (mask opening size and etched hexagon size)

present in Figures 5-2 (a) and (b). Measurements were performed upon SEM images
using the ImageJ software package [57].

Feature Measured Mask Openings Be- | Openings Before | Openings  After | Etched
fore Wet Etching Wet  Etching - | Wet Etching Hexagon
With Correction

Diameter (nm) 343 £21.1 353 £21.7 754 £15.3 372 £26.8
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AFM maps of the samples presented in Figure 5-3

In Figure 8-5 below, the corresponding AFM maps of the three samples shown in Figure
5-3 are presented. In Figure 8-5 (a), (b) and (c) an AFM maps of the samples shown
in Figures 5-3 (d), Figure 5-3 (e) and Figure 5-3 (f) are shown, respectively. It is
from these three 5x5 um maps that the facet angle data was extracted. In all cases 10
measurements (five in each x/y pitch direction) were made first in order confirm that the
pitch was correct and hence that there had been no x or y dimension scaling/stretching
artefacts introduced. The pitches of all three AFM maps were found to be free from

such stretching artefacts.

Figure 8-5: In (a) a 5x5 um AFM scan of a nanohole array sample with an initial dry
etch depth of ~ 100 nm is shown after 2 minutes of KOH wet etching at 150 °C (same
sample as that shown in Figure 5-3 (d)). In (b) a 5x5 um AFM scan of a nanohole
array sample with an initial dry etch depth of ~ 150 nm is shown after 2 minutes of
KOH wet etching at 150 °C (same sample as that shown in Figure 5-3 (e)). In (c) a 5x5
um AFM scan of a nanohole array sample with an initial dry etch depth of ~ 1000 nm
is shown after 2 minutes of KOH wet etching at 150 °C (same sample as that shown in
Figure 5-3 (f)).
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AFM maps of samples and data presented in Figure 5-6

Figures 8-6 (a), (c) and (d) shows AFM maps of the sample presented in Figure 5-
6 (e), (g) and (h) respectively. In Figure 8-6 (b) an AFM map of a similar sample
(which has been etched for 15 seconds longer) to that in Figure 5-6 (f) is presented.
The AFM maps in Figures 8-6 (b), (e) and (f) make up the data of the samples from
which the plot in Figure 5-6 (1) was derived. All of the AFM maps in Figures 8-6 (a)
- (f) were used to extract inclined plane angles via the Gwyddion software package.
As with Figure 8-5 the pitch was checked in both the x and y directions to ensure no
stretching artefacts were present in the AFM maps. This would lead to spurious data
being extracted from the maps, however, these artefacts were not found to be present

here.

181 nm|

Figure 8-6: In (a) and AFM map of sample A (Figure 5-6 (a)) after wet etching in KOH
at 150 °C for 120 seconds is presented. In (b) an AFM map of sample B (Figure 5-6
(b)) after wet etching in KOH at 150 °C for 75 seconds is presented. In (¢) and AFM
map of sample C (Figure 5-6 (c)) after wet etching in KOH at 150 °C for 120 seconds
is presented. In (d) and AFM map of sample E (Figure 5-6 (d)) after wet etching in
KOH at 150 °C for 120 seconds is presented. In (e) an AFM map of sample B after wet
etching in KOH at 150 °C for 90 seconds is presented. In (f) an AFM map of sample
B after wet etching in KOH at 150 °C for 105 seconds is presented.
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Appendix 3

Here more details concerning the cleaning a fabrication details of all of the samples

mentioned in Chapter 6 are tabulated.
More details about the fabrication process:

Sample and Spinning - all samples used wide 30W BARC baked at 80 °C for 60 s and
then 200 °C for 90 s. All samples had resist baked at 90 °c for 90 seconds.

DTL - all samples were exposed using a 1.5 um hexagonal periodic mask, ~ 150 um
gap, with 120 °C 90 s post exposure bake, allowed to cool for 10 mins, developed in
MFCD-26 developer for 01:30 mins.
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Table 8.4: Fabrication details of a number of samples within this study. Samples taken
from the same initial wafer are denoted with the same letter. Those with different num-
bers have different fabrication/processing conditions applied to them. On all samples

the first fabrication step was to deposit a ~ 35 nm SiN, mask layer via PECVD.

Table of sample processing
Patterning Processes Cleaning Processes
Sample | Spinning (all DTL (all CHF3 etch (ICP) (all sam- Piranha Oz descum (Og BOE Other Comments
samples used samples - 1.5 ples had CHF3 flow 25 (all flopw 50 scem, (100:1
wide 30W pm  hexago- sccm, RF power 50 W, samples RF power 40 W, 10 sec-
BARC baked nal periodic ICP power 300 W, Cham- cleaned ICP power 500 ond dip
at 80 °C mask, ~ 150 ber pressure 6.5 mTorr) with W, pressure 20 unless
for 60 s and pm gap, a 3:1 mTorr, unless other-
then 200 °C with 120 °C ratio) otheriwise speci- wise
for 90 s. All 90 s post fied) speci-
samples had exposure fied)
resist bake at bake, al-
90 “c for 90 lowed to cool
seconds) for 10 mins,
developed
in MFCD-26
developer for
01:30 mins)
Al BARC (Wide 180 mJ expo- Temperature 45-66 °C. 1x for None. None. This sample only
(GaN 30W) + sure dose. DC bias 272-274 V. Time ~ 3 had a piranha
Alpha bake. Di- 10 mins. minutes. clean as part
1) luted Ultra of the cleaning
1-123 pho- process.
toresist +
bake.
A2 Temperature 20 Yes Sample Al with
(Al- °C. DC bias additional clean-
pha 256-257 V. Time ing steps. Also
2nd 15 minutes. had AZ400K dip
clean) for 10 seconds af-
ter BOE 100:1 10
second dip.
A3 Piranha Temperature 20 BOE This clean per-
(Al- clean °C. DC bias 100:1 15 formed on sample
pha ~ 5 255-253 V. second A2.
3rd minutes. dip.
clean)
G1 BARC (Wide Exposure Temperature 62-63 °C. Piranha None. 4x cy- 1 Piranha clean
(Gammal 30W) + dose 160 mJ. DC bias 283-286 V. Time clean cles. followed by BOE
no bake. Undi- 11 minutes. ~ 5 100:1 dip re-
O2) luted PFI-88 minutes. peated 4x  to
photoresist 4x cycles ensure sample
+ bake. with surface was thor-
BOE oughly clean.
100:1.
G2 2x pi- Temperature Yes 2x Piranha cleans
(Gamma| ranha 23-24 °C. DC first, then Og de-
10 min cleans bias 261-260 V. scum and finally
O32) ~ 5 10 minutes. BOE 100:1 dip.
minutes All performed on
each. G1 sample.
G3 1x Pi- Temperature Yes 1x piranha clean,
(Gamma| ranha 24-25 °C. DC O2 descum and
1 min clean bias 257-259 V. 1 BOE 100:1 dip in
O32) ~ 5 minute. that order to G1
mins. sample.
B1 BARC (Wide Exposure Temperature 42-43 °C. 2x Pi- None. 1x Yes. 2x piranha cleans
(beta 30W) + dose 180 mJ. DC bias 287-288 V. Etch ranha first, BOE 100:1
no bake. Undi- time 8 minutes. clean dip  then per-
O32) luted PFI-88 ~ 5 formed.
+ bake. minutes
each.
B2 2x Pi- Temperature 1x Yes. 2x Piranha cleans
(Beta ranha 23-24 °C. DC first, Og descum,
10 cleans bias 261-260 V. then BOE on a
mins ~ 5 10 minutes. B1 sample.
O32) minutes
each.
B3 (2 1x Pi- Temperature 24- Yes Piranha clean
min ranha 25 °C. DC bias first, Og descum
O32) clean 258-259 V. 2 min- and then BOE
~ 5 utes. 100:1 in order to
mins. the B1 sample.
B4 BI1. BI1. Temperature 24-25 °C. 2x pi- None. 1x Yes. 2x piranha then
(Beta DC bias 285-281 V. 7 ranha BOE on part of
A no minutes in total. Etched clean wafer Bl after
O32) up until the SiNg; mask. ~ 5 optimised etching
O2 etch then performed. minutes. through SiNg.
Same conditions as Og
descum, with RF power 50
W. Temperature 24-25 °C.
DC bias 291-280%. Time
1 minute. Calibrated BOE
5:1 used to etch through
the remaining SiN; mask.
B5 B1. B1. B4. 2x pi- RF power 25 W, 1x Yes. 2x piranha, Og
(Beta ranha ICP power 300 descum then
A 3 clean W. Pressure 10 BOE on part of
min ~ 5 mTorr. Temper- B1 after opti-
O2) minutes. ature 24-25 °C. mised etching
DC bias 196-197 through SiNg.
V. 3 minutes.




Table 8.5: Fabrication details of samples not presented in Table 8.4 in this study.
Samples taken from the same initial wafer are denoted with the same letter. Those
with different numbers have different fabrication/processing conditions applied to them.
On all samples the first fabrication step was to deposit a ~ 35 nm SiN, mask layer via

PECVD.
Table of sample processing
Patterning Processes Cleaning Processes
Sample | Spinning (all DTL (all CHF3 etch (ICP) (all sam- Piranha O2 descum (Og BOE Other Comments
samples used samples - 1.5 ples had CHF3 flow 25 (all flow 50 sccm, (100:1
Wide 30W pm  hexago- sccm, RF power 50 W, samples RF power 40 W, 10 sec-
BARC baked nal periodic ICP power 300 W, Cham- cleaned ICP power 500 ond dip
at 80 °C mask, ~ 150 ber pressure 6.5 mTorr) with W, pressure 20 unless
for 60 s and pum gap, a 3:1 mTorr, unless other-
then 200 °C with 120 °C ratio) otheriwise speci- wise
for 90 s. All 90 s post fied) speci-
samples had exposure fied)
resist bake at bake, al-
90 °C for 90 lowed to cool
seconds) for 10 mins,
developed
in MFCD-26
developer for
01:30 mins)
B6 B1. B1. Temperature 23-24 °C. 2x pi- None. 1x Yes. 2x piranha then
(Beta DC bias 280-282 (278-280) ranha BOE B1 after
B/(C) V 6 mins (5 mins, 20 clean optimised etching
no seconds). Calibrated to ~ 5 through SiNg.
O2) etch through SiN, mask minutes
with minimal exposure of each.
GaN to plasma.
B7 BI1. BI1. B6. 2x pi- RF power 25 W, 1x Yes. 2x piranha, Og2
(Beta ranha ICP power 300 descum then
B(C) clean W. Pressure 10 BOE on B1 after
3 min ~ 5 mTorr. Tempera- optimised etching
03) mins ture 24-25 °C DC through SiN,.
each. bias 196-197 V 3
minutes.
B8 B1. B1. Temperature 24-26 °C Acetone RF power 25 W, Yes. 1x. 1x acetone, 1x pi-
(Beta (23-25 °C). DC bias 278- rinse. 1x ICP power 300 ranha clean, O2
F (E)) 281 (276-284) V. 8 mins Piranha W. Pressure 10 descum and then
(9 mins 30 s). Calibrated clean mTorr. Temper- BOE after cali-
etch through SiN, mask ~ 5 ature 24 °C. DC brated CHF3 etch
with minimal GaN expo- minutes. bias 195-197 V. 3 from B1 wafer.
sure to plasma. minutes.
B9 (1 BI. BI1. Temperature 26-27 °C. Dc Ix ~ 1 No. 1x  Yes Piranha then
min bias 278V-274 V. Time 8 minute. (~ 20 BOE only.
Pir no minutes. sec-
O2) onds).
B10 ( BI1. BI1. B9. Ix ~ 1 Temperature Ix  Yes Piranha, Og des-
Imin minute. 25-26 °C. DC (~ 20 cum then BOE.
Pir bias 260-259 V. 1 sec-
1min minute. onds).
O2)
B11 B1. B1. B9. Ix ~ 2 No. Ix  Yes Piranha then
(2 min minute. (~ 20 BOE only.
Pir no sec-
O2) onds).
B12 BI1. B1. B9. Ix ~ 2 B10. Ix  Yes Piranha, Og des-
(2 min minute. (~ 20 cum then BOE.
Pir sec-
1min onds).
02)
B13 B1. B1. B9. Ix ~ 3 No. I1x  Yes Piranha then
(3 min minute. (~ 20 BOE only.
Pir no sec-
0O2) onds).
B14 B1. B1. B9. 1x ~ 3 B10. 1x  Yes Piranha, Og des-
(3 min minute. (~ 20 cum then BOE.
Pir sec-
1min onds).
0O2)
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