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Abstract

Gallium oxide is an up-and-coming ultrawide-bandgap semiconductor. These types
of materials have promising properties that could significantly improve the per-
formance of existing applications and enable new technologies. These include
high-power electronics, deep-UV optoelectronics and more.

In this work, the heteroepitaxial growth of 3-GayOs, which is the only stable
polymorph at standard conditions, through metal-organic chemical vapor depo-
sition is studied. To achieve and optimize film growth, many parameters in the
deposition process have to be tuned. In this work, the effect of temperature is in-
vestigated. A series of gallium oxide films on c-plane sapphire substrates at a range
of different temperatures are grown. These are then analyzed with atomic force
microscopy, ellipsometry and X-ray diffractometry to obtain information about
surface roughness, thickness, and crystal structure and texture of the grown films.

It could be validated that the grown films consist of mostly epitaxial 3-GayOs3,
although an amount of a different phase was likely present as well. It was found
that changing the growth temperature within the investigated range does not
change growth rate, indicating that the deposition at these temperatures happens
in the mass transport-limited regime.
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Chapter 1

Introduction

1.1 Material properties of 3-Gay0O3

Gay O3 exists in five known polymorphs that are named with the greek letters o to
e. Below 1800°C, only the [-phase is stable, though the o-phase is metastable and
can also exist under normal conditions [27].

B-Gay0O3 has a monoclinic crystal structure and is of the C2/m space group.
The lattice parameters are (in A): a = 12.2, b = 3.0, ¢ = 5.8 [11]. The values
for these vary slightly in literature. The unit cell contains 8 gallium atoms in
two crystallographically different sites: Ga(I), which is tetrahedrally connected to
oxygen atoms, and Ga(II), which has octahedral geometry. The twelve oxygen
atoms in three different sites: O(I) and O(II), which both are connected to three
gallium atoms, and O(III), which is connected to four gallium atoms [11, 27]. An
illustration of the crystal structure can be seen in figure 1.1.

In literature, values for the bandgap of -GayOs vary quite a bit, ranging
from about 4.4 to 4.9 eV. The direct bandgap is slightly larger than the indirect
bandgap, with the difference reported as a few tens of meV. [11]

The wide bandgap causes a breakdown field that is far larger than that of
common semiconductors. It is 8 MV /cm for B-GayOs.

The thermal conductivity is relatively low compared to other wide- and ultrawide-
bandgap semiconductors.

In table 1.1, some basic physical properties of -GayO3 are summarized and
compared to other wide- and ultrawide-bandgap semiconductors and Silicon.

1



Figure 1.1: (a) The unit cell of B-GayO3 and (b) (010) and (201) surfaces within
the crystal structure [27]

Material =~ Bandgap Breakdown BFOM Thermal
(eV) field (MV/cm) Conductivity (%)
Si 1.12 indirect 0.3 1 145
GaAs 1.43 direct 0.4 14.7 50
4H-SiC 3.3 indirect 2.5 317 370
GaN 3.4 direct 3.3 846 253
B-Gay0O3 4.9 indirect 8 3214 11-27
Diamond 5.5 indirect 10 24 660 2290-3450

Table 1.1: Comparison of basic physical properties and the BFOM of semicon-
ductors with different band gaps. [37, 27]



1.2 Potential applications

Optoelectronics

Solar-blind ultraviolet (UV) detectors are a possible application for which the use
of gallium oxide is attractive. Using equations 1.1 and 1.2, one can determine that
the cut-off wavelength of 3-GayO3 is at about 250 nm, which is in the deep-UV
spectrum of electromagnetic radiation.

E=h-f (1.1)

f-A=c (1.2)

Here, F is the energy, h the Planck constant, f the frequency, ¢ the speed of light
and A the wavelength.

Most of the sunlight in the deep-UV region is filtered out by the atmosphere.
Because of this, these photodetectors can be sensitive to relatively weak signals
even in daylight. [27]

Use in electroluminescent devices is also possible, for example for thin film
electroluminescent displays. Doped with rare earth metals, gallium oxide is lu-
minescent at various wavelengths. The chemical and physical stability of gallium
oxide could be of advantage. [35]

Power and high-voltage electronics

Perhaps the most exciting use-case for this material are high-power applications.
In this field, B-GayO3 could be used instead of other, narrower-band gap materials
that need extensive cooling. For example, schottky diodes using wide-bandgap
semiconductors have much higher breakdown fields and much lower Rg,-values
than traditional Si-Schottky diodes, leading to less generated heat. Switching
losses have also been shown to be lower in high frequency applications. [27]
Baliga [3] already showed that using wide bandgap semiconductors gives ad-
vantages for power applications, doing so by developing a figure of merit. Silicon
was compared with large band gap materials; they were considered in the use-case
of vertical channel power field effect transistors. To be able to compare them, the
fact that the avalanche breakdown voltage is related to the drift region doping
level was utilized. Through doping, the compared materials could be tuned to
have the same breakdown voltage. It was shown that for vertical channel field
effect transistors:
Ron u_lEg_?’ (1.3)

where Roy is the on-resistance, 1 is the majority carrier mobility and E, is the band
gap of the material. That means that the on-resistance will decrease proportionally
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to the majority carrier mobility, and to the third power of the band gap. A figure
of merit, known as the Baliga figure of merit (BFOM) was developed [4]:

BFOM =c¢- - E} (1.4)

where ¢ is the dielectric constant of the material. Sometimes, the critical electric
field E., where avalanche breakdown happens, is used instead of E, [27]:

BFOM =¢ - - E? (1.5)

This figure of merit makes comparing the performance of different materials
more straight-forward.

Another area in which a higher bandgap is advantageous are high-frequency
applications. If a material has a higher breakdown field, it means that the drift
region in power MOSFETs can be shortened for the same output voltage, and
thus delay times are reduced. The performance advantage of 3-GayOg3 in these
high-power and high-frequency applications is described in more details in the
review articles by [37] and [27]. There, additional figures of merit are discussed
and compared to those of other materials.

A potential drawback of 3-GayO3 for the use of power electronics is it’s low
and anisotropic thermal conductivity of 11 Wm™K™ in the [100]-direction and 27
Wm K™ in the [010]-direction [12]. This might be mitigated by using for example
diamond as a heatsink. This and other methods are also being developed for GaN,
and could be further developed for gallium oxide [21]. High temperatures want
to be avoided in semiconductor materials. Crystal lattice vibrations increase with
increasing temperature, and charge carriers can be scattered by them, hindering
their mobility. Thus, above a certain temperature, the charge carrier mobility
decreases [36, p. 104]. During operation, semiconductor devices can heat up due
to Joule heating, and that heat has to be dissipated. The effects of temperature
and eventual thermal degradation on performance in $-Gay;Os-devices has also
been studied and discussed, see for example [8] and [40]. These have shown that
thermal considerations will be important in the design of gallium oxide devices.

(zas sensors

Gallium oxide can be used as a sensor for oxygen (>900 °C) or reducing gases
(<900 °C). The conductivity of 3-GayOs is inversely proportional to the partial
pressure of oxygen in the environment of the material.

Reported applications are for example the monitoring of exhaust gases, biosen-
sors and ammonia detection. The use of nanocomposites and nanostructured ma-
terials can improve the sensitivity of the sensor. [27, 35]
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Catalysis

Various catalytic reactions using gallium oxide have been reported, for example
catalytic combustion and the oxidation of carbon monoxide. The material can
also be used for photocatalysis. UV-light creates electron-hole pairs that can then
partake in catalytic reactions. Because the bandgap is higher than in tradition-
ally used materials, the generated electrons have a higher reductive capability.
Polymorphism plays an important role in the photocatalytic activity of gallium
oxide, but the 3-polymorph showed the highest catalytic and photocatalytic activ-
ity. Nanostructured materials are interesting for catalysis, as they have a greater
surface-to-volume ratio. [35]

1.3 Introduction to bulk growth techniques that
have been utilized for 3-Ga;0O3

An advantage of gallium oxide is that native substrates for homoepitaxy are avail-
able and can be produced by various melt-growth techniques. An overview over
ones that have been used for bulk-growth is given here. Because 3-GayO3 is the
most thermally stable form, melt-growth will always result in this polymorph.
Pearton et al. [27] gives references to articles that report the use of each of these
methods for the growth of gallium oxide.

For the Czochralski method, the material is kept in a crucible at a temperature
slightly above its melting point. A seed crystal of the material to be grown is
lowered into the melt and then slowly pulled upwards. Single-crystalline material
then grows on the seed crystal. The diameter of the grown solid can be increased
by lowering the temperature of the melt and vice versa. An illustration of this and
the other three mentioned methods can be seen in figure 1.2.

The Float-Zone technique uses a solid rod of poly-crystalline material. A small
zone of the rod is melted, and this melted zone is moved from one end to the other.
Using a seed crystal on the end of the rod where the melted zone starts, a single
crystal can be grown. This method does not use a crucible and leads to highly
pure materials. However, due to the heating method, the maximum diameter of
crystals is limited.



Source

Melt

Crystal

(b)
ﬂ Growth direction
Work
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@ Heat
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Crucible Q eater
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Melt @) Crucible
RF coil O Cagshal
© &,
Thermo
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Rotationand ~ Crucible
I translation shaft
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Figure 1.2: Illustrations of the following bulk-growth methods: (a): Czochralski,
(b): Floating-zone, (c¢): Edge-defined film-fed growth, (d): Vertical Bridgman [11]

For the Edge-Defined Film growth method, a die with a capillary hole in the
middle is dipped in a crucible filled with a melt of the to-be grown material. The
capillary forces pull the melt up the hole. A seed crystal is lowered into the hole
and then pulled out. The liquid wets the die, and as the seed crystal is lifted
upwards, a single crystal grows in the shape of the die. Thus, differently shaped
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crystals can be grown.

In the Bridgman-method, a crucible is kept in a heating chamber above the
melting point of the material. It is then moved into a a region with slightly lower
temperature, where the melt solidifies. There are horizontal or vertical layouts of
this method.

A more detailed look at these techniques is given by [15] and [11].

1.4 Introduction to other epitaxial growth tech-
niques that have been utilized for 3-Ga;0Os;

Several growth methods have been tried to grow Gallium Oxide films. In this
section, these methods will be introduced. An overview over the outcomes achieved
with them will also be given.

1.4.1 Halide Vapor Phase Epitaxy (HVPE)

HVPE is a type of Chemical Vapor deposition (CVD). It achieves high growth
rates and high purity for the grown crystals [26]. As the name suggests, halide
precursors are used for this method of vapor deposition. As source gases, GaCl
was used for Gallium, and O, mixed with Ny) was used for Oxygen.

Murakami et al. [23] reported homoepitaxial B-GayO3z-growth on a (001) sub-
strate. At a growth temperature of 1000 °C and a growth rate of 5 pm/h, high
purity and high structural quality growth with no twinning was achieved.

Nikolaev et al. [25] used (0001)-sapphire as a substrate. They report epitaxial
growth of 3-GasO3 at a temperature of 1050 °C and a growth rate of 70 to 250
pm/h.

Leach et al. [19] reported homoepitaxial growth of B-GayO3 on a (010)-substrate.
Slight miscuts of the substrate toward other directions influenced the morphology
of the grown film. On a sapphire substrate, o-Ga;O3 was grown. A growth rate of
over 25 pm/h was achieved.

1.4.2 Mist-Chemical Vapor Deposition (mist-CVD)

In this method, a solution of the source chemical in water is atomized with ultra-
sound. The mist produced of the solution in this way is then transported to the
reaction chamber with a carrier gas, where the heated substrate is situated [16].
As a substrate, B-GayO3(010) was used. The reported growth rate at 600 °C was
900 nm/h, and at 900 °C, it was 120 nm/h. At 500 and 600 °C, the grown film was
polycrystalline, whereas at 700, 800 & 900 °C, it was almost single crystalline. At
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900 °C and above, the surface roughness became worse. Sn-doping was also done
by including a Sn-compound in the source solution together with the Ga-source.

1.4.3 Molecular Beam Epitaxy (MBE)

MBE is a physical vapor deposition method. In this ultrahigh vacuum-technique,
beams of atoms or molecules are evaporated in elemental effusion cells and de-
posited on a heated substrate [15].

Sasaki et al. [30] reported successful homoepitaxial 3-GayO3-growth with this
method. Pure Ga metal and an Ozone (5%)-Oxygen (95%) mix were used as
sources. Here, growth rates of 10 nm/h on the (100)-plane, and of about 125
nm/h on the (010)- and (310)-planes were achieved.

1.5 Introduction to Metal-Organic Chemical Va-
por Deposition (MOCVD)

This work focuses on the use of MOCVD for the growth of Gallium Oxide. In the
following, an introduction to the method and a review of recent progress in the
field is given.

1.5.1 Mechanics and setup of MOCVD

An MOCVD system can be grouped into three parts: The gas delivery system, the
growth chamber of the reactor, and the exhaust system. A simplified schematic
can bee seen in figure 1.3.

Chemical vapor deposition is a form of vapor thin film deposition in which the
precursors undergo chemical reactions to form the final product on the surface
of the substrate. MOCVD uses metal-organic precursors, as the name suggests.
This precursor is usually in liquid form. In the so-called "bubbler”, the bubbler
gas is introduced through a tube into the precursor, where it "bubbles” through
while taking up vapors from the liquid. The precursors usually have relatively
high vapor pressures, which can be modified by changing its temperature. This
is done with the use of a precisely controlled temperature bath. The flow rate
of the bubbler gas gives another way of controlling the molecular flow rate of
the precursor. A schematic of this part is shown in figure 1.4 (a). The gas that
comes out of the bubbler is mixed with the carrier gas, which transports it to
the growth chamber. For gallium oxide, Ny or Ar have been used as carrier gases
(see section 1.5.5). If doping is wanted, n- or p-type dopant gases can be added
through separate bubblers. These usually have to be diluted by mixing outgoing

8
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Figure 1.3: Simplified schematic of an MOCVD-system

gas from the bubbler with additional carrier gas. The flow rates and pressures of
the various gas lines can be controlled with MFC and pressure controllers.

The growth chamber is where the substrate is positioned. Here, the chemical
reactions and the deposition on the surface happen, resulting in the growth of a
film on the substrate. The chamber walls are usually made of stainless steel or
quartz. Gas flow injector and exhaust are connected to the chamber. Inside, the
susceptor is located, on which the substrate is placed. The susceptor is usually
made out of graphite and can be heated. In cold-wall reactors, this is the only heat
source, which results in a low wall temperature relative to the substrate, hence the
name. In the hot-wall reactor used for this work, the growth chamber inside the
quartz tube is heated by the means of a radio frequency (RF) coil outside of the
tube. To keep the temperature uniformly hot inside this chamber, it is thermally
insulated. The substrate can be rotated to obtain a higher growth uniformity:.
This is done by ”gas foil rotation”, meaning that a stream of inert gas is used
to spin the substrate. There are two main types of reactors that differ by their
geometry. In horizontal reactors, the gas flow is parallel to the substrate, and in
vertical reactors, it is normal to it. The reactor used in this work is a horizontal,
hot-wall MOCVD reactor. A basic schematic of the growth chamber can be seen
in figure 1.4 (b).

To keep the pressure inside the growth chamber uniform, the exhaust system
has a computer controlled valve. Unreacted molecules or reaction byproducts are
transported away to a scrubber, and the cleaned off-gas then exits through the
exhaust. For low-pressure reactors, oil-free vacuum pumps are usually used. [14]
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Figure 1.4: Schematics of the following parts of an MOCVD-reactor:
(a): Bubbler; (b): Hot-wall MOCVD growth chamber.

1.5.2 Chemical reactions in MOCVD

To show the reaction that is desired to occur, net reaction schemes can be given.
These only show the reagents and the products, excluding any intermediate reac-
tions. The net reaction scheme for the growth of gallium oxide with TMGa and
O, as precursors is given in equation 1.6:

3
2 [Ga(CH3)3](g) =+ 5 [02](g) e Ga203(s) + I‘eStT (16)

It is obvious that there have to be some intermediate reactions that take place -
the precursors must decompose, so that gallium and oxygen are left over to form
the solid state gallium oxide. The general steps that happen are these:

1. Transport of precursors to the growth chamber with a carrier gas;

2. Reactions and pyrolysis of precursors in the gas phase (in hot-wall reactors);
these can produce intermediates and by-products;

3. Transport of the reactants through the stagnant region to the surface of the
substrate;

4. Adsorption on the surface;

5. Surface diffusion, nucleation, and possible surface chemical reactions, leading
to film growth;
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6. Desorption and transport of volatile surface reaction products away from the
reaction zone and out of the growth chamber.

These steps are also depicted in figure 1.5. Pyrolysis is the thermal decomposition
of molecules. This is how the precursors usually decompose in hot-wall CVD.
Undesirable, so-called parasitic reactions can also occur in the gas phase. The
complete chemical reactions are not fully understood for many materials, but a
reaction model has been developed that found over 40 intermediate reactions and
by-products for the growth of GaAs from TMGa and AsHj [13]. This shows that
the processes in MOCVD are very complex.

The stagnant region, also called the boundary layer, is the region above the
substrate surface, where gas flow is much slower than in the bulk volume of the
reaction chamber.

For TMGa, the pyrolysis can happen homogeneously (purely in the gas phase):

(CH;);Ga — (CH,),Ga + CH, (1.7)
(CH,;),Ga — (CH4)Ga + CH, (1.8)
or heterogeneously (including surface reactions):
(CH;)3;Ga+ S — (CH;)Ga* + (CHj), (1.9)
for TMGa
(CH,),Ga+ S; — (CH;)Ga* + CH, (1.10)

for DMGa. Sg stands for the adsorption site on the surface, and Ga* indicates
the adsorbed species. [14]

———
_
_—
@ Gas Phase Reaction @
\ Desorption of
Volatile Surface

. . Reaction Products
Transport to Surface )
L J l of Precursor
I — 0000 ( i
Adsorption Surface Diffusion Step Growth
of Film

Precursor

Nucleation
and Island
growth

Figure 1.5: The reactions in a CVD chamber [14]
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1.5.3 Thermodynamics and Kinetics of MOCVD

Whether a reactions happens or not is determined by thermodynamics and ki-
netics. The thermodynamics determine if the reaction is energetically favourable.
More specifically, this is described by the difference in Gibb’s free energy, AG, on
both sides of the reaction, the so-called driving force.

When the Gibb’s free energy G of the gas-phase educts and the solid state product
are in equilibrium, no net reaction occurs. In this case that would means no net
deposition or desorption. This equilibrium case is given by equation 1.11.

2Gg, +3GY =G, (1.11)

agO3

Here, V stands for vapour phase, and S stands for solid state.

If however G on one side of the equation is larger than on the other, the system
is not in equilibrium, but will try to restore it. When for example the gas phase
is supersaturated and has a larger G than the solid state on the substrate surface,
there will be a driving force AG that will favour deposition. The magnitude of
AG has an influence on the growth rate.

The Kinetics also have an influence on whether a reaction will happen, and its
rate if it does happen. In order for film growth to be possible, the activation free
energy AG* must be overcome. This quantity is also related to the growth rate
(see equation 1.12).

—AG*
RT
Here, k is the rate constant of the reaction, R is the ideal gas constant, and 7" the

temperature. [14]

k = exp( ) (1.12)

1.5.4 Growth regimes of MOCVD

The slowest step in the CVD process is the one that limits the growth rate. What
the slowest step is depends on growth parameters. Figure 1.6 shows that the
rate-limiting step is dependant on temperature. At low temperatures, the surface
reactions are limited, and increasing the temperature will increase the growth rate.
At intermediate temperatures, the limiting factor is the mass transfer through the
stagnant boundary layer. Here, the growth rate is relatively independent of the
temperature. At high temperatures, the partial pressure of the precursors near the
boundary determines the growth rate, because the vapour pressure on the surface
is near the equilibrium. A further increase of temperature can lead to parasitic
reactions, deposition on the chamber walls and desorption of adsorbed atoms from
the surface as a result of the reversal of the driving force.

Hydrodynamics also play a role in the growth regimes. At pressures > 1 kPa,
mass transfer is the controlling factor for growth. At very low pressures (< 1

12
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Figure 1.6: The three MOCVD-regimes. Growth rate is depicted as a function
of inverse temperature in this diagram. [14]

kPa, called ultralow pressure MOCVD), the growth is only controlled by kinetics,
independent of temperature. When even lower pressures (< 10 Pa) are used, it
is called ultra-high vacuum-MOCVD. It is employed when precursor molecules
should reach the substrate without interacting with other molecules in the gas
phase. [14]

1.5.5 Review of progress in the growth of Ga;0O3; with
MOCVD

In the following, a review of literature reporting the hetero- and homoepitaxial
growth of gallium oxide is given. This will give an idea about the progress in this
field at the time this work was being done. An overview of the growth parameters
used in the cited literature is given in tables 1.2 and 1.3. Because not much about
the growth of gallium oxide with MOCVD was known at the time this work was
done, it was important to collect and summarize the findings of other research
groups.

Heteroepitaxy

Gottschalch et al. [10] reported polycrystalline growth on Al,O3 and GaAs sub-
strates. Relationships between different sapphire surface planes and epitaxial
growth directions of gallium oxide were determined. It was also shown that de-
pending on the sapphire surface plane, only the 3, both B and o or only o poly-
morphs of GayO3 grow on the substrate. The ratio of o- and $-GayO3 varied with
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temperature. A cold-wall atmospheric pressure reactor was used.

Kim and Kim [18] reported amorphous growth, sometimes containing very
small crystallites at the temperatures 500 °C, 550 °C and 600 °C on a Si(100)-
substrate. They reported an increasing growth rate with increasing temperature.
The surface roughness (RMS) was 0.38, 0.60 and 3.91 nm for the three tempera-
tures, respectively.

Gogova et al. [9] reported B-GayOz-growth in (201)-orientation on Al,O3(0001)-
substrates. Sn-doped n-type layers were successfully grown. In contrast to the
homoepitaxial growth that was also reported (see in the ”Homoepitaxy” section),
the layers were not single-crystalline.

Mi et al. [22] reported growth at three different temperatures. At 600 °C, the
film was amorphous. At 650 °C, the film had a single (100)-orientation, and at
700 °C, a polycrystalline structure was obtained.

Alema et al. [1] also reported epitaxial B-GayOs-growth in the (201)-orientation
on Al;O3(0001)-substrates.

Schewski et al. [31] reported films with a thickness in a range of 50-150 nm,
also in (201)-orientation on Al,03(0001)-substrates. Here, three monolayers of o-
GayO3 were grown on the substrate, so that they are between the sapphire and
the ﬁ—GaQO;),.

Cora et al. [6] reported and investigated more closely the structure of so-called
e-GagO3 on Al,O3(0001)-substrates.

Homoepitaxy

Wagner et al. [38] reported that when using O as the oxygen sourece, only
nano-wires or -agglomerates could be grown. Using water vapor instead, epitax-
ial 3-GagO3-growth was achieved, but through transmission electron microscopy
(TEM), a high density of twin boundaries and stacking faults was visible. As a
substrate, 3-Gay03(100) was used. An increase in temperature resulted in a de-
crease of the growth rate. The films grown with water vapor showed a surface
roughness of 6.5 nm.

Gogova et al. [9] achieved single-crystalline homoepitaxial growth of 3-Ga,Oj
on a (100) substrate with a high assumed density of stacking faults. Sn-doped
n-type films were grown. In high resolution-XRD, the (100) peak had a FWHM
of 43 arcsec. A surface roughness of 0.4 to 0.6 nm was obtained.

Baldini et al. [2] grew homoepitaxial B-GayO3 on (010)-substrates. In a TEM
image, no crystal defects were seen for the film grown at 850 °C. The surfaces
roughness ranged from 0.6 to 11.4 nm, depending on the growth conditions.

Schewski et al. [32] investigated the influence that miscut angles of the (100)-
B-GayO3 substrates have on the structural quality and electronic properties of
epitaxially grown layers. It was shown that using identical growth conditions,
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differences in miscut angles and directions can change the electron mobility signif-
icantly.

Feng et al. [7] reported growth of homoepitaxial, Si-doped layers on (010)-B-
GayO3 substrates. The surface of a representative sample exhibited a roughness
of 1.7 nm.

Bin Anooz et al. [5] investigated the growth modes at different growth condi-
tions and different miscut angles. In the case where step-flow growth was achieved,
the surface roughness was 0.2 nm. Otherwise, 2D-island growth or step-bunching
growth modes occur, and the electron mobility and structural quality is worse.
With these growth modes, the surface roughness is higher, with up to 1.5 nm.
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1.6 Introduction to materials characterization tech-
niques

1.6.1 X-Ray Diffractometry (XRD)

The distances between atoms in crystal lattices fall in the wavelength spectrum of
X-Rays. Thus, X-Rays are a useful tool to examine crystals.

Components

An X-ray source is needed, and in XRD devices, X-ray tubes are used. The working
principle of those is as follows: A heated filament acts as a cathode, from which
thermoelectrons are accelerated to an anode. Upon hitting the anode X-Rays are
generated. They consist of a continuous spectrum of thermal X-Rays and a much
stronger set of specific wavelengths that depend on the target anode material.
Most commonly used as such is copper. Some of the accelerated electrons eject
electrons from the shells of the anode upon hitting it. Figure 1.8 illustrates the
nomenclature of these typical X-Rays: If an electron of the K-shell is ejected and
another electron from the L shell fills the hole, a photon with the corresponding
energy is radiated, and this radiation is called K,. If the electron comes from the
M shell, it is called Kg, and so on. The Cu K,-radiation has a wavelength of 1.54
A and is most commonly used. [41, p. 125-127]

After diffraction on the sample, the intensity of the outgoing beam is measured
by a detector, allowing to see diffraction maxima and minima. The sample itself is
placed on the sample stage, which can be rotated and tilted in some models. The
X-ray source, detector and sample can be moved in such ways so as to change the
o and 20 angles. The X-ray source and detector can be combined with different
optical modules. A simplified schematic of the XRD-setup is shown in figure 1.7.

X-ray

Detector
source % &

“f
—————————— 20

Figure 1.7: Basic schematic of the XRD-setup
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Nucleus

Figure 1.8: The nomenclature of material-specific X-Ray radiation. [41]

Physical principle

The physical principal behind XRD is Bragg’s law. The incident X-Ray beam
is diffracted upon elastic scattering on the lattice planes of the crystal. Beams
diffracted on different lattice planes may interfere with each other destructively or
constructively. If they interfere constructively, a maximum is visible on the sensor.
Using Bragg’s law (equation 1.13), the spacing of the crystal lattice planes can be
calculated.

2dsin @ = n\ (1.13)

In this equation, d is the lattice spacing, 0 is the angle of the X-Ray beam, n is
the reflection order and A is the wavelength. Interference from a greater number
diffracted beams of perfect lattice planes results in sharper peaks. Information
that can be gained from XRD is crystal structure, crystal size, composition and
internal stress.

Operational modes

Different XRD-instruments allow various operational modes, through which this
different information is obtained. In the following, the three different modes used
in this work are introduced.

Firstly, the X-ray source and the detector can be moved synchronously, so that
w = %. This is called a 20-w-measurement, and the obtained curve plots the
detected intensity over the 20-angle and is used to identify the crystal structure of
the sample by checking at which 20-angles the peaks occur, and comparing this to
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values from a database or a software that can calculate these from crystallographic
data.

For the so-called rocking curve measurement, the detector is placed at a 20-
value of a peak of the sample. The X-ray source is then moved from an angle
slightly below 0 to slightly above it, resulting in a plot that shows intensity over
». The full width at half maximum of this peak gives information about the
crystalline quality of the sample.

The third operational mode used in this work is the pole figure measurement.
For this, both the detector and the sample are fixed at specific w = % angles of
a known peak of the sample. The samples stage then tilts the sample forth and
rotates it around an axis perpendicular to the surface, both at specified intervals.
The resulting plot shows the intensity at each point on the recorded spherical cap
around the axis perpendicular to the surface. With this, the texture of the sample
can be studied. Comparing to calculated values, the orientation of specific crystal

structures can be obtained.

1.6.2 Atomic Force Microscopy (AFM)

Components

The essential parts of an atomic force microscope are the sample stage, the can-
tilever with a sharp tip and the detection system. The cantilever commonly con-
sists of silicon and is on the order of 0.1mm long. The tip can be sharp enough for
atomic resolution. A simplified schematic of the apparatus is shown in figure 1.9.

Physical principle

The AFM takes topological images by probing the surface of the sample. When
the tip gets very close to the surface, it is repelled by atomic forces. This causes
the cantilever to bend. The cantilever reflects light from a laser which is then
detected by a four-segment photodiode. This way, the bending of the cantilever
can be detected.

Operational modes

Different operational modes are available: In contact mode, the tip constantly
touches the sample surface. Through a feedback loop, the sample surface can be
kept at a constant distance from the tip. How much the sample or the tip have to
be moved in order to keep this constant is then mapped, creating the topological
image. However, the force exerted on the tip is not only dependent on the distance
to the sample surface, but also on other factors like the sample material. Contact

19



Piezo
Oscillator

er

z Piezoelectric
Tube
Scanner
)
X

Figure 1.9: Basic schematic of an atomic force microscope. [33]

mode has the disadvantage of potentially damaging the sample surface, so that a
repeated scan of the same area could yield different results.

In tapping mode, the cantilever oscillates at a certain frequency while scanning
the surface, thus ”"tapping” instead of dragging over it. The cantilever oscillates
close to its resonant frequency. Protruding surface features decrease the oscillation
amplitude, depressions in the surface increase it. Here, the amplitude is kept
constant through a feedback loop controlling the distance between sample and tip.
This way, a topological map is created. Tapping mode mitigates the problem of
damaging the sample surface.

Another mode of operation is called non-contact mode. Here, a constant dis-
tance between tip and surface is kept, and the Van-der-Waals interaction is mea-
sured. This is significantly weaker than the other forces, leading to a lower imaging
resolution in this mode. [33]

1.6.3 Ellipsometry

In spectroscopic ellipsometry, unpolarized light passes through polarization filters,
creating a beam with a known polarization. The polarization has a component
that is parallel to what is called the plane of incidence, referred to as ¢,, and
one that is perpendicular to it, reffered to as e,. This beam reflects off both the
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surface of the film and the interface of film to substrate. Through this reflection
and the interference of the reflected beams, the phase and the amplitude of the
beam changes. These parameters are detected through comparing the outgoing
beam with the incident one. The functioning principle is illustrated in figure
1.10. Ellipsometry is an indirect measurement method, which means that the
recorded data does not give the desired quantity to be measured. Instead, models
corresponding to certain film thicknesses are created and fitted by a software until
they agree with the measured data. [33]

Incident Normal

Reflected

Plane of
Incidence

Figure 1.10: Illustration of the basic functional principle of ellipsometry. [33]
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Chapter 2

Experimental

The experiments were conducted in the time from June to August 2020 at Link6ping
University. Because of the Covid-19 situation, this time and the access to the labs
was limited. Some analyses could not be repeated in order to get a measure of
spread for the results.

2.1 Substrate preparation

The original c-plane sapphire wafers are cut into 1 by 1 cm squares, which are
numbered with a diamond pen. Then, they are cleaned with a procedure that was
developed by the Radio Corporation of America (RCA) [17]. This is why the main
cleaning steps are called ”"RCA 1”7 and "RCA 2”. In literature, the method is often
called RCA cleaning procedure or similar. It was done as follows:

Initial clean This is done to remove fingerprints, heavy residue and organic
contamination. The substrates were fully submerged in acetone and put into an
ultrasonic bath for 15 minutes. Then, they were rinsed with deionized water.

RCA 1 This is done to remove organic contamination. A solution of 5 parts
H,0, 1 part NH3 (25 %) and 1 part HyOs (30 %) was prepared; using 125 ml,
25 ml and 25 ml, respectively, in which the substrates were submerged. This was
heated up to approximately 85 °C and kept at that temperature for 5 minutes.
Afterwards, the substrates were rinsed with water again.

RCA 2 This is done to remove inorganic contamination and particles. The same
procedure is done as in RCA 1, but with a solution of 6 parts HyO, 1 part HCI1
(37 %) and 1 part HoOy (30 %), using 120 ml, 20 ml and 20 ml, respectively.
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Dry After the RCA cleaning process is done, the samples are submerged in
ethanol and heated. They are taken out one by one and dried with a Ny-blower
and put in the substrate containers.

2.2 Epitaxial growth of 3-Gay0O3

The thin film was grown in a hot-wall MOCVD reactor. As precursors, TMGa
and Oy were used. As an inert gas, Argon was used. At first, all of the growth
parameters were kept at the same values except for the temperature. Seven films
were grown, with temperatures of 850, 830, 810, 800, 790, 770 and 750 °C. Analysis
of these showed trends indicating better crystalline quality that continued all the
way to the lowest growth temperature of 750 °C, so it was decided to do additional
growth runs at 700 °C and 650 °C. At this point, analysis showed worse results
again, so no further runs at even lower temperatures were done.

It has been shown that an increased ratio of oxygen to gallium-precursor may
have a positive impact on crystal growth [5]. This was another area of interest to
be investigated. At the time this work was done, it was not possible to increase
the oxygen flow rate due to technical limitations. Instead, the TMGa flow was
reduced while maintaining the same oxygen flow rate. The last three samples in
this list were grown with a slightly lower oxygen flow rate. This was unintentional;
the mass flow controllers did not open all the way to the desired value. For
the investigation of the effect of lower TMGa- to oxygen-flow ratios, another run
(sample 18) was done with the lower oxygen flow rate and the normal TMGa flow
rate for comparison. Each growth run was done for two hours.

A list of the samples with information about the growth parameters is given
in table 2.1.

Sample name Growth temperature (°C) Oxygen flow rate (ml/min) Note
11 850 41
14 830 41
15 810 41
13 800 41
16 790 41
05 770 41
06 750 41
07 700 41
09 650 34
18 700 34
01 700 34 Lower TMGa flow

Table 2.1: Sample list 1 (growth parameters overview)
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2.3 Analytical methods

2.3.1 Atomic force microscopy (AFM)

AFM images were taken in tapping mode with horizontal and vertical field widths
of 20, 10, 5 and 2 pm, with a resolution of 256 by 256 pixels for each image. The
root mean square (RMS) surface roughness was acquired. The instrument used
was a Digital Instruments Dimension 3100.

2.3.2 Ellipsometry

Ellipsometry measurements were taken to determine the film thicknesses. The
device used was a J.A. Woollam RC2 ellipsometer.

2.3.3 X-Ray diffractometry (XRD)

20-w curves were recorded of all samples. Pole figures were recorded for some
samples. The instrument used to obtain the rocking curve and pole figure mea-
surements was the Malvern PANalytical Empyrean system. For the incident beam
optics, an X-ray lens was used. As a detector, the PIXcel3D was used together
with a parallel plate collimator. For the 20-w measurements, the PANalytical
X’Pert PRO system was used.
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Chapter 3

Results and discussion

3.1 Overview

Table 3.1 gives a quick look at some analysis results, which will be discussed in
detail in the subsequent sections. The ”sample name” is simply a number by which
the sample has been referred throughout the work and is tied to the substrates.

Sample name Growth FWHM of Film Surface
temperature (°C) B-Gaz03(201) thickness (nm) roughness (RMS),
rocking curve (°) (nm)
11 850 2.05 125 7.4
14 830 1.77 136 10.0
15 810 1.92 124 9.6
13 800 1.79 124 9.9
16 790 1.67 127 9.9
05 770 1.55 121 7.5
06 750 1.51 125 7.9
07 700 1.43 111 7.3
09 650 123 9.0
18 700 115 5.8
01 700 1.27 92 6.4

Table 3.1: Sample list 2 (analysis results overview)

25



3.2 AFM

Topological images of 5x5 pm sections the sample surfaces are depicted in figure
3.2. The RMS surface roughness values were taken from 20x20 pm images. They
are summarized in table 3.1 and shown as a graph in figure 3.1. The samples
grown at temperatures from 790 °C to 830 °C have a rougher surface than the
ones grown at lower and higher temperatures. A possible explanation for this is the
following: Oxygen is present in the growth chamber before the gallium precursor is
introduced. This means that there is a time frame in which the substrate is at the
desired temperature but no film growth happens. This might lead to the etching
of the substrate surface, changing the morphology of it. A thin film that grows
on this surface will be affected by this. At lower temperatures, there might be no
or only a low amount of surface etching, leading to a smoother film. At higher
temperatures, the substrate might be etched, but in a non-uniform way, leading
to a rougher film surface. At even higher temperatures, the etching might become
uniform, leading again to a smoother surface.

Sample 01, which was grown with a lower TMGa flow rate, has a slightly lower
roughness, but the same is true for the control sample 18. Thus, the lower TMGa
flow rate was likely not what caused this difference.

Some reported surface roughness values from literature can be found in section
1.5.5 for comparison.

%50 700 750 770 790 810 830 850
Growth temperature (°C)

Surface roughness (RMS, nm)
[@))
I
|

Figure 3.1: Surface roughness (RMS) values of the films grown at different tem-
peratures. Sample 01 which was grown at 700 °C but with lower TMGa-flow is
included. It has a lower roughness, but so does sample 18 (not included in this
graph, see table 3.1).
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(a) 11 (850 °C) (b) 14 (830 °C) (c) 15 (810 °C)

(d) 13 (800 °C) (e) 16 (790 °C) (£) 05 (770 °C)

(g) 06 (750 °C) (h) 07 (700 °C) (i) 09 (650 °C)

() 18 (700 °C) (k) 01 (700 °C, lower TMGa)

Figure 3.2: AFM images of the samples; 5x5 pm, y-axis: £200 nm.
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3.3 Ellipsometry

The thicknesses of the films were measured with ellipsometry. As seen in figure
3.3, the thickness stays at a similar value throughout the temperature series. This
means that the deposition in the MOCVD-reactor happens in the mass-transport
limited regime (see section 1.5.4) throughout the entire temperature range used.
What supports this further is the fact that sample 01, which was grown at 700 °C,
but with a lower TMGa flow rate, is thinner than sample 18, which is grown with
the higher TMGa flow rate but otherwise the same parameters.

200

E/ 150 | :
§ \/W\
< 100 |- i
2 X
g
£ 50} :
&

%50 700 750 770 790 810 830 850

Growth temperature (°C)
Figure 3.3: Film thickness values for the films grown at different temperatures.

Sample 01, which was grown at 700 °C but with lower TMGa-flow has a lower
thickness.
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3.4 XRD

3.4.1 20-w measurements

20-» XRD-curves were recorded for all samples. Here, the (201), (402) and (603)
peaks can be seen (see figure 3.5). The values for the 20-angles corresponding to
these crystal planes calculated with the software CaRlIne are 18.93 °, 38.40 ° and
59.12 °. Because it is a family of planes, these three angles are spaced at approxi-
mately the same interval. The experimentally determined values correspond well
to these calculated values. Since these are by far the most prominent peaks in these
data - excepting the sapphire peak from the substrate - it can be assumed that
the films consist of mostly 3-GayOz with (201)-orientation. This is investigated
further with pole figure measurements (see section 3.4.3).

CaRlIne is a software that allows the modelling of crystal structures. Powder
diffraction XRD peaks can be calculated, as well as peaks expected in pole figure
measurements. The values for the positions of the atoms within the unit cell are
taken from [29]. A model of the -GayO3 unit cell created with CaRlIne is depicted
in figure 3.4.

Figure 3.4: Model of 3-GayO3 unit cell, created with the software CaRlIne.
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Figure 3.6: The relative 3-Ga;03(201) peak intensity to the sapphire (0006) peak
as well as the FWHM acquired in rocking curve measurements of the (201) peak
are shown here. The lower values for both of the graphs are the ones for sample
01, which was grown with a lower TMGa flow rate.

For the 20-¢» XRD curves that were recorded, the ratio of the maximum in-
tensity of the sapphire (0006) peak and the -GayOs (201) peak were calculated.
When this ratio is plotted in a graph (see figure 3.6), a trend can be seen: The
intensity of the (201)-peak of -GayOs3 is increasing (in relation to the sapphire
(0006)-peak) with decreasing growth temperature, until this trend is reversed com-
pletely at 650 °C. The film grown with a lower TMGa flow rate has a lower peak
intensity, which could be due to its lower thickness.

Rocking curve measurements were also done for the (201)-peaks of the samples
and show a similar trend. The FWHM of the peaks generally decreases from 850
°C all the way down to 700 °C (see figure 3.6). The value for the film grown at
650 °C is not included in the plot, because for that sample, the peaks was too
undefined to determine a FWHM. The film grown at 700 °C with a lower TMGa
flow rate has a narrower peak. In literature, an FWHM of this peak for $-GayO3
thin films grown on c-plane sapphire by different methods have been reported at
around 1 ° [20, 28].

Because of these trends, it is assumed that a temperature of around 700°C gives
the best conditions for the growth of B-GayO3 thin films with the other parameters
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set to the values used in this work.

All samples show a low peak at about 48.5 °, but it is most pronounced in
sample 14 (see figure 3.5). This peak most likely stems from a different crystal
structure. B-GayOgs does have peaks at about this 20-angle, namely the (510)- and
(003)-peaks at 20=48.59 ° and 48.42 °, respectively. However, if it were 3-GayO3-
crystallites with one of those two orientations parallel to the surface that caused
this peak, then these grains should cause additional peaks in the pole figures. For
example, the (201)-peak of those crystallites should be visible at about y = 62 ° in
the pole figures recorded at 20 = 18.9 °. However, no such peaks are visible (see
figure 3.8).

An effect that has not been studied here, which could however have an influ-
ence on the growth, quality and structure of the films is the possible inclusion
of impurities. A source for carbon impurities could stem for example from the
susceptor, which is made out of graphite.

3.4.2 Williamson-Hall analysis

Two factors contribute to the broadening of peaks in XRD: Grain size - smaller
grains lead to stronger broadening - and microstrains. An analysis method has
been developed that allows the investigation of both of those factors with the use
of the 20-w curves [39].

For this analysis, one needs more than one peak, ideally multiple from a family
of planes; i.e., h,k,l and higher order peaks nh,nk,nl. In this case, we use the (201),
(402) and (603)-peaks of 3-GasO3, which are clearly visible in the data.

The effect of crystallite size on peak broadening is given in equation 3.1:

A
Dcos@

A(26) = (3.1)

Where A(20) is the FWHM of the peak, A the wavelength of the X-rays and D
the crystallite size.

The effect of microstrains or defects, which cause variations in interplanar
distances, is given in equation 3.2:

A(20) = 2& tan 0 (3.2)
a

Where a is the lattice constant and % a measure for microstrains.
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We can then add these two components and rearrange to achieve a linear
equation in the form y = kz + d:

Aa . A
A(20) cos = 2 - sin 6 + D (3.3)
The part on the left side of the equation is now our y of the linear equation, and
sin 6 corresponds to x. We can then take the FWHM- and 0-values of our three
peaks and use them to calculate three points that are expected to be on a linear
slope. A linear fit can then be applied. From the intercept of this fit with the
y-axis, the grain size can be deduced. The incline of the fit gives a measure for
the microstrains.
Figure 3.7 shows the grain sizes and microstrains for the films grown at various
temperatures as calculated with this method.
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Figure 3.7: Grain size and microstrains of the thin films at various temperatures,
as calculated with the Williamsen-Hall analysis.

The peaks in the 20-w-curves of the samples grown at 650 °C and 850 °C were
not defined enough to do this analyis. The margin of error of this method is
quite high, meaning that this method does not give a very accurate picture of
the crystallite sizes in the film. A general idea of the size of the grains is given
nonetheless, which is that they are about a third to a half of the film thickness.
Furthermore, a trend can be seen, showing slightly larger grain sizes at the higher
growth temperatures. This could be caused the higher mobility of adsorbed atoms
from the gas phase during growth. For the microstrains, a slight trend towards
higher strains at higher growth temperature can be seen.
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3.4.3 Pole figure measurements

To investigate the crystal structure and texture of the thin films, pole figure mea-
surements were done on the following four samples: 11 (850 °C), 06 (750 °C), 07
(700 °C) and 01 (700 °C, lower TMGa flow). Table 3.2 gives an overview of the
expected and measured angles for the pole figures, and the angles where peaks
were recorded. The positions of the peaks on the plots were the same for all four
samples. Comparing the recorded peaks to the the calculated values for the dif-
ferent crystal orientations and polymorphs of gallium oxide, one can see that the
only clear peaks visible are ones corresponding to (201)-3-GagO3.

Very noticable for all peaks not at y = 0 ° is their six-fold symmetry. All of them
are visible six times at their respective y-values at intervals of ¢ = 60 °, rotated
around the center in the pole figures. From this, it can be deducted that the thin
film is not single crystalline. The crystal grains in the thin film responsible for
these peaks, while all having their (201)-planes parallel to the surface, are rotated
at intervals of 60 ° around an axis perpendicular to the surface. Because for every
six-fold, the peaks are at similar strength, it can be assumed that the rotational
distribution of the grains is even. Seiler et al. [34] and Nakagomi and Kokubun [24]
explain the epitaxial relationship between c-plane sapphire and 3-Gay O3, including
how this six-fold symmetry comes to be.

Additionally, there were some unexpected peaks for sample 11 in the pole figure
done at 20 = 31.7 ° that occur at y = 80 ° and also exhibit a six-fold symmetry
(see (c) in figure 3.8). These cannot be caused by (201)-3-GayOj grains, as there
are no crystal planes with a spacing that would lead to peaks close enough to 20
= 31.7 ° at a surface tilt of about 80 °. The same is true for (0001)-Al;O5. The
origin of these peaks could not be determined in the frame of this work.
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20 () |20 ()| x () X (°) B-GazOs X (°) a-Gaz0s
calc. | meas. | experim. calculated calculated
(hkl) texture texture | (hkl) texture
(201)  (101) (002)
18.93 18.9 0 (201) 0 72.39 (002) 0
30.05 30 25, 55 (400) 53.89 53.72 (013) 0
30.45 (401) 23.50 84.11
31.73 | 31.7 22.5, 50 | (202) 22.52 49.86 (031) 72.71
31.76 (002) 49.97 22.45 (122) 54.67

Table 3.2: The first column gives the calculated 20-values where peaks are ex-
pected in the pole figures. The second column are the angles at which measure-
ments were done. Column 3 gives the angles at which peaks were recorded. The
further columns gives the corresponding y-values where peaks are expected - the
values for 3-GayOs were calculated with CaRlIne, the o-GayO3 values are taken
from [34].
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(a) 11 (8:50 )-18.9°

)-189°

(d) 06 (;56 0

(i) 07 (700 °C) - 31.7 °

(j) 01 (700 °C, lower TMGa) (k) 01 (700 °C, lower TMGa) (1) 01 (700 °C, lower TMGa)
-18.9° -30.0° -31.7°

Figure 3.8: Pole figure plots (sample name, growth temperature, 26-value)
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Chapter 4

Conclusion

The goal of this work was to achieve heteroepitaxial growth of 3-GayO3 thin films.
Since the growth of gallium oxide through MOCVD is relatively new and unex-
plored, the effect of different growth parameters on film growth with a new reactor
has to be investigated. The main goal of work was to study the effect of growth
temperature. Furthermore, the effect of a different TMGa to oxygen flow rate
ratio was explored.

Films were grown on c-plane sapphire substrates in a horizontal hot-wall MOCVD
reactor in a temperature range from 850 °C to 650 °C. The samples were then anal-
ysed with AFM, ellipsometry and XRD. With the help of the AFM, an idea about
the surface roughness of the films was given: From 830 °C to 790 °C, the roughness
was slightly above that of the films grown at higher and lower temperatures. A
possible explanation for this could be the non-uniform etching of the substrate
surface at a certain temperature range, before the gallium precursor is introduced
to the chamber.

The thicknesses of the films was around 120 nm after a deposition of two hours,
meaning that the growth rate is about 60 nm per hour. No trend correlating to
growth temperature was found. Decreasing the TMGa flow rate led to a decrease
of growth rate. Both of those factors indicate that at the investigated temperature
range, the vapour deposition is in the mass-transport limited regime. The growth
rate compared to literature values (see section 1.5.5) is relatively slow.

With the help of XRD, 20-w, rocking curve and pole figure measurements were
taken. This gave information about the crystal structure and texture. It was shown
that B-GagOj crystallites with the (201)-plane parallel to the substrate surface were
grown. They are rotated in a six-fold symmetry around an axis perpendicular to
the surface. Possibly, an amount of crystallites of another structure were included
in the film, of which the origin could not be determined. It is possible that they are
of a different gallium oxide polymorph. The 3-GayO3 peaks were strongest relative
to the substrate peak at a growth temperature of 700 °C. Similarly, the FWHM
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of the rocking curves were smallest at this growth temperature. This suggests
that 700 °C is most suited for the growth of 3-GayO3 thin films in this reactor. A
Williamsen-Hall analysis was done, which showed that the grain size in the thin
films is about a third to a half of the thickness of the films.

The growth of B-GayO3 thin films was a success, and a good idea about the
effects of temperature was given, laying a groundwork for further research and
development of the MOCVD of this up-and-coming ultrawide-bandgap semicon-
ductor material. One of the next steps in that process is for example to study
the effect of a significantly increased oxygen flow, which could not be done in this
work due to technical limitations of the reactor at that time. This is assumed to
significantly increase the growth rate, as indicated in literature [5]. Furthermore,
the homoepitaxial growth on native 3-GayOg3 substrates can be investigated.
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Acronyms

AFM atomic force microscopy. x—xii, 19, 24, 26, 27, 37
BFOM Baliga’s figure of merit. 2, 4

FWHM full width at half maximum. xii, 14, 25, 31-33, 37
HVPE halide vapor phase epitaxy. x, 7

MBE molecular beam epitaxy. x, 8
MFC mass flow controller. 9
MOCVD metal-organic chemical vapor deposition. x, xii, 8-13, 23, 28, 37, 38

MOSFET metal-oxide field-effect transistor. 4

RCA Radio Corporation of America. 22, 23

RF radio frequency. 9
UV ultraviolet. 3, 5

XRD X-ray diffractometry. x—xii, 14, 17, 18, 24, 29-32, 37
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