ABSTRACT

ROUTH, EVYN LEE. Development of Device-Quality InGaN Templates for Use in Long
Wavelength LEDs and Solar Cells. (Under the direction of Dr. Salah Bedair).

The InGaN material system continues to provide a promising avenue into monolithic full-
visible spectrum LEDs, and multi-junction solar cells, due to the tunable direct bandgap that is
dependent on the Indium-content of the compound. However, InGaN-based optoelectronics still
face several challenges for achieving efficient high-wavelength emission. Traditionally, higher-
Indium content QWs are achieved by lowering the growth temperature during epitaxy. However,
the lower growth temperature is accompanied by crystal quality degradation. In addition, InGaN-
based devices are not afforded the privilege of native substrates, and thus, large lattice mismatch
is formed between the active regions of the device and the underlying substrate; this difference
is enhanced as the In-content in the active regions is increased for longer wavelength devices,
leading to compressive strain. Because of the hexagonal crystal structure of InGaN, the strain
induces a piezoelectric field that reduces electron-hole wavefunction overlap in QWs, reducing
radiative recombination, and thus, overall quantum efficiency. This issue is colloquially referred
as "the green gap" and has hindered development of high-efficiency long wavelength InGaN
LEDs. Therefore, it is advantageous to reduce the amount of strain present in the active regions
of the devices.

One such way to address the strain present in the active region of InGaN optoelectronic
devices is to grow on a template that has a reduced lattice mismatch than that of GaN. This
dissertation focuses on the semibulk (SB) growth approach for InGaN templates. InGaN grown
on GaN is under compressive strain, and thus rejects indium atoms during film growth; as
the growth progresses, the film will begin relaxing once a critical layer thickness is met,
incorporating more indium. This is known as the compositional pulling effect. The semibulk
growth approach takes advantage of the compositional pulling effect by systematically relaxing
the template by growing 20-40 nm of InGaN, and then resetting the growth surface with 1-4 nm
of GaN (GaN interlayer). This systematic relaxation allows for higher indium incorporation as
the growth progresses. Highly relaxed InGaN templates with good surface morphology can be
achieved.

This dissertation focuses on optimization of the semibulk growth approach to create highly
relaxed semibulk templates with device-quality surface morphology, as well as efforts to increase
the indium content of the semibulk templates, and p-type doping of the templates grown via

metal organic chemical vapor deposition (MOCVD).



By gradually increasing the thickness of the GaN interlayer of the SB as the growth pro-
gresses, surface morphology improvement was observed, with dislocation density comparable to
that of GaN. The root-mean-squared (RMS) roughness as measured by atomic-force microscopy
(AFM) decreased by 60% when gradually increasing interlayers were used. It was also demon-
strated that an in-situ silane etched followed by quantification of etch pit density (EPD) via
AFM results in similar values obtained via High-resolution x-ray diffraction (HRXRD) rocking
curves.

SB structures with high-temperature (HTSB) regions displayed surface morphology im-
provement, and showed that relaxation and indium incorporation are not negatively impacted
by their insertion. By introducing a 5-period region grown at a hotter temperature after the
21% region, and on the top of the template, the surface was improved to an RMS roughness of
1.7 nm, and an average pit depth reduction of 66%. Secondary-ion mass spectrometry (SIMS)
was used to show the In-content as the growth progressed, and was coupled with HRXRD to
determine the relaxation of the film. The topmost region prior to the last HT'SB region displayed
an In-content of 11.5% and relaxation of 76%. In addition, an LED device grown on a template
with two HT'SB regions was shown to enhance the optical density by 40%, the external quantum
efficiency (EQE) by 30%, and delay the onset of droop.

Efforts to enhance the indium content past 12% and approaching full relaxation of semibulk
structures was explored using three methods: a traditionally lower growth temperature, a sudden
temperature step decrease in the middle of the growth, and a gradual temperature gradient as the
growth progressed . The traditionally lower growth temperature showed a low quality surface,
not suitable for devices. Introducing a sudden temperature step improved the RMS roughness
by 50%, and the average pit depth reduced by 30%. The graded temperature SB showed an
RMS roughness improvement of 63% and a pit depth reduction of 59%. SIMS displayed an
In-content of 13.4% for the graded SB, and coupled with HRXRD, showed a relaxation of 93%.

Hole concentration was found to be enhanced as the In-content was increased in Mg-doped
semibulk. Hole concentrations of mid 10'* cm™ was displayed using Mg-doped semibulk with
In-content of 15.2%. Temperature dependent hall measurements were used to estimate the
activation energy, and it was found that the activation of p-type GaN was 236 meV, and was
reduced to 29 meV in the semibulk with 15.2% In.
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Chapter

Introduction

1.1 Motivation

One of the great challenges of modern history is how we can meet the energy demands of
humanity. As our processing power becomes stronger, our populations larger, our lives more
connected, and our communications farther reaching, our need for energy grows, as well. It is
projected that in comparison to 2020, our global energy demands will increase 50% by 2050
[1]. Renewable energy consumption is on a steep incline, and is projected to account for 27%
of consumed energy in 2050, with solar becoming the number one source of net electricity
generation [1]. Thus, our efforts towards development of renewable energies and ef cient devices
must continued to be pursued. There are many facets of our growing energy demands, and many
solutions across multiple disciplines. From an optoelectronics perspective, our energy needs
can be addressed by creating more ef cient LEDs and strengthening compound semiconductor

photovoltaics.

1.1.1 A brief history of Photovoltaics

Harvesting solar energy has been thought of as a relatively recent scienti c advancement
by humanity. To give credit where credit is due, and while it is true that we do so in a much

more technological manner, our predecessors have been utilizing solar power for millennia. For



the focus of this dissertation, we will skip ahead to the mid 19th century, where the discovery
of the photovoltaic effect would change how we as a species harnessed solar energy. The rst
solar cell was invented in the late 19th century by Charles Fitts, out of selenium coated with
a gold layer. His solar cell achieved ef ciencies of about 1-2%. Charles Fitts went on to say
"We may ere long see the photoelectric plate competing, in high ef ciency of conversion, with
the dynamo electric machine itself..." [2]. Today's researchers still hold this optimism for the
technology. The early 20th century began with an explanation of the photoelectric effect from
Albert Einstein, and the development of the growth methods that would lead to silicon crystal
growth by Jon Czochralski. In 1954, Bell Labs introduced the rst silicon solar cell, with 6%
ef ciency. This technology was again seen as ground breaking in the realm of energy creation.
Today, the ef ciency record for a Si solar cell is 26.6%, approaching the theoretical limit of
29.4% [3]. Poly-crystalline and single crystal Si solar cells are referred to as " rst generation
solar cells".

Second generation solar cells saw the development of thin Ims for solar applications,
with materials such as amorphous Si, cadmium telluride (CdTe), GaAs, and copper indium
gallium de-selenide (CIGS). Although cost could be reduced due to the smaller amount of
material used, these materials are still cost prohibitive due to raw material availability and
fabrication costs [4]. Thus, to meet our energy demands, the cost of fabrication vs. energy output
must be considered.

Staying with thin Ims, a multi junction solar cell (MJSC) is a promising approach
to increasing solar cell ef ciency [5, 6]. MJSC or tandem cells are solar cells with different
bandgaps stacked on top of each other. In fact,a quadruple junction InGaP/GaAs/InGaAsP/InGaAs
cell achieved 46% ef ciency [7]. The theoretical ef ciency of an in nite MJSC with concen-
trators is 86.8%, however, for practical applications, we can scale that down to that of a 4
junction solar cell, at 53% [8]. kGa;xN (the material of interest in this dissertation) is a
suitable material candidate for MJSC, due to its direct bandgap, and has the potential to span
the entire visible spectrum, with a bandgap of 0.7 to 3.4 eV, depending on the indium cantent,
InyGay«xN is an attractive material for MJSC since it is one material system. Growing different

compounds with speci cally desired bandgaps on each other, such as the 4 junction solar cell



above, can be challenging due to lattice mismatch, and requirement of multiple source materials

for deposition.

1.1.2 A brief history of LEDs

From candles, to incandescent bulbs, to orescent bulbs, to light emitting diodes, our lighting
capabilities have made substantial progress. The journey to the LED begins in 1907 with the
discovery of electroluminescence [9], leading to the invention of a SiC-based LED in 1927 [10].
Fast forwarding to the 1960's, the patent for the "Semiconductor Radiant Diode" is submitted,
for a IR emission GaAs based LED [11]. As the price of production dropped, commercialization
followed. Until the 1970's, LEDs primarily were limited to the IR spectrum (GaAs), or the
upper visible spectrum (GaAsP).

The rst GaN based LED was published in 1971, highlighted green emission, with
an external quantum ef ciency of 1% [12]. The LED was doped with Zn, the popular p-type
dopant used in other llI-V's, and emission was attributed to deep level transmissions, and not
the bandgap itself. Later, using Mg as the p-type dopant, blue electroluminescence emission was
demonstrated [13]. Mg has since been used as the p-type dopant for nitrides. As will become
apparent in this dissertation, green emission would later become the nitride researcher's focus.

However, GaN LED development was stalled due to the insulating nature of p-type
GaN, until 1989, When Hiroshi Amano, Isamu Akasaki, and coworkers developed the activation
of p-type GaN via low-energy electron-beam irradiation (LEEBI) [14]. Nakanetied. then
demonstrated p-type activation via thermal annealing (More detail on p-type doping of nitrides
can be found in section1.3.3 and Chapter 8). Shuji Nakamura went on to invent the high
ef ciency blue InGaN based LED [16]. Nakamura, Amano, and Akasaki would later be awarded

the 2014 Nobel prize in physics for their contributions to the invention of the blue LED.

1.1.3 White LEDs

Currently, white LEDs are created by coating high ef ciency blue LEDs with a phosphor

coating. The phosphor coating (PC) allows some of the blue light through, while also reducing



the energy of other emitted photons, into the yellow uorescence range, producing yellow and
blue emission. The blue and yellow emissions mixes, creating white light. Although this is

a relatively mature and cost effective solution to white emission, the major downside is the
loss of energy and ef ciency. The next generation of white LEDs, based on true RGB (red,
green, blue) LED emission on a single chip will result in less energy consumption. However,
as further discussed below and throughout this dissertation, high ef ciency green LEDs (and

higher wavelengths) are still yet to be realized.

1.1.4 micro LEDs

Adding to the desire to achieve true white LED emission via color mixing is the drive for
development of a monolithic micro LEDMLED). As our technologies miniaturize, and the
market drives for higher resolution and high brightness displays, InGaN has become a material
of interest for monolithic epitaxy for display applications. Ef cient full spectrum REAEEDS

that can be integrated into a single pixel are desired. The bandgap of InGaN that spans the entire

visible spectrum makes this material system a prime candidate.

1.2 InGaN based devices

As highlighted in the history of PV technology and LEDs, InGaN shows a promise in the future
of both devices. InGaN based LEDs are much more mature compared to that of InGaN based
MJSC, and are rather easily "translatable" to each other. Thus, MJSC technology can borrow
and learn a lot from LED development. As mentioned, long wavelength InGaN based LEDs are
still highly desired. With the development of full spectrum LEDs, full visible spectrum MJSC
can also progress. As seen in Fig. 1.1 [17, 18], achieving full range InGaN covers a large portion

of the AM 1.5 spectrum.



Figure 1.1: a)The bandgap of lll-nitrides as a function of lattice constant. The visible range is
highlighted according to its color. b) Extension of the theoretical bandgap of IlI-nitrides as a
function of solar irradiance at AM 1.5.

1.3 Current challenges for InGaN based optoelectronics

1.3.1 Heteroepitaxy

Unlike arsenide-based and phosphide-based semiconducting materials, nitride-based devices do
not enjoy the advantage of lattice matching nor a native substrate. Free standing GaN substrates
are still incredibly cost-prohibitive and challenging to grow, as compared to GaAs and InP. This
means that GaN is grown heteroepitaxially on sapphire, introducing defects into the substrate.
In addition, arsenides and phosphides often can utilize lattice matched material. Speci cally,
arsenides in the telecommunication bandgap region can be lattice matched to InP or GaAs,
depending on the material and composition used. IR optoelectronic applications in phosphides
and arsenides can also be lattice matched to InP or GaAs. However, the region of interest for
Nitrides is in the visible spectrum, much farther than GaN; the lattice mismatch between InGaN
and GaN introduces a large amount of strain into the region of interest. Thus, growth techniques

in heteroepitaxy for buffer/template layers is of interest to nitride researchers.



1.3.2 The green gap

Further discussed in Section 4.1.4, one of the major hurdles of the realization of InGaN devices
is the green gap. The green gap refers to the lack of ef cient devices in the green visible spectrum
regime, as seen in Fig. 1.2. Current green LED technology employs blue LEDs with phosphor
coatings that converts blue emission to green. The human eye is much more suggestible to green
emission (one can think of our eyes being calibrated to the center of the visible spectrum-which
lands on green). However, for color mixing for white emission, this is not desirable, nor is it
energy ef cient. As seen in Fig. 1.2, llI-Nitrides achieve high external quantum ef ciency (EQE)

in the blue regime, but drop off as the wavelength increases. InGaN LEDs have successfully
spanned the entire visible spectrum, but with a low EQE as the wavelength is increased. As
seen on the right side of Fig. 1.2, lll-phosphides perform well in the red regime, with a drop-off
of EQE as the wavelength is decreased. However, |lI-P based LEDs undergo a transition from
direct to indirect bandgap as the emission wavelength is decreased, contributing to the reduction
of ef ciency. Therefore, IlI-nitride researchers have focused on the green gap, and attempted to
increase the ef ciency of InGaN based devices, by engineering the material properties, device

design, and growth templates to reduce some of the causes of the green gap.



Figure 1.2: EQE vs. wavelength, as reported in the literature [19-23]. The green gap is shaded.
Reprinted with permission (with modi cation) from Matthias Auf der Maur, Alessandro Pecchia,
Gabriele Penazzi, Walter Rodrigues, and Aldo Di Carlo, Physical Review Letters, 16, 027401,
2016. Copyright (2024) by the American Physical Society.

1.3.3 P-type doping Nitrides

As mentioned, p-type doping alluded nitride researchers for some time, until LEEBI and thermal
activation was realized. The issue of p-type doping GaN is a multifaceted problem. Like other
wide-bandgap semicondcutors, GaN displays doping asymmetry: the activation energy of N-type
doping in GaN is signi cantly lower than P-type doping. Mg is the only known shallow acceptor
for GaN, at a range of 155-230 meV [24].

Because of the large activation energy required, GaN must traditionally be doped
with a Mg concentration larger than ¥cnv3 [25]. However, due to the solubility of Mg in
GaN, this concentration is limited to the?P@m range, as high Mg concentration can cause
V-pitsand even complete polarity inversion domains (PIDs) [26]. A third challenge arises in
metalorganic chemical vapor deposition (MOCVD), the preferred method of nitride growth:
Mg passivation. In MOCVD, as-grown p-type GaN by MOCVD has little to no active charge

carriers, as the Mg dopant is passivated by free H radials present in the reactor chamber. Atomic



H is unavoidable in MOCVD; pyrolysis of ammonia, the necessary group-lll dopant, results
in an abundant source of H radicals. The H radials then attagk@the p-type dopant for
MOCVD) [27]. An example pathway can be seen in Fig. 1.3 [27].

Figure 1.3: An example pathway of a Mg-H complex formation during GaN growth. a)
represents gas phase reactions where H radicals attack Cp2Mg. b) the electrically neutral Mg-H
complex in a GaN lattice.

Thus, thermal annealing is needed to break the Mg-H complex in the GaN lattice.
But even then, only 1% of the holes are activated [28], leading to asymmetric doping pro les
in GaN devices. Ef cient p-type doping is especially necessary for tunnel junctions in MJSC.

Thus, methods to enhance active holes in devices is desirable.

1.4 Dissertation organization

This dissertation is organized as such:

* In Chapter 2, different growth techniques for llI-nitrides are discussed, focusing heavily on



metal organic chemical vapor deposition (MOCVD), with details of the reactor highlighted.
An overview of characterization techniques and considerations for IlI-nitrides is also

discussed. The chapter nishes with a brief discussion of optoelectronic device operation.

In Chapter 3, the nitride crystal system and properties are detailed, as well as an introduc-

tion to InGaN Im and MQW growth.

In Chapter 4, the unique challenges that InGaN growth and devices face are outlined,
followed by an overview on InGaN heteroepitaxy efforts. InGaN semibulk template

growth is introduced.

In Chapter 5, the usage of a gradually increasing interlayer in semibulk templates is
presented. The gradually increasing interlayer displayed improve surface morphology for
InGaN templates, suitable for device growth. In addition, characterization techniques for

threading dislocations are explored.

In Chapter 6, a high temperature semibulk region is explored for surface morphology
improvement. It was found that by inserting a short-period high-temperature semibulk
(HTSB) region into the semibulk template, surface morphology is improved, namely by
the reduction oW-pit density and depth. LEDs were successfully grown and measured,

showing that the optical properties improved with two HTSB regions.

In Chapter 7, efforts to increase In-content in the the semibulk growth approach are
further studied, such as a traditional approach of lowering the growth temperature, using
a temperature step in the middle of the growth, and employing a temperature gradient

during the growth.

In Chapter 8, semibulk growth is used to achieve hole concentrations of i@,
increasing more than two orders of magnitude when compared to optimized p-type bulk

GaN growth.

In Chapter 9, the ndings of this dissertation are summarized, and future research interests

suggested.



Chapter 2

Heteroepitaxy and characterization techniques

for llI-nitrides

2.1 Metalorganic Chemical Vapor Deposition

Metalorganic chemical vapor deposition (MOCVD) or metalorganic vapor-phase epitaxy
(MOVPE) has been one of the most popular growth techniques for IlI-Nitride Ims. MOCVD
can be thought of as a two part system: the gas delivery system and the reaction chamber. Growth
is achieved by owing precursors across a heated substrate. The atoms used in the grown Im
are delivered via precursors carried by carrier gases such asndNH. Traditionally used
lll-species precursors are trimethylgallium (TMGa), triethylgallium (TEGa), trimethylindium
(TMIn), and Trimethylaluminum (TMAI). For the V-species, Nlis used. At high temperatures,

NH3 decomposes, liberating an N-radical. plid not the most energetically ef cient N source;

the N-H bond is much stronger compared to hydrazineINii,) and hydrogen azide (HN-N

[29]. However, ammonia alternatives are toxic, ammable, and/or explosive, and thus make
excellent rocket fuel components, but not so much MOCVD precursors. Thus, ammonia is the
prevailing N precursor gas. It is ideal to keep the lll-species and V-species separated until just
before the surface reaction is needed, to avoid any premature gas-phase reactions. The reaction

then occurs in the reaction chamber. The chemical vapor deposition reaction can be summarized
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as such, and can be seen in Fig. 2.1 [30]:

1. Gas-phase precursor transport into the reaction chamber

2. Gas decomposition into species of interest; gas-phase reaction of Im precursors
3. Mass transport to the surface

4. Surface adsorption

5. Surface diffusion

6. Film incorporation/nucleation

7. Desorption of volatile reactants and biproducts

8. Removal of desorbed species

The chemical vapor deposition process is very dependent on the growth kinetics and

thermodynamic environment.

Figure 2.1: A schematic representation of the chemical vapor deposition reaction.
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Precursors such as Trimethylgallium (TMGa), Trimethylindium (TMIn), ammoniaz)NH
and carrier gasses such as&nhd H enter the reaction chamber via the gas delivery system in
step 1. In step 2, these precursors break down at elevated temperatures into intermediate species,
releasing various radicals such as methyl groups, and liberated H radicals. For example, TMGa
can decompose into dimethylgallium (DMGa) and a liberated methyl group, or TM&a, H
and NH; can react to form species such as Gagf2hlH- [31]. There are many intermediate
recombinations and decompositions that can occur at this point. In addition to decomposition,
premature reactions of the gas phase species can occur in step 2 and 3, which can be minimized
in reactor design. Mass transport (step 3) is driven by the vapor pressure gradient of the metal
organics between the gas phase and the growth surface.

This difference in vapor pressure drives the metalorganics towards the area of low vapor
pressure, the Im surface, resulting in surface adsorption (step 4), and surface diffusion (step 5)
[32]. In addition to the vapor pressure gradient encouraging metal organic ow to the surface,
the pressure gradient between the gas inlet and the gas outlet also drives horizontally across the
wafer. The region of transition from high metalorganic gas to low metalorganic gas is called the
boundary layer [32]. The adatom mobility dictates the ef ciency and speed of surface diffusion,
and growth parameters (i.e., growth temperature) can be adjusted to assist in increasing adatom
mobility. Ultimately, ineffective surface diffusion can roughen the Im surface, and lead to
inhomogenous Im growth. Surface diffusion leads to Im incorporation (step 6), where a metal
or N species becomes incorporated into the crystal lattice. From here, any leftover volatile
reactants, such as additional not yet decomposed organic species, desorb from the surface (step
7) and return to the gas phase, and are removed via the gas outlet (step 8). Design of the MOCVD

system used in this work to optimize this process is discussed in Section 2.4.

2.1.1 llI-Nitride reaction pathways

Although many models and studies have been conducted on the reaction pathways in MOCVD,
it is still an area of interest to researchers; due to the complicated process, the community has

not settled on a sure reaction pathway for lll-nitrides. Nonetheless, researchers do have models
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to describe the reaction. This section serves to describe a basic understanding of simpli ed
llI-nitride reaction pathways. The IlI-N reaction is very similar to that of the IlI-As reaction,
with a few more (unwanted) pathways. A schematic representation of the GaN reaction pathway
can be seen in Fig. 2.2 [32, 33]. In an ideal world, TMGa and;NRdergo complete pyrolysis

into components that partake in the formation of GaN on the epitaxial surface. The strength of
the metalorganic bond determines the temperature at which homolysis decomposition can take
place. TMGa ( 400-500 C) decomposition occurs at higher temperatures than that of TMIn

( 300-400 C) [34]; decomposition is indirectly proportional to the atomic number of the
metal. The metal organic bond strength is also indirectly proportional to the number of carbon
atoms in the organic ligand; as such, Triethylgallium, G&{§)3 (TEGa) decomposes at lower
temperatures than TMGa.

In addition to molecular homolysis, other chain reactions during pyrolysis can be observed.
For example, monoatomic hydrogen from other reactions also occurring can bond with the
methyl radial of TMGa, creating dimethylgallium (DMGa), and methane.

In the start of gas-phase homolysis, TMGa decomposes, forming DMGa, Ga{Chihd
a methyl radical, Ckt. The methyl radical can then either react with, itielding a neutral
methane that is carried out with outgoing exhaust, or can also assist in the reaction with
ammonia, and ammonia radicals (depicted in Fig. 2.2 foPNidd Ga(CH)?*). From here,
DMGa undergoes homolysis again to form monomethylgallium, Gagf&H(MMGa) and a
methyl radical. MMGa can either then underogo surface diffusion, then react withdiHhe
surface, and the methyl radical and hydrogen bonds breaking, or additional homolysis can occur
to result in a G&' atom that is free to diffuse across the surface.

Ammonia also undergoes homolysis, but different studies have yielded different conversion
ratios, and temperatures of homolysis onset [35]. Ammonia homolysis occurs as the H-N bond
breaks, resulting in N|-, referred to colloquially as "ammonia cracking". In general,sNH
in MOCVD has a very low conversion ratio into N species, and a rule of thumb is that for
reasonable cracking ef ciency, temperatures must exce@000 C. For GaN and AIN growth,
this is not a problem. However, for InGaN growth, the reactor temperature has to be in the

range of 600-800 C. Ammonia can also be broken down by methyl radials seeking H atoms.
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Figure 2.2: A simpli ed version of a TMGa and NfHeaction pathway to form GaN.

Because of the low cracking ef ciency, the ratio of V to Il species must be large to compensate
for the poor N species concentration.

However, NH acts as a Lewis-base, more-so than AsiHPH;, due to the smaller electron
density, higher proton af nity, and Sporbital hybridization of NH . Thus, group-IIl precursors
and NH; can also have unwanted gas-phase pre-reactions. As such, nitride MOCVD reactors
are often designed to keep Ill and V precursors separated for as long as possible, to avoid
these pre-reactions. The pre-reactions are referred to as parasitic reactions, as they reduce the
amount of precursors available to contribute to the epi-growth, and lower the growth rate. The
pre-reaction adduct formation can be seen in the dashed box of Fig. 2.2. TMGa aruiNH

form a TMGa:NH; adduct in a reversible reaction. Three of these adducts can then go onto form
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a a ring, which then decomposes into 3 GaN and G §ptcies. The Ga containing adducts are
generally stable up to 500 C, and can decompose back into the wanted precursors. As such,
high temperature GaN growth can minimize parasitic reactions, and also increases ammonia
cracking ef ciency. Al containing adducts however, are much more stable, and low temperature
AlGaN growth can be accompanied by a reduction in precursors available for epitaxial surface
reactions, and produce nanopatrticles in the reactor.

CP,Mg, the commonly used p-type dopant for nitrides, can also form adducts with NH
As a result, a delay in Mg incorporation in p-type doped materials can be observed, as well as
a condition in MOCVD called "the memory effect." The memory effect occurs when p-type
doping has occurred in a layer preceding a layer or growth that is not to be p-type doped, as a
result of adduct deposits on a reactor sidewall. Thus, after p-type doping, a high temperature

bake is required to rid the system of the ®g-NH3 adducts to avoid unwanted p-type doping.

2.1.2 Boundary layer model

Figure 2.3: The boundary layer model, depicting one-dimensional gas diffusion from the
gas-phase region to the Epi-surface.

The gas ow to the surface can be described by diffusion through a region above the surface
called the "boundary layer." It is important to note that the boundary layer model does not

account for uid dynamics in the reactor, but is still useful in describing the movement of
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precursors to the surface. Gas ow in the boundary layer of thickdesn be described using
Fick's rst law of diffusion, seen in Fig. 2.3 [36] wher® is the diffusion coef cient of the gas,

Ng is the concentration of the gas in the gas-phase near the top of the boundary lay&y, and

is the concentration of the gas near the surface of the growing surface. The thickness of the

boundary layer in the direction of the owl(x) can be described as:

d(x) = p% (2.1)

wherex is the distance from the start of the boundary layer, Rgds the Reynolds number,

de ned as:
I VoX

wherer is the density of the gasy is the gas velocity, anld is the gas viscosity. Thus, the
thickness of the boundary layer is inversely proportional to the square root of gas velocity:
d 1=p Vo, and can be altered by changing gas ow rates, as well as substrate rotation rates.

This model helps describe the downward diffusion of precursors seen in Fig. 2.2.

2.2 Molecular Beam Epitaxy

Although beyond the scope of this dissertation, it is worth mentioning MOCVD's cousin
in epitaxial growth. Unlike MOCVD, Molecular Beam Epitaxy (MBE) is a physical vapor
technique (PVD). Thus, kinetics drive the reaction in an MBE environment. MBE growths
are conducted in ultra high vacuum (<& €orr). The source material for metallic species in
MBE are Knudsen cells, or effusion cells. For I1I-Vs such as lll-arsenides, lll-antimonides, and
llI-phosphides, solid sources can be used for both Il and V species. The source material is
heated, and create a plasma that is directed towards the substrate.

However, for llI-nitrides, the nitrogen species must be supplied via gas. Nitrogen is supplied
either via an ammonia injector (NHMBE) or via nitrogen gas that is ionized via plasma
excitation (plasma-assisted MBE, or PAMBE) to liberate atomic nitrogen. MBE enjoys the

bene ts ofin-situ growth monitoring via re ection high-energy electron diffraction (RHEED)
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that allows researchers to adjust growth parameters based on measured growth rates during the
growth itself. Growth rates of monolayers per second can be employed. BecaysdB

must be conducted at lower temperatures than MOCVD; bldcking ef ciency is reduced,

which is detrimental to indium incorporation in InGaN. Therefore, higher In-content InGaN
must be grown via PAMBE to obtain suf cient nitrogen species. Another key difference between
MBE and MOCVD is the lack of hydrogen passivation of the Mg p-type dopant in GaN; thus,
p-type GaN grown via MBE does not need to be thermally activated after growth. Depending
on the point of view, this is either an advantage or disadvantage. Heavy Mg-doping that is
required for high p-type can suffer from self-compensation, as the defects that are created act as
donors, rendering it electronically neutral[37]. In MOCVD, passivation during growth reduces
the self-compensation that can lead to these deep level donors, and thus, the H-passivation
acts as a Mg protectant during growth. The lack of passivation in MBE grown nitrides can be
combined with MOCVD growth; Ims grown p-type terminated in MOCVD can successfully be
transferred into MBE chambers, without re-passivation of the p-type layer. In addition, because
MBE is grown at a lower temperature, higher In containing nitride layers can be transferred into
MBE for continued growth.

However, MBE nitride growth has mostly been employed in academia, and has yet to make
it to the scaled-up growth throughput needed for industry. As mentioned, MBE growth rates are
on the order of monolayers per second. For comparison, this is approximately a growth rate on
the range of a quarter of a micron per hour. MOCVD growths of GaN can easily reach over a
micron per hour rate. Thus, MOCVD growth of InGaN can be more easily scaled to industry in
its current form, which is necessary for widespread utilization of the technology. This is not
to say that it is not possible to scale MBE nitrides to industry level, but instead, highlights a
research opportunity for future researchers.

However, dilute nitrides have been successfully employed in industrial applications. By
adding a dilute amount of nitrogen to GaAs-based materials, wavelengths can be extended to
above 1500 nm, traditionally inaccessible to GaAs only materials, and has successfully been
implemented in vertical-cavity surface emitting lasers (VCSELS). Thus, industrial PA-MBE

is already being employed, and there could be opportunity for future MBE industrial nitride
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applications.

2.3 Other growth techniques

MOCVD and MBE are the dominating growth techniques for lll-nitrides in research. However,
it is worth noting other growth techniques that are being employed. Halide vapor phase epitaxy
(HVPE) is well utilized for growth of thick GaN, such as for growth of GaN to be used as
free-standing substrates when separated from sapphire [38]. The technique is based on the
chemical reaction:

GaCl+ NH3! GaN+ HCIl+ Hy

HClis rst owed over elemental gallium to form GacCl in a hot zone of a HVPE reactor. The
HCI and NH; are then allowed to react to form GaN. Growth rates of overmd® can be
utilized with HVPE [38]. Because GaN crystals cannot be grown in solution, this technique
is the closest approach in crystal growth to that of “bulk” GaN. This technique, however, is
very cost prohibitive to many researchers and industry alike; comparing the cost of GaN on
sapphire and c-plane free standing GaN from our substrate supplier, the cost of GaN on sapphire
is $8/cnt, whereas free-standing undoped GaN $280/cnf. For specialty planes, such as

M plane and A plane, the cost rises even more $1190/cn3 [39].

Sputtering techniques have also been explored for GaN growth [40]. Like MBE, sputtering
is a PVD technique. The basic principle of sputtering deposition is an inert gas (usually argon)
is ionized in low vacuum. The ionized Argon plasma is then attracted to the negatively biased
source material, such as metallic Ga. With the correct energy reached in the ionized gas, it
collides with the surface of the target material, knocking off atoms. These atoms are ejected and
then deposited onto the substrate (sputtered). In the case of compound materials, such as GaN,
Ga is sputtered in a reactive environment, with ionized nitrogen. Sputtering deposition enjoys
the bene t of large areas of deposition, and relatively environmentally safe precursors. However,
due to the intrinsic nature of metallic Ga, and the heating that occurs due to the provided energy

for the plasma, it can be challenging to maintain a Ga metallic source, thus alternative targets
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are sometimes used [40]. Sputtering is also not an epitaxial growth technique, and has yet to be
utilized to create single crystal growths. Instead, sputtering can be utilized to create amorphous

GaN buffers [41].

2.4 MOCVD system used in this work

Figure 2.4:. Schematic representation of the custom-built MOCVD reactor used in this work.

The MOCVD reactor (nicknamed Ole Mo by it's recent operators) used in this work is
a custom-built reactor dating back to 1994. Despite being the same age as the author (a few
months older, to be precise) at the time of this dissertation’s initial writing, the reactor has served
many PhD students well. The reactor can be thought of in two systems: the reaction chamber
and the gas delivery system, as seen in the highly schematic representation of the reactor in

Fig. 2.4.
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2.4.1 Reaction Chamber

Heat is supplied to the chamber via induction heating. The custom built and designed double-
walled quartz-tube is surrounded by a copper coil that is inductively heated using a Lepel 7.5
kW RF power supply. Quartz is used due to the dielectric nature of the material, and low heat
conductance. The double wall geometry of the tube allows for water cooling for heat dissipation.
The quartz tube can be further divided into two regions: an upper region and a lower region,
separated by a water-cool quartz plate containing uniformly spaced channels. The tube used in
this system features a showerhead design, a common reactor geometry used in both industry and
academia. With a showerhead design, the headroom in the reaction area is reduced, minimizing
gas convection over the susceptor, and delivers an even distribution of gases.

The bi-channel inlet tube is housed in the upper region of the quartz-tube, with the outlet
at the top of the lower region, just above the susceptor. The bi-channel geometry allows for a
minimization of gas phase reactions when delivering the Ill and V species to the susceptor. Il
species and V species are delivered to the chamber via separate stainless steel gas lines, and
further kept separate in the bi-channel inlet. Gas mixing then occurs at the nal 2 inches of the
bi-channel inlet tube to allow for pre-mixing for uniform distribution of the gases at the surface
of the substrate.

The substrate is loaded onto a TaC coated graphite mushroom susceptor. The top portion
of the susceptor, where the substrate is loaded, rotates during growth. The rotation allows for
uniform distribution of reactive species. The mushroom susceptor is stabilized by a triangular
base, where a thermocouple (TC) is housed to maintain constant temperature throughout the
growth.

2.4.2 Gas delivery system

As mentioned in the previous section, the Ill and V species are kept separate from each other
upon the delivery of the precursors. The gas manifold of this MOCVD reactor was rebuilt
in 2000. The column Il line can accommodate six metalorganic (MO) species, in this work,

CP,Mg, TMAI, TMGa, TEGa, and TMIn are currently installed. The metalorganics are housed
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in temperature controlled bubblers as solid or liquid sources. These MO species are transported
to the reactor via a gaseous state by “bubbling” an inert gas, called a carrier gas, such as nitrogen
or hydrogen through the MO species (much like how a child may blow bubbles in their milk
using a straw). Due to the high vapor pressure of MOs, when the carrier gas travels through the
MO and bubbles to the surface, MO vapor is attached, hitching a ride to the reaction chamber.
Once to the reactor, the reaction as described in Section 2.1 takes place. The delivery of metal
species this way allows for ow control via mass ow controllers.

[lI-nitride materials require more metal species than just Ga, such as In and Al in the
cases of InGaN, AlGaN, and AlinGaN. In addition, p-type doping is achieved by Mg. Thus,
metal “cross talk” is a concern in the column Il line; gas-phase reactions not only reduce the
available species for reaction at the surface, but also can build up in the gas lines. In the case of
heterostructures such as multiple InGaN/GaN quantum wells, superlattices, and semibulk later
discussed, clean interfaces are necessary, thus a rapid gas switching mechanism is needed. The
bubblers are fed into injection valves that are fed to a “run” mass ow controller (MFC) that
goes directly into the reactor, and a “vent” MFC that goes directly to the pump line. This allows

for the swift diversion of a metal species when a new layer is being grown.

2.5 Characterization techniques

Several characterization techniques commonly used for llI-nitrides are used throughout this
dissertation. This section will serve as a brief discussion on the techniques that can be used to

characterize lll-nitrides, and ones used throughout this work.

2.5.1 X-ray diffraction

X-ray diffraction (XRD) techniques are used to determine In-content, strain state, periodicity, and
crystal quality of lll-nitrides. There are many variations of XRD, depending on the application
needed. For the purpose of this dissertation, we will focus primarily on techniques utilized by

epitaxial crystal growers.
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Figure 2.5: (a) Symmetric geometry depicting the (DP€e ection in the diffraction plane. b)
Symmetric geometry highlighting the (hQre ection of interest is not in the diffraction plane.
c)asymmetric geometry depicting a (hkre ection that is in the diffraction plane via an offset
in w d) Skew symmetric geometry highlighting the (HQ-election is in the diffraction plane
aferc is set to the difference between (00and (h0.), andf is rotated.

A schematic of the axes in x-ray diffraction are provided in Fig. 2.5 [42, 43]. Using a
traditional 21-w, which is referred to as “Bragg Brentano” geometry, the x-ray source is rotated
at an anglev and the detector an angle af 2Diffraction occurs when Bragg's law is satis ed.
Whenqg=w, this is referred to as a symmetrical scanZq scan), as seen in Fig. 2.5(a), as
there is no offset. For applications such as In-content estimation and c-parameter measurements,
symmetric geometry is suitable. In this geometry, the plane of interest is perpendicular to that
of the diffraction plane (the plane that contains the incoming x-ray vector and the outbound
signal that is collected at the detector). In powder diffraction, or polycrystalline materials, the
geometry of the sample is not generally a concern, as many re ections will be perpendicular
to the diffraction plane, allowing for many different planes to be measured at once. However,

in epitaxy, if other planes need to be measured that are not parallel to the surface, different
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geometries are needed, as depicted in Fig. 2.5(b); the) (hi@ne is not perpendicular to the
diffraction plane, and thus, diffraction will not be measurable. These planes are often referred
to as "asymmetric” re ections, since they are not parallel to the wafer plane. Two alternative
geometries can be utilized: asymmetric geometry, and skew symmetric. As seen in Fig. 2.5(c),
by changing the diffraction plane, crystal planes that are not perpendicular to the surface can be
accessed. By applying an omega offset equal to the difference between the plane of interest and
the surface of the Im &), and moving the receiving optics to tBq position for the re ection,
asymmetric scans can be taken. Asymmetric geometry can be used to collect the asymmetric
re ections in reciprocal space maps (RSM).

However, asymmetric geometry is not suitable for accessing planes when trying to quantify
lattice distortions. Therefore, to access a (hiwhereh or k does not equal zero, skew symmetric
geometry (Fig. 2.5(d)) should be used. Skew symmetric can be accessdd ragation, and
setting thec angle to the angle between (00and (h0.). Generally, is rotated 9, but,
when a symmetric scan is aligned, (QQs visible regardless of thie angle. Therefore, in the
case of wurtzite crystals such as nitride§, scan can be taken, and re ections should be seen
at 60° intervals. For more information on rocking curves and crystal lattice distortions, see
Section 5.3.3.

The a lattice parameter of InGaN can be determined viaY@8ans. When an InGaN Im
grown on top of a GaN Im is scanned, the InGaN peak will be found to the left of the main
GaN peak. The peak is a result of the distortion of the interplanar spacing, dependent on both
the In-content and the strain relaxation. Translating the measugredli@e into the c lattice
parameter can provide a range of possible In-content and relaxation states for the InGaN Im.
However, the In-content and/or the strain state cannot be decoupled using XRD alone. In the
case of our experimental work, it is often coupled with another characterization technique to
deduce the strain and/or In-content. For example, a lattice constant of a fully relaxed InGaN
Im with 8.5% In content will have the same XRD re ection as a 85% relaxed InGaN Im with
In-content of 10%. A representation of potential range of In-content and relaxation states as
a function of c-parameter can be seen below in Fig. 2.6. The fully relaxed and fully strained

lines are marked with black lines. For example, For InGaN re ection at@4 5.272 A), the
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In-content and relaxation state ranges from 10% In-content fully strained to 16% fully relaxed.
A discussion of extracting relaxation estimates from HRXRD and SIMS can be seen below in

section 4.5.3.

Figure 2.6: A representation of the ranges of c lattice parameters values that can be obtained,
depending on the In-content and relaxation states.

High-resolution x-ray diffraction (HRXRD)

For epitaxially grown Ims, higher precision than can be achieved in standard resolution
Bragg Brentano geometry is required to determine things like strain, lattice distortion, and
chemical composition. The precision of interplanar spadimgrepresented by the error in this

spacing, a®d. This precision is determined by [42, 44] :

Dd D d
a- 1" tanq (2:3)

whereDl is the wavelength variation of the x-ray sourteis the incident wavelengtld, is the

incident beam divergence, agds the incident beam angle. Looking at Eq. 2.3, we see that
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precision can be increased by an increase in diffraction angle and/or x-ray wavelength, or a
decrease in the wavelength spread and/or beam divergence. Because a Cu-anode is a widely
used and often only available choice for x-ray tubes, an increase of wavelength in a standard
laboratory x-ray tool is not usually an option. Increased diffraction angles are a possibility, and

is often what is used to determine precise lattice parameters of epitaxially grown Ims. However,
signal intensity drops with an increase of diffraction angle, thus, it is often hard to measure

higher angles when measuring lattice distortion.

Figure 2.7: a) XRD goniometer instrumentation for standard resolution XRD. b) XRD go-
niometer instrumentation for a double axis high-resolution assembly.

This leaves the options of improving the incident x-ray beam. In a traditional standard
resolution goniometer, as seen in Fig. 2.7(a) [45], the beam leaves the x-ray tube with divergence
d. A limiting slit is often placed in front of the x-ray source to reduce the side of the beam as
it reaches the crystal, but even then, it is still wide. For standard Bragg Brentano, this is not
a concern. But, for high resolution, the beam needs to be collimated. As seen in Fig. 2.7(b)
[45], a collimator is added to the incident beam optics to achieve a parallel incident beam. In
addition to a divergent beam, there is also variation in the x-ray wavelength. The most commonly
used material for x-ray generation is copper, with the main beam beiag &t-1.54056 A.
However, additional characteristic x-rays are generated It 1.54439 A and Ko. K-b can

be eliminated with Iters or monochromators on the detector optics end, and often is in most
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x-ray systems. However, for the &> to be eliminated, a Ge crystal monochromator at the
incident side of the goniometer is needed, as seen in Fig. 2.7. The orientation seen in Fig. 2.7 is
referred to as a double-axis goniometer, due to the added axis from the incident optics.

Triple axis measurements can be achieved by the addition of an analyzer on the receiving
side, and allows for elimination of additionadj2e ections that may be in the diffraction signal.
Throughout this dissertation, high-resolution diffraction is done on a double-axis goniometer.
Together, by minimizindgl andd, the precision of the interplanar spacing measurements can
be improved.

The lattice parameters of a Im can be deduced by using higher index re ections at higher 2
values, such as (00.4) and (00.6). From this measuremert|dtiece parameter can be deduced,
and then inform the calculation of the a lattice parameter from a higher angle asymmetric scan,
such as (10.5) or (20.4). As seen in Eg. 2.3, higher index re ections are desired for more precise
measurements.

Periodicity of InGaN structures, such as MQWSs, superlattices, and semibulk structures can
also be determined via traditionadj2v. The main peak, also called the Oth order satellite peak,
is found to the left of the GaN peak. From there, periodic fringing peaks are observed next to the
Oth order peak. The spacing in between the oscillations can be measured, and used to determine

the periodicity of a periodic structure:

_ I (m n)
~ 2(singm  singn)

(2.4)

wherel is the wavelength of the incident x-ray beam, amdndn are the order of satellite
peaks measured. In the case of this work, MQWs periodicity is determined by measuring the
overall thickness, corresponding to the thickness of the well, barrier, and cap. To determine
the thickness of each individual part, calibration samples are ran where the barrier thickness is
changed, and then the cap thickness, in order to get each component's thickness. Periodicity of
semibulk is also determined this way.

The distortions to the crystal lattice can also be quanti ed by measuring the broadening of

the omegaw) peak, also called an omega scan or a rocking curve. Rocking curves are taken
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in high-resolution geometry. . The sample is “rocked” along the omega axis to determine the

broadening in reciprocal space. The measured broadégjicgn be expressed as [42]:
b2 = b+ b2+ b2+ b2+ b2+ b? (2.5)

whereby is intrinsic rocking curve widthby is broadening due instrumental broadening,
broadening from crystal distortio is broadening due to straib, is broadening due to
limited correlation length, and, is broadening due to wafer curvature. In High resolution,

by andbg will be negligible. Broadening due to strain, limited correlation length, and wafer
curvature can be measured, however, in the case of high dislocation density Ims such as
heteroepitaxially grown nitrides, the broadening from crystal distortion dominates. Thus, we
can assume:

b2 b2 (2.6)

where the distortions are caused by tilt or twist, correlating to threading dislocations. More
detail on threading dislocations and their quanti cation can be found in Section 4.1.1.

Finally, a commonly used XRD technique for InGaN is the reciprocal space map (RSM).
RSMs are generally able to provide information on relaxation. However, as found previously by
Abdelhamidet al, RSMs experience a “blurring” effect due to the periodic nature of semibulk
[46]. Nonetheless, it is worth noting as an important characterization technique of InGaN, but is

not used in this dissertation.

2.5.2 Atomic force microscopy

The surface morphology of InGaN semibulk templates are very important, since semibulk
serves as a template for active region growth. Therefore, the root-mean-square (RMS) roughness,
and pit density distribution is a useful way to quantify the surface quality of InGaN. An
indicator of quality InGaN growth is step-like growth, with minimal pitting. Since InGaN is
a heteroepitaxially grown material, strain plays an important part in how the surface looks.

Observation of the surface can help with determination of 2-D or 3-D growth. Further discussed
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in Section 5.3.5, the surface of an InGaN sample can be subjected to a silane and hydrogen etch,

allowing for quanti cation of pits.

2.5.3 Secondary-ion mass spectroscopy

As mentioned, In-content and relaxation cannot be decoupled in XRD. SIMS is often used
to quantify the amount of In-content in our semibulk Ims. In Abdelharatdal., SIMS was
employed to observe the gradually increasing indium content in InGaN semibulk, called the
compositional pulling effect [46]. Correlating SIMS to energy dispersive x-ray spectroscopy
(EDS), Eldreckt al. allowed for quanti cation of In-content[47]. SIMS con rmed that highly

relaxed InGaN Ims enhance In-content as the growth progresses.

2.5.4 STEM and SEM

Due to the nature of TEM (much respect for the microscopists), these measurements are often
reserved for a select sample. TEM preparation and data acquisition is not as readily available
as other technigues. Nonetheless, TEM can be used to quantify the edge-type and screw-type
dislocation densities, observepits determine In-content (EDS), and measure more precisely
the thickness of layers.

The relaxation of semibulk has been characterized in Eldtedl, where it was determined
that our semibulk templates relax via the formatioVepits rather than the formation of mis t
dislocations [47]. This study also con rmed that the GaN interlayers used in semibulk back
Il the forming V-pits The relaxation of our semibulk was quanti ed by measuring the lattice

parameter and correlating to the EDS measurements.

2.5.5 Photoluminescence

Photoluminescence spectra (PL) provide optical characterization, and a general idea of the
estimated In-content. Using a laser with higher energy than the bandgap of the material in
guestion, the incoming photon generates electron-hole pairs that recombine, emitting a photon

equivalent to the bandgap. The indium content of a Im can be estimated, since InGaN Ims
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redshift with increasing In-content. The In content in MQWSs and semibulk Ims can be estimated
by measuring the PL. In addition, the strength of the signal can give an idea of the quality of the
Im prior to device fabrication. A number of defects in InGaN and GaN also have PL spectra.
The strength and type of defects that are observed via PL depends on the quality of the grown
Im, growth method used, as well as doping. The origin of luminescent defects is still widely
discussed in the literature. A brief discussion of notable defects are mentioned here and can be
seen in Fig. 2.8 [48], but is in no means an exhaustive discussion. For a thorough discussion
of defect related luminescence and the possible origins, Reshchikov & Morko covers a wide

breath of material [48].

Figure 2.8: A diagram of notable luminescent defects in GaN, and their suspected causes in
italics. [48]

GaN has a shallow donor approximately 35 meV below the conduction band, attributed to Si
doping, oxygen substitution (¢, and nitrogen vacancies (Y [48, 49]. P-doped GaN also has
a shallow acceptor approximately 200 meV above the valence band. More detail on the acceptor
level can be seen in Chapter 8. Beginning with the shallow acceptor level at approximately 200

meYV, a violet/ultraviolet luminescence (UVL) can be observed at low temperature by the donor-
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acceptor pair transition (DAP) [48]. P-type GaN displays several luminescent defects related to
Mg doping. Mg preferentially incorporates into the GaN lattice via Ga substitutiog,,]40].
However, it has been observed via radioactive ion-implantation that Mg also incorporates into
GaN via interstitials, Mg depending on the temperature, and can diffuse into Ga sites [50].
This gives rise to additional deep level donor siteg)(bne related to the Mgy+Mg; complex

(BL1), as well as with the Mg(BL2), observed around 2.9 and 2.8 eV [49, 51]. The quality

of p-GaN can be determined by measuring the PL emission before and after anneal. After the
anneal, the Mg related BL intensity should be reduced, if the correct doping scheme has been
utilized. Finally, there is also an associated luminescent defect with a nitrogen vacancy and
magnesium, the Mgg-Vn complex. In Fig. 2.8, itis marked as green luminescence. However, it

is also discussed as both BL and GL in the literature [48, 49, 52, 53], and may shift depending
on the position of the shallow level acceptor. Nonetheless, it is important to note the three
widely speculated defects that contribute to defect related luminescence in p-doped GaN: the
MgcaMg; complex, Mg, and the Mg,V n complex.

Another common defect related luminescent signal in GaN is observed around 2.3 eV, and
is referred to as the yellow luminescence (YL). The origin of YL is still debated, but many
attribute it to the nitrogen vacancies, and others to carbon impurities [48, 49]. Nonetheless, the
strength of the YL can be used to determine the quality of the GaN growth, which is vital for
guality InGaN heteroepitaxy. Because YL saturates quickly, a strong YL band can indicate poor
material quality.

Finally, it is important to note the red luminescence band, RL.The RL can be observed
often accompanying the YL, suggesting it may be related to the same defects as YL[48]. In
our own samples, we have observed the RL as a broad shoulder to the YL peak, extending

400 meV. YL and RL often mix visually to create a bright orange appearance to the naked eye.
Even more so than the YL band, RL saturates very quickly, and thus, is only observed in poor
quality material, or where a prominent PL spectra is not present. The origin of RL is still widely
unknown.

Noting the position and characteristics of the YL and RL are important in higher In-content

InGaN samples. In hetoerostructures such as MQWs, the GaN barriers and underlying GaN can
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emit YL and RL signals, and thus, it is important not to confuse that for InGaN emission.

The bowing parameter

A variation of Vegard's law can be utilized to determine the indium content of InGaN, based on

the bandgap. The bandgap is expressed as:
Eg(InGay xN) = Ef**YInGaN)+ DES"a" (2.7)
WhereE[P'®ed(InGaN) is expressed via Vegard's law:
(1 WEFMN+ xEf™  bx(1 x) (2.8)

WhereE$?N is 3.4 eV,Ef™ is 0.7 eV, anch is the bowing parameter, in eV. However, it
is important to note that the measured bandgap from PL is really the near-band-edge (NBE)
emission, and low temperature PL measurements or cathodoluminescence are required to capture
the true bandgap.

There has been a wide range of reported bowing parameter values for InGaN, ranging from
1-6 eV [54]. A lot of the early discrepancy can be traced back to the previously believed higher
bandgap of InN, leading to incorrect calculations. But, even with the correct InN bandgap value,
there is still wide variation, due to measurement method, strain state, and In-composition. PL
is cited to underestimate the true bandgap [54]. Strain state of the material is also shown to
display a variation, Orsadt al. calculated the strained bowing parameter to be 1.32 eV, and the
relaxed at 2.87 eV[55]. Moses & Van de Walle showed that the calculated bowing parameter
is also compositionally dependent, as InGaN with 16% displayed b=2.29 eV,and higher
In-content of 12.5% at 1.79 eV. Thus, if we see an increase in bowing parameter with relaxation,
and a decrease in bowing parameter with In-content, it is hard to decouple the two competing
impacts on the bowing parameter. Thus, measurements in which In-content or relaxation state

are estimated using PL should be taken with a grain of salt.
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2.5.6 Electrical properties characterization

The electrical properties of llI-nitrides can be determined via Electroluminescence, |-V charac-
terization, Hall measurements, and hot point probe measurements. Hall and hot point probe do
not require device fabrication, and can be used to determine the polarity of the Im, as well as

mobility, resistivity, and carrier concentration.

Figure 2.9: The IV curve of p-type GaN with Ni-Au contacts pre- and post-anneal.

When optimizing doping concentrations, a quick way to determine if the desired polarity
has been achieved is with hot point probe. This technique is a much more reliable method
of determining carrier polarity, as it eliminates the worry of contact quality. Hot point probe
is conducted by attaching a heat source (such as a soldering iron) to a lead of a voltmeter.
Then, the hot source and the other voltmeter lead are then used to probe the sample. The heat
causes the majority charge carriers to move away from the heat source. It is important to note
the positioning of the soldering iron; attaching the heat source to a positive lead means that
measuring a positive voltage difference across the two points is a result of the majority carrier
being n-type, as the negatively charged carriers are moving away from the lead. For p-type, a

negative voltage will be measured as the positively charged carriers move away from the lead.
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Because it is a relatively quick and easy test, this characterization technique is often conducted
prior to Hall measurements. If the desired polarity is measured, then additional indium contacts
can be attached to the sample for Hall measurements.

All Hall measurements in this dissertation were conducted in Van der Pauw orientation.
In the case of n-type samples, indium contacts are suitable for reliable Hall measurements.
However, in the case of p-type materials, ohmic contacts need to be achieved. In our lab, this
can be achieved via Ni/Au contacts deposited via electron beam evaporation, followed by a brief
anneal. A comparison of the IV curves can be seen in Fig. 2.9. A nonohmic response is seen in
blue of the material, using Ni/Au contacts, without an anneal. However, following a brief anneal

of the material, ohmic response is achieved.

Figure 2.10: photographs of electroluminescence measurements of a) a blue InGaN LED and
b) a green InGaN LED.

Once a sample is fabricated into a device, Electroluminescence and |-V measurements
can be used to further characterize the sample. An example of a blue and green LED can be
seen above in Fig. 2.10. Electroluminesence is the luminescent response to current injection.
The basic schematic of an LED can be seen in Fig. 2.11. When a current is supplied across
the PN junction, electrons from the n-side and holes from the p-side recombine (radiative
recombination), resulting in energy emission dependent on the bandgap of the material. Further
discussed in Section 4.1.4, the quantum-con ned start effect (QCSE) causes a redshift of the
bandgap due to a tilt of the quantum wells. However, as the injection current is increased,
carrier screening causes the well tilt to reduce, blueshifting the emission. Of course, a blueshift

is undesirable when trying to achieve longer wavelength emission. Generally, as the indium
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content in traditional InGaN/GaN LED structures is increased, the injection current dependent

blueshift is intensi ed.

2.5.7 Basic optoelectronic device operation

A brief overview of the device physics that leads to LED and solar cell operation is provided
below. By no means an exhaustive overview, this section aims to provide a quick working
knowledge for the reader. As seen in Fig. 2.11, LEDs and solar cells are PN junctions. Most
nitride based devices are grown p-on-n, meaning that the active region is grown on top of the
n-type layer. In an LED, when a current is applied to the metal contacts on the p-type and n-type
region, the current drives charge carriers away, towards the depletion region (holes in the p-type
region, and electrons in the n-type region), where they recombine. LEDs are created by placing
multiple quantum wells of a speci c bandgap in the depletion region, often referred to as the
"active region”. When the electrons and holes recombine in the active region, energy is emitted
in the form of light. The amount of energy emitted is governed by the bandgap of the active
region. Thus, in the case of InGaN, varying the amount of indium can change the emission of
the LED.

In the case of a PN junction solar cell (Fig. 2.11b, without the "active region” present),
the depletion region that forms between both sides of the junction generates an electric eld.
This electric eld segregates the charge carriers to their respective sides. However, when the
semiconductor is exposed to sunlight, wavelengths in whichig will generate additional
charge carriers, called photo-generated carriers. The photo-generated carriers are minority
carriers when created outside of the depletion region, and there is a limited amount of time
that they will exist, before recombining with a majority carrier. However, due to the potential
generated by the junction proximity, minority carriers (holes in the n-type region and electrons
in the p-type region) are pushed by the electric eld (drift) into their respective regions (holes
towards the p-type and electrons towards the n-type), leading to charge build up on each side
of the junction. Equilibrium is restored by connecting the p and n type regions, as the excess

electrons are free to ow towards the excess holes, resulting in current ow. Placing a load in
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this connection results in electricity generation.

Figure 2.11: Basic device structure for an a) LED and a b) MQW solar cell.

Photo-generated carriers also occur in the depletion region of a PN junction, and are moved
via drift. In the case of a p-i-n solar cell, an intrinsic region is sandwiched in between the p- and
n-type regions, to enhance charge carrier movement via drift; photo-generated charge carriers
in the intrinsic region (holes or electrons) will be pushed to their respective sides via the built
in potential from the intrinsic region creating a physical spacing between the n and p regions.
Using a p-i-n junction as opposed to a p-n junction allows for carrier transport to heavily rely on
drift, rather than diffusion. This is especially important for solar cell design where the thickness
of the absorber exceeds that of the minority carrier diffusion length. However, in p-i-n junctions,
again, the only energy of the solar spectrum that can be used is energy that is greater than or
equal to the bandgap of the material.

In the case of MQW solar cells, the intrinsic region is comprised of MQWs (the active
region in Fig. 2.11b), as such that the bandgap of the QW can be tuned to a desired wavelength.
This allows for speci ¢ wavelengths to be targeted. This targeting can be exploited to create
tandem solar cells. By stacking a low bandgap active region on top of a high bandgap active
region, multiple wavelengths in the solar spectrum can be targeted in the same device. Because
of the similarities between MQW solar cells and MQW LEDs, they can often be designed

similarly for operation.
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Chapter 3

llI-Nitrides: properties and growth

3.1 GaN crystal system

Gallium nitride exists as one of two crystal structures: the naturally occuring hexagonal
wurtzite structure, and the synthetic meta-stable cubic zincblende structure [57]. GaN can also

occur as the rock salt crystal structure, when grown under high pressure.

3.1.1 Cubic GaN

Cubic GaN is utilized much less due to the metastable nature of the crystal system, and
dif culty synthesizing the structure. The common substrates such as sapphire and 4H-SiC are
dif cult to heteroepitaxially grow cubic GaN on, due to crystal system incompatibility; wurtzitic
GaN is the energetically favorable phase on these substrates. Thus, other cubic substrates, such as
GaAs, 3C-SiC, and Si (100), must be used for the cubic nitrides. Because of the thermodynamic
challenges of growing cubic GaN, MBE is often employed; the kinetic growth process can be
used to overcome the thermodynamic limitations to cubic GaN growth [58]. Despite the major
drawback of the synthesis challenges of cubic GaN (c-GaN), there are still several qualities intrin-
sic to the cubic crystal system that are worth mentioning for future applications. The zincblende
GaN crystal structure belongs to the cubic crystal system. Zincblende is a face-centered cubic

structure that displays a stacking sequenc&@@{NaGagNsGacNcGaaNaGagNgGacNc... in
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the [111] direction [59]. Unlike the wurtzite GaN counterpart, zincblende GaN does not suffer
an induced electric eld from spontaneous and piezoelectric polarization in the c-direction, due
to the symmetry of the unit cell cubic GaN. In addition, c-GaN boasts a higher electron and hole

mobility than its wurtzite counterpart [58].

3.1.2 Waurtzite GaN

Gallium nitride is most energetically favorable in the wurtzite crystal structure, also referred to as
a-GaN and w-GaN, seen in Fig. 3.1 [60]. The wurtzite structure belongs to the hexagonal crystal
system and space group4datc, which displays a hexagonal closed packed stacking pattern of
GaaNaAGagNsGaaNaGagNgGaaNaGagNg... in the [0001] direction [59]. The wurtizite system

is also the more energetically stable ploymorph of GaN. Due to the presence of nitrogen, and
thus higher electronegativity, IlI-nitride semiconductors show a high ionicity compared to other
semiconducting materials [59, 61]. Common substrates used to grow GaN heteroepitaxially are

sapphire and SiC, both hexagonal crystal systems.

3.2 llI-nitride compounds

The binary IlI-Nitrides utilized as semiconductors are GaN, InN, and AIN, with bandgaps of 3.4,
0.77, and 6.2 eV, respectively. A summary of the physical properties of the binary IlI-nitrides
can be seen below in Table 3.1 [37, 42]. These binary compounds can also be alloyed into
ternary (InGa,«xN, AlxGa;«N) and quaternary (AlnyGa;.x.yN) compounds, thus allowing

for applications of bandgap engineering and material property engineering. Particularly, the
InyGayxN (InGaN) alloy has a bandgap that spans a range of 0.77-3.4eV that is dependent on

the In-contenty, spanning the visible spectrum.

3.2.1 llI-Nitride properties

One of the most attractive properties of GaN and llI-nitrides is the extreme hardness of the ma-

terial, and large temperature and radiation resistance; making it suitable for rugged applications.
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Figure 3.1: The crystal structure of wurtzite GaN

For example, GaN high electron mobility transistors (HEMTS) are utilized in space communica-
tion applications due to their thermal stability and high resistance to ionizing radiation [62]. Due
to the strong atomic bonds, GaN is displays chemical resistance in more extreme environments.

GaN is a direct bandgap semiconducto; at 3.4 eV, GaN is considered a wide bandgap
semiconductor, and is situated at the edge of the UV region of the electromagnetic spectrum.
AIN has an even wider bandgap of 6.2 eV, thus AlIGaN compositions can reach into the UV
spectrum, as seen in Fig. 1.1. InN has a bandgap of 0.7 eV, expanding the potential of InGaN
alloys across the visible spectrum, and into the IR region. Thus, the IlI-Nitride system has a
very wide optoelectronic application.

GaN also has desirable electrical properties. With the wide bandgap of GaN/AIGaN also
comes a high breakdown eld, useful for eld effect transistors (FET). GaN has a breakdown
eld of 3.3 MV/cm, as compared to Si and GaAs, with 0.3-0.32 MV/cm [63, 64], making GaN
very suitable for power devices. GaN also has high electron mobility8ff0 cn#/V S in bulk,
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Table 3.1: The bandgaps and lattice parameters of llI-nitrides

Bandgap alattice parameter c lattice parameter

[eV] [A] [A]
GaN 3.4 3.189 5.186
InN 0.7 3.538 5.703
AIN 6.0 3.110 4.980
InGaN  0.7-3.4 3.189-3.538 5.186-5.703
AlGaN  3.4-6.0 3.110-3.189 4.980-5.186

and 2,000 cn?/V S in AlGaN devices, attributed to the low effective mass 6£M2 my [65,

66]. Of course, these electron mobilities are nothing to boast about when compared to GaAs
devices, but compared to other wide bandgap materials such as SiC, with an electron mobility
on the range of 400-900c¢iV S, and ability to achieve higher electron mobility than SLB00

cm2/V S), the electron mobility is of interest for high power devices [67].

Depending on the perspective, the chemical inert nature of GaN can be an attribute or a
hinderance. In the case of device processing and material growth, GaN cannot be etched with
commonly found laboratory acids. GaN can be etched via hot acids suci5&% lnd HP Oy,
molton bases such as KOH and NaOH, and via electrolysis in NaOH [68, 69]. Chemical etchants
attack via defects such as threading dislocations that have propagated to the surface. This is
a bene t from the perspective of scienti ¢ study; these selective etching techniques allow for
defect estimation. In addition to wet etching techniques, GaN defects can also be highlighted via
anin-situ etch treatment mixture of silane and.Hrurther details on silane etching are found
in Chapter 5. A meaningful etch of GaN must be done with either HF or a very basic NaOH
solution, and even then, physical agitation is often necessary. Thus, for device processing, GaN
based devices are subjected to reactive ion etching (RIE). However, the inert nature of GaN can

be exploited, as GaN makes an excellent protective coating in harsh environments.
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3.2.2 AlGaN and AllnGaN

As seen in Fig. 1.1, the lattice mismatch between GaN and AIN is much smaller than that of
InNN and GaN, meaning the strain due to mismatch in AlIGaN on GaN is much smaller, and
more "agreeable” when alloying occurs. AlGaN is still under tensile strain, as compared to GaN.
The AlGaN alloy is used for a wide variety of devices, as it can serve as the active region for
UV/deep UV optoelectronics, as well as produce a 2-D electron gas (2DEG) used in high power
devices. However, for the purpose of this dissertation, the usage of AlGaN will be applied to
enhancement of InGaN based optoelectronic devices. AlGaN induces a polarization eld when
used with GaN; due to the high bandgap of AlGaN as compared to GaN, negatively sloped
band bending occurs, as it is under tensile strain when grown on GaN. In the case of AlGaN in
green-emitting nitride-based LEDs, AlGaN capping layers used in the MQW region have shown
to enhance device performance [70-72]. When p-doped and grown after the active region of an
LED, p-AlGaN has shown to act as an effective electron blocking layer (EBL) [73]. The higher
bandgap AlGaN, as compared to GaN, acts as a barrier and is able to reduce electron leakage
into the p-region [74].

Although beyond the scope of this dissertation, it is still worth noting AlinGaN. AlinGaN
(AlxInyGayx.yN) can span a bandgap of 0.7 eV to 6.2 eV. AlinGaN can also be lattice matched
to that of GaN, eliminating the issue of strain in an active region. In fact, because of the increased
degrees of freedom in the quaternary alloy, the bandgap can actually be adjusted while staying
lattice matched to GaN. However, all lattice-matched AlinGaN emits in the deep UV region,
and thus is not able to be used for visible spectrum optoelectronic applications. In addition, with
the added degree of freedom in alloying comes additional growth struggles (as seen throughout
this dissertation, alloying InN and GaN is already challenging enough...), as growth temperature

incompatibilities become an issue.
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3.3 Strain and polarization in llI-nitrides

Unlike Si and GaAs, llI-nitrides display electrical polarization that must be addressed in device

design. The total polarization in lll-nitrides is de ned as:
Etot = Esp+ Epz (3.1)

whereEgpis the spontaneous polarization, dagh is the peizoelectric polarization.

3.3.1 spontaneous polarization

GaN and the accompanied alloys lack an inversion symmetry, and due to the electronegative
nature of N, a dipole is induced along the c-axis. Because oABABABstacking sequence of

GaN, the dipole switches directions with every N and Ga/In plane. However, the dipole pointing
from the Ga/ln plane towards the N plane is stronger than the inversion, resulting in a net-dipole

in the[OOOI] direction, as seen in Fig. 3.2 for Ga-polar Ims.

Figure 3.2: The spontaneous polarization of Ga-polar IlI-Nitrides.
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3.3.2 peizoelectric polarization

As mentioned, Ill-nitride growth requires non-native substrates, leading to lattice mismatch.
As seen in Table 3.1, the InN lattice parameter is larger than that of GaN, and the GaN lattice
parameter larger than AIN. This means that InN and the InGaN alloy will be under compressive
strain whenever it is grown on GaN. This compressive strain induces a peizoelectric eld in
the[000] direction, as seen in Fig. 3.3 [75]. As the indium content increases in InGaN, the
piezoelectric eld becomes stronger,and overcomes the spontaneous polarization. In the case of
AlGaN, the lattice is smaller than that of InGaN or GaN, and thus, will be under tensile strain,

inducing a piezoelectric eld in th{i)OOI] direction.

Figure 3.3: The piezoelectric polarization induced by compressive strain in InGaN and tensile
strain in AlGaN.
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3.4 InGaN growth

In addition to the challenges of InGaN-based devices as highlighted in Section 4.1.4, InGaN
also has several challenges when it comes to the actual growth of the material. Crystal growers
have identi ed several parameters to try to optimize the growth of InGaN. Namely, by adjusting
the V/III ratio, growth temperature, growth rates, and carrier gasses, high quality InGaN
growth can more easily be achieved. However, many of these parameters cannot be adjusted
without impacting another, as outlined below. Therefore, InGaN growth requires a ne tuning of
parameters to achieve optimal conditions, and may vary reactor to reactor.

As discussed in Section 2.1 (Fig. 2.1), InGaN growth is a balance of adsorption, diffusion,

incorporation, and desorption at the surface. Different variables can impact Im growth.

3.4.1 Impact of growth temperature

Indium content in IRGa.«xN is inversely proportional to temperature. Indium incorporates into
InGaN at lower temperatures, thus, in MOCVD, InGaN Ims are typically grown between mid
600 C to mid 800 C, as opposed to the >100CQ used for GaN growth (This varies reactor to
reactor, depending on thermocouple positioning).

There are three growth regimes for nitride growth, depending on the temperature, as seen
in Fig. 3.4 [76]. The reaction-limited regime is observed at low temperatures, where growth
rates have a dependency on temperature. As the temperature is increased, adatom mobility at
the surface also increases, increasing the growth rate. Here, the growth rate can be modelled
using an Arrhenius relationship.

As the temperature continues to increase, the growth rate dependency decreases, and
becomes more dependent on mass-transport. In the mass-transport limited regime, the growth
rate becomes dependent on the precursor delivery to the surface. In this regime, there is still
a slight temperature dependence, but is heavily dependent on mass-transport. At very high
temperatures, the growth rate begins to decrease. In the desorption-limited regime, the growth
rate is competing with species desorption at the surface.

In general, the mass-transport regime is preferred, due to the growth rate control. However,
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Figure 3.4: Log(growth rate) vs 1/T showing the three different growth regimes of MOCVD.

for InGaN growth, growths often occur in the reaction-limited regime, due to the lower tem-
perature needed for In-content, adding another degree of freedom when it comes to process
control with InGaN growth. But, this temperature reduction is accompanied by a few negatives.
It is known that with substrate temperature reduction, adatom mobility decreases, reducing
Im quality. In addition, the cracking ef ciency of NH drops with decreasing temperature,
leading to less available nitrogen species to participate in Im growth. Finally, as the temper-
ature decreases, additional issues arise, such as indium clustering, phase separation, and Im
composition inhomogeneity. InGaN also suffers from a solid-phase miscibility gap, meaning
there is a minimum temperature that can be used to increase indium in an InGaN Im. Thus,
InGaN growers often try to nd the highest temperature possible to grow the desired In-content

InGaN Im, to try to optimize the Im quality.

3.4.2 Impact of V/III ratio

The V/III ratio is de ned as the total ow rate of V-species over the total ow rate of IlI-
species. A higher V/llI ratio results in an overall better material quality. As mentioned, lower
growth temperature is often used to increase the In-content in InGaN. Since lower temperature
growth reduces the ammonia cracking ef ciency, this is often counteracted with increasing the
V/III ratio. With increasing V/III ratio, AFM surface roughness decreases and phase separation

decreases [77]. Increasing V/llI ratio also blueshifts photoluminescence, which may be attributed
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to the decreasing growth rate as the V/III ratio increases. This blueshift is not desirable when
it comes to enhancing the emission wavelength. High V/IlI ratios are also found to increase
In-incorporation in Ims. Increasing Nkl ow also has been associated with transitioning the

Im from island nucleation mode to step- ow mode [78]. However, too high of aj\élv has

been found to have an etchant effect on InGaN Ims [79]. Thus, there is a balance between
nding the optimum V/Ill ratio for InGaN growth, which also further depends on the application

the InGaN is being used for.

3.4.3 Impact of growth rate

Indium incorporation can also be enhanced by increasing the growth rate; at higher growth rates,
indium becomes "trapped" in the growing layer, and has less time to desorb from the surface
[54, 80]. But, higher-growth rate can be accompanied by surface degradation. At higher growth
rates, adatoms have less time to move to optimal positions, such as step edges.

As mentioned in Section 3.4.1, if the growth is occurring in the reaction-limited regime, like
most InGaN growth does, the growth rate may decrease with a decreasing temperature (high
In-content InGaN). Therefore, growth rates in this regime must be increased with precursor
supply. Growth rate is increased by adjusting the TMGa or TEGa ow to the reactor. Although
it seems counter-intuitive at rst, increasing the Ga species ow enhances In-incorporation,
rather than TMIn. In fact, too high of a TMIn ow rate can degrade material quality, due to
In-clustering by a too rich In environment. Therefore, adjustment of growth rates should be
done with Ga species in InGaN. Although, an increase in Ga species ow must also be counter
balanced with an increase in V-species, as adjusting just TMGa/TEGa will result in a reduced
V/III ow, reducing the In incorporation and material quality. As seen in our own reactor and
others, decreasing the In:Ga ratio does in fact enhance the indium content in InGaN [81]. Ga
plays an important role in reducing In-desorption; by increasing the amount of Ga present at the

surface, the growth front is buried quicker, resulting in decreasing In desorption [82].
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3.4.4 Impact of carrier gas

The carrier gas selection and concentration plays an important role in InGaN and GaN growth.
Unlike N, H, does not act in an inert manner during growth, and can play a more active role in
the gas phase environment. It is well known thatreiduces In incorporation, and thus, InGaN
is often grown in an M environment [82]. However, the reactive nature ofddiring growth
can be used to the crystal grower's advantage... In the case of GaN, a mixturevithHN, at
high temperatures acts as an etchant, leading to a planarization effect in GaN [83]. At lower
temperature GaN growth, the etch rate ofd€creases, but still plays an important role. Models
have suggested thabhhteracts with atomic Ga, leading to metal accumulation on the surface,
followed by diffusion [83].

In the case of high In-content InGaN based devices, high temperature that is often used for
p-type material grown after the active region can lead to indium diffusion into the p-type region,
presenting as a dark colored Im. Further discussed below in Section 4.5, selective exposure to

H» can assist in InGaN growth.

3.5 MQW growth

As mentioned above, In content can be adjusted in InGaN by decreasing the growth temperature,
increasing the growth rate, growing in a nitrogen environment, and increasing the V/IlI ratio.
However, as noted, these are also accompanied by negative consequences, namely on the surface
morphology. Thus, the growth parameters used for the active region of a device are different
than those of a template used for active region growth.

A basic MQW growth follows:
1. InGaN quantum well growth
2. Capping layer (GaN or AlGaN)
3. Ramp to barrier temperature growth under H

4. Barrier growth (under pfor GaN barriers)
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5. Ramp back down to InGaN quantum well temperature

3.5.1 Impact of hydrogen and ammonia

Because of the lower used temperatures in the quantum wells, as compared to that of underlying
semibulk templates, indium begins to form clusters on the surface of the quantum wells. Thus, a
small amount of H is continuously present in both semibulk templates and InGaN well growth.
At the end of a QW growth, a thin capping layer is employed, followed by a ramp in hydrogen.
The barrier is then grown with hydrogen owing. It was found that when barriers were grown
under nitrogen only, the sample came out looking dark, indicative of indium metal present in
the sample. This was con rmed by AFM, as indium inclusions were observed in barriers grown
without hydrogen. In addition, PL intensity was found to double when the barriers are grown
under B . Thus, all MQWSs with GaN barriers throughout this work are grown under hydrogen.
Increasing the ammonia ow, and therefore the V/Ill ratio, also impacted MQWS. Increasing
the NH; ow or decreasing the TMGa ow was found to decrease the yellow luminescence
present in the MQW, attributed to the defects present in the relatively low GaN temperature
used for barriers. However, increasing ammonia ow had a more positive impact, compared to
decreasing TMGa ow. Increasing the NHby 50% resulted in a MQW that emitted at 450 nm
emitting at 463 nm, and improved the PL intensity. However, when the TMGa ow was reduced,

the 463 MQW was blueshifted to 445 nm.

3.5.2 P-region growth temperature

In addition to growing barriers under nitrogen, the p-type region growth was also found to
darken the sample. During device growth, it was found that previous runs that terminated with
a MQW that appeared clear after removing them from the reactor would appear darker when
repeated with a p-GaN cap grown at 995. In addition, the XRD satellite peaks were observed

to degrade. It was found that by lower the p-GaN temperature to @5@he sample appeared

less dark, and the periodicity returned. The ramp rate to the p-type region also had an impact on
the PL emission of devices. A MQW that had a ramp to p-GaN atb0min emitted at 480 nm.
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However, when it was repeated with a 1%0D/min ramp rate to p-GaN, a 26 nm redshift was
observed. It was concluded that minimizing the ramp rate and temperature helps with longer

emission.

3.5.3 Temperature difference between barriers and wells

The temperature difference between quantum well and GaN barriers were kept at a constant,
regardless of the quantum well temperature, to keep the overall ramp time the same. However,
theD was either set to 100C or 150 C, depending on the design of the MQW. It was found

that with theD=150 C, the PL would blueshift by approximately 10 nm, which is not desirable

for high wavelength MQWs, as seen in Fig. 3.5. However, the YL was observed to decrease
when theD=150 C at lower wavelength PL emission. This is expected to be due to a reduction
of defects in the GaN barrier when the temperature is increased. However, a longer ramp time
and higher temperature does encourage indium desorption. Therefore, it is ideal to minimize
the temperature delta as much as possible between the well and barrier, without sacri cing the

barrier material quality.

Figure 3.5: PL emission of MQWSs grown with a temperature difference between the well and
barrier of 150 C , and 100 C..
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3.5.4 TEGa vs TMGa as gallium precursor

3.5.5 InGaN barriers

As mentioned, at higher wavelength MQW emission, the temperature difference between

guantum wells and barriers cannot be too large, or else indium desorption is enhanced. At the
same time, at the temperatures required for higher In-content InGaN growth for the QW, the

quality of the GaN barrier is reduced. Thus, MQWs with®a;.yN barriers with InGa; xN

wells, where y<x, were explored.

Figure 3.6: A schematic representation of the different growth parameters of MQW InGaN1-3.
"On" is represented by the hjgher elevation line, and "off" is lower.

Inthe rstset, In,Gay.yN barriers where grown with a'y value targeting approximately 7-8%.
However, our previously optimized growth parameters had to be altered. As mentioned, H
presence during InGaN growth can lead to indium desorption. Therefore, in this trial (InGaN1),
the V-line was kept at a minimal ow of B, and the center-line and IlI-line of Fig. 2.4 were set
to Ny .

Another problem considered is the ramp to the barrier temperature; using InGaN instead of
GaN for the barrier reduces the temperature delta between the cap and barrier, but the InGaN
still needs to be protected during the ramp. Thus, a cap of approximately 3.8 nm of InGaN was
grown, during the ramp from kGa; «N temperature to kGa,yN temperature. Finally, The

InGaN barrier was capped withl nm GaN, to mimic the reset of the growth surface that a
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GaN barrier provides. This approach did not prove to be fruitful; from the XRD, there was no
periodicity, indicating poor interfaces, probably attributed to the graded InGaN cap between the
well and barrier. In addition, the sample itself looked very dark, as seen in Fig. 3.7. As seen in
the PL of Fig. 3.7, there is not a emission attributed to the QW, but instead YL and BL defects.
Thus, in the next trial (InGaN2), the MQW is grown more similarly to a conventional
GaN barrier MQW: The IgGa;xN barrier was capped with GaN, in an effort to improve the
periodicity. In addition, the ramp was conducted underad traditionally done in the GaN
barrier MQWSs. As seen in Fig. 3.7, strong emission at 460 nm is observed, with satellite peaks
appearing in the XRD. The sample visually also appears clearer. From XRD, the barrier is
estimated to contain 7% In-content. However, at the growth temperature used for the MQW,
the emission was much lower than expected, by approximately 30 nm. It is expected that the H

ramp resulted in indium desorption.

Figure 3.7: The PL emission of MQW InGaN1-3, showing &5 nm redshift comparing
InGaN2 to InGaN3. InGaNL1 visually is dark, indicating In metal. InGaN2 is improved visually.
InGaN3 PL shows a bright green emission.

For InGaN3, the K exposure was limited to only 10 seconds in the beginning of the ramp

to the barrier temperature, and at the end of the barrier growth. In addition to time reduction, the

50



total H, ow during the ramp was reduced by 91%, as seen in Fig. 3.6. The QW temperature
was reduced by 20C , a temperature that traditional GaN MQWs have seen emission at 500
nm. By reducing the blexposure, a 55 nm redshift was observed in comparison to InGaN2, and
a 13 nm redshift, when compared to a GaN barrier MQW grown at the same temperature. The
visual emission and PL can be seen in Fig. 3.7. The XRD indicated InGaN content in the barrier
to be 8.5 %.

Figure 3.8: A comparison of a GaN barrier MQW (GaN MQW), InGaN3, and InGaN4, all
grown at the same well temperature.

The cap thickness following the well and barrier was then doubled (InGaN4). doubling the
cap resulted in a 9 nm redshift in PL emission, to 522 nm, one of the highest MQW grown on
GaN out of this reactor, as seen in Fig. 3.8. As compared to a GaN-based barrier MQW, seen in
Fig. 3.8, this is a 22 nm redshift.
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3.5.6 AlGaN caps

AlGaN capping layers in MQW have also been shown to support long wavelength emission
in InGaN MQWs. As seen in Fig. 3.3, AlGaN is under tensile strain when grown on GaN or
InGaN, and thus can act as a strain-compensating layer in InGaN MQW. It has been shown that
a 1 nm AlGaN cap between the InGaN well and GaN barrier results in strain compensation, as
well as improved intensity and reduced FWHM of PL emission from MQWs emitting above
500 nm [84]. AlGaN caps were also found to enhance indium incorporation in InGaN QW [72].
In addition, the AlGaN cap acts similarly to the GaN cap and GaN interlayer, in that it protects

the underlying QW, allowing for an anneal that enhances the interface.

3.5.7 MQW on semibulk templates

InGaN semibulk templates have successfully been implemented in MQW-based devices, partic-
ularly in LEDs [46, 85, 86], showing that the MQW is successfully redshifting emission, when
compared to that of a MQW grown on a conventional GaN template. The key to longer wave-
length devices is the correct pairing of MQW emission on GaN, and the correct device-quality
InGaN semibulk template. As discussed in [85], it was found that the redshift gGaigN
/GaN MQW grown on GaN vs. on }&Ga;.xN semibulk templates is somewhat linear, showing
the relationship [85]:

D(E) = 0:0319 Xet; 0:0227eV (3.2)

whereD(E) is the redshift in eV, andq ¢ is the effective indium content, as discussed in
Section 4.5.2. The above equation was derived from PL and EL results of MQWSs grown on
various semibulk templates, and compared to the MQW grown on GaN. Using an InGaN SB
with an effective indium content of 10%, a MQW emitting in the blue region on GaN was
redshifted into the green regioPE 0.33 eV), showing that InGaN SB enhances the In-content
in the the active regions. InGaN SB with In-content df2% redshifted a blue LED grown
on GaN into the yellow region [85]. In fact, models have shown that a semibulk template with
In content of 15% has the potential of redshifting a MQW by approximately 0.44 eV. Thus,

depending on the pairing of SB and MQWs, long wavelength InGaN in the red region can be
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achieved. Thus, templates that can achieve higher In-content in the topmost regions, with device

quality surface morphology, are explored in this dissertation.
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Chapter I

Efforts in InGaN heteroepitaxy

4.1 Challenges facing InGaN growth

In addition to differences in lattice parameters, the Ga-N bond is stronger than that of the In-N,
thus In adatoms have a higher mobility than that of Ga, resulting in compositional uctuations,
as In has a tendency to incorporate at step edges.

InGaN growth also suffers from several issues that arise in the thermodynamics of the
material growth. The vapor pressure of InN is much larger than that of GaN, leading to a high
desporption rate of indium, reducing the indium incorporation in the InGaN Im [54, 87]. Thus,
the growth temperature and TMIn precursor must be suf cient to maintain adequate indium
adsorption; the addition of a small amount of &lso encourages higher indium incorporation
[88, 89]. The enthalpy of formation between InN and GaN is also large, resulting in indium
surface segregation. Since lower growth temperatures are required to achieve high indium
content InGaN Ims, ammonia cracking ef ciency (liberation of a nitrogen radical from gaseous
NH3) is hindered, which reduces the growth rate, lowering the indium incorporation. Thus, there
is a ne balance between the indium incorporation gained from a reduction in temperature, and
the indium incorporation lost due to reduced ammonia cracking ef ciency. InGaN growth is
sometimes thought of as a combination of an art and a science, due to the ne tuning necessary
for quality InGaN growth.

A high V/III ratio can assist in suppressing indium segregation; as the amount of N- bonding
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sites increases with increased V species, the formation of In-N bonds becomes more favorable.

4.1.1 DefectsinInGaN

llI-nitrides have several different types of defects. The common zero-dimensional defects, or
point defects, of GaN are vacancies, substitutions, and interstitial impurities. Impurities arise
from the nature of MOCVD growth; carbon impurities are introduced into the growth through
the decomposition of metalorganics, and cannot be avoided in MOCVD. In addition, oxygen
impurities can be introduced when the reactor chamber is opened and exposed to water vapor
in the outside environment. A high bake prior to the growth aids in reduction of oxygen, but
nonetheless, it is a challenge to rid the system of all oxygen impurities. A vacancy is simply put,
a missing atom in a lattice, and is denoted by a V and the lattice position as subscript that is
missing. In GaN/InGaN, the nitrogen vacancy(Ms a common defect that can cause problems.
Carbon can also incorporate into the lattice in the form of substitution on the nitrogen site,
Cn, due to metalorganic usage, and incomplete TMGa decompositipand Gy impurities

are speculated to be the cause of the strong YL band observed in PL in low-quality GaN
materials[48, 49]. In p-type nitrides, Mg preferentially incorporates into the Ga sitgg,Mg
however, it may also incorporate into interstitial sites,; Mgcombination of defect related
complexes can form, also observed in PL, as BL and GL bands. This impact can be reduced
via an anneal. Q also can form in the crystal, but can be minimized by adequate gas handling
to reduce oxygen contamination during growth. Discussion of defects and their impact on PL
measurements can be seen in Section 2.5.5.

GaN and InGaN suffer from a high value of dislocations &&6r2) due to the heteroepi-
taxial growth on sapphire, outlined in section Section 4.2.1. These defects show up as mis t
dislocations, threading dislocations, atomic vacancies, and impurities.

Mis t dislocations mostly form in the heteroepitaxial growth of GaN on a non-native
substrate, such as sapphire. However, InGaN grown on GaN can also contain mis t disloca-
tions formed at the GaN-InGaN interface, when the In-content and critical layer thickness are

suf ciently high [90]. Mis t dislocations are a result of plastic relaxation, resulting in poor
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Figure 4.1: Schematic model of edge-type (left) and screw-type (right) dislocations.

surface quality for device applications. It has been observed that mis t dislocations form in
InyGay.xN on GaN in 100 nm thick Ims when In content exceeded @.07 [90], via formation

of radial-shape dislocation half loops; at 0.17, an additional mechanism of mis t formation
along <1@0> is also seen. However, mis t dislocation was not observed,iG.,N where
x<0.05, where the strain mismatch between GaN apGanyN is not as drastic. Thus, it

is desirable for crystal growers to avoid formation of mis t dislocations in InGaN on GaN

heteroepitaxy, via controlled growth processes to minimize mismatch and drastic relaxation.

4.1.2 Threading dislocations

InyGayxN based devices are unique among other IlI-V semiconductors, in their ability to still
preform well as devices, despite the high threading dislocation density (TDD) often present in
the material. TDD in InGaN devices are often on the order ¢! cm. In comparison,

GaAs and GaP based devices require TDD to be beldwed?. The impact of TDD on device
performance can be attributed to polarization-induced carrier localization in InGaN [91, 92].
Although LEDs can still perform relatively well with high TDD, laser and FET applications
require lower TDD. Thus, threading dislocations are defects that GaN researchers aim to
minimize, as carrier localization cannot be depended on if the polarization is reduced in LEDs.

(Further discussion on the polarization of InGaN is seen in Section 4.1.4.
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The mosaic model of crystal growth can be used to describe threading dislocation formation
[93, 94]. As the epitaxial Im grows, islands form that either twist perpendicular along the
growth axis, or tilt away from the growth axis. Threading dislocations (TDs) originate at the
sapphire and GaN interface, and propagate (thread) into the Im grown above. Threading
dislocations also can originate at the InGaN/GaN interface, but this can be minimized, as
compared to that of the sapphire and GaN interface. Edge-type (a-type), screw-type (c-type)
dislocations, and mixed-type ((a+c)- type) dislocations are present in GaN. Generally, edge-type
dislocations are an order of magnitude higher than screw-type dislocations. Further detail on the
guanti cation of threading dislocations can be found in Section 5.3.3. TDs have several adverse
effects on GaN. For further discussion on tilt and twist and the quanti cation of threading
dislocations via HRXRD, see Chapter 5. It is important to note that in addition to the mosaic
model, the nucleation layer model can also be used to describe threading dislocation formation
[93]. Nonetheless, the mosaic model allows for quanti cation of threading dislocations via
HRXRD [42, 93, 95].

Screw-type dislocations

Screw-type dislocations are a result of perpendicular movement to applied stress. In the case of
GaN and InGaN, this applied stress is the compressive strain introduced during heteroepitaxial
growth. As stress is applied to the growing crystal structure, plane slip occurs, as seen in Fig. 4.1
[96]. The burgers vector is parallel to the dislocation line. The resulting distortion creates a
spiral like growth along the dislocation line, forming hexagonal like hillocks during the growth.
Screw-type dislocations cause a twist misorientation of the lattice, distorting thé Igifice

planes, further detailed Section 5.3.3. In general, pure screw type dislocations are in much
lower concentration as compared to their edge type dislocation counterparts. Pure screw type
dislocations are approximately 10% of the total dislocations present in GaN, but this number
does vary in the literature, depending on quanti cation techniques; as low as 1 % of observed

dislocations have been reported as pure-screw type. [37, 93].
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Edge-type dislocations

Edge-type dislocations occur when a half plane is added or removed from the crystal lattice, with
the burgers vector perpendicular to the dislocation line. As mentioned, edge-type dislocations
are usually found in a higher density than screw. Edge-type dislocations cause a tilt in the crystal
orientation, which distorts thénk "), whereh or k are equal to 0. In truth, most dislocations

are likely mixed type dislocations, where the burger's vector is not perfectly parallel nor
perpendicular, resulting in a dislocation line that is slightly distorted. Depending on the technique
used to quantify dislocations, it can be over estimated, or underestimated. For example, if
guanti ed via HRXRD methods, as outlined in section Chapter 5), edge-type dislocations will
be over-estimated, since the method is sensitive to mixed type dislocations, as well. On the other
hand, if quanti ed via AFM (also covered in Chapter 5, edge-type dislocations that annihilate

prior to reaching the surface will not be detected.

4.1.3 V-pit defects

Mis t dislocations and threading dislocations can lead to the formation\éfp# defect, an
infamous defect in the llI-nitride community-pits can be thought of as inverted six-sided
hexagonal pits with an open face in the basal plane, and thﬁxmnewalls, aptly named
for their “V” side pro le when observed via TEM. A schematic olapit, as well as an SEM
micrograph can be seen in Fig. 4.2.

V-pit formation is the energetically preferred method of strain relaxation in InGaN Ims. In
general V-pitsform at at the surface termination of a threading dislocation [97]. As the material
growth thickens and indium is incorporated into the growing Im, strain energy builds up in the
system. Once a critical layer thickness(CLT) is reached, which is dependent on the In-content
in the system, the material begins to relax, via the formation o¥/tpés. In-segregation can
occur on the (161) surface, due to preferential occupancy on thd_u@urface. As studied
by Northrupet al,, system energy is lowered by 1.5-2.0 eV when In incorporates at a one or
twofold N-coordinated site, such as a step-edge or a vicinal plane suchl_as),(a@ opposed to

the fourfold N-coordinated site in the bulk crystal, due to the weaker and longer In-N bond [98].
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Figure 4.2: (a)(left) schematic representation &Fpit. (b)(right) V-pit observed via SEM.

Thus, growth on the (l’f)l) plane instead of the (0001) plane leads to strain energy reduction.

4.1.4 Challenges of InGaN devices

As discussed in chapter 1, InGaN devices show promise for use in optoelectronics. However,
there are still fundamental challenges that the community must overcome for InGaN to be fully
realized.

One such issue is colloquially referred to as “the green gap”. The green gap is the observed
drop off in external quantum ef ciency (EQE) as the emission wavelength increases in InGaN
based devices. There are several proposed causes of the green gap. Increased wavelength
emission is achieved with higher In-content InGaN, which is traditionally done at a lower
growth temperature. This lower growth temperature reduces the crystal quality, through the
introduction of defects, impurities, increased surface roughness, and incképgetensity. In
addition to the reduced quality crystal growth, increasing the In-content in the active region also
increases the lattice mismatch between the InGaN and underlying GaN that InGaN devices are
traditionally grown on top of; this creates a cascade of effects: the lattice mismatch leads to
compressive strain in the active region that induces a piezoelectric (PZ) eld. This PZ eld in
turn, separates the electron and hole wave functions, reducing the overlap and consequentially,

leads to less radiative recombination. This spatial separation of hole and electron wave functions
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is referred to as the quantum-con ned stark effect (QCSE), as seen in Fig. 4.3 [99]. The QCSE
does induce a redshift of emission, as the bandbending results in a smaller bandgap. However,
the separation of hole and electron wave functions is still problematic. Finally, with a large
electric eld, itis also proposed that Auger recombination also reduces EQE with increasing

emission wavelength [100-104].

Figure 4.3: The band diagram of an InGaN/GaN quantum well under no electric eld, and a
PZ electric eld.

[lI-nitrides have also been notoriously challenging to grow with suitable p-type charac-
teristics. GaN and other nitride alloys are intrinsically n-type in nature, owing to the N-type
vacancies that occur during growth. The n-type donor for GaN is Si, with an activation energy of
20 meV. However, the only shallow level p-type donor known for GaN is Mg, with an activation
energy of approximately 200 meV. MOCVD grown GaN has been hard to dope with Mg, as
it is passivated by hydrogen radicals during the growth, forming an ionically neutral Mg—H

complex [15]. Amancet al. achieved p-type GaN with hole concentration o 10 cn®
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