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Abstract

The microwave signal processing in the optical domain creates new opportunities for information
and communication technology (ICT) and networks by increasing speed, bandwidth, and
processing capability. IMWP incorporates the functions of microwave photonics
components/subsystems in monolithic or hybrid photonic circuits to meet future needs. Sapphire
platforms have the potential to integrate all-in-one, for instance, light source, analog signal
processing, light detection, CMOS control circuit, silicon on sapphire to achieve high-
performance, low-cost mixed-signal optical links etc. Molecular beam epitaxy (MBE) has been

used to grow GaAs on sapphire substrates to integrate optoelectronic devices in the same platform.

The initial stage of GaAs thin film growth has been investigated extensively in both ¢ and r plane
sapphire substrates. Direct growth of GaAs on both sapphires results in three-dimensional (3D)
islands. In c-plane sapphire, 50% twin volume of GaAs islands, and in r-plane sapphire, two
primary domains of GaAs islands are observed. A strong interaction between the growth of GaAs
on r-plane sapphire is observed than the growth of GaAs on c-plane sapphire. A thin AlAs
nucleation layer improves the wetting of both substrates. After inserting the AIAs nucleation layer,
in c- plane sapphire, twin volume is reduced to 16%, and in r-plane sapphire twin is introduced.
Further, we investigated the effect of growth temperature, pre-growth sapphire substrate surface
treatment, and in-situ annealing on the quality of GaAs epilayer on c-plane sapphire substrates.
We have been able to reduce the twin volume to below 2% and an XRD rocking curve linewidth

to 223 arcsec in a c-plane sapphire substrate.

To grow high quality GaAs (111)A buffers on an atomically flat sapphire substrate, a two-step

growth method has been introduced where, at an early stage, a GaAs layer has been grown at low



temperature, followed by a second high-temperature GaAs growth layer. In addition to the two-
step process, an AlAs nucleation layer and multiple annealing steps have been employed. Relaxed,
smooth surface morphology and high-quality GaAs is achieved with the presence of the LT GaAs
layer. A two-dimensional InGaAs quantum well (QW) was epitaxially grown on the 70 nm GaAs
buffer and compared with a reference to two-dimensional InGaAs QW grown on GaAs (111)A
substrate. Along with X-ray and high-resolution cross-section transmission electron microscopy,
comparable QW photoluminescence intensity and linewidth confirmed our growth strategies

effectiveness to produce high-quality GaAs on sapphire.

The film thickness was improved up to almost 500 nm by changing the growth parameters such as
growth temperature and annealing temperature. We have achieved the room temperature (RT)
photoluminescence. The 16 um microdisk laser was fabricated on GaAs/sapphire system and
characterize by micro-PL measurements. The lasing was not successful. The higher surface
roughness needs to be optimized to get lasing. We will fabricate GaAs/sapphire QW for electrically

pumped laser and realize the photonic chip on the sapphire platform in a long-term goal.
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Chapter 1: Introduction

1.1 Integrated Microwave photonics

Microwave (MW) frequency lies at the higher frequency end of the radio waveband, and its
frequency ranges from 300 MHz to 300 GHz, which is used for wireless and satellite
communications, radar, cellular, Wi-Fi, cable television, medical imaging, and cooking [1]-[3]. In
microwave photonics (MWP) systems, laser, modulator, waveguide, and photodetector are used
to modify, control, transmit, and distribute MW and millimeter-wave [2—7]. The photonic
technology has broadband and minimum loss facilities, which can process the complicated signal
and added value to the conventional RF systems. The MWP improves the RF communication
system by increasing speed, bandwidth, dynamic range, and processing capability [8]-[10]. It
opens a new window of research where extensive device integration would be possible by reducing

device size. It also creates new opportunities for ICT and networks.

IMWP integrates optoelectronics and passive like Triplex technology in monolithic or hybrid
photonic circuits, which reduces footprint, complexity and improves the light-matter interaction
due to the small mode volume by the nonlinear optical process [4], [11], [12]. Figure 1 shows an
IMWP system where a modulator converts an RF wave to an optical signal and a continuous wave
laser is modulated according to the RF wave. The modulator is connected with an optical signal
processor by a waveguide where the processing task is being executed. Then the processed signal
is transferred to a photodetector and converted into an electrical signal. An RF receiver (is not

shown in figure) extracts the information from the electrical signal.



Figure 1: Integrated microwave photonics system [11] .

In the last ten years, mainly three key platforms have been focused for the monolithic integration
of MWP circuits: Indium Phosphide (InP), silicon-on-insulator (SOI), and silicon nitride (SisN4)
(Figure 2). Every platform has its strengths and weaknesses. InP is a desirable and complex
platform because it is the only platform where monolithic integration of active and passive
components, including lasers, modulators, tunable devices, optical amplifiers, and photodetectors,
is possible. However, the propagation loss in InP optical waveguides is relatively high of the order
of 1.5-3 dB/cm [13], [14]. Si photonics compatibility with Complementary Metal Oxide
Semiconductor (CMOS) fabrication process and the high refractive index contrast between Si and
SiO2, which offer strong optical confinement give the real possibility of electronic-photonic co-
integration. Si photonics have matured optical components such as optical modulators,
waveguides, and photodetectors. The main hurdle for Si photonics is its poor light emission

property [15], [16]. Triplex™ is a well- known technology for low loss passive components like



waveguide fabrication. The alternating well defined and highly stable silicon nitride SizN4 and
SiO; are used in Triplex™ technology [17]. The CMOS compatible SisNs and SiO2 waveguide
are gaining popularity because of ultra-low loss operation and low-cost volume production [17]—
[19] . TriPleX™ technology provides low loss on silicon and glass substrates in the broad
wavelength range between 405 nm up to 2.35 um. For the integration optical sources, modulators,

amplifiers, and detectors integration TriPleX™ platform relies on InP.

(a) Silicon (b) Indium (¢) Silicon
phosphide Nitride

Figure 2: Three platforms for integrated microwave photonics (a) silicon-on-insulator (SOI) for
programmable signal processor [20], (b) indium phosphide for all-integrated tunable filter [20],
and (c) silicon nitride for high spectral resolution bandpass filter [21].

Itis obvious that individual platforms are still not matured enough for the full integration of IMWP.
Therefore, researchers have been looking for a suitable and alternate platform where a hybrid or
monolithic integration is possible. Here, we propose highly resistive and optically transparent from
UV to IR sapphire as a 3D integrated microwave photonics platform as shown in Figure 3, where

laser source, modulator, waveguide, photodetector, and RF circuits can be monolithically

fabricated by utilizing current technology.



Future 3D integrated optoelectronics
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Figure 3: Sapphire based 3D integrated microwave photonics architecture.

1.2 Motivation

There are several reasons for the consideration of sapphire as a platform for integrated microwave
photonics. The CMOS compatible Si on sapphire (SOS) is a matured technology. It can embrace
all the features of Si photonics and RF high-frequency circuit technology featuring low power
consumption. The TriPleX™ is a well-known technology for the low loss (0.1db/cm down to 0.1
db/m) passive components which covers a wide wavelength range and is widely used in MWP,
visible light applications, and sensors [17]. The high refractive index contrast and the low material
absorption is prerequisite for optical confinement and low loss passive components. In both cases,
sapphire substrates can be a good competitor for the quartz substrates in TriPleX™ technology.
The comparison of refractive index and absorption coefficient for SisN4, SiO2, and sapphire is

shown in Figure 4. From the figure, the refractive index difference between sapphire and SisNs is



0.3, which is sufficient for building a tightly confined waveguide. For optical loss, sapphire is a

transparent material, and its absorption coefficient is very low.
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Figure 4: A comparison of refractive index and absorption coefficient for SisN4, Al203, and SiO>
[22].

For optoelectronics, the sapphire platform relies on I11-V monolithic growth. The growth of 111-V,
especially GaAs and GaSb on sapphire, is a challenging task because of high lattice mismatch and
different crystal structures (GaAs, GaSb-Zinc blende, and sapphire-hexagonal) [23], [24]. For the
high-quality crystal growth, a similar thermal expansion coefficient of film and substrate is
significant because it does not give any extra crack or defects during the cooling of the film [25]-
[27]. The thermal expansion coefficient of GaAs (5.73E-6 K1) and GaSb (7.75E-6 K1) is closely
matched to sapphire (6.66E-6 K™ parallel to the optical axis and 5E-6 K™ perpendicular to optical
axis). With a sophisticated crystal growth technique, it could be feasible to grow high lattice
mismatch I11-V thin film on foreign substrates. In my Ph.D. work, | have been working on the
growth of GaAs on ¢ and r plane sapphire substrates for the optoelectronic material of IMWP. In
the following sections | will discuss the crystal structure of GaAs and sapphire, challenges of

growth of GaAs on sapphire, advantages of the system, etc.



1.3. Background

1.3.1 GaAs

Goldschmidt first created GaAs in the 1920s, and it is a compound semiconductor consisting of
Ga and As elements as shown in Figure 5 [28]. It has a cubic sphalerite (zinc blende) crystal
structure, and the lattice constant is 5.656A. GaAs has a face-centered cubic (FCC) translational

symmetry. The coordinate of one atom is (0,0,0), and the other atom is (1/4,1/4,1/4).

Figure 5: FCC unit cell of GaAs crystal structure.

Gallium arsenide’s zinc blende structure can be considered superimposed of two FCC lattices,
one of Ga and the other of As, offset by the basis vector. There are 14 gallium atoms and four

arsenic atoms in the GaAs unit cell from the above figure.



However, each of the corner Ga atoms is shared by eight neighbors’ cells and faces Ga atoms are
sharded by two cells. Therefore, there are total 4 gallium atoms and 4 arsenic atoms in the GaAs

unit cell. The nearest neighbor distance in GaAs is r,=(v3 a/4), where a is the lattice constant and

Ga (As) makes four tetrahedral bond angel ¢g=cos™?! (— %)2109.47’ with four As (Ga). The most

studied and important crystal planes of GaAs are (001), (111), and (110), as shown in Figure 6.

From the figure, the atomic arrangements of each crystal plane are different.

{2 © ©
[100]

(a) e e I (b)

001+ @ o (o) [101]

—[100]

Figure 6: GaAs crystal planes (a) (001); (b) (111); (c) (110).
These atomic arrangements are directly related to the crystal planes' surface energy, which is an
important factor for the 2D crystal growth. In (001) crystal plane, 4 Ga (As) atoms are at the corner
of the crystal plane and an Ga (As) atom at the center (Figure 6 (a)). Figure 6 (b) shows the (111)

GaAs plane. The unit cell of GaAs contains four (111)A and four (111)B crystal planes. The atomic



distance in the (111) crystal plane is 3.99 A. The atomic arrangemnt in (110) crystal plane forms
a rectagular crystal structure as shown in Figure 6 (c) [28]. The (110) crystal plane contains the
same number of gallium and arsenic atoms and it is intrinsically neutral [29]. The atomic distance

along the [010] and [110] directions are 5.656 A and 3.999 A respectively.

1.3.2 Optical properties

GaAs is a direct band gap material. Higher electron mobility and wider direct band gap make it as
an essential material for optoelectronic devices, light-emitting sources, photovoltaic devices, high
power microwave, and millimeter-wave devices. The E-K diagram of GaAs direct band gap is
shown in Figure 7. The valance band’s maximum energy and the lowest energy of the conduction
band are at the same value of momentum. The value of the GaAs bandgap at room temperature
and under normal atmospheric pressure is 1.42 eV. The bandgap value is true for high purity GaAs,
and band gap becomes smaller with doping materials. The bandgap is also a function of

temperature and can be written as-

aT?

T+

Eg(T) =~ E4(0) — Equation 1

where Eq(0), a, B are materials constants. At T=0 K, the bandgap energy of GaAs approaches 1.52
eV. The optical properties of GaAs can be changed by incorporating materials like In, Al. This
allows bandgap tuning and introduces new electrical and optical properties to the materials. For
example, ternary alloy Gai-xInxAs band gap can be adjusted over an energy range to adjust the low

attenuation region of many optical fibers [30].
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Figure 7: Energy band diagram of GaAs [31].

1.3.3 Sapphire

The sapphire crystal lattice is formed by AI** and O% ions. The coordination numbers of AI** and
O?% are 6 and 4, respectively. Single crystal sapphire belonging to the space group of R3C has a
hexagonal/rhombohedral crystal structure. The hexagonal unit cell of sapphire is formed by
alternating close-packed planes of oxygen with a hexagonal array of aluminum planes. Due to
crystal lattice distortions, AI** cations are in a crystalline field that has no symmetry center. It lies
in the octahedral hollows between the closely packed O, filling two-thirds of these hollows as
shown in Figure 8 (a), such that 2/3 is the stoichiometric ratio of Al/O in sapphire. Along the
[0001] direction the aluminum atoms and vacancies have a threefold symmetry. Due to the high

optical transmission, mechanical strength, insulating nature, sapphire is popular as a substrate in



the semiconductor industry for thin film growth and device fabrication, e.g., high-power-radio-
frequency applications, high power, and high-frequency CMOS integrated circuits. The thermal
expansion coefficient of a substrate is significant for the thin film growth. For sapphire along an
axis, the thermal expansion coefficient is 6.2x 10 K, while that along c-axis is 7.07x 10° K.
The unit cell of sapphire and different crystal planes is shown in Figure 8 (b). For the IMWP optical
source, we have been growing GaAs on both ¢ and r plane sapphire substrates. The atomic

arrangements of both crystal planes are discussed below-

[0001]} C.
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Figure 8: (a) Schematic of the arrangements of AI** and O layers in sapphire [32]; (b) sapphire
unit cell and different crystal planes [33].

The c plane is the sapphire substrate’s basal plane, and the r plane is inclined 57.5667 degrees to
the optic axis [33]. The c plane and r plane sapphire have hexagonal and rectangular crystal
structures, respectively. Octahedral hollows are present for c-plane sapphire as shown in Figure 9,
and the distance between the hollows is 4.756 A. The c-plane sapphire has three-fold rotational
symmetry about its normal. The oxygen sublattice is 30 degrees rotated with Al sublattice along

with the [0001] direction. The distance between Al-Al sublattice is 2.747 A.
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[12710]

Figure 9: Basal or C- plane sapphire substrate.
In r plane sapphire, Al-Al sublattice distances in [1101] and [1120] direction is 5.1272 A and 4.756
A, respectively (Figure 10) and the r-plane sapphire has one-fold rotational symmetry about its

normal [34]-[37].

@ Aluminum

[1120] @ Oxygen

Figure 10: R-plane sapphire substrate [38].
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1.4 GaAs growth on sapphire

The functionalities and potential of GaAs film on the sapphire substrate for microwave photonics
(MWP), optoelectronics, and electronics motivated us to work on GaAs/sapphire system. As a
substrate, the sapphire has an immediate advantage like silicon on sapphire (SOS) is a matured
technology or electronic components and an existing body of work on SisN4 on sapphire for
passive components and waveguides. The thermal expansion coefficient is an important factor for
the growth of crack-free epitaxial film, which is nearly equal to the I1I-V semiconductor and
sapphire. Therefore, 111-V growth on a semiconductor can create the possibility of monolithic
integration of I11-V semiconductor light sources, modulators, detectors, low loss waveguides,
passive devices, CMOS, and RF silicon circuits. Besides, the sapphire substrate's high insulating
property, high refractive index contrast between GaAs and sapphire system, and optical
transmission of the sapphire substrate near 111-As band gap provides the potential for 3D photonic
systems. The integration of microwave photonic (MWP) functionality and electronics on a single
chip can dramatically increase speed, bandwidth, processing capability, and dynamic range [23],

[24], [39].

We have been growing GaAs on both c- and r -plane sapphire substrates for the monolithic
integration of optical and electronic devices. The growth of single-crystalline GaAs 2D film on
sapphire (c and r plane) substrates is challenging because of (i) high lattice mismatch; (ii)
dissimilar crystal structure. The large lattice mismatch produces rough surfaces and defects in the
epitaxial materials. Since the crystal structure of GaAs and sapphire substrates are different, so the
growth film can be [111] oriented on c-plane sapphire substrate because it is a least similar in

crystal structure. On the other hand, the rectangular (110) plane of GaAs may align with the
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rectangular r-plane of sapphire, while the hexagonal nature of the sapphire might force the epitaxial

growth of GaAs to be of (111) orientation, or GaAs might take a totally different orientation.

We must also consider the third feature: the chemical bonding at the interface between two
materials. For example, high interfacial energy can lead to poor interaction between the two
material surfaces. In this case, with a high lattice mismatch, different crystal structure, and
unfavorable interface energy, one may expect poor crystal quality for GaAs on sapphire. On the
other hand, GaAs may not even wet the sapphire substrate for a thin GaAs layer, and growth may
occur by ignoring the high lattice mismatch and different crystal structures. In this thesis, we
discuss the direct growth of GaAs on sapphire (¢ and r plane); direct growth of GaAs on sapphire
(c and r plane) but after an initial thin AlAs nucleation layer; the effect of the pre-growth ¢ plane
sapphire substrate surface treatment on GaAs growth, the role of the growth temperature and post
growth annealing on GaAs growth on sapphire. Next, the importance of two-step growth to reduce
misfit and threading dislocations. The nucleation layer, annealing, and two-step growth provides
a highly relaxed, smooth, active surface that produces high-quality photoluminescence at low

temperature and room temperature.
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Chapter 2: Crystal growth and Growth techniques

Crystals are periodic arrangements of atoms, molecules, or ions in all three dimensions [40].
Crystalline materials have a huge impact in research, industry, optoelectronic devices, and
biosensors. Their demands are increasing day by day. The epitaxy is an excellent way for the
growth of high-quality crystal materials. In this chapter, different epitaxial systems, growth modes,

and growth techniques are discussed.

2.1 Epitaxy

The growth of crystal film with a specific orientation on the top of a crystalline substrate is known
as epitaxy. The film is called an epitaxial film or epitaxial layer [41], [42]. The epitaxial growth
can result in a 1D, 2D and 3D crystal growth. There are different techniques for the growth of
crystal by epitaxial method like- (i) molecular beam epitaxy (MBE); (ii) chemical vapor
deposition; (iii) liquid phase epitaxy; (iv) vapor-phase epitaxy. Based on the substrate and layer
material, there are two types of epitaxial systems- (i) homoepitaxial system; (ii) heteroepitaxial

system [43].

2.1.1 Homo and heteroepitaxial systems

In the homoepitaxial growth, the film and the substrate are of the same material, so there is no
lattice mismatch. In the heteroepitaxial system, the grown film and the substrate are of different
materials, having different lattice constants but usually having the same crystal structures.
Therefore, the strained or fully relaxed epitaxial film can be grown on the substrate depending on
the interfacial conditions, lattice parameters, and thickness of the film shown in Figure 11. The

heteroepitaxial system is the most interesting to explore their extraordinarily rich interaction,
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unknown bonding at their interfaces, and unexpected novel properties. For example, one can
imagine semiconductors' growth on semiconductor, semiconductor on insulator, or semiconductor
on ferroelectric. The key point is that the degree of coupling at the interface can create systems
with remarkable properties, such as geometry-dependent excited-state lifetimes and magnitude of
fluorescence, tailored index of refraction and dispersion, non-reflective materials, and control over
carrier mobility and coherence. To succeed at the growth of dissimilar materials, conventional
wisdom has generally required that the two materials have the same or similar crystal structures,
for example, AlAs on GaAs, which is zinc-blende on a zinc-blende substrate. Another common

example is GaN on sapphire, which is wurtzite (hexagonal) on a trigonal (hexagonal) substrate.

In fact, one might say that today’s semiconductor industry is guided by a “golden rule” for new
material development: “Starting growth on substrates with similar structures”. There is even a
“corollary” to this rule which is to “closely lattice-match the two semiconductors for the purpose
of high material quality”. For example, this is the case for AlAs on GaAs while being not true for
InAs on GaAs resulting in very poor growth quality for thick films. Here we propose to break
away from the rules and take an entirely different approach to the growth of dissimilar materials,
such as, combining dissimilar cubic GaAs and hexagonal sapphire. This third kind of epitaxial

system is called dissimilar epitaxy.
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Figure 11: Schematic representation of (a) lattice- matched, (b) strained, and (c) relaxed (misfit
dislocation) epitaxial growth.

2.2 Thin film growth modes

For the thin film growth, the atoms are transported to the substrate, and the adatoms (deposited
atoms) diffuse on the surface to find nucleation sites like edge, kink, or clusters to minimize energy
[44]. The affinity of adatoms to the substrate or each other determine the film morphology on the
substrate [45]-[48]. There are three types of growth modes, these are (i) layer-by-layer growth or
Frank-van der Merwe (F-M), (b) island growth or VVolmer-Weber (V-W), and (c) mixed growth or
Stranski-Krastanov (S-K) as shown in Figure 12. In the F-M mode, adatoms are strongly attached
to the substrate, which promotes the wetting of the substrate surface and two-dimensional film
growth. It usually occurs in the semiconductor and oxide materials growth. When the interaction

within adatoms is stronger, 3D islands are formed on the substrate, the growth mode is known as
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V-W. The size of islands increases by different coalescence phenomena like Ostwald ripening,

sintering and cluster ripening until a film of different grains is obtained. The V-W growth mode

typically occurs during the growth of metal and semiconductor (i.e., group 1V, 111-V, etc.) on oxide

or rock salt substrate.
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Figure 12: Schematic illustration of three growth modes. (a) Frank-Van der Merwe, (b) Volmer-
Weber, and (c) Stranski-Krastanov. Substrate (overlayer) atoms are shown in grey (red) where

the lighter red is on the first adsorbate layer. © represent the amount of deposited material (©

1

represent one monolayer deposited atom on substrate atom) [44].

The S-K growth mode is a mixture of F-W and V-M growth mode. In this mode, film grows layer

by layer until it reaches a critical thickness and 3D islands start to grow. Islands grow on a wetting
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layer rather than directly on the substrate as in V-W growth mode. The heteroepitaxial systems
with small lattice mismatch mainly follow the S-K growth mode [44], [49]-[52]. The following
Young’s equation are systematically classified the three different modes of growth in terms of their

surface energy-

Ys = Yis + Yrcos 6 Equation 1

where, s = substrate surface energy, ys = interface energy between film and substrate, yf = film
surface energy, © depends on the surface properties of the substrate and impinging
atoms/molecules [48]. F-W growth mode occurs when impinged atoms wet the substrate surface,

and the contact angle © becomes zero (Figure 13). Then the equation 2 becomes-

Ys = Vs + Vs Equation 2

V-W growth mode occurs when the sum of the film’s surface energy and interface energy is higher
than the substrate’s surface energy. The 3D growth mode happens when the contact angle between

islands, and the substrate is greater than zero and the young’s equation becomes-

Ys < Vs + Y Equation 3

S-K growth mode occurs when a strained film generates on the substrate and the interface energy

increases with film thickness. The following inequality is fulfilled for the S-K growth mode-

Ys > Yes + Ve Equation 4
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Figure 13: Surface energies and angle between islands and substrate.
In this work, we have used the molecular beam epitaxy (MBE) system for epitaxial growth. In the
following section, we will discuss the MBE growth system, and in-situ reflection high energy

electron diffraction (RHEED) characterization tool.

2.3 Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) is an advanced technology for high-quality epitaxial material
growth. In MBE, the basic concept of crystal growth can be described as follows. The energetic
atoms are directed towards a growth surface or substrate. The heated substrate provides sufficient
energy for the adatoms’ diffusion to find a favorable lower energy site and become incorporated
into the crystal lattice. The ultra-high vacuum (UHV) (10°%°-10*! torr) inside the chamber reduces
the scattering of incident atoms before reaching the growth surface and the possibility of the
incorporation of unwanted impurities. The capability of precise control over growth parameters
like growth temperature, growth rate, film thickness, and atomic impingement flux make MBE an

ideal system for electronics, optoelectronics, and photovoltaic device materials growth [53]. In-
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situ RHEED allows the real-time crystal growth study, atomically flat substrates surface
preparation with specific surface reconstruction [43], [48]. Using MBE, we can grow two-
dimensional material with an atomically flat surface from the low lattice-matched (<2-3%), and
three-dimensional islands with entirely confined structure from the high lattice mis-matched

systems.

A Riber MBE 32 is dedicated to arsenide like GaAs, InAs, InGaAs, etc., materials growth at the
University of Arkansas. It is connected with the other two chambers by a transfer line (Figure 14).
For the other two chambers, one is used to grow oxide materials, and another is for group IV
materials. The arsenide chamber's connection to other chambers opens the possibilities for
integrating materials of having different properties such as semiconductors on ferroelectrics

material.

The ultra-high vacuum in the MBE was achieved by several pumps such as rough pump, turbo
pump, and ion pump. Cryopanels is surrounded inside the growth chamber. During growth, liquid
nitrogen (LN2) was supplied through cryopanels, which also acts as a pump by trapping atoms.
Cryopanels also provide the temperature isolation between cells. Generally, the effusion cell or
Knudsen cell (K-cell) is used for source materials reservoir and heated by electron bombardment
or resistance heaters. For Knudsen cell’s crucible, they are made of different materials, such as
tungsten, stainless steel, nickel, graphite, pyrolytic boron nitride (PBN), quartz, etc., depending on

the investigation.

Thermocouples are connected with the cell crucible for the temperature measurements. The cell
temperature controls the amount of flux to be emitted. For the As, source, the flux is controlled by

a combination of the source temperature and the cracker valve position. The temperature controller
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and automated shutters were used for growth control. Each effusion cell has a dedicated shutter,
for example, during GaAs growth gallium, and arsenic cells shutters were opened. The indium

shutter was opened in addition to arsenic and gallium shutters during InxGai.xAs growth [54].
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Figure 14: Three MBE chambers are connected by transfer line [55].
The in-situ characterization facility of the sample during growth makes MBE a unique growth
technique. Our MBE system is equipped with a RHEED, an ion gauge for beam flux monitor, a
growth gauge for chamber pressure measurement, a quadrupole gas analyzer (RGA) for the
residual gas analysis and leak detection, and optical bandgap thermometry for substrate

temperature measurement. All the instruments were valuable for the growth of GaAs on sapphire

substrates [56].
2.3.1 Reflection high energy electron diffraction (RHEED)

Since the early days of MBE, RHEED has been a well-established and useful in-situ technique for

structural analysis [57]-[59]. It can be used to determine the real time growth information such as
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three growth modes, crystal stoichiometry and quality, chemical composition, growth rates,
surface reconstruction, V/I1I flux ratio, and growth temperatures [60]-[62]. A finely collimated
high-energy electron beam with energy 10-100 keV is used in RHEED for the surface analysis.
The electron beam glances on the growth surface at a low angle (<3°), and after reflecting, it strikes
a phosphor screen where it makes a diffraction pattern. For a specific diffraction condition, the
glancing angle is critical. It should be finely adjusted by inclining the sample to the electron beam
or deflection coils one and two. The electron beam penetrates only one or two monolayers of the
sample surface making the RHEED be a highly surface sensitive technique [63]. For the real-time
growth study of GaAs, the RHEED was operated at a voltage of 20 keV and current 1.5 A. A
charged coupled device (CCD) camera interfaced with a computer was used to record the
diffraction pattern on the phosphor screen [61]. The KSA 400 software was used to analyze the

surface reconstruction, growth rate, and the intensity oscillation of the spots during growth [56].

The Ewald sphere is usually used intuitively to understand the diffraction phenomena from the
kinematically scattered electrons. The reciprocal lattice of the sample can be calculated directly
from Ewald’s sphere geometry. The center of the Ewald’s sphere is at the sample surface, and the

radius of the sphere is equal to the magnitude of the incident wavevector-

K = 2" Equation 5

Where, A is the electrons’ de Broglie wavelength.

For the elastic scattering, scattering wave vector has the same magnitude of the incident wave

vector,
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K| = |K'| Equation 6

Here, K’ is the scattering wave vector.

The diffraction condition for the constructive interference,

K—-K' =G Equation 7

Here, G is the reciprocal lattice vector.

For a two-dimensional crystal lattice, the reciprocal lattice consists of equidistant planes

perpendicular to the atom row. The Ewald sphere intersects the lattice planes and generates streaky

pattern on the RHEED screen as shown in Figure 15.

reciprocal lattice

Streaky RHEED pattern

Figure 15: (a) An illustration of the reciprocal lattice roads of the 2D sample surface,

perpendicular to atom rows. The intersection of the reciprocal lattice planes with Ewald’s sphere,

(b) streaky RHEED image from the 2D surface. (c) a static streaky RHEED image [64].
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2.3.2 Substrate temperature measurement

During the growth of self-assembled quantum dots, low-temperature material growth, high-quality
crystal growth, and the prevention of dopant segregation, accurate substrate temperature
measurements are crucial in MBE [65], [66]. There are different ways on how to measure the
substrate temperatures, such as a thermocouple, pyrometer, RHEED, and band edge thermometry.
The thermocouples are reliable for giving a repetitive growth temperature, although the substrate
thermocouple is mounted between the heater and the sample holder. As a result, the substrate
thermocouple's temperature measurements always differ from the actual growth surface
temperature. On the other hand, a pyrometer is mostly used for the temperature measurement of a
distant object. It measures the temperature from the radiation emission of an object. The
temperature measurements by pyrometer are influenced by viewport coating and stray light within
the system [66]. Pyrometers are not efficient at low-temperature measurements, and it also depends
on the emissivity of the materials which is difficult to find out. The substrate temperature can also
be measured from the RHEED. The surface reconstruction of the substrate gives an idea about the
surface temperature. Sometimes it is challenging to distinguish surface reconstructions and
temperature measurements [66]. The bandgap is a fundamental property of a semiconductor, and
it varies inversely to the substrate temperature (Ts) [67]. Band edge thermometry (BET) uses the
bandgap for the substrate temperature measurement. The band edge thermometry can be employed
by two ways, such as (i) reflection mode; and (ii) transmission mode [67]. BET is efficient for
small substrates temperature measurements. The viewports coating, radiation from cells do not
affect BET temperature measurements. However, BET measurement can generate local heat on

the substrates, and make inefficient for doped and /or back side coated substrates.
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Sapphire is an optically transmitted substrate from ultraviolet to infrared. The substrates' backside
is coated with one-micrometer titanium to prevent the transmission of electromagnetic waves
through the substrate from the heater. Therefore, during GaAs' growth, the transmission mode of
BET of our MBE system could not be put to use. Also, GaAs growth on c plane sapphire is Ga
terminated (111) oriented crystal. The (2x2) surface reconstruction of GaAs (111) A is invariant
with growth temperature. Hence, we cannot get the ideal substrate temperature from the RHEED
surface reconstruction image. So, we rely on the thermocouple temperature for the substrate
surface temperature, and the actual growth temperature can be 80-100°C less than the

thermocouple temperature.

25



Chapter 3: Characterization Method

After GaAs growth on sapphire, the substrate temperature was reduced to room temperature, and
the substrate was taken out from the chamber for structural and optical characterizations. The
surface morphology was investigated for the surface roughness (film), thickness (3D islands), and
density (3D island). The strain, defects, thickness, and lattice constant were studied from the
structural analysis. Different structural characterization tools like TEM, XRD, Raman
spectroscopy were employed for this purpose. The optical measurement is a great way to study the
light emission from the material and to confirm the crystal quality and defects. Both room and
low-temperature photoluminescence (PL) measurements were performed for the GaAs crystal
quality determination. In this chapter, discussions are focused on the basic principle, working
method, and measurement conditions of the techniques that are used for the grown GaAs crystal's
structural and optical quality determination. The first section is focused on the techniques for the
structural material measurements while optical measurements techniques are discussed in the

second section.
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3.1 Structural material measurement

3.1.1 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) or scanning force microscopy (SFM) is a powerful surface
analysis technique at the nanoscale [68]. It provides qualitative, quantitative, and statistical
information on many physical properties, such as surface morphology, texture, size, surface area,
roughness, and volume distributions [69]. Typically, a probe, a laser, and a feedback system for
collecting data are the main parts of an AFM as shown in Figure 16 [55]. A cantilever with a sharp
tip of 10-20 nm diameter is used in AFM to scan the surface. The tip and cantilever are made of
silicon and silicon nitride materials [70]. The basic principle of AFM operation is explained and
illustrated below. During scanning, the tip as well as the cantilever are deflected by the sample’s
surface. The cantilever’s deflection is measured by a reflected laser light from the back side of the
cantilever. The topography or other properties of interest of the material are generated by feeding
the deflection information to a computer [70]. There are three measurement modes of AFM: (i)
Contact, (ii) Non-contact, (iii) and Tapping mode. In contact mode, the tip touches the surface
while scanning, and the cantilever deflection determines the surface morphology [71]. The contact
mode can destroy the soft material during the measurements. In noncontact mode, the cantilever
oscillates at or close to its resonant frequency just above the surface as it scans [72], [73]. The
attractive van der Waals forces, dipole-dipole, or any other long-distance forces between tip and
sample are detected, and surface topography is determined from the attractive forces. The tip does

not touch the sample surface, and the sample remains fine after measurements.

27



Laser

Cantilever
Photodiode

Sample

Scanner

Figure 16: Schematic illustration of laser, tip, and photodiode in AFM system [74].
A liquid layer on the sample surface reduces the accuracy of the noncontact mode measurements.
Tapping mode is also known as a dynamic, oscillating, or non-contact mode [75]. The cantilever
oscillates at or the near-resonant frequency with a high amplitude (20 nm to 100 nm) and closer to
the sample surface than noncontact mode. During oscillation, the tip touches the sample surface at
the bottom of its swing. A constant oscillation amplitude is maintained by the PID feedback loop
to support a constant interaction between the tip and sample [48]. The intermittent interaction
between the tip and the measured surface produces the final image. In this research, the surface
morphology of substrates, and the grown epitaxial material was investigated by tapping mode of a
Bruker, model number 300-dimension 111 AFM. Stable and sharp tips made of Si with a tip radius

of 10 nm, drive frequency of 300 kHz, and a spring constant of 40 N/m was used [23].
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3.1.2 X-ray diffraction (XRD)

X-ray is an electromagnetic wave with wavelength, frequency, and energy ranging from 10
picometers to 10 nanometers, 30 petahertz to 30 exahertz (30x10° Hz to 30x10'® Hz), and 124
eV to 124 keV, respectively. X-ray wavelength lies between UV rays and gamma rays. It was
discovered by Wilhelm Conard Rontgen in 1895. X-rays are produced by maintaining a high
voltage (20 KV) between an anode and cathode. The tungsten filament and high atomic weight
metal are used for a cathode (source of electrons) and anode (target), respectively. High energy
electrons are emitted from the cathode, strike the target, and the electron Kinetic energy is
transferred to produce x-rays. The emission of x-ray radiation by this mechanism is known as
collision radiation. The high-energy electrons are deaccelerated by the atoms of the sample, and

the kinetic energy of electrons converted into x-rays. This mechanism is known as Bremsstrahlung.

X-ray shows diffraction which is used for characterizing crystal materials [76], [77]. The crystal
orientations, phases, distance between planes, grain size, thickness, strain, roughness, and defects
related information can be extracted from the diffracted x-ray beam. The scattered x-rays at
specific angles from each set of crystal planes generate constructive interference according to

Bragg’s law.

2dsin6=nA\;n=1,2,3———— Equation 8

where, d is the interplanar spacing, A is the incident x-ray wavelength. The interplanar spacing d

of the crystal planes can be calculated from the Bragg’s law [56].

A PANalytical X'Pert MRD diffractometer (PANalytical, Almelo, Netherlands) was used for this

work. The diffractometer equipped with a CuKq1 X-ray source (A=0.15406 nm), a four-bounce Ge
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(220) monochromator for a collimated x-ray beam, a multilayer focusing mirror, and a Pixel
detector to detect the diffraction. The PANalytical X'Pert MRD diffractometer in the Institute for

Nanoscience Engineering at University of Arkansas is shown in Figure 17.

Figure 17: PANalytical X'Pert MRD diffractometer situated at University of Arkansas.
For the research as discussed in this thesis, the crystal orientation of grown film was confirmed by
out of plane measurements or ®-20 scan, the crystal quality was confirmed from the full-width
half maximum (FWHM) of the rocking curve measurements or w scan, in-plane registry between
film and substrate was confirmed from the phi scan and pole figure measurements. During out of
plane measurements, the sample was fixed, x ray tube or source moved by the angle ©, and the
detector moves simultaneously by the angle 26. This gave the diffraction from crystal planes
parallel to the sample surface and information about the preferential growth axes. The spreading
of a parallel crystal plane from its ideal position was determined from the w scan. In w scan, the
source and detector were fixed at a Bragg’s angle of a crystal plane needed to be measured, and

the sample was rocked with respect to growth axis. For the ¢ measurement, the source and detector
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were fixed at a Bragg’s angle of a crystal plane needed to be measured, the sample was tilted at
angle and rotated around the growth direction [78]. The measurements conditions for the ©-26

scan, w scan and ¢ scan are shown in Figure 18.
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Figure 18: A schematic diagram of the geometrics of thin film X-ray diffraction measurement,
showing relations between the lattice planes of a thin film sample and x-ray geometrics [79].

3.1.3 Transmission electron microscopy (TEM)

TEM is considered the most popular nondestructive electron microscopy technique [80]. The high
energy electron beam is used in TEM to analyze the structure, size, and morphology of a wide
range of nanomaterials [81]. The basic structure of TEM consists of an electron emission source,
electromagnetic lenses, and a detector. An electron beam is transmitted through a thin sample of
thickness less than 100 nm. The interaction of electrons and the sample produce an image. Then
the image is magnified and focused onto a fluorescent screen or a layer of photographic film. The

TEM image can be used to determine crystal defects, such as misfit and threading dislocation,
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small precipitates, dislocation loop, stacking fault, twinning, etc. It is also possible to detect the

density of defects and small clusters with diameters ~1-2 nm [82].

The function principle for TEM and optical microscopy are similar; however, the source and lenses
are different. In optical microscopy, photons are used as sources, glass lenses are used to control
and focus on the optical beam, and images are viewed by eyepiece. On the other hand, in TEM,
electrons are used as source, electromagnetic lenses are used to control and focus of the electron

beam, and images are viewed on the screen [81].

There are two modes in TEM for crystal lattice mapping images-(i) high-resolution transmission
electron microscope (HR-TEM); (ii) high angle annular dark-field scanning transmission electron
microscope (HAADF-STEM). In HR-TEM, the transmission and diffraction occur of the electron
beam. The interference between the transmitted and diffracted beam produces the crystal lattice
mapping images rather than the actual atomic columns, while the direct crystal lattice mapping
images are produced by HAADF-STEM [83]. The schematic diagram of these modes is shown
Figure 19. The TEM advantages are powerful magnification, high quality image, and high spatial
resolution for nanoscale materials [84]. TEM’s disadvantages are regarded high to buying cost,
necessity of UHV to avoid the scattering of the electron beam by gas molecules in the air, and the

expertise is needed to run it [85].
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Figure 19: Schematic diagram of (a) HR-TEM imaging mode, (b) HAADF-STEM imaging mode
[83].

The sample preparation is the most essential part of a high-quality TEM image. For this TEM
image, the sample was cut into two small rectangular pieces and glued face to face, as shown in
Figure 20. After gluing, it was transferred to a hot plate and annealed at 180°C. A clamping vise
was used to compress the sample for the well gluiness [86]. The sample was then polished until
thickness <20 um was achieved by using an Allied High Tech Products Inc. polisher. The sample
was then placed in a copper grid and then in a Fischione 1010 low-angle ion milling machine for
making a hole in the middle of the sample. For our TEM, 50-300 nm thickness of the optically
transparent area around the hold is sufficient for high-quality imaging. A Cs corrected Titan 80-
300, with a Schottky field emission gun (FEG) that was operated at 300 kV, was used to take cross-
sectional high-resolution TEM (HRTEM) images. In addition, A TF20 TEM, with electron source

operated at 200 keV was also used [86].
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Figure 20: Different steps of TEM sample preparation. (a) A small rectangular piece of sample;
(b) face to face gluing; (c) mechanical polishing; (d) small hole generation by ion milling; (e)
birds eye view of the hole and transparent areas around it [86].

3.2 Optical characterization

3.2.1 Raman Spectroscopy

Raman spectroscopy was invented by C. V. Raman, is an essential tool in the field of vibrational
spectroscopy [87]. It helps to investigate the crystallinity, strain, defects, and composition of the
solids [86]. Raman spectroscopy studies the interaction between incident light or photon with
lattice vibrations, phonons, or other excitations in the system. When a sample is exposed to a
monochromatic light in the visible region, most of the photons are transmitted through the sample,
some absorbed, and a very small portion is scattered by the material. The scattered beam is at the
right angle of the incident beam and can have either the same frequency or different frequency of
the incident beam. Depending on the frequency, the scattering process can be divided into Rayleigh
scattering and Raman scattering. In Rayleigh scattering, the scattered beam frequency is the same
as the incident beam frequency. If the scattered beam frequency is different from the incident beam
frequency, then the scattering process is known as Raman scattering. Therefore, the Raman
scattering is based on the inelastic scattering with a transfer energy between the molecule and

scattered photon. In Raman scattering, stokes lines and anti-stokes lines are observed when the
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scattered light loses or gains energy, respectively. The interaction of light and scattering processes

is shown in Figure 21.
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Figure 21: Three types of scattering that can occur when light interacts with a molecule.

Raman shift is calculated from the following equation by using the scattered light wavelength-

11 Equati
89 = (=) x 107 em? uation 9
0 1

where Ad is the wavenumber Raman shift in cm™, Ao is the wavelength of the excitation laser beam

in nm, and A1 is the wavelength of the scattered light in nm.

In this research Raman spectroscopy was used to confirm the crystallinity from the shape of the
peak and strain from the shift wave number. In the Raman system, monochromatic light source
either 532 nm green laser or 632 nm red laser could be utilized for the illuminating of the sample.
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For the GaAs characterization, 632 nm monochromatic light source was used. The diameter of the
spot on the sample is around 1pm and while the intensity is approximately 5 mW. From the
schematic diagram of Raman spectroscopy as shown in Figure 22, the bandpass filters were used
for the filtering of the unwanted background. The source light was directed from the source to the
sample by aligning specific mirrors. The source beams were split into two directions by double
beam splitters. The lenses were used for beam focusing and the reflected light was collected by a

liquid nitrogen (LN) cooled charged coupled device (CCD) camera.
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Figure 22: Schematic diagram of the Raman setup with 532 nm and 632 nm laser.

3.2.2 Ellipsometry

When a light reflects or transmits through the sample the polarization of the light changes
according to the optical properties and thickness of the sample. Ellipsometry measures the

polarization change and helps to characterize crystallinity, roughness, anisotropy, uniformity

36



thickness, doping concentration and other material properties related with a change in optical
response [88]-[90]. It is a nondestructive, highly accurate and reproducible optical technique. The
schematic diagram (Figure 23) of an ellipsometry shows a light source to illuminate the sample, a
polarizer to pass light of specific polarization, a sample to be characterized, an analyzer to send
different polarizations light to the detector, and a detector [91]. The polarization change is
measured in terms of amplitude ratio, y and a phase difference A which are then used to determine
the index of refraction and the thickness of the sample [92]. The complex reflectance ratio is

calculated from the y and A,

r . Equation 10
— P _ iA guation 1
=Lt

p== an(y)e

S

where rp, and rs are the magnitudes of the two reflection coefficients of polarized light. The rp is the
perpendicular to the plane of incidence and rs is the parallel to the plane of incidence. The Fresnel

equations give,

L h _ nycos(@,) — 1, cos(@q) Equation 11
® “Ep  n1cos(@o) + 1 cos(@y)

o E.s n,cos(@,) —n; cos(@q) Equation 12
==

Eis - N, COS((po) +ny COS((Pl)

Here, air refractive index, no=1 and n; is the film refractive index. From the reflected light beam

we can extract a lot of information about the film such as[93]-
The refractive index of the film can be calculated from the ellipsometric angles @,,,

ny : 1-p Equation 13
G =sin @} [1+ () tang,?] |

37



The optical absorption of the thin film,

1. V(1 -R)* +4R*T?) — (1 — R)? Equation 14

a=gn( ATZRZ )

where d, R, and T are the film thickness, reflectance, and transmittance, which can be calculated

by-
A 1 Equation 15
d = = 1
2 /(nlz —singz 2M1A()
(n, — ny)% + k;° Equation 16

1-R Equation 17

Substrate

Figure 23: Schematic diagram of Ellipsometry basic concept. The refractive index of the sample
influences the transmission of light.
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In this research, a Variable-Angle Spectroscopic Ellipsometry (WVASE32) was used to
characterize the samples. The spectroscopic data was collected in the range of 400-2000 nm
(0.619-3.0996 eV) at different angle of incidence (65°, 70° and/or 75°) with a resolution of 10 nm.
After measuring, the data were fitted using a built-in WVASE32® software. For minimizing the
mean-square deviation ¥* between experimental and theoretical results a Marquardt-Levenberg

algorithm was used. The Mean Square Error (MSE) y? is expressed as-

Equation 18

L~

1
F = L Ei (Mes; — Thy)?.—

—

where oi = standard deviation of the i'" data point, N = number of data points, Mesi = measurement

data of the i"" data point, Th; = theoretical model the i*" data points.

Most of the time the grown sample was a multiple layer structure of GaAs and AlAs. Therefore, a
multiple layer model consisting of sapphire substrate and film was used to analyze each sample.
The Johs-Herzinger model was used to describe the dielectric function of each layer. The
experimental result of y and A are compared with the model fit data of sapphire/AlAs/GaAs which

are shown in Figure 24.
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Figure 24: Experimental and model fitting ellipsometry data of GaAs/AlAs/sapphire sample.

3.2.3 Photoluminescence

Photoluminescence (PL) is a noncontact, nondestructive measurement technique. It is used to
study the electronic and optical properties of the material. The bandgap, composition, carrier
lifetimes, defects and quality of the material can be confirmed by analyzing the spectral
distribution emitted by a semiconductor [94]. The basic mechanism of PL operation is explained
below. A photon with energy equal or higher than the bandgap of the material, is absorbed by the
material. The interaction of the photon and electron excites electrons to the higher energy state and
creates a hole in the valence band [95]. The electron-hole pair is known as exciton [96]. The
exciton can recombine mainly in three different ways (i) Radiative or band-to-band recombination;
(i) Shockley-Read-Hall (SRH or RHS) recombination; and (iii) Auger recombination. The
radiative recombination occurs in the direct band gap semiconductor. In this process, the electron
momentum is conserved, and the emitted photon has the energy equal to the bandgap energy of

the material. The Shockley-Read-Hall recombination is also known as defect associated or trap
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assisted recombination [97]. This recombination occurs in two-step process. In the first step, an
electron is trapped by an energy state which is generated by foreign atoms or structural defects. In
the second step, the recombination occurs if the hole moves up to the same energy state of the
electron before the electron re-emitted to the conduction band [98]. Auger recombination is a
nonradiative process and three carriers are involved in this recombination [99]. At first an electron-
hole pair combines in a band-to-band transition and the excess energy is transferred to electrons
or holes that are subsequently excited to higher energy states within the same band instead of
giving off photons [100]. The schematic diagram of three recombination process is depicted in

Figure 25.

SRH Radiative
Excited State

Auger
A
© ’
vGround State

Figure 25: Graphical presentation of energy states, band gap and three recombination process.

In this research, a multifunctional PL system was used where six different light sources, such as

532 nm continuous wave (cw), a 1064 nm cw, 1550 nm cw, 2000 nm cw, 780 nm pulse Ti-
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sapphire, Nd:YAG, and a fempto second laser were available to illuminate samples. Different
measurements like off-axis PL and micro-PL at both low temperature and room temperature can
be performed using separate collection paths. Detection of a wide range of wavelengths was
facilitated with three different detectors, namely. PbS, InSb, and InGaAs. GaAs on sapphire system
was studied by using a 532 nm continuous wave laser [101]. The laser spot size was 65 pum in
diameter and the average pumping power was 500 mW [86]. The light source was modulated by
an optical chopper as shown in the schematic diagram of Figure 26. The alignment of the laser
beam to the sample was done by a set of pin holes, mirrors and the focusing was performed by a
CaF. plano-convex lens with focal length of 10 cm. The planoconvex lens can transmit 90% of the
incident light in the wavelength range of 500-5000 nm. A Horiba IHR 320 grating-based
spectrometer was used to collect the PL emission from the sample and sent it to liquid nitrogen
cooled InGaAs detector with the wavelength detection cutting-off at 2.3 pm. To amplify the

electrical signal a lock in amplifier system with a chopper was used [96], [102], [103].
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Figure 26: Schematic diagram of PL system setup. Two optical sources, detectors, beam
alignment for both room temperature and low temperature measurements are illustrated and is
not in scale.

3.3 Device Fabrication

3.3.1 GaAs Microdisk Fabrication on Al203 (0001)

The process of GaAs microdisk laser fabrication on ¢ plane sapphire can be outlined into four main
steps as shown in Figure 27. At first, each sample was sonicated with acetone and isopropyl
alcohol. Then with the help of a spin coater machine a nominal 1.8 um thick AZ4110 photoresist
was placed on top of the GaAs film which allowed to settle microdisks. We have already confirmed
from our trial experiments that 1.8 pum thickness is sufficient to withstand any wet chemical
etching. Using a standard UV lithography with intensity 4.52 mW/cmz2, the chromium or glass
mask pattern was transferred to the photoresist. The UV exposed regions of photoresist were

developed by using a developer AZ300 MIF for 45 second.
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Figure 27: Four main steps of GaAs microdisk laser fabrication on sapphire substrate: (1) 1.8 um
AZ 4110 photoresist by spin coating; (2) pattern photoresist by optical lithography and
developing; (3) wet etching by H2SO4: H202: H20=1:5:8 solution; (4) photoresist removeed by
acetone cleaning.

Then the GaAs etching was performed by an acid solution of H>SOs; H202: H20=1:5:8 at room
temperature. The etching target was to reach sapphire substrate to remove the background
contributions of GaAs to the responsivity measurement. The etching time was 1.18 s and etching

depth was 89 nm. After the etching, the photoresist was removed by acetone cleaning. The optical

imaging of the GaAs 16 um micro disk lasers are shown in Figure 28.
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Figure 28: The optical image of (a) a small surface area after fabricating 16 um micro disk
lasers, red circles indicate the position of the disk, the rectangular boxes and long arms are for
finding the position of the disks during measurements, (b) a 16 um micro disk laser.
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Chapter 4: Results and discussion

4.1 GaAs growth on ¢ plane sapphire

4.1.1 Introduction

Heteroepitaxy is essential for introducing foreign properties on the epitaxial layer. In
heteroepitaxy, the epitaxial material and substrate are different in lattice constant from each other
but have the same crystal structure, such as cubic silicon, In(Ga)As on cubic GaAs [104]-[106].
On the other hand, in dissimilar epitaxy, both crystal structure and lattice constant of grown
materials are different from the substrate, such as cubic SiGe and GaAs on the trigonal sapphire
substrate [107], [108]. The differences between heteroepitaxial and dissimilar epitaxy are
schematically shown in Figure 29. In my Ph.D. work, | worked on the growth of GaAs on ¢ plane
and r plane sapphire substrates. At first, I will discuss the nucleation of thin GaAs on ¢ plane and

later r plane sapphire substrates.
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Figure 29: Schematic diagram of (a) heteroepitaxial, and (b) dissimilar epitaxy systems [108] .
| have already mentioned that all samples were grown by using a Riber-32 molecular beam epitaxy
(MBE). Before the growth, substrates were annealed in air at 1200°C for 4 hours for the atomically
smooth surface preparation. Figure 30 (a, b) shows the 2 ymx2 um AFM images of sapphire
substrate as received and after annealing. After annealing, the substrate surface is atomically flat
and clean where steps and terraces can be seen. The surface has step heights of 1 monolayer
(~0.216 nm) and terrace widths around 200-300 nm. The unintentional miscut of substrates used
was less than 0.1°, as calculated from Figure 30 (b). A line profile of the surface along the
perpendicular direction of steps is shown in the top right inset of Figure 30 (b), where one
monolayer high step can be easily seen. Bottom right inset of Figure 30 (b) shows the RHEED
from the sapphire substrate just before the growth. Narrow streaks and Kikuchi lines validate the

cleanliness of the prepared substrate. After annealing each substrate backside was coated with 1
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um Ti by electron beam evaporator. The coating was done for a specific reason. Sapphire is an
insulating material with high band gap (~9 eV). During heating it transmits most of
electromagnetic waves. Therefore, to absorb for efficient heating the substrate backside was Ti
coated. Afterwards, substrates were inserted into the load lock chamber and heated at 200°C for
two hours to evaporate water vapor. Then substrates were transferred to the degassing chamber

and annealed at 850°C for six hours to remove organic contaminates.

L

Height

400.0 nm

Height 400.0 nm

Figure 30: (a) AFM image of annealed sapphire substrate with prominent steps and terraces are
shown; (b) line profiles of the image.

In the growth chamber to get a clean and free from unwanted materials substrates were heated to
900° for 3 hours. Before starting the growth, the substrates were exposed with arsenic flux of 2x10
® torr at 650°C for half an hour [109]. Then the substrate temperature was fixed at growth
temperature. The substrate temperature was measured by a thermocouple, and it was not in contact
with substrates. Therefore, there can be 80°C to 100°C difference between measured temperature
and thermocouple temperature. The growth rate of GaAs and AlAs was 0.75 and 0.2 ML/s

respectively. The growth rate corresponds to homoepitaxial growth rate, and the V/III ratio was
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15. The real time growth was studied by RHEED. In the following Table 1, details of the growth

materials, growth temperature and substrate surface are listed.

Table 1: Structural details and growth parameters of samples presented in this work.

Sample ID | AlAs nucleation layer (NL) GaAs layer Substrate surface
Growth thickness (nm) | growth- thickness
temperature temperature | (nm)
(°C) (°C)

C1 NA NA 600 1 Corrugated
C10 NA NA 600 10 Corrugated
C50 NA NA 600 50 Corrugated

S1 700 5 600 10 Corrugated

S2 700 5 600 10 | Weak step-terrace

S3 700 5 600 10 Step-terrace

Tl 750 5 600 10 | Weak step-terrace

T2 750 5 550 10 | Weak step-terrace

T3 750 5 500 10 | Weak step-terrace
S50 700 5 600 50 Corrugated
S50- 700 5 600 50 Corrugated

annealed

4.1.2 Direct growth of GaAs/Sapphire

For the direct growth of GaAs on thermally cleaned ¢ plane sapphire, we have grown three samples

of thickness 1 (C1), 10 (C10), and 50 (C50) nm. The growth temperature was 600°C. RHEED
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images at different stages of growth are shown in Figure 31. It shows a streaky RHEED pattern
from atomically flat sapphire substrate (Figure 31 (a)). The kikuchi lines indicate the surface is
clean and smooth. After introducing 1 nm GaAs on clean and smooth substrate, the intensity of

the streaks is reduced; ring patterns and spots are observed (Figure 31 (b)).

(a) Kikuchi lines

~

‘ ¢ Ringpattern

Figure 31: RHEED images (a) from atomically flat sapphire substrate; after (b) 1 nm, (c) 10 nm,
and (d) 50 nm GaAs deposition.

The Kikuchi lines are still observed which indicate that most of the substrate surface are uncovered.
With increasing thickness, the streaky lines are disappeared, ring pattern and spotty features
become prominent as shown in Figure 31 (c, d). The ring patterns indicate the weak in plane
correlation between film and substrate, whereas the spotty pattern indicates the 3D growth mode.
From the starting of the GaAs growth, spotty features are observed which indicate the direct growth
of GaAs that follows Volmer-Weber (VW) growth mode. This happens due to large lattice

mismatch, relatively small surface energy of the sapphire substrate with respect to GaAs, and high
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interfacial energy. The 3D islands growth with little attachment to the sapphire substrate and by
light brushing the GaAs islands could be easily knocked off from the growth surface. Hence,
growth is not commensurate in its strict sense. Interface bonding so weak due to dissimilar crystal
structure that overgrown layer merely feel the underlying substrate, somewhat like van der walls
epitaxy [110]-[112]. Figure 32 shows the 5 umx5 um AFM images of GaAs islands of three
different thicknesses. The height and average lateral size of GaAs islands increases with increasing
deposition while the density of islands was decreasing. These values are listed in Table 2. These
follows the nucleation theory where Ostwald ripening, and coalescence reduce density and
increase islands height due to the increased growth time [23], [28]. The facets of the islands from

the AFM image indicate the crystallinity of the materials.
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Figure 32: AFM images of samples (a) 1 nm GaAs, (b) 10 nm GaAs, and (c) 50 nm GaAs.

Table 2: GaAs island size, density, and percentage surface coverage with a deposition amount.

GaAs nominal Density (cm?) | Height (nm) Average lateral Island coverage
thickness (nm) size (nm) (%)

1 2E8 63.15 186.4 20

10 2.56E8 117.8 225 50

50 7.5E7 173 475 80
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To confirm the growth direction, we performed the XRD ®-26 scan for all three samples. Due to
the small amount of the C1 and C10 samples we could not get any diffraction. For the C50 sample,
the growth direction is along [111] with a small peak (220), as shown in Figure 33 (a). The sharp
peak intensity is observed from the substrate. The rocking curve or omega scan is a useful way to
investigate the crystal quality. The small FWHM of the rocking curve indicates the less deviation
of crystal planes from their ideal position. It is highly sensitive to the defects like mosaicity,
dislocations, strain, and curvature because it disrupts crystal planes perfect parallelism. The
FWHM of the rocking curve for the (111) plane versus the GaAs thickness is plotted in Figure 33
(b). The PL was done at 10K (Figure 33 (c)), where free exciton emission is observed at 1.514 eV.
The emission also supports the high-quality GaAs islands growth, with the lower energy peaks

likely due to defect states, possibly at the interface.
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Figure 33: (a) out of plane measurements of 50 nm GaAs (b) FWHM of (111) rocking curve
versus GaAs thickness (¢) Low-temperature PL from 50 nm GaAs (C50). This indicated
improved crystal quality with increased growth and using an AlAs 5 nm nucleation layer (in red)
discussed below.

To find the in-plane correlation between film and substrate, we have done the asymmetric (220)
phi scan of GaAs. As shown in Figure 34 (b), six broad peaks indicate the weak in-plane correlation
between film and substrate. Since GaAs has a cubic crystal structure so it should show three-fold

symmetry in 360° @ rotation. However, Figure 34 (b) shows six peaks are 60° separated from each

other. The extra three peaks are twin domains of GaAs (111) crystal which are separated by 120°.
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Figure 34: phi scan of (a) (10.4) plane of sapphire and (b) (220) plane of GaAs/Sapphire (C50)
and (c) GaAs/AlAs/Sapphire (S1). This indicates reduced twinning with an AIAs 5 nm
nucleation layer.

We assume the high-quality 3D islands of GaAs and random twin distribution are due to the weak
correlation with the sapphire substrate. For example, very often during growth of semiconductor

on oxide substrate with high lattice mismatch and interface energy promotes misfit dislocations at

the interface as soon as critical nuclei form. After generating misfit dislocations, the growth
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materials become relaxed, and the subsequent materials grow at their bulk lattice with low levels
of strain [113]. Since the misfit dislocations are confined at the interface and do not propagate
through the film, the result can be high-quality GaAs islands as shown by XRD images (Figure 33
(b)). Therefore, based on the lattice mismatch and the weak chemical interaction, the sapphire acts

as a compliant substrate in these early investigations.

4.1.3 Introduction of thin AlAs nucleation layer

The direct growth of GaAs on c-plane sapphire produces high-quality materials. However,
substrates surface coverage was low where GaAs islands had 50% twining defect, weak interfacial
correlation, and more than one growth direction. To overcome the GaAs/sapphire system’s
structural difficulties, we introduced a thin (5 nm) AlAs as a nucleation layer between the GaAs
and sapphire substrate. The almost same lattice constant of AlAs and GaAs motivated us to choose
AlAs as a nucleation layer. Figure 35 (a) and (b) show the real-time growth images of direct growth
of the AlAs on sapphire and GaAs growth on top of AlAs/sapphire system. For the AlAs growth,
after opening the aluminum cell shutter, a spotty pattern was observed with a gradual
disappearance of sapphire substrate streaks. The instant in-plane relaxation of the AlAs was
observed from the spot’s position different from the sapphire substrate streak. RHEED images
show two spots are very close to each other, and one has a higher intensity than another. These
spots arise from a single plane and indicate the formation of one original preferential phase with a
suppressed twin phase (“O” represents the original phase and “T” represents the twin phase in
Figure 35 (a). The surface morphology of these structures is studied by AFM, as shown in Figure

36, depending on the starting substrate.
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Figure 35: Real time growth study from sample S1 during (a) AlAs growth, (b) GaAs growth on
sapphire (original phase is referred by “O” whereas twin phase is referred by “T”), and (c)
different RHEED spots identified for corresponding crystal planes of GaAs (111) growth. Both
(@) and (b) RHEED patterns indicate twinning. RHEED spots in rectangle do not belong to GaAs
(111) orientation.

Figure 36 (row (11) column (c)) shows a smooth surface for sample S3. Therefore, it is evident that
AlAs wets the substrate surface better than GaAs directly. The possible reason for the better surface
coverage is the higher bond strength of Al-O than Ga-O. Bond strength for Ga-O, As-O, and Al-
O are 374, 484 and 502 kJ/mol, respectively [114]. We already know that the direct growth of
GaAs/sapphire gives two growth directions but the gonio scan of AlAs/GaAs/sapphire structure
give only one out of plane orientation. However, RHEED shows spots corresponding to (111)

orientation, twin orientation, and some other orientation (probably (220) orientation), which is

marked by rectangle in Figure 35 (c), during growth of AlAs and GaAs. These orientations could
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not contribute to the x-ray diffraction due to the small volume. With the presence of AlAs, the
FWHM of GaAs grown on sapphire is as low as 220 arcsec (shown in Figure 33 (b)). From the phi
scan, as shown in Figure 34, we have observed the twining of GaAs/AlAs/sapphire system is less
than GaAs/sapphire system. A better in-plane correlation between substrate and film was also
observed in GaAs/AlAs/sapphire system. The reduction of twining after AIAs nucleation layer
insertion could be related to the wetting and coalescence of AlAs islands. The twining during direct
growth of GaAs on sapphire can be related to the individual’s islands and their equal probability
of being any twin phases without preference. Therefore, we have seen 50% twining in the case of
GaAs/sapphire system. For the AlAs nucleation layer, small islands coalescence, and wet the
substrate during the early stage of growth. The reduction of twin could happen during the
coalescence of 3D islands, where one twin phase can dominate to another and expand at the
expenditure of another twin phase. This is similar with the case of cubic SiGe growth on trigonal
¢ plane sapphire, where micro-twin lamellas and a significant reduction of twin volume have been
reported for thick continuous SiGe layer after island coalescence had been explained by successive
gliding of the Shockley partial dislocations (surrounding each twin region) on the adjacent glide
planes [115], [116]. Together, these results show that the AlAs nucleation layer in between GaAs
and sapphire improves the substrates wetting, twining, in-plane correlation, and results in a better
overall quality of GaAs [23]. It should be mentioned that the improvement occurs due to a better
chemical interaction between the AlAs and sapphire substrate than the GaAs and sapphire substrate

[23].
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4.1.4 Effect of Pre-growth Substrate Surface Treatment

An atomically flat and clean substrate with step-terraces surface plays an essential role for the
improvement of the crystal quality [23]. The substrate preparation before the deposition of
epilayer has been effective in reducing twinning [78]. Higher step density enhances the incoming
adatoms' nucleation and promotes layer-by-layer growth mode. For example, in heteroepitaxial
systems, the step-terraces substrate surface is well-known to control the film's quality and
orientation [117], [118]. We have noticed that the sapphire substrate treatment before the growth
influences the GaAs film quality. To study the effect of the substrate surface on I11-V growth, we
have used three different kinds of substrate surface: (a) a corrugated substrate surface with no step-
terrace structure (S1); (b) a weakly-defined step-terrace surface (S2), and (c) a well-defined step-
terrace surface (S3) [23]. We have grown 5 nm AlAs as a nucleation layer followed by 10 nm
GaAs on each substrate under the same growth condition. The surface morphologies are
investigated by AFM images, as shown in Figure 36. Substrate surfaces cover deposited materials
for all three samples, and the lowest surface roughness is observed for the substrate having a well-
defined step-terrace surface. Also, from the comparison of real-time growth as shown in Figure 36
(row 111 and 1V), the streakier RHEED pattern is observed for the well-defined step-terrace
substrate sample. During growth on the step-terrace surface, the surface reconstruction was
observed for both AlAs and GaAs. For the GaAs (111) crystal plane, there are two surface
reconstructions, GaAs (111)A and GaAs (111)B, which are observed. In GaAs (111)A and GaAs
(111)B, the surface is Ga and As is terminated, respectively. Between these the surface
reconstruction of GaAs (111)B changes with growth temperature while the surface reconstruction
of GaAs (111)A remains invariant. For GaAs (111)B (1x1), (2x2), and(v'19 x V19) are the usual

surface reconstruction but for GaAs (111)A only (2x2) surface reconstruction is observed [119]-
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[127]. During GaAs growth on sapphire, a (2x2) surface reconstructions is observed, and it remains

invariant at different growth temperatures, which is similar to the homoepitaxial growth of GaAs

(111)A [128]. Therefore, for our grown samples, the orientation of the GaAs layer is (111)A.
(a) S1

(b)S2_ )53

(IV)

Figure 36: Columns show the data for (a) corrugated surface sample, (b) weakly defined step-
terrace surface sample, and (c) well-defined step-terrace surface sample. Row (1) is an AFM
image of the initial sapphire substrate; Row (11) is an AFM images of the GaAs film; Row (I1) is
the RHEED pattern after AlAs growth, while Row (V) is the RHEED pattern after GaAs
growth. Both (a) and (b) RHEED patterns indicating twinning, while the RHEED pattern in (C)
indicate that twining is absent only for AlAs (row I11) growth.
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The twin volume of all three samples of GaAs (220) crystal plane is determined from the phi scan
as shown in Figure 37 (a). It shows the twin volume is the same for all samples. Therefore, we can
conclude that the twinning of the GaAs/sapphire system does not affect that much by the initial
substrate surface. If we closely look at the (220) peak is sharper for the well-defined step-terrace
substrate sample than the other two. It indicates a stronger in-plane correlation between substrate
and film. This finding also is supported by the ®-20 scan of three samples where fringes are
observed only for the surface with step-terraces (Figure 37 (b)). Fringes arise from the higher
quality heterointerfaces. Rocking curves (Figure 37 (c)) show the intensity dispersion at the base
for all three samples. The highest dispersion is observed for GaAs on the corrugated substrate, and
the lowest dispersion is observed for GaAs on a well-defined step-terrace surface. Each rocking
curve can be fitted with two Gaussian curves: one is having smaller intensity and larger linewidth
while the second is having larger intensity and smaller linewidth (shown in the inset of Figure
37(c) for sample S1) [23]. The most reasonable explanation for this behavior is that two peaks
arise from two different materials. The broader peak originates from a thin AlAs nucleation layer
and a sharp peak from the thicker GaAs. This is difficult to test but the fitting consistently shows
a small shift for the broader peak towards large lattice constant [23]. The GaAs on step-terrace
substrate shows better in-plane correlation and higher quality heterointerface, which can be

explained by nucleation via stronger interaction with the substrate at step edges.
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Figure 37: (a) phi-scan, (b) (111) omega-2theta scan, and (c) (111) omega-scan of samples
grown on the different starting substrate surfaces. Inset in the Figure 37(c) shows the Gaussian
fitting of omega-scan of S1 into two peaks having different broadness.

4.1.5 Effect of growth temperature

The quality of epitaxial layers is influenced by different growth parameters such as growth
temperatures, /111 ratio of beam fluxes, growth rate, and an atomically flat substrate. Early reports
of homoepitaxial growth of GaAs (111) give evidence of the importance of growth parameters,
predominantly temperature, for the high-quality materials growth [129]-[131]. To study the effect
of growth temperatures on the GaAs film quality, twinning, surface morphology, and film substrate
correlation, 50 nm GaAs on AlAs/sapphire was grown at three different growth temperatures

which were chosen: namely, 600°C (T1), 550°C (T2), and 500°C (T3). The 2 pm X2 pm AFM
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images show the surface morphology of these samples, as shown in Figure 38. The triangular-
shaped hillocks are observed on these samples, which are characteristic of GaAs (111) growth
[128][132]. The root mean square roughness of these samples grows at 600°C, 550°C, and 500°C,
are 4.59, 1.7, and 3.72 nm, respectively. Among these samples, the lower density of hillocks and

smooth surface is observed for the sample grown at 550°C.

(a):T1 (b):T2 (¢):T3

-
Height 400.0 nm Height 400.0 nm Height 400.0 nm

Figure 38: AFM images of GaAs samples grown at three different growth temperature (a) 600°C
(T1), (b) 550°C (T2) and (c) 500°C (T3).

Phi-scans (Figure 39) show that twinning existed in all three samples, and the growth temperature
affect twinning considerably. The highest twin volume is observed for the sample grown at
relatively low temperature (500°C). Out of plane measurements in Figure 39 (b) show only (111)
crystal orientation. The abrupt heterointerface can be confirmed in all three samples from the
fringes. It is also noted that the fringe spacing decreases with the temperature indicating that the
thickness of the GaAs layer is certainly dependent on the growth temperature. The FWHM of the
rocking curves (Figure 39 (c)) of GaAs around [111] direction has almost the same value, which

indicates that the crystal quality is the same in all three samples.
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Figure 39: (a) (220) phi-scan, (b) (111) omega-2theta scan, and (c) (111) omega-scan of samples
grown on different growth temperatures.

4.1.6 Effect of in-situ annealing

The annealing can improve both the surface and the bulk of the grown film of heteroepitaxial
systems [133]-[135]. In this work, in-situ annealing was performed at the end of GaAs (50 nm)
growth on AlAs/sapphire under As, overpressure to investigate its effect on crystal quality,
twining, surface, and bulk properties of GaAs. Figure 40 (a) and (b) show the RHEED patterns
before and after in-situ annealing of 50 nm GaAs on the AlAs/sapphire (S50). The annealing was
done at 800°C for 1 minute under arsenic overpressure. The RHEED image shows a spotty and
twinning before annealing, while the streaky plus spotty RHEED pattern is observed after

annealing. The streaky plus spotty pattern indicates the rough surface with a large flat area. After
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annealing, no observable twinning is observed in the RHEED pattern, and the reconstruction
streaks appear, which indicate a quality smooth surface. AFM image of S50, shown in Figure 40
(c), shows the characteristic pyramidal features. AFM images in Figure 40 (d) and (e) show the
same in-situ annealed samples' surface morphology. The in-situ annealed sample shows the
appearance of surface pits with an otherwise smooth surface. Spots in the RHEED for this surface

is due to the surface pits.

Triangular (which is small in size) and irregular-shaped (big in size) pits are observed in the AFM
images of the S50 annealed sample. The possible reason for the larger irregular pits is the
agglomeration of multiple triangular-shaped pits or expansion of these triangular pits laterally due
to desorption [23]. The triangular base stacking fault is very common during the growth on GaAs
(111)A, and it grows into 3d stacking fault tetrahedron (SFT) [136]. Twin features are observed
due to these SFTs, and they are thermodynamically unstable possibly due to their small size and
defect boundary. As a result, the SFTs region material can be evaporated at the annealing
temperature and formed triangular pits. Supporting this explanation, the pits surface area is a
similar fraction of the total surface area indicating that the minor twin has evaporated leaving only

the original phase behind.
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Height 200.0 nm

Figure 40: RHEED pattern from sample Al (a) after the GaAs growth and (b) after in-situ

annealing; 5 um x 5 um AFM image of (¢) 50 nm GaAs (S50), (d) after in-situ annealed sample

(S50-annealed) (e) 1 um x 1 um AFM images of the in-situ annealed sample. Symbol “*”” shows
a triangular pit whereas symbol “#” shows an irregular shape pit.

Phi-scan of the in-situ annealed sample (Figure 41) shows that the twin volume is now less than

2%. This is consistent with our explanation that the triangular shape of the stacking fault can be

the reason for the formation of triangular pits [23].
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Given that the material from SFTs evaporates during annealing and the in-situ annealed sample

shows only one phase remaining, optimization of the annealing temperature and time, can result

in a twin free GaAs layer. This can be used as an initial template for high-quality GaAs growth for

electronic and optoelectronic applications. Further studies will focus on optimizing growth and

annealing parameters for obtaining twin-free GaAs template for device quality GaAs growth [23].
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Figure 41: Phi scan of (10.4) plane of Sapphire and (220) plane of 50 nm GaAs sample (S50) and
in-situ annealed sample (S50-annealed).
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4.2 Two-step growth

We observed that GaAs direct growth on c plane sapphire follows 3D growth mode with 50% twin
formation, poor wetting of the surface, and the weak interaction between film and substrate. The
presence of AlAs thin nucleation layer improves the wetting of the surface and reduces twinning.
Clean atomically flat sapphire substrate enhances the heterointerface interaction between film and
substrate. Likewise, twining and GaAs surface morphology are very sensitive to the growth
temperature and in-situ annealing. Until now, the knowledge of the GaAs/sapphire growth system
gives us enough confidence that further optimization of growth parameters and annealing
parameters (annealing time and temperature) can result in high-quality twin-free GaAs film. Also,
for the growth of high-quality film in a high lattice mismatch system, the different growth
strategies are familiar such as-(1) two-step growth [137]-[140], multiple annealing, and strained-
layer superlattices (SLS) [140], [141]. These strategies improve the crystal quality by suppressing
defects in the epitaxial layer. In the following section, the discussion will be focused on the
importance of two-step growth and growth parameters for the growth of GaAs on ¢ plane sapphire.
A low temperature (LT) GaAs layer is used as a first step in two-step growth mode, followed by a
higher temperature (HT) growth layer of GaAs. The mechanism of the two-step growth mode to
reduce the dislocation density is discussed by different models in the literature. The most familiar
model is the bending of dislocation at the interface of LT GaAs and HT GaAs due to the sudden
transition in stress. It is known from the literature that low-temperature GaAs has a lattice constant
larger than the lattice constant of high temperature GaAs [26], [142]. The excess As adsorption
at low temperature is the main reason for the lattice parameter difference. As a result, the interface
between the low-temperature GaAs and the high-temperature GaAs generates misfit dislocation,

suppresses the threading dislocations by bending. The dislocation blocking model states that island
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coalescence blocks the dislocation in the low-temperature buffer layer, as shown in Figure 42 (a),
(b), and (c) [39]. Figure 42Figure 42 (a) shows a high-magnification cross-sectional TEM image
of Ino.78Gao22As/ LT-InGaAs/GaAs interface region. This image is used to interpret the mechanism
for the dislocation density reduction by the LT-buffer. A brief model of dislocation bending is
shown in Figure 42 (c) where a large island buries the small island, and the dislocation line bends
at the interface back and forth. Therefore, many dislocations of small islands will be blocked down
[143]. For example, Figure 42 (b) shows that the red dislocation line bending towards the right
and blocks the right neighboring small island. After that, when the former island meets with a
larger island that has a faster later growth rate the dislocation line bends towards small island. The
large island buries the small island and as well as the dislocations are located in small islands

[143].

Epilayer

RN

\>d|s[ocal|ons

Figure 42: (a) High-resolution cross-sectional TEM image of the Ino.7sGag22As/ LT-
InGaAs/GaAs interface regions, (b) dislocation bending is shown by green, red and yellow lines,
(c) a brief schematic model of dislocation bending [143].

The generation of dislocation model states that the dislocation starts before or after island

coalescence as shown in Figure 43 (a-g) [144]. At high-temperatures, defective islands are formed
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even before they coalescence, (Figure 43(b)). Many immobile defects are formed when such
islands coalescence (Figure 43 (c)), and difficult to remove such defects by further operations like
annealing, the growth of higher-thickness layer, etc. At low-temperatures, many small islands are
formed, and defects are introduced during the coalescence of islands, as shown in Figure 43 (d-g).
Since at low-temperature case the island density is higher than the high temperature, so the number

of defects is higher at low-temperature growth.
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Figure 43: Schematic diagrams of misfit dislocations generation. Left: defects are introduced
before the island’s coalescence. Right: defects are introducing after the island’s coalescence [41].

From the above knowledge, we were encouraged to investigate the effects of two-step growth, the
thickness of the low-temperature layer, and multiple annealing in our GaAs/sapphire system. More
specifically, the schematic diagram of the structure is investigated, with a total growth time of

about 1 hour, is shown in Figure 44 (a) [39].
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Figure 44: (a) Schematic diagram of sample structure presented in this work; (b) schematic
structure of InGaAs QW.

Three different samples with different thicknesses corresponding to the growth time of 16 mins
(S1), 8 mins (S2), and 0 mins (S3) are grown to study the effectiveness of the added growth of an
LT GaAs layer. The low-temperature GaAs layer growth temperature is 600°C, and the subsequent

GaAs layer growth temperature is 700°C.

4.2.1 Surface characterization

The surface morphology of these samples is shown in Figure 45 (a-c). Pyramidal hillocks are
present on the surface of all samples. For the sample without an LT layer (S3), random-shaped
large and deep pits are also observed. The penetration depth of these pits is up to 60 nm of GaAs
film. The RHEED images shown are taken ,at the end of the growth of these samples (Figure 45
(d) and (e)). A streaky RHEED pattern with clear spots on the streaks, is observed for the sample
without LT layer GaAs growth or t1= 0 (S3) sample. The (2x2) streaky RHEED patterns after the

growth for samples with LT layer (S1 and S3) indicate a smooth surface compared to the rougher
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surface for S3. The root mean square surface roughness of samples S1, S2 and S3 is observed from
the 5 umx5 pum AFM images are 1.76 nm, 1.55 nm, and 9.46 nm, respectively. Therefore, the LT
GaAs layer’s presence improves the surface morphology which is confirmed from both AFM and
RHEED images. Even though, the RMS roughness value of S1 is higher than S2, the pyramidal

hillock density is the smallest in S1.

Figure 45: AFM images (5 um x 5 pm) of (a) S1, (b) S2, (c) S3; RHEED images along [110]
direction of GaAs (d) after growth of entire structure of S1 and S2, 0™, Yth and 1% order RHEED
streaks are marked, longer broken lines show the integer-order RHEED streaks whereas shorter
broken lines show fractional-order RHEED streaks; and (e) after growth of S3, spots riding on
streaks can be seen, few spots are shown by arrows.

The pyramidal features of GaAs (111)A are related to the Ehrlich-Schwoebel (ES) barrier or by
adatom motion in the presence of stacking faults [132], [136], [145]. According to the ES barrier,
when an adatom diffuses from step to edge, it experiences a high energy barrier due to fewer

neighbor atoms [146]. At low temperatures, adatoms reflect from the high-energy barrier and grow
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like 3D growth mode. On the other hand, high temperature helps to overcome the high-energy

barrier and grows like 2D mode as shown in Figure 46.

Ehrlich- Schwoebel barrier L

Energy
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Figure 46: Ehrlich-Schwoebel barrier shows the high-energy barrier at the step.

Surface pits are unusual for the homoepitaxial GaAs (111)A growth. It likely has a different origin
than hillock formation. It has been reported that on GaAs (111), surface etch pits are formed due
to thermal or chemical etching [147], [148]. It is well known that these etch pits are related to
defects in the crystalline film [148]-[150]. For the sample with no LT GaAs (S3), the pits on the
surface indicate high defect density in the film during growth and pits' formation by etching during
the growth and/or annealing processes. For example, during growth, Ga droplets can be formed
due to the low sticking coefficient of arsenic on a GaAs (111)A surface which can etch on the
epitaxial film [39].The thickness of the samples is calculated from the XRD and ellipsometry. The
lower sticking coefficient of As on GaAs (111)A surface compared to GaAs (100) surface is

responsible for the lower actual thickness than the nominal thickness [125]. The low As
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incorporation to GaAs (111)A crystal plane can be explained in terms of dangling bonds. Figure
47 shows the side view of GaAs (111)A, where the surface Ga makes three bonds to the bulk GaAs
in the GaAs (111)A and two bonds to the bulk GaAs (100). Therefore, each Ga atom on the surface
has only one dangling bond in GaAs (111)A and two dangling bonds in GaAs (100) [120]. The
smaller number of dangling bonds of Ga atoms on GaAs (111)A surface is responsible for the low
sticking coefficient of As. For each sample, the thickness is obtained around 70 nm, far less than

the nominal thickness we expected. Thickness values for samples S1, S2 and S3 are listed in Table

3.
Table 3: Thickness of 111-As film on sapphire.
Measurement method S1 S2 S3
XRD 71 nm 72 nm NA
Ellipsometry 61 nm 69 nm 62 nm

GaAs (111)A

(100)

Figure 47: Side view of GaAs (111)A surface. In the (111)A plane each surface Ga atom bonded
to the bulk crystal with three bonds and As atom bonded with only one bond to the bulk GaAs.
For the (100), Ga and As are bonded to the bulk GaAs with two bonds.
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The pits’ depth in the S3 sample is almost the same of GaAs thickness. The observed pits in the
AFM image of S3 may have penetrated down to the thin AlAs nucleation layer. This could happen
either due to the weakly bonded atoms near defected regions, which evaporates during annealing

and/or a lower growth rate on top of the defected region.

4.2.2 Structural characterization

Only (111) crystal orientation was observed from out-of-plane measurements of all three samples,
as shown in Figure 48 (a, b). If we closely look at Figure 48 (a), thickness fringes are observed for
samples with the LT GaAs layer (S1 and S2). Fringes arise due to the interference of the diffracted
beam from smooth surfaces. The absence of fringes for sample S3 indicates the rougher surface
morphology with nonuniform thickness. If we compare the fringes nature of sample S1 and S2,
then prominent fringes are observed for sample S1 than the sample S2, although the RMS
roughness of S1 is higher than S2. This could be due to the low density of pyramidal hillocks or,
in other words, S1 has a larger surface area of high smoothness. Importantly, the thickness was

calculated from the fringes of both samples and listed in Table 3.

Samples show the peak shift from the bulk GaAs peak position, as observed in Figure 48 (b). Such
peak shift can happen either due to strain or crystallographic tilt in an epitaxial film [105], [151].
Hence, it is difficult to conclusively state that the strain in GaAs film from these ®-26 scans.
Raman spectroscopy is used to measure the strain in thin films. Figure 48 (c) shows the
longitudinal optical (LO) peak and transverse optical (TO) peaks of Raman spectroscopy of
samples S1, S2, and S3 along with GaAs (111)A substrate. The LO peak position of S1 sample
and GaAs (111)A substrate, is almost the same. For S2 and S3, the LO peaks are shifted towards

the left. The highest peak shift and the lowest phonon frequency for the GaAs LO peak is observed
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for sample S3. These results suggest that S1 has the least strain, whereas S3 is the most tensile

strained among all three samples.
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Figure 48: (a) Omega/2theta scan of samples grown with three different LT layer thickness’,
GaAs peak is centered at same 260 angle to show the shape variation and fringes of GaAs (111)
plane diffraction peak in three samples; (b) (111) symmetric Omega/2theta scan showing the
shift of GaAs (111) peak with respect to sapphire (0006) peak; (c) Raman spectra of these

samples with homoepitaxial GaAs (111)A sample, arrows pointing the GaAs longitudinal optical
(LO) phonon peaks of these three samples show the gradual shift of LO peak from homoepitaxial
GaAs, TO stands for transverse optical phonon peak; and (d) phi-scan of (220) plane for these
three samples showing the twinning in GaAs film, dotted line show the peak position for 60°
twins, Arrows show the peak positions of (10.4) planes of sapphire, the Inset shows the
representative RHEED along [110] direction after LT GaAs growth in S1 and S2, some spots

corresponding to rotational twins have been shown by arrows while spots corresponding to
reflection twins have been shown by dashed circles.
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Phi-scans of sapphire (10.4) plane and GaAs (220) plane have been done as shown in Figure 48
(d). Three arrow signs correspond to three sapphires (10.4) crystal planes, which are separated
120° degrees from each other. This indicates trigonal space symmetry of sapphire substrate. In-
plane epitaxial relationship between the sapphire substrate and GaAs is confirmed from the phi
scan (and also from RHEED), and it is found to be [1120] sapphire || [110] caas. From the phi scans,
almost no twinning is observed for all three samples. A slight hump is observed in the phi scan of
sample S1 which indicates the presence of twinning. This can be explained as due to the low
growth temperature, during LT GaAs growth, a large amount of twins are generated which can be
seen in the RHEED image (shown in the inset of Figure 48 (d). The RHEED image shows a rough
surface and the presence of twinning. However, the higher intensity of emitted photons in PL
measurements and the small linewidth of the diffracted beam in RC measurements ( shown in later
sections) indicates that the top GaAs layers are free from twinned materials. This also confirms

the effectiveness of the annealing steps to suppress twins [39].

The HRTEM was used to investigate the interface between the GaAs film and sapphire substrate.
Figure 49 (a) shows the HRTEM image of sample S1 near the interface. The high-quality sapphire
substrate is confirmed from the sharp film/substrate interface. As expected, the highly defective
interface of film/substrate is observed. Broken lines in the image indicate the stacking fault. It is
important to closely observe that most of the defects are confined at the film/substrate interface,
and such defects do not propagate to the top GaAs layer. As a result, high-quality GaAs is obtained
after only 70 nm of GaAs growth. This proves the high effectiveness of the LT GaAs layer to
confine defects within itself. Figure 49 (c) shows the effect of defect propagation on the films’

surface to cause a pit at the surface.
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The RC measurements of these three samples are shown in Figure 49 (b). It is a great way to assess
the quality of the crystal materials. More specifically, the lower FWHM of the rocking curve
indicates the less deviation of the crystal planes from the growth direction. Each RC curve shows
a sharp peak with broadening at the base, suggesting that the curve is the sum of two effects. Two
Gaussian curves are fitted with each RC curve: one with a lower linewidth and the other with a
higher linewidth. The Gaussian fittings results of each sample are listed in Table 4. The highest
ratio of integrated intensity between the broader and sharper peak is observed for the sample with
no LT layer (S3), while the lowest ratio is observed for sample S1. The most likely reason for this
RC base broadening is the presence of point defects in GaAs. The point defects in the epitaxial
layers often contribute to the broadening of the peak [152]. A second possible explanation is two
different regions of different GaAs quality that making-up the film constructs these two curves.
We have observed from the HRTEM image that the material near the film-substrate interface has
poorer quality than the region away from the interface. In S3, the higher integrated area of the
broader peak with respect to the sharper peak indicates that this sample has either a higher volume
of low-quality GaAs or simply has more point defects. Both sharper and broader peaks of the S1
sample indicate that the LT layer improves the crystallinity of GaAs. Judging from HRTEM,
GaAs’ higher quality in S1 might be related to efficient bending of dislocations along the LT
GaAs/GaAs interface to form misfit dislocations (MDs). This is reasonable since there is higher

stress accumulation at the interface due to the higher thickness of the LT layer in S1 [39].
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Figure 49: (a) Cross-sectional HRTEM image of S1 near film/substrate interface, SF is the
abbreviation for stacking fault; (b) RC of all three samples (c) HRTEM image showing the
formation of a pit on the surface due to extended defect.

Table 4: Linewidth and integrated intensity ratio of broader and sharper curves from Gaussian
fitting of RC for samples S1, S2, and S3

Sample ID Linewidth of Linewidth of Integrated intensity ratio of
sharper peak broader peak broader to sharper peak
(arcsec) (arcsec)
S1 187.2 1195 1
S2 187.2 1710 5.2
S3 212.4 1364 6.6
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4.2.3 Photoluminescence (PL)

The PL measurements of three samples are also performed to investigate the crystal quality as
shown in Figure 50 (a). The highest PL peak intensity among three samples is observed for sample
S1. This indicates the highest quality GaAs material for S1 sample which is consistent with the
result of AFM and XRD. From the images for all three samples the PL peak does not occur at the

same energy. This may occur due to the background noise, especially in the case of S3.
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Figure 50: (a) PL spectra of samples having three different thicknesses of LT layer and (b) PL of
GaAs buffer (S1), InGaAs QW on sapphire (S1-QW), and InGaAs QW on GaAs substrate (p-
InGaAs-QW). S1 PL repeated to show the shift of QW peak from GaAs, dashed arrow shows the
GaAs PL peak position from homoepitaxial GaAs and GaAs on sapphire samples.

In summary, the S1 sample has the narrower PL, RC linewidths and a higher PL intensity,
indicating that near the top GaAs layer of the S1 sample has less defect density, and it would be
the best candidate to grow active device layers on it. With this in mind, on top of the S1 sample,
we grew a 10 nm wide Ing1GagoAs/GaAs QW ((S1-QW). The composition and thickness values
of the QW are nominal. To compare it with the homoepitaxial system, we also grew the same QW
on a GaAs (111)A substrate (p-InGaAs-QW). The comparison of PL spectra of homoepitaxial QW
and the QW on the S1 sample is shown in Figure 50 (b). Theoretical PL peak position for electron
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energy level to heavy-hole energy level is near 1.37 eV. However, in this case, the observed PL

peak position of QW occurs at 1.49 eV. We have already seen the small actual thickness of the

GaAs compared to the nominal thickness, likely due to the different sticking co-efficient. In Table

5, we have listed the PL linewidth, peak position, and integrated intensity of both samples. The

InGaAs QW’s PL intensity on sapphire is of the same order as observed for the QW on the GaAs

substrate. However, the QW peak broadening in the case of GaAs on sapphire is higher. This can

be due to the surface roughness and/or higher defect density resulting from the substrate and film

material properties mismatch. Both can be improved and is the focus of our future work. While

more research is required, we have presented the potential to realize an integrated microwave

photonic chip on a sapphire platform.

Table 5: Integrated intensity, linewidth, and peak position of QW PL peak from both QW samples.

Sample 1D Integrated intensity Linewidth (meV) | Peak position (meV)
(arb. units)
S1-QW 550 32.53 1491.2
p-InGaAs-QW 192 9.12 1494.4
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4.3 Thickness Optimization
4.3.1 Growth temperature variation

From the previous section, we have observed that grown GaAs’ actual thickness on the c-plane
sapphire substrate is less than the nominal thickness. The low As; incorporation on the GaAs
(111)A crystal plane, higher growth temperature, and annealing temperature can be the reasons of
thickness reduction reasons. The thickness improvement is essential for the GaAs/sapphire system
due to the higher thickness improves the crystal quality and the light emission property of material.
To improve the thickness, we have reduced the growth temperature from X=700°C (S1) to

X=650"C (S2). Schematic diagram of the samples is shown Figure 51.

100 nm GaAs, T,=X°C
Annealed at 800°C for 45 s
200 nm GaAs, T,=X°C
Annealed at 800°C for 45s

200 nm GaAs, T,=X°C
200 nm GaAs, T,=600 °C
5 nm AlAs, T.=700°C

ALO, (0001)

Figure 51: Schematic diagram of the sample structure.
The AFM (5 um x 5 um) and RHEED images are shown in Figure 52. Streaky RHEED pattern is
observed for sample S1, indicating the smooth surface. Streaky plus spotty pattern is observed for

sample S2, indicating the rough surface. The (2x2) surface reconstruction is observed for both
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samples, and it remains invariant irrespective of growth temperatures. The pyramids and the
truncated pyramids are observed for samples S1, and S2, respectively. The sample’s surface
roughness is 1.76 nm (S1) and 47 nm (S2) is determined from the AFM images. The truncated

pyramids density is higher in the S2 sample than the pyramids of sample S1.

(c) | . "
X=700°C X=650°C

Figure 52: Surface morphologies of the samples grown at (a) 650°C and (c) 700°C. Real time
growth image after the growth at (b) 650°C and (d) 700°C. Red arrows show the spots on the
streaks.

The stacking fault is responsible for the pyramids and the truncated pyramids. The excess vacancy
agglomeration along the <110> of {111} planes generates a Frank sessile dislocation loop [153],

[154]. The high energy triangular Frank sessile dislocation may dissociate into stair-rod

dislocations along the <110> edges and Shockley-partial dislocations along the three remaining
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{111} planes [155], [156]. The partial dislocations will bow out in their slip planes due to the
repulsion by stir-rod dislocations. The stacking faults increase the energy in the different faces. If
the energy is low then stacking fault tetrahedron (SFT) is formed, otherwise Frank loop partly

dissociate and forms truncated pyramids [132], [156], [157].

Omega/2theta measurements were performed to determine the crystal growth direction of both the
samples. Figure 53 (a) shows, only (111) crystal orientation is observed. For the S1 sample,
prominent fringes are observed but not for the S2 sample. The S1 sample thickness is 75 nm,
measured from the XRD fringes and ellipsometry whereas the S2 sample thickness is 270 nm,
measured from the ellipsometry. The lattice mismatch, thermal mismatch and residual
contamination introduces interface roughness. If the interface or surface is not smooth, X-ray
scattering loses coherency, and fringes disappear. Figure 53 (b) shows the normalized rocking
curves of the samples S1 and S2. The sample S2 has higher surface roughness, but a smaller
FWHM of the rocking curve than S1. The possible reason for the smaller FWHM can be the higher
thickness of the film, which reduces the inhomogeneous strain distribution and an increase of
coherence length [158]. The phi scan (Figure 53 (c)) shows the twinning has increased at low-
temperature growth, which is similar to our previous study [23]. The low-temperature PL was
measured at 10 K, and the FE emission was observed for both samples, as shown in Figure 53 (d).
The FE for S1 was shifted 4 meV from the ideal FE position, and the local stress can be responsible
for shifting the FE emission peak. For sample S2, the defect state peak arises from the

recombination of free or donor bound electron to acceptor recombination [159].
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Sample S2 shows the lowest FWHM; (c) Phi scan shows the twinning on both samples; (d) PL
measurements of both samples at 10 K.

Room temperature PL emission was observed for the sample S2, as shown in Figure 54.
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Figure 54: Room temperature PL from sample S2.

4.3.2 Effects of annealing

Three samples A1, A2, and A3 are grown to study the effects of annealing on the crystal quality.
The schematic diagrams of the samples are shown in Figure 55. The sample A1 was grown without
annealing (X=0s), A2 was annealed two times at 800°C for 45 s with the presence of As; as shown
in the schematic diagram Figure 55 (a), A3 was annealed by thermal cycle annealing (TCA), and
the TCA steps are shown in Figure 55 (b). The TCA temperature range was selected from the
promising results of GaAs grown on Si by TCA to construct the InGaAs/AlGaAs quantum-well

lasers [160].
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() (b)

100 nm GaAs, T,=650°C Annealed at 800°C for 45s
Annealed at 800°C for X s or TCA
200 nm GaAs, T,=650 °C
Annealed at 800°C for Xs or TCA

Ramp up to 800°C, 25°C/min

Ramp down to 300°C, 25°C/min

200 nm GaAs, T,=650 °C Annealed at 800°C for 45s
200 nm GaAs, T,=600 °C
5 nm AlAs, T,=700°C

Ramp up to 800°C, 25°C/min

Ramp down to 300°C, 25°C/min

Al,0, (0001
205 ( ) Annealed at 800°C for 45s

Figure 55: (a) schematic diagrams of the samples A1, A2 and A3; (b) TCA steps.
The surface morphology of the samples Al, A2, and A3 are shown in AFM images (Figure 56).
The truncated pyramids are observed for all the samples. For sample A1, highly dense truncated
pyramids are observed. The top flat area of the pyramids increased after introducing annealing and
TCA. The edges of the pyramids suffer from dislocations, and during annealing, under thermal
stress, the top flat area can be increased by the coalescence of the dislocations edges [25], [133].
In sample A3, the materials desorption or etching generates valleys, as shown in Figure 56 (c). The
noncongruent evaporation at high temperatures in GaAs (111)A is observed where arsenic
evaporates more intensively than gallium atoms [161]. The excess of metal atoms leads to the

formation of Ga droplets and etches the materials.
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430.0 nm

Figure 56: AFM images of samples grown (a) without annealing; (b) two times annealing; (c)
TCA.

Only (111) crystal orientation was confirmed from the out-of-plane measurements ( Figure 57 (a)).

The FWHM from the rocking curve is listed in Table 6.

Table 6: Surface roughness, thickness, and FWHM of the samples A1, A2 and A3 are listed.

Samples Surface  Roughness | Thickness (hm) FWHM
(nm)

Al 44 496 818

A2 47 270 112

A3 21.6 89 103




The Al sample without annealing shows the maximum FWHM among three samples as shown in
Figure 57 (b). The FWHM of A2 and A3 samples is reduced and almost the same, indicating that
high crystallinity with a low orientational spread from the surface normal direction for both the
samples. Therefore, annealing is essential to improve the crystal quality of the GaAs/sapphire

system. Phi scan shows the twinning is observed for all samples, as shown in Fig. Figure 57 (c).
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Figure 57: (a) Out of plane orientation confirmed only (111) single crystal orientation; (b)
sample Al shows the highest FWHM from the rocking curve measurements; (c) Twinning is
observed from all samples; (d) RT PL emission from Al, A2 and A3 samples.
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The PL emission was measured at both LT and RT as shown in Figure 58 (a, b). The FE emission
was observed for samples A2 and A3 at LT. In addition to FE emission a defect state is observed
due to a replacement of Casor in other words due to free electron to acceptor, and/or donor-bound
electron to acceptor recombination [159], [162]. A broad peak around 1.46 eV is observed for
sample A1 which may be related to gallium vacancies, arsenic interstitials, or Asga antisite defects
[162]. The RT PL measurements show a broad defect state emission for sample Al, for A2 and

A3 is shifted towards high energy Figure 58 (b).
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Figure 58: PL measurements of samples A1, A2 and A3 at (a) LT, (b) RT.

4.3.3 Micro disk laser characterization

The high crystal quality and RT PL of GaAs film encouraged us to fabricate a microdisk laser from
GaAs/sapphire system. The samples A2 and A3 are both used for the fabrication of the 16 um
microdisk lasers. After the fabrication to characterize, the samples micro-PL set up was used. Until

now, the laser structure from sample A3 is characterized, and the results are discussed below.
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Two different types of lasers, 532 nm cw, and 700 nm pulsed lasers are used to characterize the
microdisk lasers. The lasing was not successful. High surface roughness may be the possible
reason for this. The PL emission from the microdisk with different pumping power for both cw,
and the pulsed laser at 77 K is shown in Figure 59. The PL intensity increases with increasing
pumping power. The possible reason for the bandgap shrinks or redshifted PL signals at 77 K than
10 K measurements for both cw and pulsed laser is local lattice heating. The substrate’s low
thermal conductivity is also responsible for increasing the system’s temperature and hence,

bandgap shrinks.
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Figure 59: Power dependent PL spectra for two lasers (a) 532 nm cw; (b) 700 nm fs.

The integrated PL intensity for two lasers with incident power is shown in Figure 60. The
integrated PL intensity follows the power law, I, Ln, where I, =integrated PL intensity,

L=excitation power, n reflects the various recombination process. For exciton recombination, the
PL intensity is proportional to the excitation intensity (n=1). For free electron-hole pair
recombination, the PL intensity is proportional to the square of excitation intensity (n=2) . For cw
laser, bound exciton states are formed at low and intermediate electron concentrations by the

Coulomb interaction whereas for fs laser the recombination is dominant by free electron-hole
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because higher densities cause a static screening of the of the electron-hole Coulomb potential.
The phase space filling up to the Fermi energy also leads to a strong decrease of the exciton binding

energy as free electron concentration increases [163], [164].
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Figure 60: Integrated PL intensity vs incident power for two cw laser and pulsed laser.
Until now, we have been focusing on the growth of the GaAs buffer layer on c-plane sapphire
substrates. Now, the knowledge and experience we have achieved from GaAs/c-plane sapphire
system will transfer for the growth of GaAs on the r-plane sapphire substrate. The advantage of
the r-plane sapphire substrate over the c-plane sapphire substrate is its crystal structure. The
rectangular crystal structure of r-plane sapphire makes it feasible to successfully grow silicon on
sapphire (SOS), which is part of the silicon-on-insulator (SOI) family of CMOS technologies.
Therefore, if we successfully grow GaAs on an r-plane sapphire substrate, then we can take
advantage of CMOS technology, where it would be possible to integrate both laser and amplifier
with corresponding RF electronics [24]. While there are few reports of heteroepitaxial system of

cubic Si(Ge) on both c and r plane sapphire [78], [107], [165], [166] and cubic IlI-As on c-plane
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sapphire [23], [39], [109], [167]-[171], to the best of our knowledge, there are no reports about

epitaxial growth of 111-As on r plane sapphire as a substrate.

4.4 GaAs growth on R-plane sapphire

As we have already discussed, the growth of GaAs on sapphire substrates is a dissimilar materials
system. Consequently, it is not trivial to grow or predict the GaAs film’s growth direction on r
plane sapphire substrate. For example, the rectangular crystal structure of r plane sapphire substrate
may influence the rectangular (110) crystal plane of GaAs for the atomic alignment, while the
sapphire substrate’s hexagonal crystal nature can force GaAs to grow along [111] direction, or
GaAs may take totally different growth direction. In the following section, the discussion will be

focused on the growth 111-As on r plane (1102) sapphire.

For the study of the possible growth directions of GaAs on the r-plane sapphire substrate the atomic
arrangements of the r-plane sapphire, the (111) plane, and (110) plane of GaAs are shown in Figure
61. The lattice constants of each crystal plane are also mentioned. The lattice mismatches of (111)
and (110) crystal planes of GaAs are calculated with r plane sapphire substrate by considering each
different potential alignment. The (111) GaAs crystal plane has compressive (35.2%) and tensile
(16.2%) strain in the two perpendicular directions. For the (110) crystal plane, it has compressive

strain (10.7%) and tensile strain (16.2%).
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Figure 61: Atomic arrangement of (a) r-plane sapphire, (b) GaAs (110) plane, and (c) GaAs
(111) plane.

In addition to the lattice mismatch, the substrate surface energy is also an important role in deciding
the orientation and quality of the epitaxial film [172]. We have already discussed, for a 2D epitaxial
material growth of GaAs material, and the energy dynamics should maintain the following

inequality:

Ys = YitYe Equation 19

where, v, v;, and y, are substrate surface energy, interface energy between substrate and film, and
film surface energy, respectively. The relaxed c¢ plane and r plane substrates surface energy are

1.85 and 2.26 Jm?, respectively [173], [174]. Interestingly, a better film and substrate interaction
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is observed for GaAs growth on r plane sapphire substrate over ¢ plane sapphire substrate [24]. In
the following sections, we will discuss the comparison of GaAs growth on ¢ plane and r plane
sapphire substrate, the effect of growth parameters, and AlAs nucleation layer on GaAs film

surface morphology on the r plane sapphire substrate.

The substrates were used in this experiment possessed by a well-defined step-terrace structure.
The surface morphology of the ¢ and r plane sapphire substrate are shown in 2 ym x2 um AFM
images (Figure 62). The characteristics parameters of ¢ and r plane sapphire substrates used in this
investigation are calculated from AFM images and listed in Table 7.The inset RHEED images for
both surfaces show narrow streaks and kikuchi lines, which confirmed each substrate’s flatness

and cleanliness.

Height 400.0 nm 400.0 nm

Figure 62: AFM images of (a) c plane and (b) r plane sapphire substrates. Inset shows the
substrate RHEED just before the growth.
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Table 7: Step height, terrace width, and unintentional miscut angle of ¢ and r plane substrates are

Substrates Step height (nm) “S'}'ee?.race width (nm) | Unintentional miscut
angle (degree)

C plane 0.22 236 0.06

R plane 0.76 198 0.2

4.4.1 Comparison of GaAs growth on c and r-plane sapphire

To compare the GaAs growth on ¢ and r plane sapphire substrates, two samples, C-600, and R-
600, were grown at Tq=600°C. The nominal thickness was 10 nm, and the thickness was calibrated
for homoepitaxial GaAs (100). The growth conditions were identical for both samples. For the
surface morphology study, we have performed AFM measurements, and the AFM images are
shown in Figure 63 (a, b). The 3D islands are observed for both samples indicate the direct growth
of GaAs on both ¢ and r plane sapphire substrate that follow VW or 3D growth mode. High lattice
mismatch and dissimilar crystal structure in both cases promote 3D growth. From 2x2 AFM
images of both samples, the island’s height, density, and volume of GaAs material deposited are
listed in Table 8. The higher surface energy of r- plane sapphire than the c-plane sapphire enhances
GaAs’ interaction on the r plane sapphire, which has increased GaAs island’s density in the r-
plane. Basically, the diffusion and ripening of GaAs islands is slower on r plane sapphire substrate.
Phi scans of the GaAs (220) crystal plane of both samples are shown in Figure 63 (c). The arrow
signs indicate GaAs (220) peaks of the C-600 sample. The sharp GaAs (220) peaks are from the
R-600 sample, whereas peaks are broad in C-600. The sharp peaks of the R-600 sample indicate a
well-defined in-plane correlation between film and substrates as opposed to the C-600 sample,

where the weak in-plane correlation is observed. Moreover, six peaks are observed in the phi scan
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of the C-600 sample which are separated by 60° degrees to each other. Six peaks indicate six-fold
symmetry where three primary domains and three rotated twins are separated by 120°. In the R-
600 sample, six peaks corresponding to GaAs (220) are also observed, but these peaks are not
exactly separated by 60°. This indicates two different primary domains of [111] oriented crystals
that maintain two different in-plane crystal orientation relationships with the r-plane sapphire
substrate. The equal intensity of both types of peaks shows that both orientation relationships are
equally preferable. Inset RHEED images are after the growth of GaAs from C-600 and R-600 [39].
Two different RHEED patterns are observed for two samples. For the C-600 RHEED image, rings
and spots are observed. The RHEED image rings indicate the growth film is in weak in-plane
correlation with the substrate, which is also confirmed from the XRD result, whereas the spotty
pattern indicates the 3D growth mode. Meanwhile, only spots without a ring pattern are observed
in the RHEED image of the R-600 sample. Therefore, GaAs’ better in-plane relationship with r
plane sapphire substrate than ¢ plane sapphire substrate is observed. All results are consistent with

the expectations based on the equation.
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Figure 63: AFM Surface morphology on 2 um x 2 um scan area of 10 nm GaAs growth on (a) c-
plane (C-600) and (b) r-plane sapphire substrate (R-600); (c) Phi-scans of both samples, arrows
(red for R-600 and black for C-600) showing GaAs (220) peaks, corresponding RHEED images
after the growth are shown in the inset of figure.

Table 8: Island height, density, and total volume on 2 um x 2 um AFM scan area.

Sample ID Average Height (nm) Density (cm™) Volume of 3D islands (m?®)
C-600 85 4.25 x 108 4x1020
R-600 40 4.35 x 10° 4.3x10?°
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To confirm the out of plane orientation, we have performed the symmetric ®-26 scans as shown
in Figure 64. During the growth of GaAs on c-plane sapphire the crystal follows only [111] growth
direction, whereas GaAs crystal follows both [111] and [220] growth direction on r-plane sapphire
substrate. A higher angle tail in the GaAs (111) peak for R-600 is also observed, perhaps due to

the strain difference in the two orientations of GaAs observed in phi-scan.

e (C-600
e R-600

(111) GaAs
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o
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/
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o
N
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Figure 64: XRD omega-2theta scan of C-600 and R-600. Sharp and intense peaks are related to
sapphire substrates.

4.4.2 Effect of growth temperature on GaAs/r-plane sapphire

The growth temperature influences the diffusion length of deposited adatoms on the substrate
surface. At higher growth temperatures, adatoms experience more energy, and the diffusion length
increases. Therefore, it is essential to study the effect of growth temperature on surface
morphology and crystal quality. We grew four samples at four different growth temperature 500°C

(R-500), 600°C (R-600), 650°C (R-650), and 700°C (R-700). The nominal thickness of GaAs was
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10 nm for each sample. At 700°C, we observed no deposition of GaAs on r plane sapphire
substrate. However, the surface morphology and crystal quality were investigated by the deposited
GaAs at 500°C, 600°C, and 650°C growth temperatures. The surface morphologies of these three

samples are shown in Figure 65.

100.0 nm

Figure 65: AFM and RHEED of (a) R-500 (b) R-600 (c) R-650.
From the AFM images, the best surface coverage is observed for the sample R-500. The 3D islands
are observed for all samples. The islands size and density are listed in Table 9. The size of islands
increases, and the density of the islands decrease with increasing growth temperature. These results
are consistent with ripening [175], [176]. Three RHEED images of three samples are taken just
after the growth. The ring pattern in the RHEED image is observed for R-500, indicating a weak
in-plane correlation between the film and the substrate. The ring pattern vanishes with increasing
growth temperature, and spotty RHEED images are observed for R-600 and R-650. The twinning

is observed in the RHEED images of both samples R-600 and R-650.
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Table 9: Growth temperature, GaAs Island height and density for three GaAs/r-plane sapphire

samples.

Sample ID Growth Temperature (°C) Height (nm) Density (/cm?)
R-500 500 9 NA
R-600 600 40 4.35 x 10°
R-650 650 52.6 3.4 x 10°

The symmetric ®-26 scans of three samples are shown in Figure 66 (a). Single crystallinity of

GaAs on r plane sapphire substrate is observed for samples R-500 and R-650. Meanwhile, two

crystal orientations: (111) and (110) are observed for the sample R-600. The phi scans of the GaAs

(220) crystal plane for three samples are shown in Figure 66 (b). The in-plane correlation between

film and substrate remains invariant with the growth temperature. From the phi scan, we observed

the higher growth temperature improves the in-plane correlation. The phi scan is broad and

diffused for the sample (R-500) growth at low temperature, indicating the weak in-plane

correlation between film and substrate, and this result is also in agreement with RHEED. The sharp

and well define phi scans are observed for the samples (R-600 and R-650) growth at high

temperature. Therefore, the high growth temperature is necessary for the better in-plane correlation

between GaAs film and r-plane sapphire substrate.
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Figure 66: (a) Omega-2theta scan of R-500, R-600 and R650; (b) phi-scan of R-600 and R-650.

4.4.3 Introduction of AlAs layer

At different growth temperatures, the direct growth of GaAs does not wet the r plane sapphire
substrate very well. During the growth of GaAs on c-plane sapphire, we observed a thin nucleation
layer of AlAs which improved the chemical interaction and the quality of the GaAs film.
Therefore, we are encouraged and motivated to introduce a thin 5 nm AlAs as a nucleation layer
before the growth of GaAs on r plane sapphire. Three different samples are grown with the
presence of AlAs at three different arsenic fluxes: 1 x 10 (RA-1), 3.5 x 10 (RA-3.5), and 6 x 10-
® (RA-6). The growth temperature Tg= 600°C was fixed for all samples. The surface morphologies
of these samples are shown in AFM images (Figure 67). The highly dense 3D islands are observed
for all three samples. The root mean square surface roughness of the samples was measured from
the AFM images. The surface roughness of these samples is increased with increasing arsenic
partial pressure, and the roughness values are 2.53 nm (RA-1), 2.86 nm (RA-3.5), and 3.68 nm
(RA-6). The presence of AlAs improves the wetting of the substrate than the direct growth of

GaAs. This is consistent with our observation on the c-plane sapphire substrate. The wetting of the
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substrate improves with the presence of AlAs because of the higher bond strength of Al-O (502

kJ/mol) compared to Ga-O (374 kJ/mol) and As-O (374 kJ/mol) [114].

Figure 67: AFM surface morphology of (a) RA-1 (b) RA-3.5 (c) RA-6.

Figure 68 (a) shows the out-of-plane measurements of these three samples. Single crystallinity is
observed for all three samples, and the out-of-plane orientation is GaAs (111). On the right side of
the GaAs (111) peak, we have observed a clear peak instead of a tail that was observed for direct
growth of GaAs on r plane sapphire. The higher angle peak arises from the tensile strain of
GaAs/AlAs material. The phi scan of GaAs (220) and r plane sapphire are performed to investigate

the in-plane correlation between substrate and film.

The GaAs have a zinc blend crystal structure. Ideally, in the phi scan, the (220) crystal plane of
GaAs shows three equally separated peaks representing three-fold symmetry. There are six equally
separated peaks observed with the presence of 60° twins. However, in this case, the phi scan of
GaAs (220) gives 12 distinct peaks, which is not typical for a cubic zinc blende system (shown in
Figure 68 (b). These 12 peaks arise from the two major orientations. The two major orientations
are shifted by approximately +14° with respect to the 0006 reflections of the r-plane sapphire. The

60° rotated twins of both orientations produce total 12 (220) peaks. The inset pole figure also
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shows a total of 12 reflection spots which is consistent with the phi measurement. Among 12 spots

six are brighter than the other six.
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Figure 68: (a) Omega-2theta scan and (b) phi-scan of RA-1, twin peaks are denoted by
rectangles, angles between different types of peaks are shown in the figure. Pole figure of the
same sample is shown in the inset with sample tilt ranging from 0-70°.

In Figure 69, the major two orientations are depicted by two hexagons O1 and O2. Atomic
distances are to the scale with small errors. The 110 axes of GaAs of these two orientations make
an angle of approximately £14° with respect to the [100] in-plane direction of r-plane sapphire. It
is possible that initially, with smaller coverage of GaAs, only one orientation of GaAs existed

where [100] in-plane direction of sapphire was aligned to [110] in-plane direction of GaAs. In

other words, the GaAs hexagon was sitting on seed hexagon (shown by green dashed lines in
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Figure 69). As the coverage of GaAs increases, the strain also increases, and the initial orientation

is splitted in two orientations O1 and O2, by a 14° twist to minimize the strain.
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Figure 69: Arrangement of Al atoms in r plane sapphire (blue dots) and two possible in-plane
orientations of GaAs separated by approximately 28°.
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Chapter 5: Conclusions and Future work

5.1. Conclusions

The highly dissimilar material system of GaAs on ¢ and r-plane sapphire has been grown. The
direct growth of GaAs on both substrates are compared. The 3D growth mode and poor wetting
of both substrates are observed. Due to the higher surface energy of r plane sapphire, the interaction
between GaAs films and r-plane sapphire is better than c-plane sapphire. A weak in-plane
correlation between substrate and film, and the formation of twin structures is observed in c-plane
sapphire substrates. Two in-plane correlations are observed for GaAs films with r-plane sapphire,
which is~28° apart, irrespective of growth temperatures. The introduction of a thin AlAs
nucleation layer between the sapphire substrates (c and r-plane) and GaAs film, improved the
wetting of the surfaces. The improvement of the wetting of the substrates is explained by the higher
bond strength of Al-O. The observed twin ratio reduction in c-plane sapphire is likely correlated
to the coalescence of small AlAs 3D islands. To uncover the control of twinning, we investigated
the role of the starting substrate on nucleation by examining the pre-growth substrate treatment on
the GaAs growth. The better heterointerface formation and improved surface morphology is
observed in the case of well-defined c-plane step-terrace substrate surface than corrugated and
weakly defined step-terrace substrate. Likewise, in-situ annealing, and growth temperature
influenced the twin formation and GaAs surface morphology. In-situ annealing was very effective
to reduce the twinning. We were able to reduce the GaAs twin volume less than 2% by in-situ

annealing on c-plane sapphire substrate.

Two-step growth was employed to investigate the effectiveness of LT GaAs layer on the quality

of GaAs buffer on c-plane sapphire. The LT GaAs, at the early stage of growth, results in smooth
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surface morphology. Pyramidal mounds and randomly shaped pits are also observed on the
surface. Ehrlich-Schwabel (ES) barriers and adatom motion in the presence of stacking faults are
responsible for the formation of pyramids, while the pits are attributed to thermal etching by Ga
droplets which form due to the lower sticking coefficient of arsenic on a GaAs (111)A surface.
Compressively strained GaAs is observed without LT GaAs layer from the XRD omega-2theta
scan and Raman measurements which matches our speculation on the atomic arrangement. The
GaAs film was almost twin free. The HRTEM confirmed abrupt interface between film and
substrate with very defects mostly confined near film/substrate interface. Two different regions of
different quality materials are confirmed by HRTEM and rocking curves. Together, these
observations indicate that the GaAs buffer with the LT layer is effective in achieving high-quality

GaAs on c-plane sapphire.

The thickness of the GaAs film was improved by reducing the growth temperatures on c-plane
sapphire. At the low growth temperature, the density of truncated pyramids is increased. The
dissociation of Frank sessile dislocation generates either pyramids or truncated pyramids depend
on the stacking fault energy on the three {111} planes. We were able to get the RT PL from the
GaAs/sapphire system. Microdisk lasers were fabricated after getting high quality and RT PL of
GaAs. The spontaneous emission was observed from the micro-PL measurement. The higher
surface roughness can be the possible reason for not getting the lasing from the GaAs on c-plane

sapphire systems.
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5.2. Future work

High-quality GaAs film on c-plane sapphire substrate shows the significant potential of GaAs/c-
plane sapphire system for integrated microwave photonics. Still there are scopes for the
improvement of the crystal quality and surface roughness of the GaAs film. The following study
could be focused on making GaAs/sapphire as a platform of integrated microwave photonic

systems.

The effectiveness of the strained layer superlattice as a defect layer to improve the surface
roughness of GaAs film on c-plane sapphire substrates should be further investigated. The
AlGaAs/GaAs or InGaAs/GaAs strained layer superlattices will be employed to reduce the defects
at the interface by bending and coalescence. After getting a smooth surface of GaAs, we will be
able to fabricate laser, modulator, waveguide, photodiode, and RF circuits for the integrated

microwave photonics.

The influences of two-step growth, multiple annealing, and strained layer superlattice on GaAs
film on r-plane sapphire should be investigated. We are optimistic that the combined effects of
two-step growth, multiple annealing, and strained layer superlattice will result in a quality GaAs
surface as demonstrated for GaAs on c-plane sapphire. After getting a high quality and smooth
surface of GaAs on r-plane sapphire, we will take the advantage of SOS CMOS technology to

integrate optoelectronic devices.
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