UC Santa Barbara
UC Santa Barbara Electronic Theses and Dissertations

Title
Strain-Relaxed InGaN Buffer Layers for Long Wavelength Nitride Devices

Permalink
https://escholarship.org/uc/item/4413k5gx

Author
Chan, Philip

Publication Date
2022

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4413k5gx
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY of CALIFORNIA
Santa Barbara

Strain-Relaxed InGalN Buffer Layers for Long Wavelength Nitride Devices

A dissertation submitted in partial satisfaction of the

requirements for the degree of

Doctor of Philosophy
in
Electrical and Computer Engineering
by

Philip R. Chan

Committee in charge:

Shuji Nakamura, Chair
Steven P. DenBaars
Jonathan Klamkin

Stacia Keller

June 2022



The dissertation of Philip R. Chan is approved:

Steven P. DenBaars

Jonathan Klamkin

Stacia Keller

Shuji Nakamura, Chair

June 2022



Copyright (©) 2022
by Philip R. Chan

11



Acknowledgements

My time at UCSB has undoubtedly changed my life and I have many people to thank
for their guidance and support along the way. First and foremost is Professor Shuji
Nakamura for giving me the opportunity to research at SSLEEC and for his continued
support throughout my PhD. I also have to thank him for the many discussions filled
with potential applications for the nitrides and world-changing ideas that always seemed
one step away. Thanks to Professor Steven DenBaars for his many helpful suggestions,
industry knowledge and MOCVD expertise. Dr. Stacia Keller was always willing to help
with a wealth of MOCVD knowledge. Professor Jonathan Klamkin was kind enough to
allow me to move things around his lab to try unsuccessfully to measure infrared emission
from InN. While not on my committee, Professor Jim Speck always kept me grounded in
science. Professor Michael Gordon allowed me use of his lab for both near-infrared and
micro-LED measurements.

Next, I have to thank Dr. Daniel Cohen. Dan has been a constant source of knowl-
edge, know-how and a healthy dose of realism. He always had his door open and was a
constant advocate for the students.

Dr. Daniel Becerra mentored me and taught me much of what I know about MOCVD
growth and processing. Dr. Haojun Zhang was a great office-mate as well as source of
help and late-night conversation. Dr. Matthew Wong is an inspiration with his incredible
work ethic. I have to especially thank him for his continued support, fabrication expertise

and, of course, all the Korean BBQ. Norleakvisoth Lim, Vincent Rienzi and Hsun-Ming

v



Chang spent countless hours with me in lab growing, fabricating devices and taking
measurements.

I am thankful for all of the SSLEEC, MOCVD, Nanofab and CNSI staff and admin-
istrators who kept the equipment and research group running smoothly.

Though I ultimately found success, I first suffered through disappointments and fail-
ures. I would like to thank all my friends for supporting me. James Chan, Samuel
Gavis-Houghson, Steven Chen and Frederick Feller for taking me away from work and
spending so many hours talking and playing video games with me. Koosha Daneshi for
going through the first few years of graduate school with me and dragging me to the
gym.

Volunteering and teaching was such a huge part of my time at graduate school. I
was able to do this through my involvement with The Photonics Society and through
programs facilitated by the Center for Science and Engineering Partnerships at UCSB.
Wendy Ibsen, Professor John Bowers, Dr. Takako Hirokawa, Dr. Shereen Hamdy, Warren
Jin, Dr. Demis John, Andrew Netherton and Victoria Rosborough all helped to make
this happen.

It was partly through this volunteering that I got to know Victoria. She has been
such a great and understanding partner in life. Victoria supported me during low points
and kept me sane during the global pandemic. I can’t wait to see what life brings us.

Finally, I’d like to thank my family for their love and support.



Education

2022

2015

Curriculum Vitae
Philip R. Chan

Ph.D., Electrical and Computer Engineering
University of California, Santa Barbara
Shuji Nakamura, SSLEEC

B.S., Electrical and Computer Engineering
Rutgers University

Professional Experience

2022-Present

2016-2022

2015

2013-2015

2013

Publications

Sr. Process Development Engineer, Kyocera SLD Laser, Santa Barbara,

CA

Graduate Student Researcher, University of California, Santa Barbara,
Santa Barbara, CA

Graduate Technical Intern, Northrop Grumman Corp., Electronic Sys-
tems, Linthicum, MD

Undergraduate Coop/Intern, Wireless Information Network Laboratory,
Rutgers University, New Brunswick, NJ

Undergratuate Aresty Research Intern, Integrated Systems & Neurolmag-
ing Laboratory, Rutgers University, Piscataway, NJ

P. Chan, S. P. DenBaars, and S. Nakamura, “Growth of highly relaxed InGaN pseudo-
substrates over full 2-in. wafers,” Appl. Phys. Lett. 119, 131106 (2021)

P. Chan, V. Rienzi, N. Lim, H.-M. chang, M. J. Gordon, S. P. DenBaars, andS. Naka-
mura, ‘Demonstration of relaxed InGaN-based red LEDs grown with high active region
temperature,” Appl. Phys. Express 14, 101002 (2021)

P. Chan, C. E. Reilly, S. Keller, S. P. DenBaars, and S. Nakamura, “Growth by MOCVD
and photoluminescence of semipolar (20-2-1) InN quantum dashes,” J. Cryst. Growth
563, 126093 (2021)

vi



M. S. Wong, P. Chan, N. Lim, H. Zhang, R. C. White, J. S. Speck, S. P. DenBaars, and
S. Nakamura, “Low Forward Voltage III-Nitride Red Micro-Light-Emitting Diodes on a
Strain Relaxed Template with an InGaN Decomposition Layer,” Crystals 12, 721 (2022)

P. Li, H. Li, M. S. Wong, P. Chan, Y. Yang, H. Zhang, M. Iza, J. S. Speck, S. Naka-
mura, and S. P. DenBaars, “Progress of InGaN-Based Red Micro-Light Emitting Diodes,”
Crystals 12, 541 (2022)

M. S. Wong, N. C. Palmquist, J. Jiang, P. Chan, C. Lee, P. Li, J. H. Kang, Y. H. Baek,
C. H. Kim, D. A. Cohen, T. Margalith, J. S. Speck, S. Nakamura, and S. P. DenBaars,
“Effects of activation method and temperature to IlI-nitride micro-light-emitting diodes
with tunnel junction contacts grown by metalorganic chemical vapor deposition,” Appl.
Phys. Lett. 119, 202102 (2021)

H. Zhang, D. A. Cohen, P. Chan, M. S. Wong, P. Li, H. Li, S. Nakamura, and S. P.
DenBaars, “High performance of a semipolar InGaN laser with a phase-shifted embedded
hydrogen silsesquioxane (HSQ) grating,” Opt. Lett. 45, 5844 (2020)

H. Zhang, D. A. Cohen, P. Chan, M. S. Wong, S. Mehari, S. Nakamura, and S. P.
DenBaars, “Semipolar group III-nitride distributed-feedback blue laser diode with indium
tin oxide surface grating,” Proc. SPIE 11301, Novel In-Plane Semiconductor Lasers XIX,
1130102 (2020)

G. Lheureux, S. Mehari, D. Cohen, P. Chan, H. Zhang, S. Hamdy, C. Reilly, R. An-
derson, E. Zeitz, R. Seshadri, T. Margalith, C. Weisbuch, J. Speck, S. DenBaars, and S.
Nakamura, “GaN High-Power Lasers for solid-state lighting,” OSA Advanced Photonics
Congress 2019, paper PT2C.1

H. Zhang, D. A. Cohen, P. Chan, M. S. Wong, S. Mehari, D. L. Becerra, S. Nakamura,
and S. P. DenBaars, “Continuous-wave operation of a semipolar InGaN distributed-
feedback blue laser diode with a first-order indium tin oxide surface grating,” Opt. Lett.
44, 3106 (2019)

S. W. Hamdy, T. Hirokawa, P. Chan, W. Jin, V. M. Rosborough, E. J. Stanton, A.
M. Netherton, M. Garza, W. Ibsen, D. D. John, J. E. Bowers, " Light-based educational
outreach activities for pre-university students,” ETOP 2019 paper 11143_71 (2019)

Patents and pending applications

N. Palmquist, P. Chan, and S. Nakamura, “III-Nitride Based Tunnel Junction with
P-Type Superlattice,”, UC 2022-777-1 (2022)

Vil



P. Chan, M. S. Wong, and S. Nakamura, “Method to Improve the Performance of
ITI-Nitride Tunnel Junctions,”, UC 2022-779-1 (2022)

P. Chan, S. P. DenBaars, and S. Nakamura, “III-Nitride-Based High Efficiency and
High-Power Devices Grown on or Above a Strain Relaxed Template,”, U.S. Provisional
Application Serial No. 63/305,441, UC 2022-755-1 (2022)

P. Chan, S. P. DenBaars, and S. Nakamura, “III-Nitride Based Devices Grown on a Thin
Template on Thermally Decomposed Material,”, U.S. Provisional Application Serial No.
63/186,749, UC 2021-888-1 (2021)

P. Chan, S. P. DenBaars, and S. Nakamura, “III-Nitride Based Devices Grown on a Thin
Template on Thermally Decomposed Material,”, U.S. Provisional Application Serial No.
63/230,205, UC 2021-888-2 (2021)

N. Lim, P. Chan, S. P. DenBaars, M. J. Gordon, and S. Nakamura, “III-Nitride-Based
Device Grown with a Relaxed Active Region,”, U.S. Provisional Application Serial No.
63/240,517, UC 2021-760-1 (2021)

P. Chan, S. P. DenBaars, and S. Nakamura, “Improvement of Surface Morphology

of III-Nitride-Based Devices Grown on or Above a Strain Compliant Template,”, U.S.
Provisional Application Serial No. 63/245,105, UC 2021-763-1 (2021)

viil



Abstract

Strain-Relaxed InGalN Buffer Layers for Long Wavelength Nitride Devices
by

Philip R. Chan

The InGaN material system spans from the ultraviolet (363 nm) to the near infrared
(1.8 pm). It has found tremendous success in solid state lighting, leading to huge im-
provements in both lifetime and efficiencies of white light sources. InGaN-based light
sources can be found in most households, automobiles and displays today. However,
these successes are mostly limited to low In-fraction devices emitting in the violet and
blue wavelengths. This dissertation focuses on long wavelength InGaN devices emitting
in the red, far-red and near infrared.

Because of the large lattice mismatch between InN and GaN, high composition InGaN
necessary for long wavelength devices is highly strained when grown on a GaN template.
A novel method of biaxially strain-relaxing an InGaN buffer across a planar substrate
is demonstrated by leveraging the temperature sensitivity of high composition InGaN
layers. The thermal decomposition of an InGaN underlayer to form voids is shown to
relax an InGaN buffer across the entire substrate. Quantum wells grown on these buffers
show red-shifted emission and a decrease in the strain-state of the active region. We then

optimize the growth conditions of the relaxed InGaN buffers to demonstrate smooth,
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highly relaxed InGaN in a single MOCVD growth.

Next, we demonstrate devices on the strain-relaxed buffers that compare favorably
with those using other relaxation methods. The devices show remarkably low forward
voltage and high growth temperature compared to conventionally grown counterparts.
Using this relaxation method, far-red LEDs emitting over 750 nm are achievable. We
show red 5 x 5 pm? micro-LEDs emitting at 640 nm with > 0.45% EQE measured on-
wafer.

Finally, we explore growth of InN quantum dots on semipolar (2021) and (2021)
substrates, two orientations previously unexplored in InN or In-rich InGaN. We map out
growth parameters and characterize the crystal growth on the two planes, demonstrating
room temperature photoluminescence in the 1300 nm range. An unconventional p-down
device structure is proposed and progress is shown towards a first electrically-injected
InN LED with photoluminescence shown from a full device. Key challenges are identified,
namely the temperature sensitivity of InN and poor crystal quality from the resulting

low temperature growth.
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Chapter 1

Introduction

The III-nitride material system, including GaN and it’s In- and Al- ternaries and qua-
ternaries, has had far-reaching impacts on the world. In the early 1990s, Professor Shuji
Nakamura set out to develop the III-nitride system, a potential competitor to ZnSe blue
emitters. ZnSe, a II-VI semiconductor, was a more mature material system with blue
light emitting diodes (LEDs) demonstrated in 1985 by Nishizawa et al. [1] and first blue-
green laser diodes (LDs) demonstrated in 1991 by Haase et al.[2] Because of it’s 14%
lattice mismatch with the sapphire substrates, GaN at the time suffered from extremely
poor crystal quality. In contrast, ZnSe was grown coherently with GaAs with just a 3%
lattice mismatch leading to high quality crystals. ZnSe devices, however, showed very
short lifetimes due to the formation of dark line defects.|3]

Nakamura quickly made his fundamental contributions to the field, bringing the III-

nitrides to the forefront. These contributions included the growth of a high quality



GaN buffer layer by metalorganic chemical vapor deposition (MOCVD) in 1991[4], the
understanding of Mg-doped p-GaN compensation and use of a thermal anneal to activate
it in 1992 [5], and the growth of high quality InGaN/GaN superlattices in 1993.[6] In
1994, InGaN LEDs achieved the brightest blue emission yet, with a one candela luminous
intensity.[7] By 1996, InGaN LDs were achieved. [8]

Today, InGaN LEDs are ubiquitous and present in most household lighting and dis-

plays.

1.1 LED fundamentals

LEDs consist of a semiconductor p-n junction. The p-type material is a source of
positively-charged holes and the n-type is a source of high-energy negatively-charged
electrons. These carriers recombine in the active region to spontaneously emit light with
a wavelength dependent on the bandgap of the active region material. The efficiency with
which carriers are converted into light is called the internal quantum efficiency (IQE).
The emitted photon can then either travel outside of the LED where it is considered
“useful,” or it may get trapped in the LED by reflection and reabsorbed. The fraction
of emitted light that makes it outside of the LED is called the light extraction efficiency
(LEE). Together, the product of the IQE and LEE is referred to as the ezternal quantum
efficiency (EQE) of the LED and is considered a key metric. EQE will be used throughout
this dissertation to evaluate devices. Finally, factoring in extra voltage applied to the
device over the photon energy yields the wall plug efficiency (WPE) which is a complete

2



—— Direct bandgap
—— Indirect bandgap

Bandgap energy (eV)

3.0 32 34 36 5.4 5.6 5.8 6.0 6.2 6.4 6.6

Lattice constant (Angstroms)

Figure 1.1: Band gap energy versus lattice constant of several ITI-V material systems.
Reproduced with permission from Zhu et al. [9]

measure of LED efficiency.

In the case of IlI-nitride LEDs, the p- and n-type materials are typically GaN with
the active region being In,Ga; ,N. As seen in figure 1.1, the bandgap of the InGaN
material system spans the visible spectrum of light. Because the wavelength is tuned
by the bandgap of the active region, the wavelength of Ill-nitride LEDs can theoret-
ically be shifted from the ultraviolet (corresponding with x = 0) to the near-infrared
(corresponding with = = 1).

In practice, only violet, blue and, to a lesser extent, green LEDs show high efficiencies.
This is partly due to the large lattice mismatch between GaN and InN, shown in figure
1.1 by the x-axis separation of the two points. Growing the active region on a relaxed

InGaN buffer, rather than coherent to the GaN template, can help alleviate this lattice
3



mismatch. This technique will be discussed in more detail in chapter 2.

The addition of optical feedback into the device can stimulate coherent emission. In
a Fabry-Perot laser, this feedback is from mirrors at either end of a length of semicon-
ductor called the cavity. With feedback, some of the spontaneous emission from the
device couples to the cavity and is amplified by stimulated emission to provide gain that

overcomes the cavity losses.

1.2 InGalN device applications

Because InGaN-based devices emit in the visible spectrum, they enjoy a broad range of

applications.

1.2.1 Solid state lighting

Efficient LEDs emitting at the short end of the visible spectrum, in violet and blue,
enable energy efficient solid state lighting. These white light sources most commonly use
LEDs emitting in blue along with a ceramic phosphor that down-converts a portion of
the blue light to broad-band yellow emission. With commercial violet and blue LED wall
plug efficiencies into the 80% range,[10] solid-state white light sources are able to achieve
luminous efficacies over 2501m W~1.[11], [12] This number is almost 3x the luminous
efficacy of compact fluorescent (around 901m W—!) and about 17x that of incandescent
lighting (around 151m W—1).

In 2015, 17% of the United States’ total electricity usage went towards lighting. With

4



just 8% of lighting in the U.S. being LED-based at that time, the potential for energy
saving is enormous.[13] With increased adoption of LED lighting, the U.S. saved an esti-
mated 185 terawatt-hours of energy in 2020 from the use of LED lighting, corresponding

to about 80 million metric tons of COy emission.|[14]

1.2.2 Display technologies

The current standard display technologies are liquid crystal display (LCD) and organic
LED (OLED). LCDs work by controlling the polarization state of the backlight. Emis-
sion from the backlight is first passed through a polarization filter to obtain a single
polarization. The polarized light is then passed through an array of color filters to pro-
duce red, green and blue pixels. The liquid crystal pixels can be switched to change
the polarization of the light. A second, orthogonal polarization filter either rejects light
from a pixel in the “off” state or passes light from a pixel in the “on” state based on
polarization. LCDs start with a highly efficient LED backlight which then undergoes
several stages of inefficient filtering, including two polarizers and a color filter.

OLED displays are self-emissive meaning each pixel is its own light source. Therefore,
they do not need a backlight or color filtering as in the LCD. The OLEDs themselves
are quite inefficient and have problems with lifetime and burn-in.[15] While the OLEDs
are less efficient, they do not undergo the subtractive filtering of LCDs and can therefore
achieve about 2x the efficiency.

One of the most compelling applications for long-wavelength InGaN devices lies in



next-generation displays. As the demand for thin, high density, high brightness displays
for cellphones and augmented/virtual reality increases, new display architectures are
explored. One such next-generation display makes use of inorganic micro-LEDs. By
keeping the self-emissive architecture of the OLED display and using efficient inorganic
LEDs, high efficiency, brightness and density displays can be achieved.

While the blue and likely the green LEDs will be InGaN-based, red InGaN LEDs
remain challenging and have a high efficiency competitor in the AlGalnP material system.
AlGaInP red LEDs have been demonstrated with EQEs over 40%, about 10x more
efficient than InGaN red LEDs.[16], [17]

Because high pixel density is critical for near-eye displays, the LEDs must be made
very small, typically on the order of 1 x 1 pm?. Compared to AlGalnP, InGaN has a
much smaller surface recombination velocity and shows less size dependence. Blue InGaN
micro-LEDs have shown size-independent efficiency down to 10 x 10 pm? [18] while green

micro-LEDs have shown size-independent efficiency down to just a 1pm radius.[19]

1.2.3 Near-infrared

In 2001, indium nitride had it’s bandgap energy revised 1.97eV to 0.7eV, shifting its
band-edge emission from about 630 nm in the red all the way to almost 1800 nm in the
near-infrared. This large shift in the recognized bandgap energy for InN opened up many
potential applications for the nitrides.

First, the InGaN system almost perfectly spans the solar spectrum, from near-infrared



to ultraviolet. Because of this and its inherent radiation hardness, it makes an attractive
material for solar cells.[20], [21]

The application of near-infrared nitrides that has garnered the most attention are fast
photodetectors. InN photodetectors are promising because of the material’s measured
low electron effective mass, high mobility and high drift velocities. Additionally, high
absorption coefficients promise high photoresponsitivity. While there is a significant body
of work towards efficient, fast InN detectors, they lag conventional InGaAs detectors
significantly due to issues with MOCVD growth of InN in a p-i-n structure as discussed
in chapter 5.[22]-[25]

Finally, electrically-injected In-rich InGaN or InN emitters have potential applica-
tions in telecommunications. If the InN is embedded in a GaN matrix, the wide-bandgap
barriers could provide a higher degree of temperature stability than conventional narrow-
bandgap I1I-Vs. While optically pumped lasing of InN has been demonstrated,[26]

electrically-injected InN-based emitters have remained out of reach.

1.3 Contributions of this dissertation

This dissertation focuses on LEDs emitting in the red and near-infrared.

A novel method to grow a strain-relaxed InGaN buffer layer by MOCVD in a single
growth is proposed and demonstrated. Relaxed InGaN buffers, discussed in detail in
chapter 2, are used to reduce the strain in the active region of a device, leading to
higher quality crystal growth. Highly strain-relaxed buffers over full, planar substrates

7



Peak Device Vi at  Relaxed %
Authors Report A (nm) EQE (%) size (nm?) 50 Ach_2 mGaN @ (4)
Chan et al. - 643 0.46 (W) 5x5 4.1 Yes* 3.211
Chan et al. - 643 0.31 (W) 10 x 10 3.0 Yes* 3.211
Wong et al.  2022[28] 637 0.25(P) 20x20 22  Yes* 3211
Chan et al. 2021[29] 633  0.05 (W) 10° 2.6 Yes* 3.213
Pasayat et al. ~ 2021[27] 632 0.2 (W) 6x6 3.5 Yest  3.197
White et al. 2021[30] 610 0.83 (P) 80 x 80 3.8 Yest  3.205
Dussaigne et al. 2021[31] 625 0.14 (W) 257 6.8 Yest  3.205
Dussaigne et al. 2020[32] 616 0.09 (W) 50 x 50 - Yest  3.207

(W) EQE measured on wafer

(P) EQE measured from packaged LED

* Buffer relaxed using decomposition layer

t Buffer relaxed using a nanoporous layer

¥ Device grown on Soitec InGaNOS substrate

Table 1.1: Reports presented here and other recent reports of red InGaN-based LEDs on
relaxed InGaN buffers.

are demonstrated, characterized and optimized. A 70% biaxially relaxed Ing sGag.g54IN
buffer layer with under 2nm RMS roughness is achieved.

Next, red devices are demonstrated on these relaxed buffer layers. Red micro-LEDs
show superior peak EQE and longer wavelength than those achieved with other relaxed
InGaN methods. A peak EQE of 0.46% was shown with an on-wafer measurement
and without the use of an omni-directional reflector. Packaging and adding a dielectric
reflector under the pad metal is expected to increase the peak EQE significantly, at least
a factor of 3x.[27] Additionally, the forward voltage of devices using this method are
strikingly low. Results are tabulated on table 1.1 in comparison with recent reports of
red LEDs on relaxed InGaN buffers.

Finally, we move past red and explore InN quantum dot growth on semipolar (2 O§T)

and (2021) planes. We characterize the InN growth, demonstrate room temperature



near-infrared photoluminescence and propose a structure for an electrically-injected InN-
based device. While no emission is seen from the electrically-injected device, progress is

made towards an emitter and key challenges are identified.
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Chapter 2

Relaxed InGalN buffers

As shown in figure 1.1, InN and GaN have a large lattice mismatch of about 10%. This
large lattice mismatch leads to high strain in InGaN active regions grown coherent with
GaN. As the wavelength of InGaN devices is pushed longer, the indium composition
increases, increasing the strain in the active region.

This high strain leads to a degradation in crystal quality during growth from the
formation of misfit dislocations.[1], [2] Additionally, the strain leads to a reduction in
indium incorporation into the film, a consequence of an effect know as compositional
pulling.[3], [4] Initially, when growing InGaN coherent to a larger lattice constant material
such as GaN, the InGaN composition remains lower than expected for a given growth
condition. As the InGaN layer thickness increases, the composition increases and the
morphology and crystal quality degrade.

This effect can prove detrimental to growth of long wavelength active regions. Typi-
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cally, a III-nitride LED contains an n-GaN layer with a multiple quantum well (MQW)
active region grown coherent to the GaN. During the thin quantum well growth, the strain
is high leading to a reduction in initial indium incorporation as defined by compositional
pulling. To combat this, the MQW growth conditions must be modified, typically by
reducing the growth temperature. This is concerning because a reduction in temperature
leads to lower adatom mobilities. This in turn can decrease crystal quality and increase
unwanted impurities.[5]

Because of this, it would be beneficial to have a substrate, or pseudosubstrate, that
can reduce this lattice mismatch and alleviate strain. This concept is depicted in figure
2.1. Without the use of a relaxed InGaN buffer, the red InGaN QW is grown strained
to the GaN template. This results in a high strain indicated by the in-plane lattice
constant mismatch of Aa shown in figure 2.1(a). With a relaxed InGaN buffer, the QW
is grown coherent to a layer with larger lattice constant than GalN, reducing the strain
and lattice constant mismatch as shown in figure 2.1(b). This reduction in strain combats
the compositional pulling effect and allows high composition InGaN to be grown hotter

than otherwise possible.[6]-[8]

2.1 Alternate substrates

Many methods of creating relaxed InGaN buffer layers have been demonstrated. One
way to produce relaxed InGaN is to grow it directly on a compatible substrate with

similar lattice constant. The two substrates that have been heavily studied are ZnO and
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Figure 2.1: Band gap energy versus lattice constant plot of a red InGaN QW grown
without (a) and with (b) the use of a relaxed InGaN buffer.

ScAIMgQOy.

ZnO has just a 1.9% lattice mismatch with GaN and a 9.3% lattice mismatch with InN.
Using Vegard’s law, it is lattice matched with Ing13GaggN, a composition corresponding
with blue emission. While this seems ideal for growth of longer wavelength nitrides, ZnO
as a substrate has severe drawbacks.

The primary issue is the poor thermal stability of ZnO. Typically, oxide materials
are flattened and smoothed with a high temperature anneal which cannot be done with
Zn0O. Secondly, MOCVD growth of GaN and InGaN are typically done at relatively
high temperatures, which leads to a thick, poor quality interface layer of GasZnQOy.
Both issues were overcome by Kobayashi et al.[9] First, the substrate was flattened and

smoothed with an anneal in a ZnO-lined box to suppress sublimation. Second, the relaxed
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Ing25Gag 75N buffer layer was grown using a room temperature pulsed laser deposition
technique, rather than the more traditional MOCVD.

Some success has been found growing films and LEDs by MOCVD using a low temper-
ature GaN buffer layer to prevent Zn and O diffusion into the n-GaN.[10], [11] However,
diffusion remains a constant issue that leads to cracks, pinholes and defects in the epi-
taxial growth.

Similarly to ZnO, ScAIMgQ, is lattice matched to Ing17GaggsN. ScAlMgO, shows
good lattice matching as well as thermal stability. Additionally, it matches the coef-
ficient of thermal expansion with GaN very closely. Because of this, it is a promising
path forward, but both crystal and device quality lag conventional growth on sapphire

significantly. [12], [13]

2.2 Growth over patterned substrates

One method to obtain a larger lattice constant is through etched nanoscale features.
Keller et al. reported partially relaxed Ing;GagoN layers exhibiting strong photolumi-
nescence using this technique.[14] In this report, nanostripes were patterned and etched
into an InGaN/GaN superlattice to obtain partial, uniaxially, elastic relaxation of the
superlattice. These features were then overgrown with a 7nm GaN capping layer and
250 nm of Ing1GaggN.

While uniaxial relaxation was demonstrated by Keller et al., this structure can be

further extended to mesas to obtain biaxial relaxation. However, significant processing
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Figure 2.2: Schematic process flow for nanostripe array fabrication. Reproduced from
Keller et al. with permission.[14]

is required to achieve this relaxation. The stripes used by Keller et al. were 180-200 nm
in width in order to achieve relaxation, and had to be defined holographically. This
lithography required a bottom antireflective coating be used. Additionally, to achieve
narrow etched trenches to overgrow, a bi-layer lift-off with SiO, and SiN, was used to

define a Ni hard mask. This process is shown in figure 2.2.

2.2.1 Nanoporous GaN

The same concept can be scaled to larger mesa or stripe sizes by reducing the mechanical
stiffness of the material. This was demonstrated by Pasayat et al. using an electrochemi-
cal etch to porosify a GaN underlayer.[8], [15], [16] In this process, first, 800 nm of n-type

GaN was grown and capped with 200nm of uid-Ing osGaggoN. Next, 10 x 10 pm? mesas
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were etched and porosified using a doping-selective electrochemical etch to reduce the
mechanical stiffness. After porosification, the InGaN layers showed 45% biaxial relax-
ation. Quantum wells regrown on this material showed a 45 nm red-shift when compared
to a co-loaded planar reference.[15] This red-shifting of emission was attributed to a re-
duction in strain in the active region. As discussed previously, the reduced strain allows
for higher initial indium uptake during the thin QW growth.

Later, Pasayat et al. extended the use of this method to red micro-LEDs.[8] The
relaxation structure was similar, but the capping layer was GaN rather than InGaN
in order to maintain good morphology. After the mesas were porosified, an all-InGaN
LED structure was grown with n- and p-Ing04GaggsN. These layers were shown by high
resolution x-ray diffraction (HRXRD) reciprocal space map (RSM) to be 56% relaxed.
The structure and RSM are shown in figure 2.3

Fabricated 6 x 6 pm? micro-LEDs showed a 56 nm red-shift as compared to an non-
porous reference. The peak EQE as measured on-wafer was 0.2% at a wavelength of
632 nm.

While the device results are impressive, this method has similar shortcomings to
that reported by Keller et al. Extensive pre-processing is required to obtain relaxation.
Additionally, the relaxed mesas are on the order of 10 x 10 pm?, reducing the useable

area of the substrate and restricting the use of the technique to micro-LEDs.
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Figure 2.3: The top-view SEM image of the red micro-LED with porous underlayers
(top-left), the cross-sectional schematic of the device (top-right) and the HRXRD RSM
arround the (1124) peak (bottom). Reproduced from Pasayat et al. with permission.[§]

2.3 InGalNOS

Soitec has produced an InGaN pseudo-substrate, referred to as InGaNOS. This product
leverages their Smart Cut™ technology to relax an InGaN layer by film transfer, pat-
terning and annealing. Smart Cut™ is a method by which a film on a donor wafer is
hydrogen implanted, bonded to a secondary substrate by SiO-SiO, bonding, and then
removed from the original donor along the implantation by a thermal anneal.

While the details remain proprietary, an InGaN layer is first grown on a GaN template
on a sapphire substrate. The InGaN layer is then transferred to a second substrate using
the Smart Cut™ method. The InGaN layer is then patterned and etched into mesas of

500 x 500 or 800 x 800 pm? and then relaxed by a thermal treatment. Finally, the layers
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are transferred once more to expose the Ga-polar surface. InGaNOS was produced in
three different in-plane lattice constants: 3.190, 3.200, and 3.205 A[6]

Producing these pseudo-substrates is a complicated process including two implants,
wafer bonds and substrate removals along with patterning, etching and thermal treat-
ments. Additionally, according to a report from White et al., the resulting films show
surface undulations up to 60 nm in height and an abundance of point defects leading to
an (002) x-ray rocking curve FWHM of 2600 arcsec.[17] In order to achieve bright de-
vices, White et al. buried the interface with nearly 3 pm (135 periods) of lattice-matched
Ing04GagosN with GaN interlayers grown at high temperature.[17], [18] This leads to
extremely long growth times as well as risk — such a thick InGaN layer must be well
calibrated to the pseudo-substrate or risk cracking or dislocation formation.

Using InGaNOS substrates, Dussaigne et al. reported 257 pm? micro-LEDs emitting
at 625 nm with 0.14% EQE measured on-wafer. White et al. reported packaged 80 x 80

pm? micro-LEDs with 0.83% EQE emitting at 610 nm.

2.4 Other techniques

The previous sections were not comprehensive — other techniques for relaxed InGaN emit-
ters exist in literature. These include growing a thick, compositionally graded layer by
MBE to obtain smooth, plastically relaxed InGaN by dislocation formation.[19] Ohkawa
et al. showed plastic strain relaxation of an active region by growing 16x MQW and a

corresponding red-shift in emission.[20]
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Elastic relaxation can also be achieved by nanopillar formation. These are either selec-
tively grown using a mask during molecular beam epitaxy (MBE) or MOCVD growth[21]
or are etched into planar epitaxial layers.[22] By using the pillar diameter to control the
strain state of the InGaN active region, the wavelength of devices can be tuned from blue
to red with the same epitaxial layers. While highly attractive for display applications,
this comes at the cost of growth and fabrication complexity as well as emission unifor-
mity. Recent reports of nanopillar-based micro-LED displays show FWHMs of more than

70 nm for the blue pixels and more than 100 nm for the red pixels.[23]

2.5 Chapter summary

In this chapter, we first motivated the use of relaxed InGaN buffer layers for long wave-
length Ill-nitride devices. We then explored the major literature on relaxed InGaN
buffer growth including overgrowth of nanopatterned features, use mechanically flexible

nanoporous GaN, Soitec’s Smart Cut™ technology and nanopillars.
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Chapter 3

Relaxed buffers by thermal

decomposition of an underlayer

In this chapter, a novel method for relaxing an InGaN buffer layer across a planar 2-inch
substrate is explored. A high degree of relaxation is achieved in a single MOCVD growth
using thermal decomposition of an InGaN underlayer, the decomposition layer (DL).
The temperature sensitivity and thermal degradation of InGaN has been rigorously
studied.[1]-[5] At the extreme end, InN capping temperature was studied by Ku et al.
where higher temperatures were shown to severely degrade the InN.[6] However, high tem-
peratures will degrade lower composition InGaN as well. In one particularly interesting
study, Smalc-Koziorowska et al. showed that InGaN layers will thermally decompose.[5]
To start, metal vacancies present in annealed quantum wells agglomerate to form a small

void. The quantum wells then segregate with indium diffusing to the void walls, forming
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Figure 3.1: Mechanism of void formation in annealed InGaN layers. Reproduced from
Koziorowska et al. with permission.[5] Copyright 2021 American Chemical Society

In-rich regions around the void and leaving In-depleted regions elsewhere. The In-rich
regions thermally decompose into metallic In and nitrogen to expand the void. This
process is shown generally in figure 3.1.

Our goal was to explore this void-forming mechanism in InGaN. Particularly, we were
interested in whether this mechanism could be used to strain relax an InGaN layer by
healing of crystal growth around the 3D structures, formation of dislocation half-loops
or complete delamination/dissociation of the crystal above the decomposed layer to the

substrate below.

3.1 First demonstration

This initial PL experiment consisted of two samples, the experimental sample and the
reference sample. The epitaxial structure of the two samples is shown in figure 3.2.
Both samples were grown by MOCVD on (0001) single-side polished (SSP) sapphire.

The experimental sample consisted of a UID-GaN template, thermally decomposed In-
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Figure 3.2: Experimental (top row) and reference growths (bottom row) performed in
this study. (a)-(c) depict the first growth of the InGaN buffer. In (a), a UID-GaN
template and high indium composition DL are grown and capped with low-temperature
GaN. Then, in (b), the temperature is increased and high-temperature GaN is grown
to thermally decompose the DL. In (c), the InGaN buffer layer is grown. In a second
growth, a reference sample (e) was grown with a simple GaN template. The experimental
sample and reference sample with structures given by (c) and (e) respectively were then
co-loaded for a MQW regrowth. The final experimental and reference sample structures
are shown in (d) and (f) respectively.
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GaN underlayer, UID-GaN layer, InGaN buffer and InGaN/InGaN MQW. The reference

sample consisted only of a GaN template and InGaN/InGaN MQW.

3.1.1 Relaxed InGaN buffer

For the experimental sample, first a 5.5 pm UID-GaN template was grown at 1200 °C in
TMG. Next, a 3nm, high-composition InGaN layer was grown at 750 °C with a TEG flow
of 30 sccm and a TMI flow of 90 sccm, corresponding to 7.6 and 7.7 pmol min~—! respec-
tively. While no calibration was done for InGaN composition, the flows and temperature
are similar to those used to grow red InGaN QWs with indium composition over 30%.
This InGaN underlayer is referred to as the decomposition layer (DL). Next, 100 nm
of GaN was grown, referred to as the decomposition stop layer (DSL). The first 30 nm
was grown at a low temperature of 750 °C to preserve the InGaN DL. This structure is
shown in figure 3.2(a). The next 70nm was grown at a temperature of 1000 °C in order
to decompose the DL and provide higher quality crystal growth, shown in figure 3.2(b).
Finally, 200nm of InggsGaggsN was grown at 920 °C with the same precursor flows as
used in the DL. The structure is shown in figure 3.2(c). At this point the sample was
unloaded and characterized.

Figure 3.3 shows a high resolution x-ray diffraction (HRXRD) reciprocal space map
(RSM) taken around the (1124) reciprocal lattice point. An RSM around an off-axis
peak allows for the determination of both InGaN composition from the peak spacing

as well as the strain state of the InGaN from the misalignment of the two peaks in
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Figure 3.3: X-ray diffraction reciprocal space map around the (1124) of the experimental
sample after InGaN buffer growth. Marked points show the GaN template and InGaN
buffer peaks. Dashed lines show positions of fully strained and fully relaxed InGaN of
arbitrary composition. Reproduced from Chan et al. with permission.|7]

(2. This misalignment stems from a difference in the in-plane lattice constant between
the two films, indicating some amount of relaxation. The method used throughout this
dissertation to calculate both InGaN composition and degree of relaxation is detailed as
follows:

From the (Q.,@.) coordinates of the two films, a and c lattice constants can be

determined.

Qz,GaN
AInGaN = =~ QAGaN
Qx,InGaN
Qz,GaN
CInGaN = =~ CGaN
Qz,InGaN

An indium composition, z, can then be guessed and fully relaxed lattice constants
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can be found using Vegard’s law.

Qrelaxed = TGN + (1 - x)alGaN

Crelaxed = TCInN T (1 - x>CGaN

The relevant elastic constants for an In,Ga; ,N film may also be determined by

Vegard’s law.

Cismcan = 013N + (1 — 2)Chi3.6an
Cs3mcaN = O33N + (1 — 2)C3,can
Next, the in-plane and out-of-plane strain in the film, assuming indium composition

x, can be calculated using the Poisson ration, C}3/Cjs.

o AInGaN

Qrelaxed

CIS,InGaN
€L =="2("—1]¢
C33,InGaN

Finally, the expected lattice constant c for In,Ga; , N with the calculated out-of-plane

strain can be calculated.
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Cexpected = Crelaxed(GJ_ + 1)

If this expected lattice constant does not match the one calculated for the film,
then the guessed indium composition is incorrect. This process is iterated through until
Cexpected = CinGaN tO find the composition corresponding to the RSM peak. The degree of

relaxation can then be calculated.

AnGaN — GGa
relaxation [%] = —2228 eV 100

Qrelaxed — AGaN

Using the points plotted in figure 3.3 and the method described above determines the
buffer to be 85% relaxed InggsGaggsN. The peak appears fairly spread out compared
to the GaN peak, indicating relatively poor crystal quality. As shown in figure 3.4,
the surface shows poor morphology and large amounts of pitting. The experimental
sample had a full 30 nm of low-temperature GaN grown at 750 °C. This low-temperature

1

GaN was grown continuously at a rate of 0.33 As™! with no special consideration for

crystal quality or morphology other than the reduced growth rate. Biaxial relaxation

was confirmed with a second off-axis (1015) RSM.

3.1.2 Quantum well regrowth

The reference sample, depicted in 3.2(e) consisted of a simple UID-GaN template grown

with the same conditions as that of the experimental sample. The reference sample was
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Figure 3.4: 5 x 5 pm? atomic force micrograph of the InGaN buffer surface. Reproduced
from Chan et al. with permission.[7]

then unloaded.

Both the experimental and reference samples were cleaned in acetone, isopropyl al-
cohol and deionized water, and then treated with a 5min UV ozone exposure and 5 min
buffered HF dip. They were then co-loaded into the MOCVD reactor for the MQW re-
growth. The two samples are depicted in figures 3.2(d) and 3.2(f). The MQW consisted
of four periods of 2.5nm InGaN QWs with 2.5nm GaN capping layers grown at 865 °C.
The group-III precursor flows were identical to those used in the DL. Additional 8.3 nm
InGaN barriers were grown at 900 °C and the TMI flow was reduced to 10 sccm to reduce
the InGaN composition and improve crystal quality. Both samples were then unloaded
and characterized.

As shown in figure 3.5 the reference and experimental samples are visibly different.
The reference sample appeared similar to a standard blue LED, i.e. uniform and mostly

transparent with a slight yellow tint from the InGaN layers. The experimental sample
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Reference . Experimental

Figure 3.5: Photographs of reference (left column) and experimental samples (right)
under white light as well as excited by a 325 nm HeCd laser.

appeared dark at the center with a distinct yellow tinge, indicative of higher indium
content. The dark center is from the decomposed InGaN DL and appears dark due to
the formation of voids, metallic indium and defects. The outside area appears lighter
and small indium droplets can be observed on the edge of the sample.

Figure 3.6 shows room temperature photoluminescence (RT-PL) from the two samples
excited by a 325 nm HeCd laser. PL from the reference sample is shown at the half-radius
of the half-2-inch sample, while PL from the center, half-radius and edge is shown for the
experimental sample. Between the two half-radius points, a 75 nm red-shift is observed
in peak wavelength, from 440 nm to 515 nm. This wavelength shift can be attributed to
higher indium incorporation in the experimental sample on the relaxed template. This
may be due to a reduction in strain in the quantum wells and compositional pulling.
Similar, albeit lower magnitude red-shifting of emission has been observed with co-loaded

MQW regrowths on other relaxed InGaN templates.[8], [9] Since the InGaN MQW on

38



w

N

—
T

Normalized PL Intensity (A.U.)

700 o
)
76\0 \
5
6\00
%
R
)
6‘00

Wavelength (nm)
Figure 3.6: Room temperature PL taken with 325 nm HeCd laser of the experimental
sample (green) and the reference sample (blue). Solid lines were taken at the half-radius,

the dotted line was taken at the center and the dashed line was taken at the edge.
Reproduced from Chan et al. with permission.[7]

the experimental sample was grown on a largely relaxed IngosGagggN buffer; the strain
during the QW growth was reduced, allowing for additional indium uptake during growth
of the thin QW layers.

The green PL emission from the experimental sample showed about three-fold higher
peak intensity. The two samples were co-loaded during the same MQW regrowth, so the
active volume remains constant. This leaves an increase in IQE or light extraction as
the culprit. Based off of the increased FWHM and poor surface morphology, indicative
of high dislocation density, the IQE of the experimental sample is most likely lower than
that of the reference. The greatly roughened surface, however, will increase the light
extraction efficiency, especially given that both samples were grown on SSP sapphire

rather than a patterned sapphire substrate (PSS).
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3.2 Morphological improvements

The poor surface morphology shown in figure 3.4 is of great concern. Not only is it
indicative of high dislocation densities since pits nucleate at threading dislocations, but
it can also cause issues in the subsequent layers. Optimizing growth conditions of the the
InGaN DL, GaN DSL and InGaN buffer have profound effect on the final morphology
of the relaxed buffer. Additionally, moving growth from SSP sapphire substrates to PSS
yields better starting templates.

Firstly, increasing the temperature of the GaN DSL growth and introducing hydrogen
to the carrier gas greatly improves the morphology. Three samples were grown starting
with an n-GaN template, 3nm InGaN DL grown at 720°C, 2nm of GaN cap grown at
720°C and 2nm of GaN grown at 835°C, all with a nitrogen carrier gas. The three
samples had an additional 70nm GaN DSL grown at varying conditions. The first was
grown at 930°C in all nitrogen carrier gas. The second sample had a DSL grown at
975°C in nitrogen carrier gas. The final sample had the DSL grown at 975°C with the
first 10 nm being in nitrogen and the last 60 nm being in hydrogen.

Figure 3.7 shows AFM scans of the surface after GaN DSL growth for these three
samples. The first sample with a maximum temperature of 930 °C grown in all nitrogen
shows a 3D, small island-like growth mode. Increasing the temperature of the GaN
DSL to 975°C greatly improves the morphology and moves to a highly pitted, step
morphology. The steps are very short due to the pitting and dislocations pinning the

step edges. Switching the carrier gas to hydrogen in the final 60 nm further decreases
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Figure 3.8: General layer structure of the strain-relaxed InGaN template

the pitting and smooths the surface. This growth showed a RMS surface roughness of
2.8nm. Further increasing the growth temperature of the high temperature portion of
the DSL shows morphology improvements.

Figure 3.8 shows the general structure of the improved strain-relaxed InGaN template.
The template consists of a thin, InGaN decomposition layer grown between 700 °C and
800 °C for high indium content. This layer is capped with low temperature GaN. The
temperature is ramped up and additional high temperature GaN is grown in nitrogen
before switching the carrier gas to hydrogen. Finally, the InGaN buffer is grown.

The thickness of the GaN DSL is limited by the strain of the layer. The decomposed
InGaN layer determines the lattice constant of the subsequent layers, placing the GaN in

tensile strain. With a 3nm DL grown at 750 °C, the GaN DSL is increased to 1 pm, 2 pm
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Figure 3.9: Differential interference contrast micrographs of cracked, 3 pm GaN DSLs

and 3pm. A 10x 5nm/5nm InGaN/GaN buffer was included with an average composi-
tion around 2%. While the samples with 1 and 2 pm GaN DSLs were unremarkable, the
sample with 3 pm GaN showed signs of cracking under a Nomarski microscope as shown
in figure 3.9.

The structure of the InGaN buffer also plays a large roll in surface morphology.
White et al. showed that the surface morphology of relaxed InGaN is greatly impacted
by choice of V/III ratio, temperature and carrier gas as well as the inclusion of GaN

interlayers.[10] In this work, White et al. find conditions to grow thick, relaxed InGaN
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Figure 3.10: General layer structure of a single period of strain-relaxed InGaN buffer

with smooth surface morphologies without the presence of v-pits. These changes of
increased temperature in interlayers, lower V/III ratio and inclusion of hydrogen all
work to increase adatom mobility and lateral diffusion across the surface, allowing the
growth to fill in voids and pits.

The general structure of the InGaN buffer with interlayers is shown in figure 3.10.
For our case, we chose to use a modest increase in temperature, from a 7 determined by
the desired composition of InGaN, from 920 °C to 950 °C, to a T of 1000 °C. The InGaN
thickness was 16 nm and the GaN interlayer was 4nm, split equally between the two
growth conditions. During the second portion of the GaN interlayer growth, the carrier
gas was switched from 100% nitrogen to 95/5% nitrogen/hydrogen. The ammonia flow
was lowered to 1 slm with TEG and TMI flows being 15.2 pmol min™" to lower the V/IIT
ratio.

Using these buffer growth conditions in conjunction with further increase in tempera-
ture of the GaN DSL, we were able to achieve smooth, highly relaxed InGaN buffer layers.
Two samples were grown to demonstrate these optimized conditions with two different

buffer compositions. These samples had InGaN DLs grown at 750 °C and 200 nm GaN
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Figure 3.11: Reciprocal space map and 5 x 5 pm? atomic force micrograph of a 90%

relaxed Ingo5GagorsN buffer with 1.1nm RMS surface roughness. Reproduced from
Chan et al. with permission.|7]

DSLs grown following the layer structure in figure 3.8. The low temperature GaN was a
total of 10 nm thick, with the remainder being grown at 1150 °C. The last 150 nm were
grown completely in hydrogen carrier gas.

The first sample is characterized in figure 3.11. The InGaN buffer was comprised of
50 periods of InGaN/GaN superlattice with the conditions listed previously. To achieve
an average of Inggo5Gago7sN, the InGaN buffer layers were grown with a T of 950 °C.
As shown in the RSM, the buffer layer appears near the fully relaxed line, with the
center of the peak showing 90% relaxed IngoesGaggrsN. Superlattice fringing is also
seen corresponding to the 20nm period of the buffer. The AFM scan shows a much
smoother surface than previously seen, with an RMS surface roughness of just 1.1 nm.
The InGaN is now has a stepped surface morphology, but short steps are still seen due
to the increased dislocation density causing pinning of the step edges.

The second sample is characterized in figure 3.12. This sample had an InGaN buffer
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Figure 3.12: Reciprocal space map and 5 x 5 ym? atomic force micrograph of a 70%
relaxed Ing o46Gag.gs4N buffer with 2.0nm RMS surface roughness

layer grown with a T} of 920°C but was otherwise identical. Since the composition of
the DL was not increased, the in-plane lattice constant remains similar to that of the
previous sample. The RSM shows 70% relaxation of the Inggs6Gag 54N average buffer
layer. This means that the growth of the InGaN buffer layer is strained, potentially
degrading the surface morphology. The surface morphology appears similar to that of
the lower composition buffer shown in figure 3.11, but some pitting is seen and a higher
RMS roughness of 2nm is observed. Increased strain in the layer as well as the higher

composition InGaN and only partially optimized buffer conditions all contribute to this.

3.3 Further characterization

From the previous section, it is clear that we can grow relatively smooth relaxed InGaN
buffer layers. Figure 3.11 shows a highly relaxed buffer layer with an RMS surface

roughness of 1.1nm and an in-plane lattice constant of 3.197 A. Similarly, 3.12 shows a
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Figure 3.13: High angle annular dark field image (top) and energy-dispersive x-ray maps
of In (middle) and Ga (bottom) of a decomposed InGaN layer. Reproduced from Chan
et al. with permission.|7]

partially relaxed buffer layer with an RMS surface roughness of 2.0nm and an in-plane
lattice constant of 3.201 A.

However, the relaxation mechanism remains unclear. A high angle annular dark field
(HAADF) transmission electron micrograph (TEM) of a decomposed InGaN DL is shown
in figure 3.13. The TEM distinctly shows void formation similar to that described by
Smalc-Koziorowska et al. in figure 3.1.[5] From the energy-dispersive x-ray (EDX) maps,
the voids are shown to be In-rich, as expected.

The sample characterized in figure 3.11 was further characterized by TEM. A two-
beam contrast TEM and HAADF TEM image of the sample is shown in figure 3.14. The

InGaN DL is seen to be largely decomposed into void regions. From the DL, dislocations
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Figure 3.14: Transmission electron micrographs of sample characterized in figure 3.11.
(a) Multiple electron beam diffraction contrast image in zone axis B=[1120] and (b)
high angle annular dark field image.

are formed, some of which thread upward and incline at the InGaN superlattice.

The threading dislocation density in the layers above the DL is orders of magnitude
higher than that in the GaN-on-PSS substrate. This would indicate that the relaxation
seen is, at least in part, plastic relaxation from dislocation formation. Despite this, we
will show in the following chapter that these relaxed buffer layers can yield competitive
or better device results as compared to other relaxed buffer methods. The increased
dislocation density and large amount of InGaN can nucleate v-defects which can lead to

increased hole injection to the active region and act as a barrier to the dislocation.
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3.4 Chapter summary

A first demonstration of a biaxially strain-relaxed InGaN buffer by thermal decomposition
of an InGaN underlayer was presented in this chapter. This InggsGaggsN buffer layer
showed 85% biaxial relaxation across an entire 2-inch SSP sapphire substrate achieved
in a single MOCVD growth. Quantum wells regrown on the relaxed buffer red-shifted
75nm by PL as compared to a co-loaded reference GaN template.

While the first demonstration was very rough and showed a large amount of pitting,
morphological improvements were shown to be possible. Using a higher growth tem-
perature and hydrogen in the carrier gas during GaN DSL growth, the surface showed
significant smoothing. Further improvements were made by the addition of high temper-
ature GaN interlayers in the InGaN buffer. With these improvements, we demonstrated
a 70% biaxially relaxed Ingg46Gag.g54N buffer with an RMS surface roughness of 2nm.

TEM confirmed that the InGaN DL was being thermally decomposed as expected.
However, it is clear that the dislocation density has increased and the relaxation is, at
least partially, due to this dislocation formation. In the following chapter we will show
that, despite the increased dislocation density, these relaxed buffer layers can be used to

produce red micro-LEDs competitive or better than other relaxed InGaN techniques.
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Chapter 4

Red LEDs on strain-relaxed InGalN

buffers

The next step is to fabricate LEDs on the relaxed InGaN buffers presented in the pre-
vious chapter. Initially, red LEDs were targeted because of their highly strained active
regions benefiting the most from a relaxed InGaN buffer. After the first demonstration
of red LEDs on these relaxed buffers. Red micro-LEDs competitive or better than those
reported on other relaxed InGaN buffers are then demonstrated. Work on integrated
RGB micro-LEDs as well as far-red LEDs is presented in appendix A.

While morphological improvements were presented in the previously in section 3.2,
these experiments were not done at the time of the first red LED device growths. Addi-
tionally, the most successful devices in red wavelengths used relatively high composition

buffer layers with high degrees of relaxation compared to those reported in figures 3.11
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and 3.12.

4.1 Red LEDs with high active region growth tem-

perature

To begin, a red LED is demonstrated on a fully relaxed Ingo;GaggsN layer. Because of
the high degree of relaxation in the structure, and perhaps in part due to the surface
morphology, the red MQW was grown at an exceedingly high temperature of 870°C, a
temperature typical of blue emission. The InGaN layer was relaxed by thermal decompo-
sition of an InGaN underlayer as described in the previous chapter. As previously shown
in figure 3.6, a 75nm red shift from blue to green was seen by RT-PL of QWs grown at

865 °C on an 85% relaxed InggsGaggsN buffer layer.

4.1.1 Growth and structure

Figure 4.1(a) shows the device and epitaxial structure and (b) shows a photograph of a
completed LED in operation at 100 Acm~2. The structure was grown on top of a 5pm
uid-GaN template on PSS. First, an additional 5 pm of uid-GaN was grown to bury the
regrowth interface. The 3nm InGaN DL was then grown at 720°C and capped with
4nm of low temperature GaN. In this device, an InGaN/GaN superlattice was used in
place of both the GaN DSL and InGaN buffer presented previously. The first InGaN/GaN

superlattice consisted of five periods of 18 nm n-InGaN and 2 nm n-GaN grown at 930 °C.
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Figure 4.1: Device and epitaxial structure (a) and photograph during operation at
100 Acm™ (b) of a red LED on relaxed InGaN buffer. Reproduced from Chan et al.
with permission.[1]
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Figure 4.2: Reciprocal space map of the InGaN DSL and buffer layers taken around the
(1124) peak. Reproduced from Chan et al. with permission.[1]

The second InGaN/GaN superlattice consisted of five periods of 20 nm n-InGaN and 2nm
n-GaN grown at 900 °C. At this point, the structure was unloaded for characterization.

As before, the purpose of the higher temperature growth was to decompose the InGaN
DL and form voids to partially relax the layer and those above. For the red LEDs, more
aggressive conditions were chosen to obtain a large increase in the in-plane lattice constant
for subsequent growth of the highly strained active region. The DL was grown at the low
temperature of 720 °C and the buffer was grown at 900 °C. Using these conditions along
with an InGaN/GaN superlattice DSL, we achieved relaxed Ing o;Gag osN.

The RSM of the layers taken around the (1124) peak is shown in figure 4.2, showing
the strain state of both the DSL and buffer clearly. The marked DSL peak corresponds
to Ingo5GagesN in tensile strain with the marked buffer peak corresponding to 100%
relaxed Ingo;GaggsN. The peaks appear somewhat broad and low-intensity, indicating

that the crystal quality and surface morphology is likely quite poor.
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Figure 4.3: Scanning electron micrograph (a) and 5 x 5 pm? atomic force micrograph of
the InGaN buffer layer. Reproduced from Chan et al. with permission.[1]

The sample was then co-loaded with an identical structure grown with no indium
precursor flow during the DL growth. This sample was meant to act as a wavelength
reference to gauge the effect of the relaxation on electroluminescence. A simple 8-period
2.5nm/6 nm InGaN/GaN MQW was grown at 870 °C, a temperature typical of blue or
blue-green emission. Next, a 5nm p-AlGaN EBL, 30nm p-GaN and 20nm p*+tGaN
contact layer were grown.

Figure 4.3 shows the surface morphology as characterized by both SEM and AFM of

the completed device on relaxed InGaN buffer. As expected from the previous samples
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and the wide RSM peaks, the SEM and AFM show a high amount of pitting. This
morphology is indicative of high dislocation density in the DSL and buffer layers, since

pits will typically nucleate at threading dislocations.

4.1.2 Device results

Devices were then fabricated. First, 150nm of ITO was deposited by electron-beam
evaporation. The samples were then patterned by photolithography with 0.1 mm? mesas
and the ITO was etched in CHy/Hs/Ar (MHA) reactive ion etch using AZ nLOF 2020
photoresist as a mask. Because polymer deposition occurs simultaneously to etching, the
MHA etch was interleaved with O, descum steps to remove polymer buildup. The mesas
were then formed with SiCly reactive ion etching of the (Alln)GaN layers to allows for
low resistivity n-contacts to be formed in the etched field. The mesa depth was targeted
to be around 280 nm to land in the middle of the Si-doped Ing o5 Gaggs N DSL and allow
for good current spreading, while not etching through the thermally decomposed layer.
This etch depth, however, fell short and landed between 30 and 50 nm into the InGaN
buffer. Finally, 700 nm of Al, 100 nm of Ni and 700 nm of Au were deposited by electron
beam evaporation and lifted off to form an n-contact and p-pad.

Final device performance parameters are depicted in figure 4.4. Spectra at current
densities from 20 to 200 Acm™2 are plotted in 4.4(a). Single peak emission is seen at
all current densities below 200 A cm™2. The peak wavelength and FWHM are plotted

against current density in figure 4.4(b). The wavelength is very long at low current
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Figure 4.4: Fabricated LED performance: (a) electroluminescence spectra at various
current densities, (b) peak wavelength and FWHM vs. current density, (c) light-current
density-voltage curves, and (d) current dependent EQE as measured from the backside
emission of the device. Reproduced from Chan et al. with permission.[1]
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Figure 4.5: Photograph of device under operation at 50 A cm~2.

densities, well over 700nm at 20 A cm™2. The emission quickly blueshifts and stabilizes
to a wavelength of 660 nm at 200 A cm~2 due to state filling effects and charge screening of
the polarization field in the quantum wells. The FWHM stabilizes at 69 nm from around
75t0 200 A ecm 2. While this FWHM is not altogether unusual for long wavelength InGaN
LEDs, the width is at least in part due to poor current spreading. As mentioned before,
the mesa isolation etch landed shallow in the n-side of the device, leading to inadequate
current spreading on the n-side. This is readily apparent by photographing the device
under operating current as seen in figure 4.5. The area close to the n-contact (top and
center) appears significantly brighter and more yellow than the area farther away due to
increased current injection, leading to a broadening of the emission spectrum.

The LIV plotted in 4.4(c) shows very low turn-on voltage, near the photon energy.
The power increase is super-linear for the first 30 A cm~2 which is partially be accounted
for by the large blue-shifting of emission. The pitted surface morphology may be partially

responsible for both the low voltage and the non-linear increase in power. V-pits have
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Figure 4.6: Spectra of fabricated LED without InGaN DL at 200 A cm™2 (dashed) and
with decomposed InGaN DL at several current densities (solid).

been shown to actually aid in carrier injection to the quantum well while leading to an
increased barrier for carriers to “see” the threading dislocations at which they nucleated.

Figure 4.4(d) shows a plot of the EQE as measured from a photodetector underneath
the sample versus current density. The peak EQE of 0.05% occurred at 190 A cm™2.
Packaging the device and measuring in the integrating sphere would lead to an increase
in the EQE by at least a factor of 2-3x, but this number remains quite low. The regrowth
interface was placed just below the quantum wells which can lead to additional defects
in the active region which may explain the poor EQE of the devices.

The spectra of the fabricated LED is overlaid with the reference LED spectrum at
200 A cm~? in figure 4.6. The reference LED was co-loaded for the quantum well and p-
GaN regrowth and had an identical structure except for the omission of In precursor flow

during the DL growth. The LED with the decomposed InGaN DL showed EL emission
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a full 140 nm red-shifted as compared to the reference LED. As discussed in the prior
chapter, this red-shift is likely due to a reduction in strain in the active region.

In this section, we demonstrated a true-red LED with exceptionally high active region
growth temperature of 870°C, a temperature that is typical of blue emission on our
MOCVD reactors. This growth was enabled by the thermal decomposition of an InGaN
underlayer allowing a Ingo;GaggesN buffer to 100% relax. While the 0.05% EQE as
measured by backside emission was low due to the regrowth interface just below the
active region and the very poor surface morphology, the 140 nm red-shift as compared to

the reference sample is a compelling reason to pursue this growth technique.

4.2 Red micro-LEDs

Perhaps the most compelling application for high composition InGaN is for use in micro-
LED displays. Because of this, red micro-LEDs were explored next using the technique

of decomposing an InGaN underlayer to obtain a relaxed InGaN buffer layer.

4.2.1 Growth and structure

The epitaxial structure of the red micro-LED is shown in figure 4.7. This structure is
similar to the red LED shown in the previous section with several changes. First, on top
of a 5pm GaN template, an additional 2.5 pm of GaN was grown to bury the regrowth
interface. The InGaN DL was grown at at 720 °C and then capped with 4 nm of low tem-

perature GaN. In this device, two InGaN/GaN superlattices were grown. The first one,
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Figure 4.7: Spectra of fabricated LED without InGaN DL at 200 A cm™2 (dashed) and
with decomposed InGaN DL at several current densities (solid).

acting in place of the previously discussed DSL, was a 7nm/3nm InGaN/GaN super-
lattice grown at 950 °C with an average composition around Inggo4Gagg76N. The second
superlattice was 20nm/2nm InGaN/GaN grown at 920 °C with an average composition
of Ing.049Gagg51N. These layers form the strain relaxed template.

The active region consisted of an 8x MQW with 2.5nm InGaN QWs and 7nm GaN
barriers grown at 820 °C. Compared to the LED presented in the previous section, this
structure had a lower composition InGaN buffer layer. Because of this, a significantly
lower active region growth temperature is needed to achieve red emission, 820°C as
compared to 870°C. The p-type layers consisted of a 10nm p-AlGaN EBL followed by
four periods of 20 nm/2 nm p-InGaN/p-GaN grown at 920 °C that was nominally lattice-

matched to the buffer. Finally, a 12nm p*"-InGaN contact layer was grown. The p-type
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Figure 4.8: Reciprocal space map of the InGaN DSL and buffer layers taken around the
(1124) peak.

layers were primarily InGaN to address the concerns of possible p-GaN layer relaxation.

The epitaxial sample was then unloaded and characterized by HRXRD. An RSM
taken around the off-axis (1124) peak to characterize the strain-state of the InGaN/GaN
DSL and buffer layers. As shown in figure 4.8, the both the InGaN/GaN DSL and
buffer are in tensile strain and have extended past (to the left) of the fully relaxed line.
Calculating the composition yields Ing g4 GagorsN and Inggs9Gagos1N. Since the buffer
is now in tensile strain, the term “degree of relaxation” no longer makes physical sense.
The in-plane lattice constant, a, of the buffer is measured from the RSM to be 3.211 A.

The surface of the sample was then characterized by SEM. The surface shows sig-
nificant inverted pyramidal pits, but a significantly different morphology than displayed

in the previous device. While pitted, the surface does not display the distinct trenches
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Figure 4.9: Scanning electron micrograph of the surface of the sample.

shown in figure 4.3(a). This may be due to the lower composition used in the DSL and

Buffer as well as the InGaN p-layers.

4.2.2 Device fabrication

I have to thank Norleakvisoth Lim for much of the device fabrication and testing pre-
sented in this section.

LEDs were then fabricated from these epi-layers. A similar process flow as described
before was used. However, to form micro-LEDs, pad metal had to be deposited off-mesa.
This, as well as the increasing perimeter-to-area ratio necessitated two extra dielectric
steps: one for pad metal isolation and one for sidewall passivation. First, 150 nm of I'TO
was deposited by electron beam evaporation. The sample was then patterned and ITO

etched using an MHA reactive-ion etch. The mesas were etched self-aligned to the ITO
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through the p-InGaN to land in the n-InGaN/GaN DSL layer.

To address the increased perimeter-to-area ratio of the small micro-LEDs, the side-
walls must be passivated. This was achieved with 25nm of SiO, deposited by atomic
layer deposition. This process has been shown to significantly decrease sidewall recom-
bination leakage current.[2] Ideally, an additional wet surface treatment of UV-ozone,
phosphoric acid and buffered HF would be done to remove sidewall etch damage before
the passivation dielectric is deposited, however these processes are incompatible with
ITO.

Next, a thicker, 225 nm pad-isolation dielectric is deposited and patterned by lift-off
to allow for off-mesa pads. No omni-directional reflector (ODR) was used in this study.
Typically, these are broad-band bragg reflectors used to prevent the light from interacting
with the lossy metal pad metal. In a small micro-LED, the metal pad wrapping around
the mesa covers a significant portion of the sidewall, leading to a large amound of light
loss. However, this feature was omitted to simplify processing and allow for quicker
device turn-around. Finally, a pad metal lithography with a buffered HF dip to remove
the passivation dielectric was performed before lifting off 700/100/700 nm Al/Ni/Au pad
and n-contact metals.

A fully fabricated device can be seen in figure 4.10(a). Both probe pads sit on top
of the 225 nm isolation SiO, in the mesa etch field. This dielectric wraps onto the mesa
underneath the p-pad to electrically isolate it and prevent shorting.

The devices suffered from a fabrication error with a very distinct burn-in behavior.
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Figure 4.10: Microscope image of 100 x 100 pm? micro-LED (a) and device under oper-
ation (b).

The root cause remains unknown but this was potentially due to inadequate cleaning be-
fore I'TO deposition or incomplete removal of the passivation oxide before pad deposition.
Before burn-in, devices showed extremely poor p-side current spreading. After burning
in, the smaller micro-LEDs sizes 40 x 40 pm? and under showed uniform emission while
the larger devices still showed inadequate current spreading. The poor current spreading

can be seen in a 100 x 100 pm? micro-LED shown in 4.10(b).

4.2.3 Device results

Several sizes of LEDs were fabricated. “Standard-sized” 0.1 mm? were included along

with 100 x 100, 40 x 40, 20 x 20, 10 x 10 and 5 x 5 pm? micro-LEDs. Images of these
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Figure 4.11: Microscope image of 40 x 40, 20 x 20, 10 x 10 and 5 x 5 pm? micro-LEDs
in operation.

devices in operation are shown in figure 4.11. These sizes under 40 x 40 pm? showed very
good uniformity and current spreading.

Current-voltage curves are shown for devices of various sizes in figure 4.12. Because
of the fabrication issue described above, voltage curves were inconsistent across devices
and device sizes. Some devices showed low voltage, just above those seen in the previous
round of devices in figure 4.4, while others showed very high voltage with turn-ons well
above 3 V.

Device performance parameters are plotted in figures 4.14 and 4.13. Figure 4.13 shows
peak wavelength versus current density of the smallest and largest devices fabricated, 5x5

2

pm? and 0.1 mm?

respectively. The wavelengths, as expected, are stable across device
size with peak EQE in the 5 x 5 pm? LED occurring at 643nm. Once again, a large
blue-shifting of emission is observed at higher current densities. This is from state filling
and polarization field screening as carriers are injected into the quantum wells.

The micro-LED measurement was courtesy of Norleakvisoth Lim using Professor

Michael Gordon’s lab. EQE versus current density of various micro-LED sizes are plotted
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Figure 4.12: TV curves of several device with various sizes. Because of a fabrication issue,
voltage spread was quite wide and did not follow a consistent trend.
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Figure 4.13: Wavelength versus current density of 5 x 5pm? and 0.1 mm LEDs.
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in figure 4.14. This EQE measurement was performed on-wafer by measuring top-side
emission. The sample was placed on a stage an integrating sphere placed over the top.
Probes feeding into the integrating sphere were used to inject current. The devices were
not packaged or fully encapsulated by the integrating sphere, reducing the measured EQE
significantly.

Typically, peak EQE drops with size due to increasing perimeter-to-area ratio due to
a relative increase in sidewall recombination.[3]-[5] However, with proper ALD-deposited
passivation, size independence down to sizes less than 5 x 5 pm? have been demonstrated
in both blue and green wavelengths. [2], [6] More recently, size independence has also
been shown in red. [7] As the InGaN composition of the quantum wells increases to
the red regime, the surface recombination velocity decreases meaning the need for high
quality passivation and the size dependence of devices decreases. The reason for an
increase in efficiency needs more investigation, but may be due, in part, to an increase
in light extraction efficiency for smaller sized devices. It may also be partially due to
a measurement artifact with better color uniformity in the smaller LEDs allowing more
light to be captured in the spectrometer’s bandwidth.

The peak EQE of the 5x 5 pm? was over 0.45%. This number is quite high considering
the measurement geometry (top-side emission only) and lack of ODR under the p-pad
metal. Previously, one of the highest reported EQE of a red micro-LED on relaxed InGaN
was by Pasayat et al. using an InGaN buffer relaxed using the nanoporous technique. [8]

Their 6 x 6 pm? LED showed a peak of 0.2% EQE measured on-wafer at a wavelength of
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Figure 4.14: Size-dependent EQE measured on-wafer from top-side emission versus cur-
rent density of fabricated micro-LEDs. Measurement courtesy of N. Lim.

632nm with an ODR to reduce metal absorption. White et al. showed an EQE of 0.83%
of an 80 x 80 pm? fully packaged LED at 610 nm grown on the InGaNOS substrate by
Soitec.[9]

The 5 x5 pm? LED reported here showed a forward voltage at 50 A cm=2 of 4.1V, over
a volt higher than the 10 x 10 pm? LED and almost 1.5V higher than the 0.1 mm? device
shown in figure 4.4. As discussed earlier, fabrication issues with the p-side contact lead to
a large burn-in dependence of IV curves, as well as highly non-uniform IV characteristics
device-to-device across the sample. Despite this, the voltage of the 5 x 5 pm? device
remains in-line with the report of White et al. at around 4V at 50 Acm~2.[9] The
10 x 10 pm? LED, with under 3V at 50 A cm™2, shows significantly lower voltage than

the micro-LED reported by Pasayat et al. (3.5V) and is on par with the report by lida
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et al. of low forward voltage red LEDs (3V). [8], [10]

4.3 Chapter summary

Red LEDs are demonstrated on the InGaN buffers relaxed with an InGaN DL as presented
last chapter. The resulting LEDs show very low forward voltage and a 140 nm red-shift
as compared to a co-loaded reference with no DL. The EQE remained was quite low,
partly due to a regrowth interface just below the quantum wells in order to co-load a
reference sample.

Finally, red micro-LEDs were grown and fabricated with similar or better performance
as compared to other relaxation methods. Recent reports of red InGaN-based LEDs are
tabulated in table 4.1.

The reports are sorted by those using relaxed InGaN buffer layers (rows 1-7) and those
conventionally grown strained to GaN (rows 8-11). Looking at the peak EQE column
it is apparent that, even accounting for the lack of packaging by a several-fold factor,
devices on relaxed buffers are lagging those grown conventionally. This is not necessarily
unexpected, given that the reported relaxed buffers (by decomposition layer, nanoporous
layer, or InGaNOS substrate) are very recent developments.

Looking at the devices on relaxed InGaN buffers, the first four are relaxed with an
InGaN DL. The top two are results first reported here with the next two being initial
results focused on the low forward voltage and high growth temperatures using this
method. The 5 x 5 and 10 x 10 pm? micro-LEDs reported here show higher peak EQE
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Peak Device Vi at  Relaxed
Authors Report A (nm) EQE (%) size (nm?) 50 AF(;rn_2 InGaN & (A)
Chan et al. - 643 0.46 (W) 5x5 4.1 Yes* 3.211
Chan et al. - 643 0.31 (W) 10x 10 3.0 Yes* 3.211
Wong et al.  2022[11] 637 0.25(P) 20x20 2.2  Yes* 3.211
Chan et al. 2021[1] 633 0.05 (W) 105 2.6 Yes*  3.213
Pasayat et al. ~ 2021[8] 632 02 (W) 6x6 3.5 Yest  3.197
White et al. 2021[9] 610 0.83 (P) 80 x 80 3.8 Yest  3.205
Dussaigne et al. 2021[12] 625 0.14 (W) 257 68  Yest 3.205
Dussaigne et al. 2020[13] 616 0.09 (W) 50 x 50 - Yest  3.207
Li et al. 2022[14] 620 4.5 (P) 60x60 5.0 No  3.189
Li et al. 2021[7] 611 2.6 (P) 20x20 3.9 No  3.189
Tida et al. 2020[10] 665 0.19 (P) 650 x 250 3.0 No  3.189
Hwang et al. 2014[15] 629 2.9 (P) 460 x 460 5.0 No 3.189

(W) EQE measured on wafer

(P) EQE measured from packaged LED

* Buffer relaxed using decomposition layer

t Buffer relaxed using a nanoporous layer

¥ Device grown on Soitec InGaNOS substrate

Table 4.1: Reports presented here and other recent reports of red InGaN-based LEDs.

than all but the report by White et al. using the InGaNOS substrate.[9] White et al.
reported data from a packaged LED with and omnidirectional reflector under the pad
to prevent absorption by in the metal. Packaging of a small micro-LED results in a
conservative 3x improvement in measured EQE. [§]

The forward voltage at 50 A cm ™2

is also tabulated. As mentioned before, a process-
ing error unfortunately left the micro-LEDs reported here with somewhat higher and
inconsistent voltage. The other two reports by Wong et al. and Chan et al. using an
InGaN DL show extremely low forward voltage in comparison, likely due to injection
from v-defects nucleated in the InGaN buffer and lack of AlGaN in the active region.[1],

[11] The results using an InGaN DL show much lower voltage than the other red LEDs,

including those that were conventionally grown.
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Chapter 5

Indium nitride: towards longer

wavelengths

In this chapter we will move to wavelengths beyond red and explore InN quantum dot
and dash growth on semi-polar (202 1) and (2021) planes. After characterizing the InN
layers, efforts are made to advance towards a first electrically injected, InN-based near-
infrared LED. This project had many growth challenges. The thermal instability of InN
necessitates a very unconventional device design as we will discuss. P-side down devices
with buried tunnel junction p-contacts are demonstrated in blue, a first step towards an
electrically injected InN-based devices.

Because of the high lattice mismatch between InN and GaN, high indium content films
are challenging to grow. Additionally, the sublimation temperature of InN is around

550°C. This temperature is much colder than typical GaN growth temperatures by
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MOCVD, between 900 °C and 1200 °C. The discrepancy in growth temperature leads to
a thermal budgeting issue when growing In-rich devices. After the growth of the high
composition InGaN or InN layers, the remainder of the device must be grown relatively
cold and kept to a relatively short growth time. Elevated temperatures with respect to the
growth temperatures of the active layers can lead to indium segregation and interdiffusion
of InGaN layers with neighboring layers as well as the propagation of formation of defects
on certain crystal planes.[1]-[4] Typical Ga-rich InGaN devices also suffer from these
issues, as even low-composition InGaN alloys must be grown at temperatures below those
which are ideal for growth of GaN. As InGaN composition (or wavelength) increases, these
problems worsen.

Additionally, the low temperature growth required to grow high composition InGaN
or InN layers can lead to problems. At low temperatures, precursors suffer from poor
cracking efficiencies. After cracking, adatoms on the surface have low mobilities which
can lead to defect formation. Finally, films grown at low temperature show increased
impurity concentrations, including carbon from the cracked precursors.|[5]

The large lattice mismatch between InN and GaN naturally leads to the formation of
quantum dots when InN or In-rich InGaN is grown on GaN. These quantum dots are of
particular interest in the In-rich regime anyway, since they are less sensitive to defects
formed when growing high strain In-rich alloys and during the subsequent low tempera-
ture growth required by the thermal budgeting problem. Once a carrier is injected into a

quantum dot, the carrier is confined not only in the transverse direction as with a quan-
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tum well, but also in the lateral direction in the plane of the growth. Injected carriers
are not able to “see” defects or dislocations laterally removed in the active region. In
the case of a quantum well, there is no barrier to lateral diffusion and carriers are free
to distribute in-plane and recombine at these defects or dislocations. The decrease in
defect sensitivity can lead to higher internal quantum efficiencies in defective materials
than would otherwise be possible with quantum wells.

Quantum dot active regions have been used in laser diodes in other material sys-
tems. Devices with quantum dot active regions display higher peak gain leading to lower

threshold current densities as well as lower temperature sensitivities.|[6], [7]

5.1 InN in literature

InN quantum dots with near-infrared photoluminescence have been grown by MBE and
MOCVD on c-plane GaN. Growth on both the metal-polar [8]-[12] and the N-polar [13]-
[16] surfaces has been explored, here at UCSB’s SSLEEC and elsewhere. There has been
particular interest in the nitrogen polar plane here at UCSB. Owing to the p-down device
design that will later discuss, growing an InN device on the N-polar plane maintains the
polarization fields typically seen in Ga-polar c-plane devices. In addition to c-plane, InN
quantum dots have been shown to grow on the m-plane side facets of nanowires.[17]

InGaN quantum dots are also well-studied with literature reports of emission ranging
from the green to near-infrared wavelengths. These have also been explored on a variety
of planes including c-plane[18], semipolar (1122)[19] and non-polar a-plane[20].

79



Figure 5.1: 1.5pm x 1.5pm Atomic force micrographs of uncapped (2021) InN quan-
tum dashes grown for 90s on GaN at (a) 550°C, (b) 575°C, (c¢) 600°C and (d) 625 °C.
Reproduced from Chan et al. with permission.[21]

5.2 (2021) InN quantum dashes

To begin, the (2021) crystal plane was explored. All growths in these studies were done
by MOCVD on bulk (2021) GaN substrates. The initial studies consisted of varying
the InN growth temperature and time to select optimal conditions and observe growth
mechanisms. First, an InN temperature series was grown where InN layers were grown
for 90s from 550 °C to 625 °C in increments of 25 °C with all other conditions being the
same. Then, additional samples were grown at 600°C with InN growth times varied,
with growth times of 30s, 60s, 150s and 210s.

The InN layers were grown with a trimethylindium flow-rate of 7scem and an ammo-
nia flow-rate of 1.6 slm in nitrogen carrier gas. They were grown on 1.2 pm n-GaN layers

doped with roughly 2 x 10'® cm ™ with trimethylgallium as the Ga precursor.
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Figure 5.2: (2021) InN quantum dash density and height as a function of growth tem-
perature as measured by AFM

Using AFM, we can observe the surface morphology of the samples after InN growth.
Figure 5.1 shows 1.5pm x 1.5pm AFM scans of the uncapped InN from the growth
temperature series in order of increasing growth temperature. As growth temperatures
increase, the density of the dashes decreases. The increased temperature increases the
In adatom desorption from the substrate, decreasing the nucleation rate of the InN
dashes. At 625°C, depicted in figure 5.1(d), no dash nucleation is seen and the AFM
shows the underlying nanofaceted surface morphology of the (202 1) GaN template. The
increasing temperature, while increasing desorption, also increases the adatom mobility.
This means that adatoms have energy to travel farther across the surface and find the
edge of a nucleated InN island. Because of this, higher temperature growth shows taller
but sparser dashes. This trend is shown in figure 5.2. Because dashes were only observed

at edges of defects at 626 °C, no data is plotted.
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Figure 5.3: 1.5um x 1.5 pm Atomic force micrographs of uncapped (202 1) InN quantum
dashes grown on GaN for (a) 30s, (b) 60s, (c) 90s, (d) 150s and (e) 210s. Reproduced
from Chan et al. with permission.[21]

d

Next, the growth temperature was held constant at 600 °C and the growth time was
changed from 30s to 210s. AFM scans of this series are plotted in figure 5.3. In figure
5.3(a) with 30s of growth time, no InN growth is seen and the underlying semipolar
template morphology is visible. While no growth is observed, one cannot make the
assumption that no growth occurs. After InN growth, no capping layer was deposited
and significant desorption may occur during reactor cooldown. As the InN growth time
increases, figure 5.3(b)-(e), the dashes increase significantly in length and height.

One additional sample was grown at 550 °C for 10min. This sample was included
to show the effect of a long growth time on densely nucleated InN. An AFM scan of
this sample is shown in figure 5.4(d). While AFM is a good measure of quantum dash
height and density, the microstructure of the dashes is more readily visible using scan-

ning electron microscopy (SEM). Plan view, 45 degree tilted and cross-sectional SEM
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Figure 5.4: Plan view (a), 45 degree tilted (b), cross-sectional (c) SEM and 1.5pm x
1.5pm AFM of uncapped growth of 10 min of InN grown on (2021) GaN. Reproduced
from Chan et al. with permission.[21]

are shown in 5.4(a)-(c). In the plan view, figure 5.4(a), faceting on the InN dashes is
apparent showing single crystal growth. The cross-sectional SEM in figure 5.4(c) shows
the triangular cross-section of the InN. By measuring the angle of the facets, we find the
dashes to be formed by the (202 1) substrate plane, (0001) and (1011) crystal planes.

Room temperature photoluminescence (RT-PL) spectra of these samples were taken
using a a liquid nitrogen cooled InGaAs detector. The pump was a 785 nm laser focused
through a 10x microscope objective lens. The sample emission was collected thorugh the
same lens. The spectra for the growth time series grown at 600 °C as well as the sample
grown at 550 °C for 10min is shown in figure 5.5. The notch at 1386 nm was present
on all measured samples, as well as a much brighter InGaAsP reference sample, and is

suspected to be an artifact of the detector. A laser harmonic was present at 1570 nm and
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Figure 5.5: Room temperature photoluminescence of uncapped (2021) GaN InN quan-
tum dashes. Reproduced from Chan et al. with permission.|[21]

the cooled detector sensitivity rolled off above 1550 nm so no data is shown past 1550 nm.

Looking at the traces for samples grown at 600°C in figure 5.5, increasing growth
time yields both an increase in PL intensity as well as a red-shift of the peak wavelength.
The increase in PL intensity is due to an increase in the emitting InN volume, while
the red-shift is consistent with a decrease in confinement in the taller InN dashes. The
sample grown at 550 °C for 10 min showed significantly stronger PL intensity with a peak
wavelength of 1480 nm.

The PL intensities measured were quite weak. The integration times required for
clear spectra were on the order of 10s or 100s (100s plotted in figure 5.5). Because of

this, the samples with InN growth times of 30s and 60s were omitted.
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Figure 5.6: 1.5um x 1.5m Atomic force micrograph of uncapped (2021) InN quantum
dots grown for 90s on GaN at (a) 550 °C, (b) 575°C, (c¢) 600°C and (d) 625°C

5.3 (2021) InN quantum dots

Next, the (2021) semipolar plane was briefly explored. The temperature series was
repeated with the same InN growth conditions and temperatures of 550 °C, 575 °C, 600 °C
and 625 °C. AFM scans of the resulting structures are shown in 5.6. On this crystal plane,
the InN forms dots rather than dashes. While more data is needed, this likely has to
do with the morphology of the underlying GaN template. In the case of (2021), the
template showed sharp nanofaceting as seen in figure 5.1(d). In contrast, the template
of (2021) shows longer order undulations as shown in figure 5.6(d).

The quantum dot density and average height is plotted in figure 5.7. As before
on (2021), the density decreases while the height increases with growth temperature.

Again, this is a result of the higher In adatom desorption rate and increased mobility as
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Figure 5.7: (2021) InN quantum dot density and height as a function of growth tem-
perature as measured by AFM

the growth temperature is increased.

5.4 Capping InN

As demonstrated in the previously shown (2021) and (2021) temperature series in
figures 5.1 and 5.6 respectively, the InN is quite sensitive to growth temperature. Capping
the (2021) dashes makes this even more apparent: Three samples were grown consisting
of 10min of InN growth at 550 °C, the same growth conditions as shown in figure 5.4,
and a 30nm GaN cap. One sample was capped with a continuously grown layer with a
growth rate of 0.33 As~! and one with a flow modulated epitaxy (FME) growth scheme
at 550°C. The third sample was capped by FME with 15nm grown at 550°C and an
additional 15nm grown at 650 °C. A final reference sample was left un-capped.

FME is a growth technique where the group-III precursor, in this case triethylgallium,
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Figure 5.8: Photoluminescence spectra of (2021) InN quantum dashes capped with
30nm of GaN grown at various conditions. Reproduced from Chan et al. with permis-
sion.[21]

is pulsed. This pulse introduces Ga adatoms to the surface and allows extra time for
the adatoms to migrate across the surface. FME was used to address concerns of the
low growth temperature lowering adatom mobility leading to to poor morphology and
high impurity incorporation. The growth rate of the FME GaN was calibrated by high-
resolution x-ray diffraction (HR-XRD) to be 0.2 A per cycle. Each cycle consisted of a
5s group-1II pulse with 5s flow ramp at both ends and a 9s wait for a total of 24s.
Figure 5.8 shows the PL spectra results from these growths. As expected, the un-
capped sample shows similar emission as the 550°C, 600s trace in figure 5.5 since it
shares the same growth conditions. The peak emission intensity occurred at 1480 nm.

Both samples capped at 550 °C showed a significant increase in peak intensity and blue-
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shifting of emission spectra. The increase in intensity is likely attributed to a removal
of lossy InN-air surface states as well as an increase in carrier concentration in the InN
layers from impurities incorporated in the cold, GaN cap growth. The sample with the
FME-grown cap shows slightly weaker PL intensity. This could be due to the signifi-
cantly increased growth time as well as fewer impurities in the GaN cap. The blue-shift
is consistent with an increase in confinement and increase in compressive strain induced
from the GaN capping layers. The sample grown partially at 650 °C shows almost no PL,

underlining the temperature sensitivity of InN.

5.5 Towards electrically injected InN devices

Moving towards an electrically injected InN device presents many challenges. The tem-
perature sensitivity of the InN requires a strict thermal budget be observed during the
growth of the active layers and all subsequent layers. This informs a very non-traditional
device design of p-side down. High conductivity Mg-doped p-GaN is already challenging
to grow in normal temperature regimes. At the low temperatures required to preserve
the InN layers, however, it is practically impossible due to the increased impurity incor-
poration, particularly carbon which can act as a donor to compensate the Mg.

Figure 5.9 shows the proposed p-down InN device design. Starting with the {2021}
substrate, an n-GaN template is grown to bury the regrowth interface. An n** and p**
layers are then growth to form a tunnel junction. The tunnel junction is used in order

to more easily form a good electrical contact to the p-side of the device. Since p-GaN
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is not very conductive, it is important to make contact to the p** layer. In the p-down
device design, it would be difficult to control the etch in order to make contact to this
layer. Additionally, while low-resistivity contacts to plasma-etched n-GaN are possible
with a SiCly pretreatment, this is not possible in p-type layers. Because of the p-down
design, this tunnel junction is grown opposite of the typical p-n configuration meaning
there is not an issue with magnesium memory effect blurring the junction. Further
work optimizing this backward tunnel-junction configuration would be interesting but in
this work a best-attempt at doping and growth conditions were made and not explored
further.

One alternative to a tunnel junction would be to flip-chip bond the device and use
a photoelectrochemical etch to etch through a sacrificial quantum well just below the
pt layer. This design would be more ideal as it would expose the p™tGaN using a
wet etch for subsequent activation and contact formation. However, this complicates the
processing significantly on top of an already complicated epitaxial growth, so was not
attempted in this work and left for the future.

The bulk p-GaN is then grown along with a p-AlGaN electron blocking layer. This
is followed by the active region consisting of either a single or several layers of InN and
GaN. Finally, the bulk n-type and n*+tGaN contact layers are grown.

Every layer after the EBL was grown cold, at temperatures under 600 °C. The need
for cold growth immediately after the EBL and p-layers, rather than after the InN active

region, is to prevent magnesium from making it to the active region. Because of the

89



**-GaN

|

n-GaN

[EEE— o

n-GaN =

) —

uid-GaN —

FV VYV VYV VYV VN o

S bbb b b 6 06 00 §_

FVOUVVVVVYVVSV VYV >
uid-GaN

P*-AlGaN EBL El

p-GaN >

>

@

E.

>

Q

=

o

>

20-2-1 Substrate

|

Figure 5.9: Schematic of proposed p-down InN LED

memory effect, magnesium continues to incorporate into the growth after the precursor
flow has been shut off. This effect can be greatly mitigated with a surface treatment to
remove surface-riding magnesium and regrowth or by reducing growth temperature.|[22],
23]

To illustrate this, several LEDs with the general p-down structure shown in figure
5.9 were grown with a couple modifications. In all devices, the InN active layers were
replaced with single 3.5 nm blue quantum wells grown at 830 °C. In the first sample, the
15nm uid-GaN spacer between the EBL and the quantum well was grown by FME at
575°C, and the 80nm n-GaN and 20nm n™"GaN top layers were grown continuously
at 575°C. In the second sample, the 15nm uid-GaN spacer between the EBL and the

quantum well was grown at 575°C with FME but the n-GaN layers were grown hot, at
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Figure 5.10: Schematic of blue p-down devices in p-side spacer and n-GaN growth tem-
perature experiment

1000 °C. In the final sample, both the uid-GaN spacer and the n-GaN layers were grown
hot at 1000 °C. The device structures are shown in figure 5.10.

LEDs were then fabricated from the three samples. The LEDs consisted of perforated
0.1 mm mesas etched by SiCly RIE. The vias were 1.5 nm wide and spaced 3.5 pm apart
in order to replicate the result by Li et al. for buried p-type activation.[24] In order
to remove etch damage and allow for activation of the buried p-type from the vias and
sidewalls, the samples were treated with 5 min UV-ozone, 5 min heated H3PO,4 and 5 min
buffered HF repeated three times. This surface treatment has been shown by Wong et
al. to remove etch damage and allow for activation through the etched surface.[25] The
buried p-layers were then activated at 700 °C for 30 min. IV curves were measured and
optical micrographs of the LEDs were captured to show current spreading and relative

intensity.
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Figure 5.11: Current-voltage curves of three p-down blue LEDs: one grown with low
temperature n-GaN and low temperature p-side spacer, one grown with high temperature
n-GaN and low temperature p-side spacer, and one grown with high temperature n-GaN
and high temperature p-side spacer

From the IV curves in 5.11, it is immediately clear that the low temperature n-
GaN adds over a volt to the operating voltage. The voltage of the other two devices
remains quite high, with typical blue device turn on in the 3V range. The high voltage
of the two devices with high temperature n-type layers is likely from a combination of
the unoptimized buried tunnel junction and incomplete activation of the buried p-type
layers.

Micrographs were taken with a 20x objective lens under 50 A cm~?2 operation and are
shown in figure 5.12. Both samples with the low temperature p-side uid-GaN spacer are
relatively bright with several mW output measured from the backside of the devices. The
third sample, with the high temperature p-side uid-GaN spacer, was extremely dim and
the camera exposure time had to be boosted by a factor of 100x to capture the emission.
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Figure 5.12: Micrographs of three p-down blue LEDs grown with various temperature
conditions in the p-side uid spacer and n-GaN layers. Micrographs were taken with LEDs
operating at 50 A cm ™2

With the high temperature p-side GaN spacer, magnesium from the highly-doped EBL
rides the surface and continue incorporating in the active region. Magnesium in the
active region forms a non-radiative Shockley-Reed-Hall recombination center, reducing
the blue emission intensity. With the cold growth of the p-side spacer, the memory effect
is suppressed as shown by Agrawal et al., reducing the amount of magnesium that makes
it to the active layers.[22], [23]

While it was bright, the sample with the low temperature n-GaN layers showed ex-
tremely poor current spreading and high voltage compared with the samples with n-GaN
grown at 1000 °C. The poor current spreading and high voltage is a sign that the low
temperature n-GaN layers have poor conductivity, likely due to compensating defects.

To investigate, a calibration sample with several n-GaN growth conditions was grown
and secondary ion mass spectroscopy (SIMS) was used to evaluate the doping and con-
taminant concentrations. This sample consisted of three 50 nm n-GaN layers with differ-

ent low temperature growth conditions separated by 180 nm of high temperature uid-GaN
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Figure 5.13: SIMS scans for silicon, oxygen and carbon in n-GaN layers grown at 575 °C

to smooth out the surface. The first layer was nominally uid-GaN grown at 575 °C with
an FME growth rate of 0.2 A per cycle. The second layer was the same but doped n-type
with a disilane precursor flow of 0.2 sccm throughout the FME cycle. The final layer was
consisted of 45 nm of continuously grown n-GaN with a growth rate of 0.2 A s capped
with a 5nm n** layer.

Figure 5.13 shows the result of this SIMS sample. The silicon doping was lower than
expected, reaching into the 10*s which can likely be solved by simply increasing the
precursor flow. More concerning, the carbon concentration for the continuously grown
layer was around 3 — 4 x 10! ecm™3, far higher than the silicon doping concentration.

With this in mind, it is unsurprising that the p-down blue LED with n-GaN grown with
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this condition showed such poor current spreading and voltage since the silicon doping
was likely contributing very little to the layers’ electrical properties.

As expected, the carbon concentration can be lowered by moving to a FME growth
regime with slower growth rates and a lag time to allow for the group-III adatoms to
migrate across the surface. However, the carbon concentration dropped only an order
of magnitude and was still higher than the intentional doping. While the FME con-
ditions used here were beneficial, either moving to even slower growth rates or hotter
temperatures is required.

Finally, a p-down LED was grown with an InN active region on (2 Oﬁi) bulk GaN.
The layer structure is generally given in 5.9 and the active region consisted of 6x periods
of 100s of InN with 12nm barriers grown by FME at 550 °C. Annealing to activate the
buried p-layers presented an additional difficulty.

As shown in 5.14, annealing at a temperature of 600 °C showed degradation in the
PL signal. The degradation in the PL intensity is indicative of thermal damage to the
InN emitting layers. Typical activation conditions for surface p-GaN is 600-650 °C for
20 min. Activation of buried p-type layers is typically done at higher temperature and
for longer, to allow the hydrogen to diffuse to the sidewalls and through any remaining

surface damage. [25]
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Figure 5.14: Room temperature photoluminescence spectra of p-down InN device after
annealing at 600 °C for activation

5.6 Chapter Summary

In this chapter, we discussed InN and In-rich devices in literature. Growth of InN on
a couple of semipolar crystal planes, (2021) and (2021), were explored. It was found
that, at our presented growth conditions and template surface morphology, the InN
nanostructures formed dashes on the (202 1) plane and dots on the (2021) plane.
Efforts were made to progress towards an electrically injected InN-based device with
a p-down structure. Several experimental LEDs with the proposed structure were grown
and fabricated with a blue QW in place of the InN active layers. With these LEDs, the
growth temperature of both the p-side uid-GaN spacer and n-GaN layers were determined

to be critical.
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Finally, a first attempt at a full electrically-injected InN LED was grown and fabri-
cated. The activation anneal was additionally found to have a measureable effect on the
InN layer PL intensity. The device was measured with a TEC-cooled InGaAs detector
and lock-in amplifier but no emission was observed. While no infrared electrolumines-
cence was seen, advancements were made towards a first electrically-injected InN-based

emitter.
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Chapter 6

Summary and future work

In chapters 1 and 2, we introduced the III-nitride material system as well as motivated
and explored literature on relaxed InGaN buffer layers. We then demonstrate a novel
method to relax an InGaN buffer over a full substrate by decomposing a high composition
InGaN underlayer in chapter 3. Using this method, we show a 85% relaxed Ing 94Gag.gsN
buffer layer and a 75 nm red-shift in PL of quantum wells grown on it as compared to
a reference GaN template. We further show morphological improvements to the buffer
layers to achieve smooth, relaxed InGaN buffers.

In chapter 4, we focus on red LEDs grown on these buffer layers. We show red-
shifting of an LED on a relaxed buffer by 140nm as compared to a co-loaded LED
without a decomposition layer. Finally, red micro-LEDs are fabricated with 0.46% peak
EQE measured on-wafer at a peak emission wavelength of 643 nm.

Lastly, in chapter 5, progress is shown towards an InN-based near-infrared emit-

103



ter. MOCVD growth of semipolar InN quantum dots is explored and a p-down device
structure is proposed. While PL was seen from the complete device structure, no EL
was measured. The key challenges are identified as the InN temperature sensitivity and
subsequent cold growth temperatures leading to poor crystal quality and high impurity

incorporation on the n-side.

6.1 Potential LED improvement paths

All the red LEDs presented thus far have had simple InGaN/GaN active regions grown at
a single temperature. In long-wavelength InGaN devices, the use of AlGaN in the active
region has proven beneficial. AlGaN layers help to suppress phase separation of the
high composition InGaN QWs, narrowing FWHM and reducing carrier loss to undesired
secondary emission peaks.[1] Additionally, red QWs are under high compressive strain
even when grown coherent to a relaxed 7% InGaN buffer as previously shown. AlGaN
layers may help to compensate the compressive strain in the InGaN QWs.[2]

The following experiments were carried out in the green wavelengths between 500
and 550 nm. This was to achieve more stable growths and because these active region
improvements were carried out with the goal of achieving a partially-relaxed green laser
diode. The growths therefore included waveguiding and cladding structures on both
the n- and p-side as well as thick GaN DSL layers to prevent the optical mode from
overlapping with the largely metallic DL.

On top of a 5m n-GaN template on PSS sapphire, an additional 2.5 pm of n-GaN
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was grown. The 2.5nm DL was grown at 720°C and capped with 6 nm of uid-GaN
between 720 and 1000°C. Next, 1um of n-GaN was grown at 1100 °C in hydrogen as
discussed in section 3.2. The InGaN buffer was fully relaxed and consisted of 20 periods
of 5/5nm InGaN/GaN grown at 930 °C corresponding with roughly Ing 03Gag 97N average
composition.

The n-SCH was 3 periods of 16/4 nm of InGaN/GaN grown at 880 °C averaging around
Ing.12GagggN. This layer was grown with hot GaN interlayers as discussed in section 3.2
to maintain smooth surface morphology. The active region consisted of 4 periods of
2.5nm InGaN QWs grown at 830°C and 11nm barriers at various conditions. A 10nm
p-AlGaN EBL was included along with a symmetric p-SCH InGaN/GaN superlattice.
Finally, 150 nm p-GaN was grown and capped with a 15 nm p™*-GaN contact layer.

The first comparison was between growing the GaN quantum barriers at the QW
temperature of 830°C or at a higher temperature of 920°C. In the case of the hot
barrier, 2nm of GaN was first grown at 830°C to cap the InGaN QW before ramping
the temperature up to 930 °C to grow the remaining 9 nm.

As shown in figure 6.1, the light output power is significantly increased with the use
of hot barriers, at least in green laser diode structures grown on relaxed InGaN buffers.
The voltage increase is concerning, but these devices were tested using a “Quicktest”
technique with manually placed indium contacts which can lead to inconsistent or high
voltage.

The next variation included an AlGaN capping layer instead of a GaN capping layer
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Figure 6.1: Light-current-voltage comparison of a green LD structure with barriers grown
at 830 °C and 920°C.

in the active region. These two samples were grown in a separate growth campaign.
In this case, both active regions consisted of 2.5nm InGaN quantum wells grown at
830°C and capped with 2nm of material. In one device, the capping layer was about
Alg12GaggsN and in the other it was GaN. The temperature was ramped up to 920 °C
and an additional 9nm of GaN barrier was grown.

Results are shown in figure 6.2. Clearly, the light output power has again increased.
While the emission peak blue-shifted by 15nm, the FWHM tightened from about 45 nm
to 30 nm with the inclusion of AlGaN caps.

The results are far from conclusive and continued optimization is needed to balance
defects and relaxation benefit in green. Careful optimization and inclusion of improve-
ments such as these into the previously shown red micro-LED structure could yield even

better device performance.
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Figure 6.2: Light-current-voltage comparison of a green LD structure with and without
AlGaN capping layers.

6.2 Conclusion

I will leave the reader, once again, with the summary table of recent red LED reports.
As shown in table 6.1, our report stacks up favorably with other relaxed InGaN methods.
However, red LEDs on relaxed InGaN as a whole are lagging conventionally grown red
LEDs significantly. In this chapter, we have suggested a couple paths towards improving
the red LEDs reported here by optimizing active region design and including AlGaN
capping layers and high temperature GaN barriers. Additionally, the buffer and decom-
position layer need to be carefully optimized for the complex trade-off between increased
dislocation density leading to leakage and non-radiative recombination, increased v-pits
leading to better hole injection and lower voltage, and decreased strain in the active

region leading to higher indium uptake.

107



Peak Device Vi at  Relaxed

Authors Report A (nm) EQE (%) size (nm?) 50 Acm~2 InGaN a (4)
Chan et al. - 643 0.46 (W) 5x5 4.1 Yes* 3.211
Chan et al. - 643 0.31 (W) 10x 10 3.0 Yes*  3.211
Wong et al. 2022[3] 637 0.25 (P) 20x20 2.2 Yes* 3.211
Chan et al. 2021[4] 633 0.05 (W) 107 26  Yes* 3.213
Pasayat et al. ~ 2021[5] 632 02 (W) 6x6 3.5 Yes!  3.197
White et al.  2021[6] 610 0.83 (P) 80x80 3.8  Yest 3.205
Dussaigne et al. 2021[7] 625 0.14 (W) 257« 6.8 Yest  3.205
Dussaigne et al. 2020[8] 616 0.09 (W) 50 x 50 - Yest  3.207
Li et al. 2022[9] 620 4.5 (P) 60 x 60 5.0 No 3.189
Li et al. 2021[10] 611 2.6 (P) 20x20 3.9 No  3.189
Tida et al. 2020[11] 665 0.19 (P) 650 x 250 3.0 No 3.189
Hwang et al.  2014[1] 620 2.9 (P) 460 x 460 5.0 No  3.189

(W) EQE measured on wafer

(P) EQE measured from packaged LED

* Buffer relaxed using decomposition layer
 Buffer relaxed using a nanoporous layer

¥ Device grown on Soitec InGaNOS substrate

Table 6.1: Reports presented here and other recent reports of red InGaN-based LEDs.

108



References

[1]

J. I. Hwang, R. Hashimoto, S. Saito, and S. Nunoue, “Development of InGaN-based
red LED grown on (0001) polar surface,” Appl. Phys. Express, vol. 7, no. 7, pp. 1-4,

2014. por: 10.7567/APEX.7.071003.

A. 1. Alhassan, R. M. Farrell, B. Saifaddin, A. Mughal, F. Wu, S. P. DenBaars,
S. Nakamura, and J. S. Speck, “High luminous efficacy green light-emitting diodes
with AlGaN cap layer,” Opt. Ezpress, vol. 24, no. 16, p. 17868, 2016. poI: 10.

1364/0e.24.017868.

M. S. Wong, P. Chan, N. Lim, H. Zhang, R. C. White, J. S. Speck, S. P. Denbaars,
and S. Nakamura, “Low Forward Voltage III-Nitride Red Micro-Light-Emitting

Decomposition Layer,” Crystals, pp. 4-9, 2022.

P. Chan, V. Rienzi, N. Lim, H. M. Chang, M. Gordon, S. P. DenBaars, and S.
Nakamura, “Demonstration of relaxed InGaN-based red LEDs grown with high
active region temperature,” Appl. Phys. Fxpress, vol. 14, no. 10, pp. 3-7, 2021.

DOI: 10.35848/1882-0786/ac251d.

S. S. Pasayat, C. Gupta, M. S. Wong, R. Ley, M. J. Gordon, S. P. Denbaars, S.
Nakamura, S. Keller, and U. K. Mishra, “Demonstration of ultra-small (<10 pm)

632 nm red InGaN micro-LEDs with useful on-wafer external quantum efficiency
(>0.2%) for mini-displays,” Appl. Phys. Ezpress, vol. 14, no. 1, p. 011004, 2021.

DOI: 10.35848/1882-0786/abd06f.

109



R. C. White, H. Li, M. Khoury, C. Lynsky, M. Iza, S. Keller, D. Sotta, S. Nakamura,
and S. P. DenBaars, “Ingan-based microled devices approaching 1% eqe with red
609 nm electroluminescence on semi-relaxed substrates,” Crystals, vol. 11, no. 11,

2021. DOI: 10.3390/cryst11111364.

A. Dussaigne, P. Le Maitre, H. Haas, J. C. Pillet, F. Barbier, A. Grenier, N. Michit,
A. Jannaud, R. Templier, D. Vaufrey, F. Rol, O. Ledoux, and D. Sotta, “Full InGaN
red (625 nm) micro-LED (10 gm) demonstration on a relaxed pseudo-substrate,”

Appl. Phys. Express, vol. 14, no. 9, 2021. DOI: 10.35848/1882-0786/ac1b3e.

A. Dussaigne, F. Barbier, B. Damilano, S. Chenot, A. Grenier, A. M. Papon,
B. Samuel, B. Ben Bakir, D. Vaufrey, J. C. Pillet, A. Gasse, O. Ledoux, M.
Rozhavskaya, and D. Sotta, “Full ingan red light emitting diodes,” J. Appl. Phys.,

vol. 128, no. 13, p. 135704, 2020. por: 10.1063/5.0016217.

P. Li, H. Li, H. Zhang, Y. Yang, M. S. Wong, C. Lynsky, M. Iza, M. J. Gordon, J. S.
Speck, S. Nakamura, and S. P. DenBaars, “ Red InGaN micro-light-emitting diodes
(>620 nm) with a peak external quantum efficiency of 4.5% using an epitaxial
tunnel junction contact,” Appl. Phys. Lett., vol. 120, no. 12, p. 121102, 2022. DOI:

10.1063/5.0086912.

P. Li, H. Li, H. Zhang, C. Lynsky, M. Iza, J. S. Speck, S. Nakamura, and S. P.
Denbaars, “Size-independent peak external quantum efficiency (;2%) of InGaN red
micro-light-emitting diodes with an emission wavelength over 600 nm,” Appl. Phys.

Lett., vol. 119, no. 8, 2021. DOI: 10.1063/5.0061940.

110



[11] D. Iida, Z. Zhuang, P. Kirilenko, M. Velazquez-Rizo, and K. Ohkawa, “Demonstra-
tion of low forward voltage InGaN-based red LEDs,” Appl. Phys. Express, vol. 13,

no. 3, p. 031001, 2020. po1: 10.35848/1882-0786/ab7168.

111



Appendix A

Other applications for relaxed
InGGalN buffers with a decomposition

layer

So far, we have discussed red LEDs as the main application for buffers relaxed with
a decomposition layer. We have shown red micro-LEDs on these relaxed buffers with
competitive performance compared to other relaxed InGaN methods. However, there are

a couple other applications left unexplored in the main text.

A.1 Color tuneable micro LEDs

The main application for strain-relaxed InGaN buffers is for long wavelength devices.

However, noticing the large red-shift of LEDs on the relaxed buffer layers opens up
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Figure A.1: Epitaxial structure of the monolithically integrated RGB devices.

applications for color-tuning LEDs by selectively patterning the decomposition layer.
Similar to how LED color is tuned in nanopillar devices using strain of the active region, 1]
we can tune the color of quantum wells grown at the same time by modifying their strain
state, and thus indium uptake, during growth.

Figure A.1 shows the structure of the device incorporating integrated RGB devices.
First, a blue LED was grown consisting of n-GaN, 8x MQW, p-AlGaN EBL and p-
GaN layers grown on a SSP sapphire substrate. The starting blue epilayers were taken
directly from our stock of blue LEDs grown after reactor maintenance to recover reactor
performance. The DL was then selectively grown at 750 °C with a 200 nm DSL grown
at 1000°C. This growth was masked by 200nm of PECVD deposited SiO, patterned
with a buffered HF wet etch. Finally, a 200 nm n-InGaN buffer, 8x MQW and 50 nm
of p-GaN was selectively grown with a similarly deposited and patterned 200 nm SiO,
mask. Between each growth, the surface was treated with a 5min UV-ozone exposure

and a 5min HCI dip.
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Figure A.2: Integrated red, green and blue 5 x 5 pm? LEDs in operation.

All three devices were processed at once. The structures for the blue, green and red
had varying thicknesses of the n- and p-layers, which made the processed devices perform
very poorly. Additionally, using reactor recovery epitaxy grown on SSP sapphire led to
poor blue LED performance.

Three 10 x 10 pm? devices in operation at a nominal 20 A cm~2 are shown in figure
A.2. The green and red devices show poor n-side current spreading and light up only at
the edges of the mesas. The blue LED shows non-uniform emission.

This was a proof of concept using poor-quality blue epitaxy and co-processing all
LEDs, despite their different structures. The three LEDs have emission wavelengths
falling in the blue, green and red ranges, roughly 450 nm, 530 nm and 620 nm respectively.
The green and red LEDs were co-loaded for growth over a selectively-grown InGaN DL.
In a second attempt, more care must be taken to match the epitaxy such that the mesa

etch can be performed on all three devices at once with good results.
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A.2 Far-red LEDs

Far-red LEDs have applications in horticulture. LEDs in the 700-800 nm range have
been shown to affect plant photosynthesis, specifically stimulating growth and influencing
flowering.[2], [3] Because of this, far-red LEDs are often included in artificial lighting for
indoor horticulture.

As demonstrated, long wavelength active regions can be grown exceptionally hot by
grown on relaxed template created by including a decomposition layer. In Chapter 4, a
630 nm LED was grown with the active region portion of the structure co-loaded with a
reference showing electroluminescence under 500 nm.

The emission wavelength may be tuned well beyond 630 nm while maintaining rela-
tively high growth temperatures throughout the structure. By increasing the composition
or thickness of the InGaN buffer layers, the wavelength of the LED red shifts.

An LED was grown with a similar structure to that described previously in figure
4.1. The InGaN DL and InGaN/GaN DSL layers remained the same. The InGaN buffer
layer was decreased slightly in composition and grown at 920 °C but increased significantly
in thickness to 27 periods of 20/2nm InGaN/GaN. The active region was 6x 2.5/6 nm
InGaN/GaN MQW grown at 820 °C.

The resulting LED was tested on-wafer using a “quicktest” technique where indium
is pressed onto the surface to form a p-contact and soldered onto a scribe-mark to form
an n-contact.

The LIV and spectrum of the LED is plotted in figure A.3. The power is low and
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Figure A.3: Light-current-voltage curve (a) and spectrum (b) of far-red LED on relaxed
InGaN buffer.

increases sub-linearly. The voltage is somewhat high for the wavelength, but is influenced
greatly by the In-dot and solder placement. The peak wavelength at 20 A cm =2 is 760 nm,
one of the longest InGaN-based LEDs reported to-date.

The presented LED was a first attempt at far-red and needs significant optimization
of the layers, particularly the DL, buffer and active region. However, it is promising that
a first attempt of simply increasing the buffer thickness and lowering the active region

temperature showed measurable emission in that wavelength regime.
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