ABSTRACT

ABDELHAMID, MOSTAFA RADWAN HASSAN. InGaN/GaN Light Emitting Diodes on Relaxed
InGaN Templates. (Under the direction of Dr. Salah M. Bedair).

Light emitting diodes (LEDs) based on the InGaN material system can provide an
emission spectrum that spans across the whole visible spectrum from violet up to infrared
by tuning the indium content in the InGaN quantum wells. This has opened the door for
InGaN to be the prime candidate for next generation solid state lighting technology and for
next generation display technology using micro-LEDs. For InGaN LEDs to achieve their
true potential in next generation technologies, high efficiency emission has to be achieved
across the visible spectrum. The main challenge to achieving this goal is that the efficiency
of InGaN based LEDs steeply drops as the wavelength emission is increased longer than
blue and especially as the emission approaches the red spectrum. This drop in efficiency
is attributed to two main drawbacks that exist in long wavelength InGaN quantum wells
which are low growth temperatures required to achieve high indium content which result
in low material quality, and large lattice mismatch with the underlying GaN template which
results in polarization induced field in the quantum wells because of the compressive
strain.

This dissertation focuses on addressing those two drawbacks simultaneously by growing
the InGaN quantum wells on relaxed InGaN semibulk templates that have an indium con-
tent of 8 - 12% which directly reduces the strain in the quantum wells because of the smaller
lattice mismatch. This reduced strain in leads to improved radiative recombination because
of the reduction in polarization induced electric field, and it also leads to enhancement in
indium incorporation because of the composition pulling effect which allows for higher
growth temperatures.

To achieve such goal, first the relaxed InGaN templates were studied using different
characterization techniques to investigate the effect of different design parameters on
the properties of the templates such as indium content, degree of relaxation, and surface
roughness. This study showed that the material quality can be drastically improved using
the semibulk approach by growing periodic InGaN (~ 20 nm)/GaN (~ 2 nm) structures.
It also showed that the relaxation process is a gradual process and is accompanied by
enhancement in indium content up to a factor of 1.8 as films transition from fully strained
to almost fully relaxed. We then collaborated with LeBeau’s group to perform transmission

electron microscopy on our templates showing that they relax by forming V-pit shaped



defects and that the periodic insertion of GaN interlayers can back fill these pits leading to
improved surface morphology.

The effect of the relaxed InGaN templates on the emission of quantum wells was then
studied using a combination of theoretical modelling and experimental results. This study
showed that the quantum well emission can be varied by only changing the indium content
in the underlying template, with a red shift of ~ 60 nm achieved for a template with an
In-content of 11%. This shift is a result of the indium incorporation enhancement due to of
the reduced strain.

We then worked on optimizing an InGaN template with an indium content of 12% and
utilized it to fabricate LEDs that a demonstrate a red shift in emission from blue at 470 nm
to the green gap spectrum at 570 nm, which is a ~ 100 nm red shift in emission only due to
the relaxed underlying template.

Finally, we demonstrated that with optimized growth recipe, a relaxed InGaN template
with indium content < 10% can result in an LED with an external quantum efficiency higher
than that of a conventional LED on GaN. This superior performance is a direct result of

improved radiative recombination in the quantum wells because of the reduced strain.
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Chapter 1

Introduction

1.1 Motivation

Ill-nitride based optoelectronic devices have enabled a wide spectrum of wavelength
emission that spans from the ultraviolet to the infrared range. Ternary compounds of indium
gallium nitride (InGaN) in particular have revolutionized the light emitting diodes (LEDS)
industry owing to their tunable band gap energy that spans the whole visible spectrum.
High ef ciency violet and blue emission have been achieved using InGaN based LEDs.
However, the ef ciency drops drastically as the emission wavelength is pushed towards
longer wavelength such as green, yellow, and red. The motivation for this dissertation work
is to improve the ef ciency of long wavelength InGaN-based LEDs which prove to be critical
for achieving true white emission for next generation solid state lighting and critical for
achieving InGaN-based micro-LED full color display.

1.2 llI-Nitrides Material System

1.2.1 Material Overview

llI-nitrides material system is comprised of three main binary compounds: aluminum
nitride (AIN), gallium nitride (GaN), and indium nitride (InN). These main three compounds
can then be used to achieve ternary compounds such as Al ,Ga; N or In ,Ga; N or Al In; ;N
or even quaternary Al ,In,Ga,_,,N compounds, where x and y represent the mole fraction
of each binary compound.

The unique properties of these IlI-nitride based compounds have allowed it to revolu-



tionize the solid state lighting industry and to have tremendous contributions in power
electronics and radio frequency (RF) devices. These unique properties include having tun-
able direct bandgap that spans from deep ultraviolet (UV) to infrared (IR) range, large break
down voltage, high electron mobility, high thermal conductivity, and other properties that
make it suitable for a wide range of applications [1, 2, 3]

The energy bandgap is plotted against the in-plane lattice constant for the Ill-nitride
material system in Figure 1.1. It can be seen that AIN has a bandgap of around 6 eV which
lies in the deep UV range, while InN has a bandgap of around 0.7 eV which lies in the IR
range allowing for the full coverage of the deep UV and visible spectrum ranges. The overlap
of InGaN compound with the whole visible spectrum is the main reason that it became
the front runner to achieve full color display micro-LEDs ( -LEDs) [4], and also the main
candidate for true white next generation solid state lighting (SSL)  [5].

Figure 1.1: Energy bandgap versus in-plane lattice constant for Ill-nitride compound
materials showing their overlap with the visible light spectrum.



1.2.2 Historical Background

In the early days of lll-nitride compounds, most devices exhibited poor device performance
mainly due to the absence of the technology to produce high quality GaN substrates, and
the absence of successful growth techniques on mismatched substrates. This resulted in
heteroepitaxy of poor crystalline GaN with high defects density and rough surface mor-
phology. However, GaN growth on the mismatched sapphire substrates was drastically
improved in the mid 1980s with the incorporation of AIN buffer layers rst demonstrated

by Amano et al. using metal organic chemical vapor deposition (MOCVD)  [6], followed by
the incorporation of low temperature GaN buffer by Nakamura in 1991 also using MOCVD
[7].

The high quality GaN, grown by MOCVD on top of the available and low-cost sapphire
substrates using AIN / GaN buffers, opened the door for various applications and allowed
for the growth of ternary compounds such as AlGaN and InGaN and resulted in a lot of
interest from the semiconductor research community into the IlI-nitrides. Nevertheless,
another major obstacle still remained which was the absence of p-type GaN Ims.

P-type conductivity was rst demonstrated using Mg as a dopant by Amano et al. in
1989([8]. However, the hole concentration was relatively low (2 10 ¢cm2), and the activa-
tion of holes was achieved using the complicated technique of low-energy electron-beam
irradiation (LEEBI) treatment. Nakamura et al. then demonstrated that Mg activation can
be achieved by a simple thermal annealing processina N , ambient [9]. The Mg passivation
was explained to be a result of the presence of Hydrogen in the deposition system due to
the dissociation of ammonia (NH ;) under high growth temperatures. This results in the
formation of a Mg-H complex which prevents the Mg dopant from being ionized and from
providing holes needed for p-type conductivity  [10].

Demonstration of high quality GaN on sapphire and p-type conductivity paved the way
for development of high brightness InGaN based LEDs [11], followed by the demonstration
of continuous wave operation laser diode by Nakamura etal. [12]. This ef cient blue LED
breakthrough became the corner stone for the solid state lighting industry which is currently
used to illuminate most of the residential and industrial areas by converting the ef cient
blue emission into a wider spectrum that results in a white color perception by the human
eye. Such major contributions to the development of nitride materials and in particular the
blue LED awarded the 2014 Nobel prize in Physics to Amano, Akasaki, and Nakamura.



1.2.3 Crystal structure and Polarization Charges

[lI-nitride materials exist mainly in two crystalline structures: cubic zinc blende and hexag-
onal wurtzite. The wurtzite crystal structure is the thermodynamically stable structure and
is the one typically used in optoelectronic and electronic nitride based devices  [1].

The wurtzite crystal structure of GaN is shown in Fig. 1.2 where the Ga atoms are shown
in red and N atoms are shown in blue. The column Il elements can either be Ga, or Al,
or In, depending on the material while still maintaining a wurtzite crystal structure. This
hexagonal structure gives rise to unique properties to lll-nitride compounds. The structure
in Fig. 1.2 shows that Ill-nitride wurtzite crystals lack an inversion plane perpendicular
to the c-axis. This means that if we make a perfect cut perpendicular to the c-axis such
that we break only the bond along the c-direction, we would end up with either a Ga-
terminated surface or a N-terminated surface. These two distinct orientations are referred
to as Ga-polar and N-polar, respectively.

Figure 1.2: Schematic of wurtzite crystal structure of GaN showing the lattice constants a
and c.

A schematic of the difference between the two polarities is shown in Fig. 1.3. The Ga-
polar materials have a bond from Ga to N along the positive c-axis [0 0 0 1], while N-polar
materials have a bond from N to Ga along the negative c-axis [0 0 01]. These two different
orientations play a critical role on the performance of llI-nitride devices since the growth
of lll-nitrides in the c-plane is the most conventional plane as it can be grown on low cost
c-plane sapphire.

II-nitride materials are formed from a combination of a column-Ill element (Ga, Al, In),



Figure 1.3: Schematic of GaN crystal showing the difference between Ga-polarity and
N-polarity in wurtzite GaN.

and nitrogen which is a column-V element. Column Il elements and N have an inherent dif-
ference in electronegativity because nitrogen has a higher electronegativity than column-Iil.
This difference along with the intrinsic asymmetry of the bonds in the crystal at equilibrium
results in a net polarization along the c-axis commonly referred to as the spontaneous
polarization ( Psp) [13, 14]. Another polarization factor arises from the applied strain when
growing llI-nitride materials. For example, thin InGaN Ims grown pseudomorphically on
GaN suffer from a compressive strain because of the larger lattice constant of InGaN as
shown in Fig. 1.1. In contrast, AlGaN grown pseudomorphically on GaN are under a tensile
strain because of the smaller lattice constant of AIGaN. These applied strains affect the
bond lengths in the wurtzite crystal which leads to another net polarization because of this
mechanical perturbation. This polarization is referred to as the piezoelectric polarization
(Ps2). In case of Ga-polar compounds under compressive strain such as InGaN grown on
GaN, the piezoelectric polarization isinthe +c-direction [0 0 0 1] which is opposite to the
spontaneous polarization. While in the case of Ga-polar AIGaN grown on GaN under tensile
strain, Psy isinthe [000 I] direction which adds up to Psp. However, for the above two
examples, the direction of Py is inverted in the case of N-polar.

The polarization charges, both spontaneous and piezoelectric, play a crucial role in
the design and study of nitride based devices. In some cases, such as the AlGaN /GaN
heterojunction in a high electron mobility transistor (HEMT), the presence of polarization is
advantageous and is engineered to achieve a two dimensional electron gas (2DEG) channel
[15]. While in other devices, such as LEDs, the presence of polarization charges result in an



Figure 1.4: Schematic of the polarization direction in case of Ga-polar material versus
N-polar material [14].

induced electric eld that can affect both the emission wavelength and the output power of
the LED. For such critical reasons, the polarization properties of llI-nitride materials have
attracted a lot of interest and several groups have investigated and reported the polarization
parameters of lll-nitride Ims under different growth conditions [16, 17, 18.

1.3 Basic LED structure

An LED structure is typically comprised of a pn-junction with an active region in between
the p-layer and the n-layer. The active region is used to enhance the optical emission of
the device by incorporating multiple quantum well (MQW) structures. A schematic of a
typical blue-emitting InGaN /GaN LED is shown in Fig. 1.5. The device starts by growing
on a c-plane sapphire substrate using a low temperature GaN buffer, followed by a thick
( 4 m) Si-doped n-GaN layer. The active region is then grown incorporating 3-5 thin
In.18Gay go.N quantum wells (QWS) of about 2-3 nm that are surrounded by GaN barriers
from bottom and top. The active region is then capped by a Mg-doped p-GaN layer to form
a pn-junction then the metal contacts are deposited to form the nal LED. Under forward
bias conditions, current ows from the p-contact to the n-contact. The smaller bandgap of
the InGaN QWs traps a high density of electrons and holes inside the QWs which leads to
more ef cient radiative recombination.

However, for InGaN / GaN devices grown on c-plane, the presence of the polarization
induced electric eld in the strained QWs separates the electrons and holes to the opposite



Figure 1.5: Schematic of a conventional LED device grown on a sapphire substrate with
three QWs of In 4 15Ga, g,N and GaN batrriers.

sides of the well which reduces the probability of recombination. This phenomenon is
commonly referred to as the quantum con ned stark effect (QCSE).

A schematic of the band diagram of an InGaN /GaN QW demonstrating the QCSE is
shown in Fig. 1.6. Fig. 1.6(a) shows a typical band diagram of a GaN /Ing,3Ga;g,N/ GaN
single QW structure with thicknesses of 10 nm /3 nm/ 10 nm under zero E- eld conditions.
The conduction band and valence band are at and the electron wave function ( .)and
hole wave function ( ;) completely overlap with each other. While in g. 1.6(b), the band
diagram is shown for the case of the QW under the effect of a polarization induced E- eld.
The conduction and valence bands are tilted because of the present eld. Moreover, e
and ,, are now separated to the opposite sides of the well resulting in a clear decrease in
the overlap of the two wave functions.

The overlap of the electron-hole ( F,,,)wave functions is de ned as [19]:

Z
Fen= e(x) n(x)dx (1.1)

The ef ciency of radiative recombination in the QWs is strongly affected by the electron-
hole wave functions overlap because the radiative recombination coef cient(  B) is propor-
tionally related to the overlap square [19]:



(a) Zero E-eld (b) With E- eld

Figure 1.6: Band diagram of a conventional In ,;3Ga, g,N QW showing the electron and
hole wavefunctions overlap in case of (a) zero E- eld in the QWSs, (b) polarization induced
E- eld in the QWSs.

B = BojFenj’ (1.2)

where By is the radiative recombination coef cient.

The presence of an E- eld in the QWs also affects the peak wavelength emission. For the
same QW structure, the emission in the case of zero E- eld in g. 1.6(a) is 433 nm. However,
the presence of the E- eld in g. 1.6(b) results in a red shift in emission from 433 nm to
480 nm. Thus, the LED performance is drastically affected by the polarization induced
E- elds in the QWs as it affects both the emission wavelength and the emission intensity.
For that reason, the QW thickness in InGaN based devices is typically limited to 2.5-3 nm to
minimize the QCSE [20, 21].

1.4 Motivation for Long wavelength emission

Blue emission from InGaN based LEDs have reached a high level of maturity over the years
and is currently the main ingredient of commercial LEDs found on the market and used
in residential and industrial applications. A wall plug ef ciency (WPG) of 81% have been
reported in [22] and 84% in [23]. Such values are extremely high and are approaching to the



fundamental limit of the material itself. However, the ef ciency steeply drops for InGaN
based LEDs emitting at wavelengths in the green part of the spectrum and beyond. The
external quantum ef ciency (EQE) was reported to be around 19% for a 569 nm emission
by Saito et al. [24], while the EQE drops even furtherto  2.9% for a 629 nm emission as
reported by Hwang et al. [25]. The EQE for InGaN based LEDs emitting at the UV range was
also observed to be lower than that emitting towards the blue. Morita et al. have reported

an EQE value of 44% for an InGaN based LED emitting at 365 nm [26].

On the other end of the visible spectrum, red-emitting AlGalnP based LEDs have demon-
strated high EQE upto 60% at 650 nm emission [27, 28]. However, the EQE drops signi -
cantly as the wavelength is increased and the material switches to an indirect band gap
towards the green part of the spectrum. This steep drop in ef ciency for both the InGaN
based and the AlGalnP based material systems as the wavelength approaches the green
part of the spectrum is commonly referred to as the "green gap”. An overview of the highest
reported EQE values for both material systems is shown in g. 1.7 with the InGaN based
LEDs results shown in blue and the AlGalnP LEDs results shown in red. The dashed lines
are simply a guide to the eye showing the gradual drop in EQE for InGaN as the emission
shifts from blue towards red, and the drop in AlGalnP LEDs as the emission is shifted from
red towards green.

There are currently two main applications that are driving the InGaN material system to
address this green gap and produce high ef ciency green and red LED: 1) next generation
solid state lighting, and 2) next generation display micro-LEDs. The InGaN material system
has the advantage that it covers the whole visible spectrum making it the prime candidate
to achieve full color display over using other material systems or using a combination of
InGaN LEDs with AlGalnP on one chip.

1.4.1 Nextgeneration Solid state lighting

Conventional white emitting LEDs that are current used in solid state lighting are based on
having a high ef ciency blue InGaN LED that is coated with a yellow phosphor material
that can partially down convert some of the blue photons to the green and red part of
the spectrum. A schematic of a conventional phosphor coated LED (PC-LED) is shown in
g. 1.8(a). The coating material typically used is Cerium doped Yttrium aluminum garnet
(YAG:Ce)[29, 30
The PC-LED architecture has dominated the SSL industry as it has several advantages

such as simplicity as it only needs one LED type, temperature robustness, and color stability



Figure 1.7: External quantum ef ciency (EQE) versus wavelength for the InGaN material
system (blue markers) and the AlGalnP material system (red circles). The dashed are a
guide to the eye.

(a) Conventional phosphor coated LED (PC-
LED) schematic (b) PC-LED emission spectrum

Figure 1.8: (a) A schematic of a conventional phosphor coated LED (PC-LED) where the
blue InGaN emission is down converted by the phosphor coating to the green and red parts
of the spectrum. (b) Typical emission spectrum of a white LED showing the InGaN emission
at 460 nm and the wide uorescence of the phosphor coating.
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[5]. However, the energy lost in the phosphor to achieve color down conversion, poses a
fundamental limit on the maximum ef ciency that can be achieved using this architecture.
The ef cient next generation architecture is to combine red, green, blue, amber (RGBA)
LEDs on a single chip to produce white emission.

Figure 1.9: A schematic of next-generation color mixing LED (CM-LED).

The CM-LED architecture, in theory, can achieve higher ef ciency performance com-
pared to the current PC-LED architecture with the InGaN material system being the front
runner candidate for such technology as it can cover an emission range across the whole
visible spectrum. Nevertheless, the ef ciency of long wavelength InGaN LEDs is still lower
in ef ciency as shown in Fig. 1.7 which is leading a strong surge in the research community
to improve the performance of InGaN long wavelength LEDs.

1.4.2 Micro-LEDs

Micro-LEDs ( -LEDs) are another booming application that is pushing towards the im-
provement of InGaN long wavelength LEDs. A -LED is considered the next generation
display technology and is basically based on having solid state LEDs as pixels in screen
displays. The LED-pixel technology already exists in large outdoor displays. However, for
the technology to in Itrate the handheld smart devices market, the size of LEDs have to be
drastically reduced to below 100 m, hence, the name of -LEDs.

-LEDs can offer a higher contrast, lower power consumption, higher brightness and
a longer lifespan that the currently used organic light emitting diodes (OLEDS) in smart
handheld devices [4]. Amarket study by Yole development estimates a drastic increase in the
number of -LED displays in the next upcoming years as shownin g.1.10 [31]. The gure
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shows that the number of micro-LED panels is expected to increase drastically from around
10 million in 2021 to around 150 million in 2027, with the optimistic model expecting an
even more drastic to 450 million panels by 2027. This huge growth is a result of the ongoing
proli c increase in handheld devices such as smartphones, smartwatches, virtual reality
(VR) and augmented reality (AR) headsets, laptops, and displays. The front candidate for
such technology is the InGaN material system and huge efforts are currently made by
both the universities and the industry to accelerate the improvement in performance and
ef ciency of InGaN based long wavelength LEDs.

Figure 1.10: Yole Development forecast for number of microLED panels [31].

1.5 Dissertation Objective

There are two main reasons for the drop in performance for long wavelength InGaN based
LEDs:

1. Large compressive strain in the active region because of the lattice mismatch between
InGaN QWs and the underlying GaN template which results in defects and reduced
ef ciency due to QCSE.

2. Low growth temperatures required to achieve high In-content in the QWs which result
in poor Im quality and increased surface roughness.

An optimum solution that can address these two issues simultaneously is to grow
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the In,Ga,.\N QWSs on arelaxed In ,Ga; . N template where the In-content of the template
(y) is smaller than the In-content of the QWs (  x). A schematic of the conventional LED
structure versus the proposed LED structure is shownin g. 1.11. Therelaxed In  ,Ga; (N
template reduces the straininthe In ,Ga; N QWSs resulting in reduced polarization induced
E- eld which increases the radiative recombination. Another advantage to the relaxed
In,Ga,.,N templates is that the reduced strain in the QWSs can result in an increase in
indium incorporation for the same growth conditions which translates to better matter
guality as the same In-content can be achieved using a higher growth temperature. This
increase in In-content due to strain relaxation is commonly referred to as the compositional
pulling effect [32].

Figure 1.11: Aschematic of (a) conventional LED structure and (b) proposed LED structure.

The objective of this dissertation work was to grow and characterize highly relaxed
InGaN templates and investigate the relaxation process and its effect on the optical and
morphological properties of the grown Ims. The effect of incorporating underlying InGaN
templates on the emission of QWs was also investigated using experimental results and
theoretical modeling. Then LEDs were fabricated on InGaN templates and compared to
conventional LEDs grown on GaN.
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1.6 Dissertation structure

The dissertation is structured such that Chapter 1 covers the motivation of the work and an
overview of the material system properties and applications. Chapter 2 covers the metal
organic chemical vapor deposition process used for the growth of the epitaxial Ims used
in this dissertation work along with the characterization and fabrication techniques used.
Chapter 3 reviews the techniques and structures reported in the literature to address the
challenges faced for long wavelength InGaN based emission. Chapter 4 studies the growth
and characterization of InGaN templates to control the emission of multiple guantum wells
(MQWs). Chapter 5 investigates the relaxation process in InGaN thick Ims, while chapter 6
illustrates the dependence of the emission on the indium content in the underlying InGaN
templates using both modeling and experimental results. Chapter 7 demonstrates the
red shifting of an LED emission from blue to the green gap spectral range using InGaN
relaxed templates, while chapter 8 builds on this result to show that the output power
and external quantum ef ciency of LEDs can be improved by optimizing the underlying
InGaN templates. Chapter 9 summarizes the thesis work and its conclusions while pointing
direction towards future work needed to further advance the results achieved in this work.
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Chapter 2

[1I-Nitride Materials Growth,
Characterization, and Fabrication

2.1 Introduction

In this chapter, the metal organic chemical vapor deposition (MOCVD) system used in this
dissertation is reviewed along with a summary on the growth techniques we used for the
growth of llI-nitride Ims. A brief description of the characterization techniques used in
this study such as x-ray diffraction (XRD), photoluminescence (PL), electroluminescence
(EL) is also presented. A description of the device fabrication steps used to fabricate InGaN
based LEDs in this dissertation is reviewed.

2.2 MOCVD system

The MOCVD system used in this study is a home built reactor that was designed and built
by Bedair's group around the early nighties. A photo of the MOCVD reactor is shown in
g. 2.1(a) while g. 2.1(b) shows a schematic of the growth chamber illustrating different
important parts of the system.

The reactor chamber consists of a double wall quartz tube that is water cooled as shown
by the chilled water inlet and outlet ports. The chamber is vacuum sealed at the top and
the bottom to minimize any oxygen leak into the system during Im growth. Copper coils
encircle the chamber and are connected to a 7.5 kW Lepel radio frequency (RF) power
supply to enable the heating of the susceptor through induction. The susceptor is coated
with tantalum carbide (TaC) to withstand high growth temperatures up to 1050°C. The
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Figure 2.1: (a) Photo of the MOCVD system used in this dissertation. (b) Schematic of the
MOCVD system highlighting different parts of the system.

susceptor has a small pocket for our 14 14 mm? samples to reside and it is rotated by a
stepper motor with a rotation speed of 60 rpm to improve growth uniformity across the
substrate. Another stationary part that is made from the same material as the susceptor
lies below it and it connected to a thermocouple that is used to determine the substrate
temperature during steps of growth. A Euortherm controller is used to control the growth
temperature by adjusting the RF heater output according to the temperature reading from
the thermocouple and comparing it with the desired temperature set point. An O-ring
sealed door is used at the bottom of the chamber to load and unload the substrates before
and after growth.

The gas delivery of column Ill and column V precursors is achieved by the delivery
tube shown in g. 2.1(b). The delivery two has two separated inlets with the left inlet used
for column 11l precursors and the right inlet used for column V precursors. The two ows
are separated by a divider plate, that extends from the top until about 2 inches above the
susceptor, to prevent gas phase reactions between the two ows. These two inches of pre-
mixing help increase the uniformity on the reactants on the substrate while minimizing
gas phase reactions. The delivery tube rests on a shower head that provides a curtain ow
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of N, or H, to keep the delivery tube ow centered on the substrate.

The gas delivery system from the precursors to either column 11l or column V is divided
into two separate lines: a run line that directs the gas ow to the growth chamber and
a vent line that diverts the gas ow directly to the pump. A simpli ed schematic of the
triethylgallium (TEG) precursor as an example is shown in g. 2.2. Acarriergasof N, ows
through a mass ow controller (MFC) to bubble the TEG precursor. The saturated TEG
vapor outlet ow from the bubbler is then directed using pneumatic valves to either column
[l run line to reach the growth temperature or directed to column Il vent line towards the
pump. This design is essential to achieve rapid switching of the precursors between the run
and the vent lines. The metal organic precursors are typically maintained in a temperature
bath which kept at around -10 °C for TEG as shown in g. 2.2. The bubbler temperature
along with the N , ow the MFC into the bubbler can be used to control the molar ow rate
of each precursor. A similar run /vent manifold is also set up for column V gas delivery.

Figure 2.2: Asimpli ed schematic of the gas delivery of the triethylgallium (TEG) precursor
into the column lll run  /vent manifold.

Over the course of this dissertation, the metal-organics trimethylgallium (TMG) and
triethylgallium (TEG) were used as gallium sources, trimethylindium (TMIn) as indium
source, trimethylaluminum (TMAI) as aluminum source, bis(cyclopentadienyl)magnesium
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(Cp,Mg) as magnesium source, silane (SiH ,) as a silicon source, and ammonia (NH ;) as the
nitrogen source. Silicon is used as the n-type dopant and magnesium is the p-type dopant.

2.3 MOCVD growth

The growth of lll-nitride Ims in this dissertation was performed on double sided polished,

2 inch diameter, sapphire substrates with (0001) orientation. Some of the samples were
grown on our low temperature buffer recipe while other samples were grown on a com-
mercially supplied n-doped GaN ( 4 m) grown on sapphire bought from MSE supplies.
The commercially supplied GaN has an optimized buffer recipe that results in a dislocation
density (DD) around 10 & cm-2, while our own buffer recipe results in lower quality GaN be-
cause of less optimized buffer conditions that a dislocation density in the high 10  ° cm=2 up
to low 101° cm2. A review of the growth procedure using our own buffer or the commercial
GaN on sapphire is presented in this section.

2.3.1 GaN growth on sapphire

For our reactor, the 2-inch sapphire wafers are cutinto seven 14 14 mm? pieces that are
loaded separately for each run. The wafer is cleaved using a diamond scribe pen, then the
sample is prepared for epitaxial growth by solvent cleaning using a sequence of isopropanol,
hexane, acetone, isopropanol, methanol. The sample is then dried usinga N , gun, then it
is loaded into the reactor residing on the susceptor's pocket. The pressure of the growth
chamber is then reduced to O Torr then ramped up to 100 Torr for 10 consecutive cycles to
purge the growth chamber from any air contamination that can occur during the loading
of the sample on the susceptor.

The growth of GaN on sapphire then follows the following recipe:

1. Substrate bake and clean: the sapphire substrate is heated at 1050 °C for 20 mins
under H , to clean the surface and prepare the sapphire surface for epitaxial growth.

2. Nitridation: substrate is exposed to ammonia ow ( 1.5 L/ min) for 5 mins at 975
°C which results in the formation of a thin AIN layer that has a much smaller lattice
mismatch with GaN than sapphire [33, 34].

3. Lowtemperature GaN (LTGaN) buffer: this is the most critical step as itis very sensitive
to the growth parameters. Low temperature GaN is typically grown in our reactor at
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500 - 520 °C for 30 - 50 nm leading to the growth of three dimensional GaN islands.
The size and density of these islands can be tuned by the V /Il ratio, where a lower
V/ 1l ratio leads to larger islands and reduced nuclei density  [35, 36]. The same effect
can be achieved by increasing the growth temperature [37].

4. High temperature anneal: the temperature is then ramped up to 1025 - 1045 °C to
anneal the surface and allow for the coalescence of the low temperature GaN islands.
The duration of the ramp and is also critical to optimized buffer conditions and in
our reactor we used a ramp rate of 40 - 50 °C / min.

5. High temperature GaN (HTGaN): high temperature GaN (HTGaN) is then grown
on top of the annealed islands for4-5  mto resultin a smooth nal surface. The
growth temperature has a narrow window of optimization where too low of a growth
temperatures can results in GaN Ims lled with V-pits [38, 39], while too high of
a growth temperature can results in the formation of hillocks. In our reactor, the
temperature used for HTGaN is between 1025 - 1045 °C which results in good quality
GaN.

This recipe was used to grow our own GaN on sapphire which is then followed by n-GaN
layer doped with silicon, then the intended device structures are grown on top of this n-GaN
layer. The main drawback of using our own buffer recipe is that the buffer optimization is
highly sensitive to any variation in the system especially the growth temperature. This sen-
sitivity resulted in unoptimized buffer conditions that leads to GaN Ims with a dislocation
density in the 10 ° - 10° cm .

2.3.2 GaN regrowth on commercial templates

In the most part of this study, GaN Ims were grown on commercially available GaN tem-
plates grown on sapphire. The advantage of using these commercial templates is that their
growth on sapphire is already optimized resulting in a dislocation density inthe 10 8 cm™2.
This allows to grow and investigate our own growth structures right away without the added
complexity of optimizing GaN buffer growth on sapphire.

The regrowth on the provided templates, however, was not a straight forward process.
The samples were rst cleaned using solvents following the same procedure used for sap-
phire cleaning. Then the temperature was ramped-up to the GaN growth temperature of

1045 °C to directly grow GaN on the templates. However, this direct regrowth resulted in
low quality Ims that have rough surfaces that are lled with pits.
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An example of the initial regrowth trials is shown in g. 2.3. The eye view of unsuccessful
regrowth recipe is shown in g. 2.3(a), the surface looks hazy white and is clearly very
rough. A better explanation can be inferred from the magni ed microscope image shown
in g.2.3(b). The surface is lled with three dimensional growth of GaN islands. Some of
these islands have coalesced together while most of the islands are away from each other
preventing them from coalescing together which results in an overall rough surface. To
address this regrowth issue, we went back to our experience with GaN buffer growth on
sapphire and used the same approach to optimize the GaN regrowth.

(a) Eye view of unoptimized regrowth (b) Microscope image with 100x magni cation

Figure 2.3: (@) Eye view of GaN grown directly on GaN on sapphire templates showing the
observed hazy white color from the high surface roughness. (b) microscope image under
100x magni cation showing the island growth and the empty spaces between coalescing

islands.

The nucleation of GaN islands during the growth of LTGaN buffer on sapphire was
shown to depend on the V /11l ratio, where a lower V /1l ratio resulted in larger nucleation
islands with smaller density [38, 39]. Then if we apply this condition on the recipe of g.
2.3(b), the size of islands would be larger resulting in better coalescence and resulting in
drastic improvement in surface roughness.

The regrowth recipe was then divided into two separate steps:

1. Nucleation step with reduced V /Il ratio to increase island size and reduce islands
density.
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2. Overgrowth step with high V /Il ratio to allow for the islands to coalesce and top with
high quality GaN.

An example of the sequence of recipe optimization for the GaN regrowth is illustrated
in table 2.1. Three samples are compared together: N149-21, N151-21, and N164-21. The
V/ Il ratio was lowered to 7523 for sample N149-21 for the nucleation step while it was
lowered to 4720 for N151-21. For sample N164-21, the ratio was decreased even further to
3304 while also decreasing the nucleation step growth temperature from 1045 °C to 750 °C.
This decrease in temperature lowers the V /Il ratio even further as the cracking of ammonia
becomes less ef cient as the temperature drops down.

Table 2.1: Summary of different recipes used for GaN regrowth optimization.

Sample Nucleation step ~ Overgrowth step
N149-21 8:45 min 45 min

temp = 1045 °C temp = 1045 °C
V/lllratio = 7523 WV lllratio = 12000
N151-21 8:45 min 45 min

temp = 1045 °C temp=1045°C
V/ratio = 4720 WVl ratio = 12000
N164-21 10 min 45 min

temp = 750 °C temp = 1045 °C
V/ratio = 3304 WV lllratio = 10000

The improvement using this 2-step approach is clearly observed in g. 2.4. For N149-21,
the sample is still exhibiting rough surface with clear islands that did not coalesce together.
As the V/ 1l ratio was decreased further, sample N151-21 shows a clear improvement in
surface morphology with improved coalescence between islands. However, a high density
of pits can still be observed on the sample. For sample N164-21, the sample shows an almost
feature-less smooth surface that is suitable for epitaxial growth of device structures. The
recipe of N164-21 was the one used as our standard for GaN regrowth on commercially

supplied templates.
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Figure 2.4: Microscope images showing the optimization progress of the regrowth proce-
dure showing rough surface on sample (a) N149-21, (b) improvement with better coales-
cence in sample (b) N151-21, and (c) optimized growth recipe of sample N164-21.

2.4 Material Characterization

2.4.1 Photoluminescence

One of the strongest characterization tools for the characterization of opto-electronic
materials and devices is photoluminescence (PL). PL is based on having a laser source
that excites the sample under investigation. If the photon energy from the laser source is
larger than the bandgap of the material ( h > E;), then electron-hole pairs (EHP) will be
generated in the material, after the carrier life time, electrons and holes will recombine
to emit photons with an energy representative of the material's bandgap. Defects in the
material can also be investigated through PL because defects in the material lead to the
formation of a defect level in the bandgap, these defect levels allow for another emission
from the recombination of electron-hole pairs though a defect level. An example of the PL
measurements on different samples with different peak wavelengths is shown in g. 2.5. As
the In-content is varied in the grown Ims, the emission can span across almost the whole
visible spectrum.

Over the course of this study, two laser sources were used: a 325 nm He-Cd laser and a
405 nm solid state laser diode with 45 mW light output. The quality of the material under
investigation can be inferred from the emission properties, where a better material quality
typically results in stronger emission intensity, narrow full width at half maximum (FWHM),
and high band edge to defect emission ratio.

An example of a typical PL emission of a blue-emitting InGaN MQW structure grown on
GaN is shown in g. 2.6(a). The sample was excited by a 325 nm He-Cd laser resulting in
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