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Abstract
MOCVD Growth Methods to Achieve High-Efficiency Long-Wavelength microLEDs
Extending to Red Emission
by
Ryan C. White
Despite the high efficiency and long development time of blue-emitting gallium nitride
(GaN)-based $\mu$LEDs using metal-organic chemical vapor deposition (MOCVD) growth
methods, high-performance devices emitting at the longer visible wavelengths have seen
comparatively far less research and investment. Difficulties surrounding the growth of high-
In layers by MOCVD makes device improvement increasingly difficult as the wavelength
increases, requiring higher In content active regions, causing structural degradation and poor
electrical performance. In this work, first higher power and efficiency of green-emitting LEDs
is achieved through MOCVD design along with advanced characterization and device physics.
Experimental results, modelling, and advanced design are employed in tandem to achieve
higher power and lower operating forward voltage. The knowledge generated and advances
made in the green LED design are then leveraged into realization of red-emitting InGaN/GaN
$\muSLEDs. Few examples of InGaN/GaN devices emitting in the red spectral regime
currently exist with only a few realized proof of concept devices. Here, by employing semi-
relaxed InGaN substrates, true red $\mu$LEDs using an InGaN growth structure can be
achieved. Initially, a method to significantly improve material quality from the starting
substrate is established, fully eliminating large-scale extended defects known as V-defects
initially present in the substrate. On this newly improved material, red-emitting $\mu$LED

devices with appreciable external quantum efficiency (EQE) can then be realized. Growth
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conditions in the active region and p-type regions are both thoroughly explored in order to
increase light output power of the device and in turn improve EQE. These developments then

finally result in realization of a red-emitting device nearing 1% peak EQE.
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Preface

I11-Nitride LEDs have a rich history, beginning with their discovery almost thirty years ago
and leading to a lighting and energy electronics revolution. Since their initial conception,
development of blue InGaN/GaN LEDs has led to a wide array of technologies, as well as
efficiencies approaching their physical limits. However, green-emitting microLED
development has lagged behind their blue counterparts, with red-emitting microLED
development all but nonexistent outside a few research groups. While other material system
solutions exist for long-wavelength emission, the ability to cover the entire visible spectrum
using one material can simplify production and device integration into later products.
Especially relevant for RGB applications, efficient long-wavelength emitting LEDs in the
green emission region and beyond are in high demand and have seen limited development.
Notably, red-emitting Ill-nitride LEDs have been especially difficult to achieve with
appreciable emission, stalling progress toward an RGB system covered by one material

system. Here, we hope to change that.
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Chapter 1

Introduction and Background

1.1 Background and Applications

Gallium nitride (GaN) is a direct wide-bandgap (WBG) semiconductor, making it
ideal for light output at low wavelength /high energy. Based on its direct-gap band structure
with a wide bandgap of 3.4 eV, GaN is a prime material for use in highly efficient solid-state
light-emitting diodes (LEDs) and laser diodes (LDs) [1]. This WBG energy corresponds to
a light emission of 364 nm, extended slightly beyond the visible spectrum into the shallow
ultraviolet (UV) spectrum, but still very close in energy to the blue, high-energy region of
the visible light spectrum. In addition to its natural band gap energy being close to the
visible spectrum, the band gap of the material can also be continuously narrowed through
addition of other group III atoms, notably In to form indium gallium nitride (InGaN) alloys.
The resulting InGaN alloy band gap and unit cell lattice parameter is a weighted average of

the two pure III-V materials, according to Vegard’s Law. For InGaN, the smaller bandgap,



larger size indium nitride (InN) unit cell and larger band gap, smaller size GaN unit cell,
are averaged together to create an alloy with a smaller band gap but larger lattice constant.
As a result, the emission from the InGaN material with the smaller band gap will shift into
the visible spectrum and the larger lattice constant will generate some stress and strain
from lattice-matching to underlying GaN during growth. As more In is added, both of these
effects compound, resulting in longer-wavelength visible emissions with increased stress
and strain.

Complications to the growth of GaN and its associated alloys- the already men-
tioned InGaN alloy along with AlGaN and occasionally InAlGaN- do exist, especially in
growth of high alloy-content regions. At high In content such as in the In QW active regions
managing generated strain becomes increasingly difficult leading to relaxation. Addition-
ally, higher In leads to morphological issues, such as increased large-scale defect generation
and rough, inhomogenous interfaces. However, the material system as a whole has fun-
damentally high optoelectrical performance and efficiency in the visible spectrum, making
overcoming these complications a matter of engineering a more effective growth architec-
ture and process [2]. Since the system will be fundamentally limited by non-native substrate
selection, In desorption, strain, and defect generation, the growth conditions can nearly
always be improved, especially with using thin film mechanics to overcome issues arising
from strain. Similarly, growth of high-In InGaN films also results in a number of detrimental
high In effects to the electrical performance as the In mole fraction increases in addition to
morphology issues. As the In content increases, the number of nonradiative recombination

centers (NRCs) similarly increases as a result of defects like In clustering or impurity incor-



poration, both of which lead to significantly reduced electrical performance. With lower
required In content in the QW, blue-emitting devices have seen widespread applications,
where they can be combined with a yellow phosphor to create white lighting sources. De-
spite highly efficient devices in the blue emission regime, longer wavelength devices in the
green regime and beyond suffer from much lower quantum efficiencies and as a result have
been employed in a more limited capacity [3]. By overcoming these issues GaN-based light
emitting diodes (LEDs) and blue laser diodes (LDs) have been widely applied in display

screen technologies, general and automotive illumination, and telecommunications. [4].

1.2 Strain Effects for c-plane GaN

Issues inherent to c-plane InGaN/GaN growth become more pronounced for long-
wavelength as In content is increased and results in increased strain. Of the issues in c-plane
devices, strain is arguably the most pronounced and significant as it leads to a domino effect
of negative consequences. The strain in the crystal lattice induces a polarization, known as a
piezoelectric polarization, that drastically affects the electrical performance of devices. The
respective positive and negative polarization charges at the top and bottom interfaces causes
electron and hole accumulation, respectively, at these interfaces. These charges then create a
2-dimensional electron gas (2DEG) and a corresponding positively charged depletion region
at these interface sites, where the charge density is equal to the polarization discontinuity
at the interface, compensating the polarization charge [5]. Generally, these regions of high

charge density are detrimental to performance by reducing carrier mobility and acting as



scattering centers, reducing the electrical efficiency of the devices. Additionally, the sheet
carriers themselves create an electric field that alters the electronic structure of the region,
leading to a number of secondary effects.

The most notable of these effects is the quantum confined Stark effect (QCSE). An
electric field across a semiconductor leads to band bending, separating charges and creat-
ing triangular potential barriers in the QW. The QCSE describes the spatial separation of the
electron and hole wavefunctions due to this electric field and the opposing signs of charges,
leading to reduced electron/hole wavefunction overlap and resulting in decreased radiative
recombination rates [6]. For the case of GaN/InGaN structures, an electric field arises from
the opposing polarization-generated sheet charges at the QW interfaces [7] and the respec-
tive wavefunctions spatially shift toward the majority carrier side. The piezoelectric field
can be fully compensated with a reverse bias electric field applied to the device, which can
then be photoexcited in order to observe emission free from QCSE. Compared to the device
operated in forward bias, in reverse bias the device is blueshifted [6] indicating the forward
or zero-bias device possesses a smaller effective band gap. This emission shift represents
the “shrinking” of the effective band gap arising from band tilt due to piezoelectric polariza-
tion. In effect, the QCSE directly both redshifts and reduces the radiative emission rate of
LED devices through spatial separation of charge carriers, requiring higher carrier density to
achieve similar radiative emission rates. As an additional second-order consequence of the
strain and QCSE, the spatial separation of charges results in carrier screening at moderate
to high carrier densities. This entails the creation of an additional "screening" electric field

between the spatially separated positive and negative charges that accumulate in the QW



regions. This created field then opposes the piezoelectric field, resulting in blue-shifting of
the emission wavelength at higher current density [8]. In sum, the mechanical strain gener-
ated during epitaxy leads to the QCSE and subsequent carrier screening, with the net effect
of a blueshift in the emission with increasing current density.

A combination of strain polarization effects then leads to a droop in efficiency at
higher current density. The QW regions themselves are typically highly efficient, as they
can be optically pumped and show no efficiency droop [9]. This droop is only seen in
forward bias electrical injection, indicating droop is related to transport rather than radia-
tive efficiency. Because of the large QCSE and resulting inefficiency, larger carrier density is
required for the same radiative emission intensity. At high carrier density, Auger recombina-
tion becomes the dominant recombination mechanism, resulting in an inverse dependence
on carrier density for efficiency, causing droop in this regime [8]. Strong polarization fields
arising from strain also result in leakage current from electron injection [9] necessitating
higher current density for the same emission, which activates the Auger processes. This
efficiency droop is the final result of the domino effect of material strain and the resulting
polarization. Ultimately, the chain reaction of effects created by strain lead to a significant
impact on device efficiency, and these results are further intensified for long-wavelength
devices.

In addition to the electronic effects, negative mechanical effects are created by
the large and abrupt lattice constant mismatch between the thick GaN buffer and the InGaN
epilayer generating a large biaxial compressive stress [10]. To mitigate the issues arising

from lattice mismatch, substrates consisting of relaxed InGaN with a larger lattice constant



can be employed. Relaxed substrates employ a larger lattice constant compared to GaN,
which leads to a reduction in this biaxial compressive stress for the subsequently grown
InGaN epilayers, most notably the QWs [11]. During growth, the incorporation efficiency
of In in an InGaN alloy steadily decreases with increasing stress and lattice mismatch due
to the deformation energy from alloying the In atoms [12, 13, 14]. This reduction in In
incorporation efficiency with stress and strain is known as the compositional pulling effect.
In the same vein, a reduction in strain directly leads to a higher In incorporation in the InGaN
epilayer itself as a result of a reduction in this compositional pulling effect [15]. As further
evidence for this effect, a decrease in the measured piezoelectric field at equal In mole
fractions can be seen for substrates with relaxed lattice constants compared to conventional
ones [16]. Strain reduction from use of relaxed substrates generates comparatively higher
crystal quality in the high-In QW, resulting in higher photoluminescence (PL) efficiency than
growth on conventional substrates like sapphire [17, 18].

To partially mitigate this strain issue, substrates consisting of relaxed InGaN are
being explored, and have been used in a variety of strain-relieving applications previously.
These relaxed substrates employ a larger substrate lattice constant, which leads to a smaller
lattice mismatch and subsequent reduction in biaxial compressive stress for the InGaN QWs
[11]. Stress reduction then leads to higher In incorporation in the active region by reduc-
ing the compositional pulling effect [17, 18, 19]. Increasing the In content in the active
region while reducing the strain yields a number of advantages, such as QCSE reduction
and reduced defect formation, that would result in a better device efficiency for a high-In,

long-wavelength device. The advantages of relaxed substrates over conventional growth



are critical for long-wavelength LEDs.

1.3 High-Indium Considerations for Material Quality and Device
Design

The crystal quality of the alloy suffers with increasing In content due to a variety
of issues, notably the large difference between desorption temperature of In and Ga and sig-
nificant and increasing lattice mismatch between the underlying GaN buffer layer and the
InGaN QWs [20]. As a result of the significant difference in desorption temperature, InGaN
layers with over 20% In content will have to be grown at a low temperature (LT), resulting
in rougher surfaces from generated defects that act as nonradiative recombination centers.
Though high In content leads to a reduced effective band gap and the longer wavelength
emission desired, it also leads to significant morphological issues that reduce efficiency. The
poor structural quality of these high-In layers then significantly hinders the development of
efficient long-wavelength emitting devices [21, 22]. Further, high In content InGaN alloys
are inherently unstable at commonly employed growth temperatures, resulting in phase
separation occuring between the InN and GaN components of the InGaN alloy [23]. This
phase separation, especially prevalent in thick layers of InGaN, can be analyzed as preferen-
tially separating into different regimes of In concentration, or more accurately into different
strain regimes, as a result of the compositional pulling effect caused by lattice strain [24].
This compositional pulling results in nonlinear band gap variation with In concentration,

which can be regarded as a bowing parameter in Vegard’s Law.



High growth rates have been shown to incorporate comparatively more In, but
the In further segregates into clustered nanostructures as Ga has a longer surface diffusion
time, leading to areas of In-rich material. Further, with a fast growth rate, In atoms do
not have sufficient time to re-evaporate away from the growth interface as they would with
a low growth rate [25]. In clustering and the resulting poor interface diminishes device
performance as a result of nonradiative recombination, leading to pockets of extremely high
carrier density and sharply reducing performance through efficiency droop [26]. In contrast,
during higher temperature growth, In pockets created from lower temperature growth are
instead evaporated, creating a much flatter surface with significantly lowered nonradiative
recombination. Flat interfaces are preferentially formed at a higher growth temperature due
to the higher migration length of Group III materials, allowing the surface to more easily
planarize during growth with high temperature (HT) [27]. However, some In fluctuations
still occur in the grown InGaN layers as a result of fundamental kinetic differences between
Ga and In adatoms [28]. Successful growth of high-quality InGaN material then becomes a
balance between using low enough growth temperature for sufficient In inclusion to achieve
the desired emission wavelength and high enough temperature for smooth morphology and
low defect generation.

It is worth noting that in c-plane growth one can also redshift the emission wave-
length at the expense of an EQE penalty by deliberately employing the QCSE [29] or achieve
similar effects by using a wide QW [30]. While neither of these solutions are ideal, if the
efficiency penalty is less than that of a higher-In device, the QCSE would prove a net gain

by maintaining crystal morphology while also achieving longer wavelength emission.



Due to the rapid advancements of micro-light-emitting didoes (uLEDs) for next-
generation display applications, significant research attention has been spent on developing
full-color uLED displays [31, 32, 3]. Among the three required colors, the use of III-nitride
based red uLEDs remains a critical challenge, even though monochromatic IlI-nitride blue
uLEDs have demonstrated remarkable device performances, and green uLEDs have also
demonstrated reasonably high performance [33, 34, 35]. As a result, several novel ap-
proaches, including quantum-dot color conversion and IlI-nitride nanorods, have been dis-
cussed to realize full-color uLED displays [36, 37, 38, 39]. Recently, there are reports that
reveal the possibility of Ill-nitride red LEDs by employing strain engineering in the active
region, and reasonable progress has been achieved in terms of the optical and electrical
performance improvements for devices created using this approach [40, 41, 42, 29]. Alter-
natively, the AllnGaP material system is one of the most mature, developed red emitters,
yet it suffers from poor thermal performance and significant efficiency loss due to the high
surface recombination as the device dimensions shrink [43].

While semipolar and nonpolar planes have been used to mitigate or negate piezo-
electric strain effects by orienting growth away from the polarization direction [44], with
demonstrated devices [45], substrate cost and availability issues are exacerbated along with
their smaller size leading to a much lower throughput, quite unattractive for commercial ap-
plications. Additional growth difficulties and increased sensitivity to growth conditions also
lead to a less robust growth process, exacerbating the issues preventing large-scale com-
mercial application for uLEDs. Working examples of long-wavelength green [46] and red

[47] InGaN-based LEDs have been previously shown on c-plane grown devices; however,



these devices increasingly lag behind their blue counterparts in both power and efficiency
with increasing wavelength. Additionally, relatively very little development has occurred for
red LEDs after only modest grains in performance [29], owing to its currently low power
and efficiency. Growth approaches to improving c-plane device quality have been estab-
lished: native GaN substrates will significantly reduce defect generation compared to sap-
phire substrates due to decreased lattice mismatch [48], and growth at higher temperatures,
H, carrier gas, and NH; concentrations will significantly reduce impurity incorporation from
growth sources [49]. Unfortunately, while these effects usually yield improvement in their
own right, the high cost and small size of GaN substrates prevent their being an effective so-
lution to defect generation. Similarly, the high In content of long-wavelength devices makes
high growth temperatures difficult as In will desorb.

Despite these issues inherent to it, c-plane growth on conventional substrates is
still a very attractive method for GaN device design despite intrinsic polarizations and their
related effects. The widespread availability, relatively large size, and low cost of the sub-
strates required for c-plane growth make the potential for application enormous. Moreover,
the strain and polarization physics are reasonably well understood after decades of devel-
opment, giving significant insight to many initial or conventional issues that may arise. As a
result, these well-understood principles of growth design can be employed immediately. Ad-
ditionally, since a comparatively large window of growth conditions can be employed during
c-plane growth, many unconventional approaches can be employed using this growth plane.
Relaxed InGaN buffers and substrates [17], InGaN metamorphic buffers [18], or other gen-

eral high-In growth techniques can be employed more effectively in the c-plane orientation

10



as relaxation is suppressed due to the inactive basal plane slip system [50]. Despite its draw-
backs, the ability to examine a wider variety of growth schemes, wide substrate availability,
and well understood material physics cause c-plane GaN to remain an attractive material

system for development.

1.4 Defects and Morphology

Conventional growth of GaN on sapphire substrates includes a large thermal and
lattice mismatch (14.3%) [51] inducing threading dislocations (TDs) with a high density as
well as misfit dislocations (MDs) with lower density as a result of compressive strain. These
TDs affect the growth microstructure of the material [52] and are generated in densities
on the order of 108 cm™2 during growth, significantly reducing the crystal quality due to
the high defect density. Fortunately, these dislocations are electrically inactive for both the
edge and mixed-character TDs found in GaN, [53] allowing for high dislocation densities to
be present in the material while maintaining the capability for high-performance electronic
devices. Additionally, since these dislocations are less mobile by two orders of magnitude
compared to other III-V semiconductor materials, their effect on long-term crystal degrada-
tion from dislocation movement is negligible [54]. Rather than forming electrical pathways,
the threading dislocations instead act as nonradiative recombination centers [55] and sites
of high-In fluctuation for mixed character TDs [56]. Higher growth temperatures will natu-
rally reduce the amount of defects generated in the material during growth in general, but

will result in significantly lower In incorporation due to the lower evaporation temperature
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of InN compared to GaN [27]. Similarly, employing hydrogen carrier gases during growth
also would reduce defects; however, it also significantly etches away the In from InGaN
alloys [57]. As a result, InGaN growth is difficult both due to the difficulty of growing a
ternary alloy as well as the restrictions on growth conditions posed by In during growth.

Threading dislocations can also generate V-pits, which predominately arise with a
TD at its core and propagate epitaxially, becoming wider depending on growth conditions
[58, 24]. V-pits have 6 inclined {10-11} semipolar facets and lead to severe morphologi-
cal deformation, causing a large surface roughness and resulting in poor interface quality
[59, 60]. Moreover, when V-pits are formed in the buffer material early in the growth they
are likely to propagate through the active region junction and form a p-n leakage pathway
for devices [61]. The V-pits have also have higher charge injection on the sidewalls com-
pared to the c-plane, making them an attractive leakage pathway [62] that could potentially
bypass the active region [63]. While the V-pit is nucleated at a threading dislocation site, the
pit propagation is controlled by reduced Ga incorporation efficiency and therefore a lower
growth rate on the {10-11} planes compared to the c-plane [52, 64]. Since then the propa-
gation of the V-pit is controlled by Group III metal incorporation, it is kinetically governed,
and conditions that affect the surface mobility of the Ga or In adatom will directly affect
the propagation of the V-pit as epitaxy continues. Kinetic barriers to filling the pit, in sum,
are the cause of its propagation. Likewise if these kinetic barriers can be overcome through
growth conditions, the V-pits will be filled and the surface will planarize.

One major challenge to growth of high-brightness long-wavelength visible LEDs is

the formation and propagation of V-pits during growth in an uncontrolled manner. These
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V-pits are undesirable since they create poor crystal morphology and nucleate at unpre-
dictable times, causing the negative electrical effects previously mentioned on the resulting
devices. It is important to point out, that intentionally forming V-pits engineered specifically
to bypass barriers within the active region itself can be beneficial for device performance
[21]. These "intentionally engineered V-defects" are generated in a short-period superlat-
tice (SP-SL) grown immediately prior to the MQW region and are later filled with p-GaN.
This overgrown p-type GaN region enhances lateral hole injection into the QW, creating
a "3-dimensional" junction interface. This form of intentionally engineered V-defect has
been used to realize record performance in devices with emission ranging from green to red
[36, 65]. By contrast, when V-pits are present in the substrate or n-type base layers, well
before the active region, they may propagate through the QWs and p-type region forming
leakage paths.

In our case, for work on both red and green long-wavelength LEDs, V-pits were
seen as a defect in devices, as any potential benefits they may offer had not been opti-
mized or examined here. For green-emitting devices on conventional patterned sapphire
substrates, the V-defects were typically generated unintentionally before the active region
as a morphological and electrical defect as a result of the growth conditions employed. For
red-emitting uLEDs on relaxed InGaN substrates, the V-pits are present even in the initial
substrate, propagating throughout the entire structure rather than being confined to the
active region. Since the pits are present initially, there is no opportunity to use more con-

ventional methods to prevent their nucleation, only to eliminate them after they form.
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Chapter 2

Methods for Growth, Characterization,

Processing, and Packaging

2.1 Growth and Substrates

Samples were grown by atmospheric pressure MOCVD using a Nippon-Sanso two-
flow reactor. Details of the reactor design have been thoroughly examined previously [66].
Growth employed triethylgallium (TEGa), trimethylaluminum (TMAI) trimethylindium (TMIn),
and ammonia (NHj3) as the precursors for GaN, AlGaN, and InGaN growth. For n- and p-
type dopants, disilane (Si,Hg) and Bis(cyclopentadienyl) magnesium (Cp,Mg) are used as
precursors, respectively. Nitrogen and hydrogen are both employed as carrier gasses.

Substrates used throughout the studies on green LEDs were typical patterned sap-
phire substrates (PSS) available commercially from Crystal Optech. These consist of pol-

ished Al,0O; patterned with cones. Growth is performed on the patterned side of these

14



substrates. Single-side polished (SSP) sapphire was also used, consisting of the polished
wafer without the patterned cones. Generally, PSS was used for device growth, as these
substrates have been shown to provide superior crystal quality and lower threading disloca-
tion density [67] leading to better device performance. Occasionally, SSP substrates were
used for devices, but mainly these substrates are employed for calibrations or test structure
growths, as the patterning can cause optical interference during some measurements.
Substrates used throughout the studies on red uLEDs are provided by SOITEC,
a private company, and are referred to hereafter as "InGaNOS" substrates. The substrates
are polished sapphire patterned with 490x490 um? InGaN mesas spaced by 10 um cuts
between them forming a grid. The lattice constant and amount of substrate relaxation can
be altered based on the defined substrate mesa size and In content. This technology enables
partially relaxed InGaN patterns from 490x490 um? down to few um? and large lattice
parameters up to 3.219 . The substrate mesas are 150 nm thick and have a nominal lattice
constant of 3.205 for all samples examined here, with a buried oxide (BOX) underneath
between the sapphire and mesas. These substrate templates employ a nominal In content
of 4% with 54% relaxation, and the relaxation can be tuned using SOITEC’s proprietary
Smart-Cut technology. Structurally, the epi-ready InGaNOS substrates contain a native V-
defect density of around 5x108 cm™2, and an x-ray rocking curve FWHM of 2600 arcsec
for the (0002) reflection. More specific details on substrate processing and fabrication, as
well as fundamental structural and optical quality characterization can be found in in prior

work[15].
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2.2 Chip and Device Design

Three types of chip design were used extensively throughout these projects, with
the particular details of each design layout being specific to the research needs of each
project. However, some commonalities existed between all iterations of the uLED chip lay-
out. Device mesa sizes present on each design layout were 5x5, 10x10, 20x20, 40x40,
60x60, 80x80, and 100x100 um? square mesas with rounded corners, as well as 0.1 mm?
"standard LED" size devices arranged in rows by size and labelled. Contact alignment lithog-
raphy and associated masks were used for some project aspects, specifically where later
dicing and packaging was not needed and off-mesa contacts were not used. Generally, how-
ever, a stepper mask was employed for non-contact lithography for the vast majority of
device applicaitons.

Contact alignment masks consisted of devices arranged in rows separated by 500um,
typically too close for later dicing and singulation. On-mesa contacts and pads were used
for all device sizes, a full metal coverage p-contact on top of the device, allowing for sim-
ple, fast, and high-yield device fabrication. This design only contained 3 lithography layers-
mesa, n-contact, and p-contact- in order to create the completed device using full metal cov-
erage. If using a TCO as a p-contact, the device design can be achieved in only 2 lithography
layers, as the n-contact can be co-deposited with the p-pad. Additionally, this lithography
mask contained areas for device test structures such as linear and circular transmission line
measurements (TLM and CTLM) for further chip-level characterization. This simple design

was used to produce test devices and structures quickly and with high yield.
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Stepper alignment masks can be seen in fig. ?? and fig. 2.2, with both designs used
for different project purposes. The first of these design layouts consisted of devices arranged
by size in rows separated by 1.5 um, with a "plus sign" marking equidistant between each
device in a grid. These "plus sign" markings represent the alignment marks for later dicing
and device singulation. In this case, the devices are assumed to use a TCO as the p-contact
layer, so only thin metal contact wires exist on the mesa top. Instead of full metal coverage,
the contact pads are located off the mesa on opposing sides of the device, with a wire running
vertically up the sidewall from the pad to the mesa top. These lithography masks also
contained areas for device test structures, notably CTLM in this case. This design contained
3 or 4 lithography layers- mesa, dielectric, contacts, and an optional CTLM etch for one
mask design. Since the contacts pads are off-mesa by design with a sidewall wire, dielectric
isolation must be used for the p-pad to prevent short circuiting. A short circuit condition
can be caused by both the wire touching the exposed sidewall and failing to inject current
into the p-type region or by current simply traveling between the pads using only the n-type
layer, ignoring the device completely. Additionally, this dielectric layer allows for a decrease
to light absorbtion by the contact on the sidewall. Contact metals are co-deposited from
use of the p-side TCO. If desired, a final lithography layer could be performed to etch the
remaining TCO from the inner ring portion of the p-CTLM test structure, allowing the sheet
resistance and specific contact resistivity to be probed. The second of these design layouts
has functionally identical devices, but arranged so the devices are separated by 1u and
aligned a substrate grid. This layout also lacks dicing marks as the devices are packed much

closer. These stepper designs were used to produce a large amount of test and development
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Figure 2.1: First lithography mask used for device development.

devices with the ability to later singulate and package, while also allowing for a large amount

of robust on-chip measurement and characterization.

2.3 Process Flow and Packaging

Prior to further testing, all LED and uLED growths, or any other growth contain-
ing a p-type layer employing a Mg dopant, must be activated ex-situ in a separate thermal

processing oven. In order to create conductive p-type regions, hydrogen must be driven out
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of the p-type region. This is accomplished by enclosing the as-grown samples in a thermal
processing oven at 600°C uninterrupted for 15 minutes followed by cooling at ambient tem-
perature. For fabrication of devices from as-grown epi, mostly identical uLED fabrication
processes are employed for all samples, with only a few notable differences based on chip
design or particular device considerations. First, all samples were submerged in heated aqua
regia at 120°C for 10 minutes, repeated three times. Following this acid treatment, rinsing
and a standard solvent clean was performed to remove any surface impurity contamination,
remaining surface Mg, or other growth residues.

For all devices employing contact lithography, first the device mesas are defined
using reactive-ion etching (RIE) employing SiCly to etch the III-Nitride epi down to the n-
GaN layer while leaving behind some Si as a contact layer. Next, lithography is performed to
define the n-contact area, and a 300/1000/300/2000 Ti/Al/Ni/Au metal stack is deposited
as a contact using electrion beam deposition. After deposition, samples are soaked in heated
NMP and excess contact metal is lifted off. Finally, the last lithography is performed to define
the p-contact area, and a 300/2000 Cr/Au metal stack is deposited using electron beam
lithography. The lift-off procedure in NMP is then repeated. Final devices can then be tested.
A full process traveller can be found in Appendix A.

For all devices employing stepper lithography, after sample cleaning and acid treat-
ment, 110 nm of indium tin oxide (ITO) was deposited as a transparent conducting oxide
(TCO) layer using electron beam deposition for use as a p-contact. Device mesas are first
defined with lithography, then using RIE, first with a methane/hydrogen/argon plasma to

etch the ITO layer, then using SiCl, as a self-aligned etch of the III-Nitride epi down to the
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n-GaN layer. After etching, the second lithography is performed to define the area for an
omnidirectional reflector (ODR), consisting of three periods of silicon dioxide (SiO,) and
tantalum oxide (Ta,Os) layers followed by an aluminum oxide Al,O5 capping layer was de-
posited using ion beam deposition (IBD). The samples are then submerged in heated NMP
and excess dielectric is lifted off The thicknesses of each of these ODR layers are determined
by the particular wavelength of light emitted by the sample. The periodic SiO, and Ta,Os
layers act as a sidewall reflector while the Al,O5 layer acts as a contact sticking layer, al-
lowing dielectric isolation and good contact adhesion. Next, atomic layer deposition (ALD)
was used as a sidewall passivation, depositing 50 nm of SiO, at 300°C in a blanket deposi-
tion. After ALD, the third lithography is performed to define the contact pad areas. These
defined areas of SiO, were removed using buffered hydrofluoric acid (BHF) to allow con-
tact deposition onto the GaN. Common contact pads for the p- and n-side were composed
of 5000/1000/5000 of Al/Ni/Au and deposited using electron-beam deposition. Samples
are again submerged in NMP to lift off any excess metal. As an optional last step if neces-
sary, a fourth and final lithography can be performed, defining the inner-circle areas of the
CTLM test structures for later etching. The RIE methane-hydrogen-argon etch can then be
repeated to remove the TCO from the CTLM rings. Final deices can then be tested. A full
process traveller can be found in Appendix A.

Packaging of the processed on-chip devices was performed manually. Devices were
singulated using a dicing saw and cleaned with standard solvents. Selected devices were
then mounted to the surface of conductive silver headers with Dow Corning OE 6550 optical

epoxy and baked to cure the mounting epoxy. Next, Au wire bonds were attached with a wire
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bonder using a ball bond at the device contact pad and attached to the header leads. Optical
epoxy was then added as a lens and encapsulating material and baked to cure, completing
the device. From basic light extraction modelling, the light extraction efficiency (LEE) of
the package is estimated to be approximately 30%. Absorption in the InGaNOS substrate
will also further reduce the LEE of the complete packaged device. Electrical testing of the
finished devices was performed using a Keithley source generator and light collection was

performed using a Instrument Systems integrating sphere.
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Chapter 3

Developing the Green Gap for Efficient

Lighting Sources

3.1 Project Aims and Goals

Green LEDs in the “Green Gap” region of emission suffer heavily from droop ef-
fects caused from worsened strain and high-In effects, making them far less efficient than
their blue counterparts and as a result have received comparatively little development pro-
gression. Despite their lack of development, green-emitting LEDs have a use in crucial RGB
display and color-mixed white lighting applications. In order for green III-N LEDs to be
effectively used in lighting and RGB display applications, the efficiency must be improved
to achieve adequate brightness at operating current densities. For this project, attempts
are made increase the internal quantum efficiency (IQE) of a standard-size LED (0.1 mm?)

above 54%, as well as the EQE of the device above 46%, requiring development both to the
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internal electronic structure of the devices and with light extraction and packaging. Taking
into account the operating voltage of the device as well as the quantum efficiency of creat-
ing photons from recombining charge carriers, attempts to increase the power conversion
efficiency (PCE) to 35% are made. These efficiency metrics are then defined as being at an
operational current density of 35 A/cm?, typical for device applications.

In this section, three major areas of LED development to improve device efficiency
to the level set out in our metrics are explored. Our research in this area predominately
focused on reduction of excess forward voltage under device operation, reduction and man-
agement of polarization barriers affecting charge transport and efficient radiative recombi-
nation, and the reduction and engineering of defects, especially large-scale V-defects. Each
of these development areas improves the resulting device in a slightly different- but realted-
way. Reduction of forward voltage improves the wall plug efficiency (WPE) and power
conversion efficiency, as less electrical power would be used to achieve the same intensity
brightness even when the quantum efficiency (whether measured by IQE or EQE) is equiv-
alent between samples. Reduction and management of polarization barriers then compli-
ments these developments by increasing the rate of radiative recombination from charge
transport benefits, resulting in improvements to the IQE of the device itself. Finally, reduc-
tion of defects, especially V-defects, then improves the morphology of the device by reducing
the number of nonradiative recombination centers, further improving the efficiency by gen-

erating greater light output power at equal current density injections.
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3.2 Improving Operating Voltage

One of the first main areas of focus in developing these green emission LEDs is re-
duction of forward voltage under operation. Despite the decreasing band gap energy with
increasing In content for green emission, the required forward voltage for operation in-
creases with wavelength causing a significant drop in WPE. Voltage reduction was achieved
through systematic examination of the previously developed “state of the art” [45] LED ar-
chitecture (fig. 3.1) for barriers to electrical transport as a source of excess voltage. Through
examining this structure, AlGaN-containing layers, a thin pre-well superlattice (SL), and
thick quantum barriers (QBs) are identified as sources of excess voltage. This added volt-
age was specifically notable when comparing LEDs with varying QW numbers (fig. 3.2),
adding a “per well” voltage penalty due to transport barriers in the active region. Whole-
sale removal of the AlGaN electron blocking layer (EBL) appeared to have no negative im-
pact on EQE, but lowered the operating voltage by reducing the overall resistance of the
device from the reduced amount of high-resistivity AlGaN present. While leakage current
from electron overshoot into p-GaN may be present in lower-In blue LEDs with much shal-
lower QWs from the reduced In content, for green LEDs there appears to be little impact or
evidence of electron overshoot. As a result, removal of the EBL on results in beneficial elec-
trical effects. Additionally, increasing the number of periods of the InGaN/GaN SL showed
to drastically reduce the operating voltage as well, eventually settling on 45 periods (fig.
3.3). The pre-well superlattice is thought to act as a “defect filter” for the buffer layers,

causing dislocation annihilation at the InGaN/GaN interfaces to reduce the dislocation den-
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sity and bury incorporated impurities that form nonradiative recombination centers [68].
Next, the p-contacts were changed from more resistive ITO to a Pd/Au metal stack and their
ohmic character was confirmed with circular transmission line measurements (CTLMs) for
ohmic behavior (fig. 3.4) as non-ohmic (Schottky) contacts will result in added voltage
at the contact proportional to injected current density. Removing the EBL, optimizing the
p-contact, and enlarging the superlattice all improve charge transport to the QW, reducing
the operating voltage of the device.

Within the active region itself, both the AlGaN cap and the low temperature (LT) /
high temperature (HT) GaN QB are also optimized to reduce the “per well” voltage penalty
present in the green LED structures. Firstly, the Al content in the AlGaN caps immediately
after the QWs is reduced, following the same logic as when removing the EBL. Since a
higher Al content leads to higher resistance in the device, it also subsequently increases
the required forward voltage. While the benefits of using some Al in the AlGaN cap are
unquestionable [69] for strain and In retention considerations, the 30% Al content used
also adds significant voltage. By reducing the Al content to 10%, significant reduction in
forward voltage can be achieved (fig. 3.5) without sacrificing the capping improvements
of AlGaN layers. Additionally, thinning the GaN barrier from 10 nm to 6 nm also improves
forward voltage, as less GaN is present to add less resistance to charge transport between
wells. Combined, these improvements reduce the “per well” voltage penalty significantly
(fig. ??), in addition to the baseline voltage improvements in the LED structure through
the contacts, SL, and EBL. These improvements were combined to create a new optimized

structure, which possessed much lower forward voltage due to removal of transport barriers
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Figure 3.1: Initial “state of the art” green LED before any voltage optimizations.
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Figure 3.2: Current-Voltage curves for unoptimized LEDs with varying QW numbers. Sig-
nificant added voltage per well can be seen.
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Figure 3.3: Current-Voltage curves for LEDs with varying SL periods. Operating voltage
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Figure 3.5: Current-Voltage curves for LEDs with varying Al content in AlGaN capping layers.
Higher forward voltage trends with increasing Al content.

and importantly, a lower “per well” voltage penalty (fig. ??).

Fluctuations of In, especially at the InGaN/GaN interface, are detrimental to de-
vice performance when the fluctuations are large; however, when fluctuations are small
they can provide transport benefits. Charge carriers are transported through the regions
containing lower polarization barriers, ultimately collecting in regions of high In content.
This creates pockets of high carrier density in the smaller-bandgap regions (fig. 3.8a) where
they localize at lower potential regions before radiatively recombining (fig. 3.8b) [26]. For
these high-In regions, the spatial separation of the charge carrier wavefunctions is lessened
due to small length scales of high-In fluctuations and there is higher local carrier screening

due to high carrier density [70]. As a result, the In fluctuations also have an effect on the IQE
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of the device. Ultimately, the necessary voltage for a given current density is lowered from
these transport benefits [71, 72, 45]. Since carriers travel through a low barrier (low-In)
region and localize in a low potential (high-In) region, the In fluctuations form a percolation
path requiring a lower forward voltage for a given amount of current [70]. In general, the
smaller fluctuations of In provide transport improvements in devices ultimately leading to
similar performance but at lower voltages, ultimately improving the WPE. This theory was
used to describe phenomena in the QWs, but also informed experiments introducing In to
the GaN QBs, intending to employ this percolative transport effect to further reduce volt-
age. While this experiment was successful in reducing operating voltage at a given current
density it also induced a 10-30 nm emission shift due to the lessened strain polarization
(and subsequent red shift from the QCSE) (fig. 3.9) at 4% In, meaning lower growth tem-
peratures would be required for the same emission wavelength, reducing efficiency and
ultimately offsetting any improvements. In light of this result and differing material physics

that would need to be accounted for, InGaN barriers were not pursued further.

3.3 Increasing Power at Lower Voltages

Immediately after improving the efficiency of green LEDs through reducing the
excess forward operating voltage, attention is turned to reclaiming absolute optical power
lost during efficiency improvements and systematic approaches to improving the quality of
each layer with alternative growth schemes. The active region is focused as the biggest

source of potential improvement, as barriers and capping layers had previously been shown
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3D percolative transport is present.
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Figure 3.9: Experimentally measured voltage and (right) wavelength at 20 A/cm? current
density for LEDs with different QW numbers. The “per well” voltage penalty is reduced but
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to drastically affect both power and efficiency. Initially, the AlGaN cap, LT and HT GaN
barriers were examined in terms of their growth rate while maintaining equal composition,
thickness and temperature. The guiding principle was that a faster moving growth interface
would ultimately expose the QWs to higher temperatures for less time and can suppress In
desorption and desorption-redeposition leading to disorder. First examining a faster AlGaN
cap growth rate, a small amount of power and efficiency (fig. 3.10) is lost by increasing the
growth rate at equal composition, but a notable red shift in wavelength is also present. This
could be explained by superior In retention in the well from the faster moving growth inter-
face, explaining the emission redshift. Additionally, the faster growth rate could also lead
to lower material quality immediately adjacent to the QW, also explaining the small power
reduction. Next, examining the growth rate of the LT GaN barrier immediately following
the AlGaN cap, it is increased in order to reduce the time the QW and cap are exposed
to high temperatures. Increasing this growth rate of the LT barrier led to a monotonic in-

crease in power and efficiency (fig. 3.11) with only a small wavelength blueshift. Finally, a
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Figure 3.10: EQE vs. Current Density measurements for green LEDs with varying AlGaN
cap growth rate

slower growing QW is examined in an attempt to improve material quality, but this resulted
in much lower power and a wavelength blue shift (fig. 3.12). In all these cases, a faster
moving growth interface is leveraged to better protect the sensitive high-In active region
In addition to growth rates, the effect of altering layer growth schemes with dop-
ing in QBs was examined, employing In surfactants or p-InGaN in the p-GaN region, and
H, carrier gas in the QWs. Employing Si doping in the QBs has been widely suggested to
improve material quality, [73] interface quality, [74] encourage radiative recombination in
active wells, [75] and suppress detrimental spiral growth at dislocations in the QWs [76].
These doped barriers are intended to provide a greater localization effect [77] to both move
the junction interface closer to the p side and by reducing the QCSE in the well immedi-
ately following doping, improving the radiative efficiency. While introducing increasing Si
doping leads to worsened crystal morphology from Si antisurfactant behavior (fig. 3.13),

significant improvement both in current-voltage behavior and in light output power was
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Figure 3.11: EQE vs. Current Density measurements for green LEDs with varying LT GaN
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also seen (fig. ??). Both results point to improving barrier conductivity with Si doping and
improved radiative emission as expected and were utilized in further design. Employing a
very small amount H, gas during growth of the QWs was also tested, hoping to improve
crystal morphology and decrease impurity inclusion. Even employing the lowest hydrogen
flow available in the reactor (100 sccm), far too little In was incorporated for the QWs to be
useful for green LEDs. Though some etching was expected, the level seen was far too severe
for further use. Using both p-InGaN and/or an In surfactant in the p-region of the LED is also
theorized to improve device efficiency, as p-InGaN would induce downward band-bending
and subsequent hole accumulation as well as surface quality improvements from surfactant
behavior. However, the In had apparent surfactant effect on surface morphology (fig. 3.15)
or contact resistance. This trend continued for p-InGaN, which surprisingly saw no notable
improvements over the reference sample across a range of In contents in both morphology
(fig. 3.16) and electrical contact performance. As a result, neither of these methods were
applied further.

Finally, what was dubbed the “ultralattice” in the active region was employed:
four low-In blue wells with a final green “emitting well” at the top. These lower wells are
low-In blue wells rather than all green wells in order to retain better material quality, which
would worsen with higher In content. It has been theorized that the lower wells in the active
region are relatively inactive during LED operation due to poor hole mobility and large hole
effective mass. As such, it is anticipated that the only emitting well is that closest to the
p-side of the device, while the rest remain relatively inactive in terms of radiative emission.

Unexpectedly, the “ultralattice” device showed electroluminescence (EL) both green and
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Figure 3.13: AFM images to show morphology of Si doped QBs.
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Figure 3.15: AFM images to show morphology of In surfactant p-GaN.
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Figure 3.17: EL spectra of “ultralattice” LED at various wafer points. Approximately 2:1
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blue emission of nearly proportional intensity (fig. ??), indicating both the lower wells and
the "emitting well" were both sites of significant radiative recombination. It is postulated
that V-pits generated under the active region propagate through it to the p-GaN, allowing
holes to be injected into lower wells in relatively equal proportion to the top well even with
n-doped QBs to move the junction. This result then prompted significant further exploration

into V-pits and their effect on device performance.

3.4 V-pit Control and V-Injector Sea Change

I examined several SL growth conditions to ascertain their effect on V-pit size and
density, including Si doping, temperature/In content, period number/thickness with a con-

stant total SL thickness, and InGaN per period. While all these conditions were compared,
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Figure 3.18: AFM taken on SL surface with varying Si doping. Inconclusive effect on density
and size.

these experiments were inconclusive in terms of their effect on pit size or pit density (fig.
3.18, 3.19, 3.20, 3.21). In contrast, growth rate and V/III ratio showed some impact on pit
size and density (fig. 3.22, 3.23) somewhat as expected. Since the (10-11) planes of the
V-pit sidewalls are slower growing, the V-pit growth is kinetically controlled, and therefore
the growth rate is expected to exert strong control over V-pit size. Additionally, V/III ratio
should affect Ga adatom mobility during growth, with less NH; during growth (lower V/III
ratio) allowing for greater lateral mobility of surface adatoms. While reducing the growth
rate did successfully reduce the V-pits, the V/III ratio was again inconclusive in the relatively
small window examined. Moving forward, these experiments will inform the reduction or
production of V-defects as necessary. More important than the results themselves, the prin-
ciples underlying them are further applied to other experiments and projects in order to

achieve continued success.
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Figure 3.19: AFM taken on SL surface with varying growth temperature and resulting In

content. Inconclusive effect on density and size.
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Figure 3.20: AFM taken on SL surface with varying period thickness. Overall SL thickness
held constant. Inconclusive effect on density and size.
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Figure 3.22: AFM taken on SL surface with varying growth rate. Growth rate reduction
reduces the density of pit formation.
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V-pits have been shown to significantly improve the performance of green and yel-
low devices [65] through superior charge injection, lower polarization barriers, [ 78] and 3D
charge injection when properly engineered [79] only immediately below the active region.
When material degradation and leakage issues such as that caused by V-pits originating in
the n-GaN buffer can be avoided, V-pits can be employed immediately before the active re-
gion for much higher performance. When nucleated at the beginning of the active region,
the void they create is later filled with p-GaN, allowing holes to flow through the conven-
tional c-plane interface as well as through the side of the V-pit into an active region (or below
if nucleated below) (fig. 3.24)[62]. V-pit sidewalls are made from the (10-11) planes, mak-
ing their growth rate much slower and only subject to partial polarization. Pseudo-QWs
form on these planes, much thinner and lower In content than the c-plane QWs, improving
transport [63] through the V-pit sidewall into the active region [62] while also acting as a lo-
cal potential barrier [80] to the threading dislocation. If generated homogenously and with

an optimized size and density, these V-pits could provide significant device improvement.
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Chapter 4

Red Emission from III-Nitride Materials

4.1 Project Aims, Goals, and Prior Perspectives

Despite highly efficient blue devices, longer wavelength InGaN-based optical de-
vices (i.e. green, yellow, red) suffer from much lower quantum efficiencies due to the diffi-
culty in incorporating indium at compositions exceeding 25% without serious morphological
issues [21, 81]. This same drawback is also present in the realization of blue- and green-
emitting devices, where incorporating more In into the active region results in a litany of
strain effects and morphological degradation considerations. High-In effects on material
growth and device performance are exponentially worsened with increasing In content,
making development of high-power, efficient, red-emitting InGaN-based devices a much
more difficult task than for previous blue and green devices. However, despite their lack
of technological maturity, long-wavelength emitting III-N devices may possess some device

performance benefits with further development based on their fundamental material prop-

46



erties in addition to their application cost benefits.

To-date, the efficiency of InGaN-based red LEDs (>600 nm) is still very low (2.9%
EQE), [82] preventing the realization of several applications using all nitride-based LEDs
and uLEDs. Currently, many applications use phosphide materials, notably AllnGaR for the
red-emitting long-wavelength components. Red-emitting phosphide material systems have
contrastingly seen significant development spanning multiple decades, resulting efficient
devices operating at these wavelengths. However, phosphide systems are unable to emit
at the shorter blue and green wavelengths necessary to create RGB displays with only a
single material system. Conversely, InGaN-based systems have seen robust development in
the shorter blue and green wavelength regimes, but are only in the very early development
stage for red-emitting devices. As a result, both material systems are used in tandem for a
single application, driving up production cost compared to a single material system cover-
ing the entire visible range. With enough development, III-N based materials can emit at
wavelengths covering the entire visible range, and potentially outperform AllInGaP materials
even in the long-wavelength regions.

For our work on InGaN-based devices emitting at long wavelengths, a few funda-
mental advantages of III-N materials for long-wavelength applications over AlInGaP are first
established. While many issues have been solved for AllnGaP in its development, III-N pos-
sesses some fundamental material property advantages in terms of surface recombination
[3] and thermal performance. For work on creating long-wavelength emitting devices, em-
ploying relaxed substrates are focused to avoid detrimental strain-related effects from the

high In content required in the active region. Strain reduction carries two major benefits:
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the reduction of the strain-generated polarization effects and increased In incorporation in
the QW through reduction of the compositional pulling effect. To establish these benefits,
an all-InGaN structure must be used for coherent lattice-matching to the substrates, which
carries a number of material quality considerations. One first major thrust of device de-
velopment is creating low-defect material suitable for high-performance devices, requiring
significant optimization of MOCVD growth conditions. In this case, rudimentary device cre-
ation allows for some insight to improvements in material quality. Once sufficient crystal
quality can be achieved, device development and optimization can begin, allowing for real-
ization of devices with increasingly long wavelengths. Finally, red-emitting uLEDs with high
efficiency are realized and heavily characterized after development of the p-side structure
and active region.

The significant reduction in material quality with increasing In content is due to
several material issues, such as the large lattice mismatch between the GaN buffer layer
and the InGaN QWs [83], the low miscibility of In in InGaN at growth temperatures, [84]
and alloy fluctuations or phase separation [28]. To increase the indium composition and
obtain red wavelength emission, a lower growth temperature of InGaN QWs is required due
to poor In incorporation from desorption at higher temperature. Lower growth tempera-
tures typically result in generation of defects and material deterioration [83]. Moreover,
growth on the c-plane of GaN results in a large piezoelectric polarization in the direction
of charge transport which is applied across the active region. The piezoelectric polariza-
tion then leads to the QCSE, where the electron and hole wavefunctions separate within

the QWs, causing further reduction in the IQE [85]. Alternative GaN orientations such as
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semipolar and nonpolar have shown promise to push towards longer wavelength by reduc-
ing the effective polarization in the direction of charge flow, but a challenge remains in
scalability of such substrates as they remain available only in very small sizes at very high
prices [86, 87, 88, 89].

Requiring high In content active regions results in a number of growth issues,
namely relaxation and phase separation, making optimization of strain conditions, material
quality and In incorporation necessary for realizing red emission. One method to realizing a
stable device architecture free from these issues is to grow the entire device out of InGaN of
varying In content rather than primarily GaN with an InGaN active region. Special consider-
ation will have to be taken for all-InGaN based devices. Namely, H, would have to be used
sparingly if at all, as it will etch In leaving behind poor crystal morphology and only GaN.
Temperatures would also have to be highly controlled at all steps, as they not only affect
general crystal quality but also In content- parameters which may have independent effects.
Building on previous knowledge and recent developments in green LEDs, V-pit engineering
will play an increasingly important role, as they can be detrimental or advantageous de-
pending on their location and are generated at threading dislocation sites which are more
prevalent in strained InGaN. As evidenced by the ultralattice device experiments, these lead
to injection closer to the n-side of the device and/or leakage. To first order, removing these
V-pits from our buffer layers is desired to improve performance, possibly employing them
in the future for 3D injection in the active region. Finally, strain considerations must be
minded for all-InGaN devices, as high-In content layers will undoubtedly receive less com-

pressive strain from better lattice matching, the reverse is true for pure GaN which will be
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in tension due to its smaller lattice constant than any InGaN alloy. This tension may lead to

cracking if too large or may be advantageous in further offsetting strain.

4.2 Comparison of III-Nitride and AlInGaP Devices

Fundamental behavior of identical devices fabricated from III-N and AllInGaP ma-
terials was compared in order to gain insight to the potential material advantages III-N
despite its significantly shorter development time. The c-plane IlI-Nitride LED wafer was
grown on patterned sapphire substrate using atmospheric MOCVD with the epitaxy details
and structure have been reported elsewhere [42, 40]. The commercial AllnGaP wafer was
grown on a GaAs substrate and provided by Seoul Viosys Co. The device fabrication fol-
lowed the same procedures in previous reports [90, 91]. To realize similar light extraction
efficiency in the two sets of devices, atomic-layer deposition (ALD) sidewall passivation was
employed to enhance the light output power and other device performance, but additional
sidewall roughening techniques were not used [90, 91, 92, 93].

EL images of the InGaN red pnLEDs, with sizes ranging from 100x100 to 10x10
um?2, were captured at a variety of current densities (fig. 4.1a) to visually show the emission
pattern. Identical response time was used for each sample to ensure identical hue percep-
tion on all images, and white balancing was used to most accurately portray the emission
wavelength. Even with these conditions, saturation of the camera results in emission that
appears near-white under high current density injection. All the EL images showed ho-

mogeneous light emission with no noticeable current crowding issues in the current density
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Figure 4.1: (a) Electroluminescence images of InGaN uLEDs with sizes ranging from
100x100 to 10x10 um?, at different current densities. The images were captured at the
identical response time to preserve the same hue perception. (b) Emission spectra of se-
lected 100x 100 um? devices at 20 and 100 A/cm? for both material systems

range examined, indicating good current spreading characteristics even for the larger uLEDs
[94, 95]. However, the InGaN-based devices do demonstrate appreciable blueshift in color
with increasing current injection, ranging from deep red to amber emission even by eye as
the current density was increased from 20 to 100 A/cm?. In contrast, the AllnGaP which
had very little wavelength shift with increasing current density.

To further analyze the optical performance of InGaN uLEDs relative to AllnGaP
ULEDs, room temperature emission spectra for 100X 100 um? devices at current densities
of 20 and 100 A/cm? were taken for both InGaN and AllnGaP based uLEDs (fig. 4.1b).
The AllInGaP uLEDs emitted at 631 nm with the FWHM of 11 nm, and the AllnGaP pLED
emission spectra at 20 and 100 A/cm? were approximately identical with a difference of 1
nm in the peak wavelength and FWHM. The InGaN uLEDs yielded emission spectra with

a peak wavelength of 647 nm and FWHM of 61 nm at 20 A/cm?, a longer wavelength
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than the corresponding AlInGaP sample at the same current injection. However, at 100
A/cm? current injection the peak wavelength of the nitride sample blueshifted to 621 nm.
Though still red emission, the InGaN pLEDs possess a shorter peak emission wavelength
than AllnGaP uLEDs under high current injection. In addition to the main emission peak, a
low-intensity peak at about 460 nm appears for both current injection levels. This peak is
likely a result of recombination in the superlattice [63].

Devices fabricated from InGaN material showed a characteristic blueshift with
increasing current density, where in contrast the AIINGaP devices exhibit extremely little
blueshift. Even in optical EL images (fig. 4.1a), the emission can be seen as shifting from
red to amber. However, the emission stays firmly in the red regime (>605 nm) throughout
a wide range of current densities. indicating a true long-wavelength red emitter could be
designed for a range of desired current density operations with slight tuning of the In con-
tent. According to Rec. 2020, the standard red primary color is considered to be 630 nm,
yet the perceived hue from the EL image in fig. 4.1a appears to be slightly more orange
than expected for its much longer nominal peak wavelength. The difference in perceived
hue can be explained through both the FWHM of the InGaN uLEDs and the relative sen-
sitivity of the human eye to different wavelengths [96, 97, 98]. Human eyes have three
types of cone cells that are responsible for color perception, where the red cone cells have a
peak sensitivity to a wavelength of approximately 564 nm. In the case of red emitters with
narrow FWHM, perceived red emission would be consistent with the observed wavelength.
However, as the emission FWHM broadens for red emitters, the perceived intensity of the

emission wavelength, or color, is biased towards yellow due to peak eye sensitivity at much
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Figure 4.2: Current density dependence of emission FWHM for (a) 100x 100 and (b) 40 x40
um? devices at both room temperature and 80°C. Confocal microscope images of (c) Alln-
GaP and (d) InGaN based devices indicating In distribution

shorter wavelengths than "true red" [97, 98]. From these considerations, the perceived hue
of the InGaN pLEDs at 20 A/cm? is perceived as more orange or amber despite the actual
peak wavelength being longer than the Rec. 2020 red primary color. Similar observations
on long-wavelength InGaN devices using PL have also been reported [96].

In devices fabricated from both AlInGaP and InGaN material, the FWHM of the EL
emission peak moderately increases both with temperature and current density (fig. 4.2).
The broadening in FWHM is attributed to natural In alloy fluctuations in the QW. Confocal
microscope images in fig. 4.2c and fig. 4.2d show In fluctuation and segregation for the
InGaN device, leading to emission nonuniformity visible from the surface.

Since the FWHM of the emitting device is significant to color purity and position
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on the color gamut, the effect of temperature and device size on the EL emission FWHM is
examined across a range of current densities. fig. 4.2a and fig. 4.2b indicate the behavior of
the FWHM for both material systems across a broad current density range at room and ele-
vated temperatures for selected device sizes. For the AllnGaP devices, the FWHM was below
20 nm for both device dimensions. Compared to other red emitters, namely self-emissive
quantum dots, conventional organic-light-emitting diode (OLED) and liquid-crystal displays
(LCDs) where the FWHM is about 30 nm, the AlinGaP devices yielded narrower FWHM, sug-
gesting uLEDs could achieve purer red emission compared to these other sources in general
[99, 100]. In the InGaN devices, slightly different behavior was observed. For the larger de-
vices, the FWHM decreased and then increased gradually as current density increased. The
FWHM of the smaller devices was narrower and widened with current density at a slightly
slower rate than large devices, suggesting a more robust performance using uLEDs. In an
absolute sense, the AllnGaP-based devices have a much narrower FWHM than InGaN de-
vices; however, their change in FWHM with temperature greater than InGaN devices, and
this effect is amplified at higher current densities. Additionally, comparing fig. 4.2c and
fig. 4.2d emission nonuniformity can be seen in the InGaN device relative to the AllnGaP
device. A small reduction in FWHM with decreasing device size in InGaN devices could be
attributed from the carrier screening effect or the band-filling effect of the localized states
with high-indium InGaN clusters [29, 101]. Conversely, for AllInGaP devices the emission
FWHM increases with decreasing device size, an additional detriment to their weakening
performance at small sizes. This observation further suggests that reducing InGaN device

sizes could improve their optical performance and characteristics over larger devices, a use-
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ful feature for uLED applications.

AlInGaP devices emitted at a peak wavelength of 631 nm, shifting less than 2 nm
with current density increasing from 20 to 100 A/cm? seen in fig. 4.3a. In contrast, In-
GaN devices had a significant blueshift in peak wavelength of approximately 33 nm over
the same current density range. Peak wavelengths were converted into the CIE color co-
ordinates, shown in fig. 4.3b, to determine the effect on the color gamut from the FWHM
and current density injection. The Rec. 2020 red coordinate (0.708, 0.292) was used as a
reference to determine the color emission of the devices from each material. Because the
peak wavelength was nearly constant with current density for AllnGaP devices, the color co-
ordinate at (0.698, 0.302) was similarly constant as current density increased. Additionally,
the AllInGaP device emission coordinate was nearly identical to the Rec. 2020 coordinate.
The color coordinate of InGaN pLEDs was heavily affected by the blueshift brought on with
increasing current density, from (0.658, 0.308) at 20 A/cm? to (0.637, 0.341) at 100 A/cm?,
as well as the larger FWHM allowing more contribution to the CIE coordinates from shorter
wavelengths.

In addition to the effect of FWHM on color purity, the peak wavelength is also
an important factor in terms of color gamut. For AlInGaP the peak wavelength remains
relatively constant, with only a slight increase seen as the current density increased (fig.
4.3a). The slight increase in peak wavelength could be attributed to a junction temperature
increase at high current density [102]. Conversely, a significant blueshift in the peak wave-
length can be seen as the current density increases for InGaN devices This blueshift arises

from the quantum-confined Stark effect (QCSE) caused by the piezoelectric field at the active
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Figure 4.3: (a) The dependence of peak wavelength on current density of 100x100 and
40x40 um? devices at room temperature. (b) The color coordinates plotted on the CIE 1931
diagram, where the Rec. 2020 red coordinate is indicated by a black star, the 100x100 um?
InGaN device at 20 and 100 A/cm? are represented a blue circle and square, respectively,
and the 100x 100 um? AlInGaP device represented by a green square.

region; a well-studied phenomena for long-wavelength InGaN emitters [29, 96, 102, 103].
The InGaN device also emits at the same wavelength as the AllnGaP device at a given cur-
rent density. Therefore, the critical developments necessary to utilize red InGaN uLEDs
for display applications are to suppress the blueshift in wavelength with increasing current
density and to minimize the FWHM, both feasible goals with further development time.
Many research avenues showing low blueshift and narrow FWHM in long-wavelength

InGaN devices have been demonstrated, such as employing free-standing semi-polar GaN
substrates [96, 104]. However, the scalability of semi-polar substrates remains difficult,
where millions of devices are needed at high throughput and low cost. Methods to im-
prove the FWHM of InGaN devices at long-wavelengths typically involve suppressing the
In fluctuations mentioned above. Research groups have employed various methods of fluc-
tuation suppression, including optimization of growth conditions during the QW growth

[30, 76, 25], introduction of superior QW capping layers [105, 69], and improvement of
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the QB growth in a MQW system [106, 76]. Since much focus is already being currently
given to the reduction of FWHM in InGaN devices, this parameter will likely be reduced
with further development time. Recently, reports on improved long-wavelength c-plane In-
GaN device performances have also been reported, arising from strain engineering methods
[47, 107].

Despite the necessary and ongoing improvements in InGaN-based red devices, fig.
4.4a emphasizes that InGaN devices provided a relatively stable light output power with
increasing temperature, whereas the optical power of AllnGaP devices sharply decreased.
The InGaN devices yielded 5-10% reduction in light output power as temperature increased
from room temperature to 80°C, depending on the different driving current densities (20
and 100 A/cm?). In this experiment, the AlInGaP devices lost 13% and 30% of optical power
at 60°C and 80°C, respectively, indicating a marked difference in the thermal performance
characteristics of the device.

Apart from temperature-dependent light output power, the AliInGaP and InGaN de-
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vices also displayed different temperature-dependent wavelength characteristics (fig. 4.4b).
The AlInGaP device emission wavelength redshifted with temperature, an effect more no-
ticeable at higher current density operation. The redshift with increasing temperature was
0.069 and 0.097 nm/°C at 20 and 100 A/cm?, respectively. Redshift in wavelength was
also observed in the InGaN devices, similar to previous results that have been reported from
larger LEDs with similar epitaxy structures [42, 40, 103]. To demonstrate this, the shifts
in peak wavelength with temperature are compared for 100x100 and 40x40 um? InGaN
devices (fig. 4.5). The InGaN based devices, for both 40x40 and 100x100 um? uLEDs,
showed a small redshift behavior with temperature. AllnGaP devices demonstrated a tem-
perature redshift of 0.0663 and 0.0942 nm/°C at 20 and 100 A/cm?, respectively. The larger
100x 100 um? InGaN devices showed a small redshift rate of 0.005 and 0.0613 nm/°C at 20
and 100 A/cm?. The other trends produced by the 40 x40 um? device yielded redshift rates
of 0.0552, and 0.0555 nm/°C at 20 and 100 A/cm?, respectively. These results illustrate a
more thermally robust system with InGaN devices compared to AllnGaP devices.

Light output power is reduced with increasing temperature for both material sys-
tems, (i.e. "thermal droop") [102]. The decrease in light output power was more pro-
nounced when operating the devices at 100 A/cm? (fig. 4.4a), most likely due to higher
junction temperature and greater thermal droop effect at this larger current density. On
the other hand, the AllnGaP devices showed the same trend with temperature independent
of the applied current density, indicating that AllnGaP and InGaN devices have distinctive
mechanisms for the optical power lost. At elevated temperatures, the fundamental lumi-

nous efficiency of AllnGaP emitters diminishes because of the direct-indirect (I'-X) bandgap
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transition, where the carriers begin to increasingly occupy the indirect X-valley and result
in significant indirect bandgap recombination [98]. Since this issue is fundamental to the
electronic band structure of the AllnGaP material, developing improvements to growth con-
ditions or device production will not yield a change in this bandgap transition. In this sense,
the InGaN devices have a significant and fundamental advantage over AllnGaP devices due
to its thermal performance. Redshift in peak wavelength was also noted (fig. 4.4b), which
is attributed to bandgap shrinkage at elevated temperature [40, 98, 103]. However, this
redshift is approximately half that of AlInGaB indicating a more thermally stable system. Fi-
nally, the peak wavelength behavior with elevated temperature was investigated (fig. 4.5).
As expected, elevated temperature causes a slight redshift in these InGaN-based devices.
Smaller devices yield redshifted peak wavelength emission across the temperature range
examined. Here again, the AllnGaP devices demonstrated larger redshift in emission com-
pared to InGaN devices, At higher temperatures, InGaN offers a more stable power and
emission wavelength output.

The optical comparisons between InGaN and AllnGaP pLEDs were discussed in
terms of their device and material characteristics. Devices fabricated from the technologi-
cally mature AlInGaP showed a consistent peak wavelength emission at 631 nm and nar-
row FWHM less than 20 nm, with AllnGaP pLEDs offering outstanding color gamut factors
according to Rec. 2020. In contrast, devices fabricated from the less mature InGaN red
emitters still require improvement in terms of peak wavelength stability and wide FWHM,
but offer significantly improved thermal performance at a fundamental material level. In

terms of thermal performance, AllnGaP devices encountered a rapid decrease in light output
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Figure 4.5: The dependence of peak wavelength of 100X 100 and 40x40 um? InGaN de-
vices at 20 and 100 A/cm?

power and redshift in emission wavelength with increasing temperature, while InGaN de-
vices yielded more stable characteristics against elevated temperature. For InGaN devices,
a shift in emission peak wavelength is driven by two competing mechanisms that can lead
to blueshift or redshift elevated temperatures, ultimately causing very little emission wave-
length shift with temperature for typical devices. In this sense, the InGaN-based devices
have a fundamental material advantage over AllnGaP-based devices despite their shorter

development time to date.
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4.3 SoiTec InGaNOS and Substrate Design

Relaxed GaN and InGaN templates allow the enlargement of the material’s lattice
constant and have been previously used in a variety of forms to help mitigate strain in InGaN-
based systems (e.g. growth on porous GaN, growth on semi-relaxed InGaN templates, etc.)
[11, 108]. This allows for lowering of lattice mismatch difference between the high In%
light emitting active region and the underlying materials. These changes yield numerous
advantages in later growth such as QCSE reduction, lowering the risk of plastic deformation
via defect formation and enhanced indium incorporation in the QWs. Such advantages over
conventional GaN-on-Sapphire base layers are critical for optical devices emitting in the long
wavelength visible range [109]. Even et al. [19] have shown a higher indium incorporation
efficiency in InGaN heterostructures grown on partly-relaxed InGaN pseudo-substrates. The
challenge in this InGaN growth, however, remains in the formation of V-pits. These V-pits
are undesirable as they are uncontrolled in terms of density and formation onset and reduce
crystal quality through defect propagation as the crystal is grown epitaxially [21].

Substrates employing a relaxed InGaN layer to achieve a larger lattice constant can
be used to reduce these lattice mismatch stresses. In this work, relaxed InGaN substrates
with an enlarged lattice constant are employed to grow high-In epilayers. The enlarged
lattice constant employed by these relaxed InGaN substrates compared to GaN leads to a
reduction in compressive stress during growth in the as-grown layers, most significantly the
active region quantum QWs [11]. The compositional pulling effect also plays a role in these

layers, where the incorporation efficiency of In decreases as strain becomes larger due to
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increasing lattice mismatch and resulting deformation energy of alloying the In atoms [12,
13, 14]. As a result, mitigation of the compositional pulling effect through strain reduction
in the high-In layer directly leads to an improvement in In incorporation efficiency [15].
Additionally, the reduction in strain resulting from use of a relaxed InGaN substrate can
also yield improved crystal quality in the QW through strain-generated defect reduction,
resulting in higher PL efficiency than conventional GaN-on-sapphire growth [17, 18].
Relaxed InGaN Buffers (RIBs) have been used in a variety of forms to help mitigate
strain. Lattice mismatch and strain are relieved as the LED is grown on the RIB with better
lattice and thermal match, with the RIB absorbing some of the strain from the LED structure
and ultimately causing lower strain and better In incorporation in the active region. This
principle guided the use of SoiTec “semi-relaxed, semi-bulk” c-plane InGaN substrates for
growth. These substrates employ nominally 8% In, with relaxation % tunable based on the
separation of the proprietary “smart-cut” [ 110] slices which actually relax the substrate. This
relaxation leads to an enlarged lattice parameter, changing the strain conditions to reduce
compressive strain during QW growth, reducing the strain-induced compositional pulling
effect [18] and allowing for better In incorporation. Despite the advantages of a relaxed
InGaN substrate for lattice matching and In incorporation, the substrates are of inferior
material quality, with extremely broad x-ray rocking curve peaks (fig. 4.6) indicating high
dislocation density. Additionally, these substrates have many V-pits present; left unchecked,
these pits propagate and enlarge through the entire diode, leading to extremely poor mor-
phology. These effects will need to be carefully managed in order to take advantage of the

benefits of the relaxed substrate.
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Figure 4.6: X-ray rocking curve of relaxed InGaNOS substrate. Large peak FWHM indicates
poor crystal quality.
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Chapter 5

Epitaxy of Thick InGaN Buffers to Achieve

High Quality Material

5.1 Poor Quality Initial Structures and Interlayer Architecture

The substrates used in this work are provided by SOITEC, a private industry com-
pany, and will be referred to as "InGaNOS" substrates. They consist of 490x490 um? InGaN
mesas spaced 10 um apart. Each InGaN mesa is 150 nm thick and has a lattice constant
of 3.205 A, transferred on top of a buried oxide on a 4-inch sapphire substrate. fig. 5.1(a)
shows an image of the 4-inch substrate and fig. 5.1(b) shows a microscope image of the
semi-relaxed mesas. These templates employ nominally 4 % In, with relaxation of 54%
which is tunable using SOITEC’s proprietary Smart-Cut technology. Finer details on the sub-
strate process, fabrication and structural and optical quality can be found in ref [19]. From a

structural perspective, the epi-ready InGaNOS substrates contain a density of pre-existing V-
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Figure 5.1: (a) photo of 4" InGaNOS wafer (b) Microscope image of relaxed InGaN "array"
of 500u m? pitch on InGaNOS (c) 5x5 um? AFM image of InGaNOS substrate, (d) line scan
height profile over 20 um of InGaNOS substrate, and (e) structure of base layer growths on
substrates with N periods of X and Y nm of InGaN and GaN, respectively.

pits around 5x108 ecm™2 (see fig. 5.1(c)), and possess (002) X-ray reflections FWHM around
2600 arcsec (not shown). Also as shown in fig. 5.1(c, d) the material exhibits a morpholog-
ically undulated surface with "peaks and valleys" having heights fluctuating between zero
and up to 60 nm.

In order to improve the poor material quality of the substrate, an InGaN base
layer would need to be grown. The Si-doped InGaN base layer optimization structures
were grown by MOCVD at atmospheric pressure on the InGaNOS substrates in a horizontal
two-flow reactor setup with vertical carrier gas subflow. Details on the design features of
this reactor can be found elsewhere [66]. The objectives of such layers are: 1) maintain
a smooth morphology, 2) ensure that the layers are silicon doped as they will later serve
as the n-contact layers for the subsequent uLED growth and 3) fill pre-existing V-pits to

3

avoid leakage paths in devices. Si concentrations of 5x10'8 cm™ are targetted for the n-
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type InGaN:Si region doping. The InGaN is grown at a constant growth rate of 3 A/s, using
TEGa, TMIn, and (NH;) as the precursors for GaN and InGaN growth and Si,Hg as precursor
for the silicon dopant with nitrogen and hydrogen as carrier gasses.

Since V-pits originate from the substrates and also need to be filled during In-
GaN:Si base layer growth (in addition to the previous concerns), a wide variety of growth
conditions are examined to improve the morphology of InGaN base layers grown on the
semi-relaxed InGaN substrates provided by SOITEC. Developing a general method to elimi-
nate already-formed V-pits on relaxed InGaN substrates then allows for further development
of long-wavelength InGaN-based devices on these substrates. The use of various growth
stack architectures and GaN interlayer schemes are examined, the implementation of which
was previously reported to improve the quality of thick InGaN layers [111]. After, V/III ratio
and carrier gas identity and amount were examined to improve the roughness and reduce
the number and size of the V-pits. Finally, increasing the growth temperature of the GaN
interlayers is examined, eliminating any generated V-pits and creating a smooth morphol-
ogy for later growth. By eliminating pits stemming from the substrate, all the benefits of
the relaxed substrate are leveraged for further growth of long-wavelength devices.

Material quality will need to be carefully managed in order to take advantage of
the benefits of the relaxed substrate during later growth. By growing initial, unoptimized
thick InGaN layers directly on the templates, significant roughening is observed, which is
likely associated with lateral In fluctuations causing a transition from 2D to 3D growth
modes as indicated by Van Der Brock et al [112]. With employing thick InGaN layers, In

segregation is also commonly observed, with two distinct composition regimes arising that
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Figure 5.2: AFM images 20 um x 20 um (top row) and 5 yum x 5 um (bottom row) of
samples with different InGaN to GaN interlayer ratios, with the first number corresponding
to the InGaN, and the second to the GaN interlayers’ thickness, showing the V-pit density
variation and RMS roughness value for each 5 um x 5 um scan. The total InGaN base layer
thickness was 500 nm for A, 540 nm for B, 520 nm for C, 510 nm for D, 516 nm for E, and
506 nm for E as close to 500 nm as periodicity will allow.

are easily measured by photoluminescence resulting in a double peak [111]. By adding
periodic interlayers of GaN within the InGaN layers, the excess indium is absorbed/alloyed
into the material, preventing a transition to a 3-dimensional growth mode and maintain-
ing a planarized 2-dimensional growth mode, as shown by Pantzas et al, [111]. Different
schemes of interlayer thicknesses as well as the InGaN layer/GaN interlayer thickness ratios
are examined. For starting growth conditions, a "moderate” NH; flow of 3.2 SLM under
N, carrier gas at 950°C are used for the base layer and interlayer growth. As shown in
fig. 5.2(a), the reference growth of 500 nm of InGaN retains and enlarges the pre-existing
V-pits, indicating a necessity for growth interlayers to improve poor morphology.

fig. 5.2(b-f) shows 20 um x 20 um (top row) and 5 um x 5 um (bottom row) AFM
of the film surfaces of InGaN base layers containing GaN interlayers with varying interlayer
thicknesses and InGaN:GaN layer thickness ratios: b) 5:1, 10 nm interlayer ¢) 10:1, 5 nm

interlayer d) 50:1, 2 nm interlayer, e) 25:1, 2 nm interlayer f) 10:1, 2 nm interlayer. The
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resulting V-pit density for the InGaN base layer in each sample was a) 3.48e8, b) 3.72e8, c)
1.64e8, d) 2.24e8, e) 1.72e8, and f) 1.52e8 cm™2. In developing the optimal thicknesses
for the InGaN and interlayers, thinning both the InGaN layers and interlayers proved ad-
vantageous. Comparing samples with the same InGaN thicknesses but varying interlayer
thicknesses (Samples B, C, E), the density and size of V-pits seems to decrease significantly
with thinner interlayers, corresponding to a similar decrease in roughness. This indicates
the reduction in interlayer thickness allows for avoiding the 3D growth mode while mini-
mizing negative effects of nominally pure GaN growth, such as tension generation from the
relatively smaller lattice parameter. These effects combined aid in suppressing some of the
V-pit nucleation and propagation.

In addition, comparing samples with varying InGaN thicknesses but equal inter-
layer thicknesses (Samples D, E, F) shows a similar but independent decrease in pit size
and density with decreasing InGaN thickness with an additional decrease in roughness. For
both the InGaN layers and the GaN interlayers, reducing each layer thickness independently
showed a monotonic decrease in both pit density and pit size creating more well-defined
layer morphology. By reducing the InGaN thickness before a growth "reset" with a GaN
interlayer, pit propagation and the amount of pits in this layer are reduced. Less surface
riding In can accumulate and act as a surfactant to lower the energetic barrier of pit nu-
cleation. Ultimately, a 500 nm total buffer thickness was targeted, and by changing the
thickness of each period, the total number of periods was altered to maintain a constant
overall thickness. With the overall thickness held constant, it is concluded that the intro-

duction of GaN interlayers and subsequent thinning of the GaN interlayers and the InGaN
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buffer layer allowed for much stronger suppression of V-pit formation.

5.2 V/III Ratio and Carrier Gas

Once the thickness and periodicity limits of the base layer stack had been deter-
mined as a starting architecture, attention was turned to improving the InGaN base layers
through V-pit reduction by optimization of the V/III ratio and the carrier gas identity and
flow during deposition. For these samples, the 20/2 nm base layer architecture was adopted
as it was the most superior architecture examined. Firstly, growing the GaN interlayers in
H, rather than N, to improve growth morphology through impurity reduction [113, 114]
and improved surface mobility through diffusion is attempted. Both growth in pure H, free
from N, are examined, as well as a condition called the hydrogen “injection” condition of in-
troducing 200 sccm H, in an otherwise entirely N, flow. From AFM results, use of H, in the
GaN interlayers clearly decreases the density of V-pits over using only N, by approximately
an order of magnitude (fig. 5.3, Samples E, G) from pit counting in a known, representative
area. Among the conditions examined, the "hydrogen injection" condition, sample H, with
10% H, in the carrier gas during interlayer growth, appeared to show the largest improve-
ment in morphology (fig. 5.3). Compared to the optimized InGaN architecture grown in
pure N, (Sample F), the V-pit density and size for the "hydrogen injection" sample were
reduced while retaining step-flow growth, a hallmark of improved epi design.

Next, the NH; flow is reduced in the entire base layer to increase Ga adatom

surface mobility by employing a lower V/III ratio during base layer growth, leading to ad-
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Figure 5.3: AFM images sized 20 um x 20 um (top row) and 5 um x 5 um (bottom row) of
the 20/2 nm InGaN/GaN samples with varied H, carrier gas amounts during GaN interlayer
deposition
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ditional improvements to InGaN:Si layer morphology. These samples now employ the hy-
drogen injection condition in the interlayers in addition to the optimized architecture. In
this case, the standard "moderate" starting condition of 3.2 SLM NHj is varied in both di-
rections, examining 5 SLM and 1 SLM NHj; flows. Reducing the NH; flow from 5 to 1 SLM
showed a steady reduction in V-pit generation (fig. 5.4). this is attributed to an improved
lateral mobility of surface adsorbed Ga and In species at low V/III ratio arising from this
reduced NH; flow, leading to an enhancement of lateral growth on the V-pit sidewalls and
subsequent V-pit size reduction. Sample K represents the lowest V/III ratio, the lowest V-pit
density, and the lowest roughness measured of all samples in this series. It is determine that
the V/III ratio and composition of the carrier gas are important factors in controlling V-pits
and morphology. Also, from fig. 5.5, it is clear that the growth conditions also proportion-
ally impact the optical properties of the material, where PL intensity has shown to improve
as the density of V-pits is reduced.

With each successive improvement to the base layer architecture, the PL intensity
noticeably increased, indicating a decreasing amount of nonradiative recombination cen-
ters (fig. 5.5). These nonradiative recombination centers typically consist of defects and
impurities, and as a result their reduction directly results in an increase in quality of the
material. This is further reflected in rocking curve measurements, reducing the FWHM of
the (002) reflection from 2600 arcsec in the substrate to approximately 1150 arcsec noting
a significant material improvement compared to the starting substrate.

As PL measurements were done at room temperature, no PL emission was ob-

served from the thin GaN interlayers, likely due to thermal injection of the photo-generated
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Figure 5.4: AFM images (20 um x 20 um (top row) and 5 ym x 5 um (bottom row) of the
20/2 nm InGaN/GaN samples with varied V/III ratio.
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Figure 5.5: Photoluminescence spectra from selected base layer schemes and InGaN refer-
ence showing a single peak in the InGaN base layer region.
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carriers into the smaller-bandgap and lower-potential thick InGaN layers where they radia-
tively recombined. For samples with thick interlayers (5 and 10 nm) no photoluminescence
emission was observed at all due to the extremely poor material quality arising from a high
density of V-pits. Reducing the InGaN layer thickness per period to its final value of 20 nm,
along with thinning the interlayers to a final value of 2 nm, showed a remarkable decrease
in overall V-pit size and density, vastly improving the crystal morphology and quality of the

InGaN:Si base layers.

5.3 High Temperature Interlayers

In the following, the InGaN/GaN (20 nm/2 nm) interlayer design with GaN grown
with 1 SLM of NH; and partial H, addition to the carrier gas are combined. The total buffer
thickness is also increased to around 1200 nm to be more consistent with a typical device
structure. As previously mentioned, in all of our previous series the whole InGaN/GaN
buffer stack was grown at 950°C, while here the temperature of the GaN interlayers was
increased to 1000°C, 1050°C and 1100°C. The AFM images of the surface of respective
HT-GaN interlayer buffers are shown in fig. 5.6 (a-c).

It is clear that with the increase of the GaN interlayer growth temperature the V-
pits are fully eliminated and a smooth surface is maintained even at a total stack thickness
of 1200 nm, more than twice as thick as the previous InGaN base layer stacks. The elevated
temperature during the IL growth results in significantly increased Ga adatom diffusion and

increased incorporation on the V-pit sidewalls, filling them via enhanced lateral growth as
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Figure 5.6: AFM images (20 um x 20 ym (top row) and 5 ym x 5 um (bottom row) of the
samples with varied GaN interlayer temperature: (a) 1000°C, (b) 1050°C and (c) 1100°C.
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InGaN Buffer Layer Interlayer

Sample Thickness (nm) Thickness (nm) Carrier Gas NH3 Flow (SLM) Interlayer Temp (°C)
A 500 0 100% N, 3.2 950
B 50 10 100% N, 3.2 950
C 50 &) 100% N, 3.2 950
D 100 2 100% N, 3.2 950
E 50 2 100% N, 3.2 950
F 20 2. 100% N. 3.2 950
F 20 2 100% N, 3.2 950
G 20 2 100% H, 3.2 950
H 20 2 97/3% N, /H 3.2 950
1 20 2 97/3% Ny/H, 5 950
J 20 2 97/3% Ny /H, 3.2 950
K 20 2. 97 /3% N,/H 1 950
L 20 2 97/3% Ny /H, 1 1000
M 20 2 97,/3% N, /H, 1 1050
N 20 2 97 /3% N, /H 1 1100

Figure 5.7: Summary of growth conditions for each sample examined across all studies.
Experiment sets are separated for clarity, with sample F reproduced as it was in the study.

previously seen with reduced V/III ratio. Varying the GaN interlayer temperatures showed
little to no effect on the In content of the base layer, suggesting that the temperature ramp
for the interlayer growth did not cause any significant indium desorption from the InGaN
layers that make up the majority of the base layer. All 3 HT-GaN interlayer samples showed a
removal of V-pits, although sample L, grown at 1000°C appeared to have the best morphol-
ogy in terms of roughness and retained step-flow growth typical of high-quality MOCVD
grown films. Further optimization may be needed to determine the best temperature of
the HT-GaN interlayer samples in terms of later device performance. However, structurally
and morphologically Sample L appears to possess a slight advantage over samples M and N
grown at higher temperatures. A summary of all the sets of conditions examined is available
in fig. 5.7.

To further investigate the mechanism behind the V-pits closing, the surface mor-
phology is examined after only a set number of periods to determine any change in V-pit

density. Using buffer growths interrupted after 1, 2, 5, and 15 periods of InGaN/GaN, AFM
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images were taken of the surface to monitor size and elimination of V-pits (fig. 5.8). Mul-
tiple AFM images for each sample were taken, using pit counting for each to calculate the
statistical average pit density for each sample. The samples with 1, 2, 5, and 15 periods
of growth, across all measurements taken on the sample, correspond to an average V-pit
density of 1.24e8, 7.07e7, 1.40e7, and O cm 2 respectively. A clear trend in pit reduction
can be seen as additional periods are grown, and V-pits are fully eliminated after 15 periods
of InGaN/GaN growth as no pits were seen across multiple sample scans. Since a significant
reduction in V-pit density occurs after even the first period when HT-GaN interlayers are em-
ployed, pits must begin closing immediately. This provides strong support to the hypothesis
that the elevated temperature leads to enhanced Ga adatom diffusion and increased lateral
growth rate, as this effect would be immediate and continuous through each period added.
Finally, high angular annular dark field imaging (HAADF) is employed on the
buffer layers as shown in fig. 5.9(a) to gain insight to the structural quality of the buffer.
The image shows a cross-sectional HAADF image of the optimized buffer structure in the
[1-100] zone axis. The image contrast is dependent on the variation of the atomic mass
numbers in the heteroepitaxial structure. The layers containing indium show much brighter
contrast while the pure GaN interlayers show darker contrast. From this, sharp InGaN/GaN
interfaces in the buffer and absence of any propagating V-pits can be seen. In addition,
the thicknesses of the InGaN layers and GaN interlayers are measured as 20 nm and 2 nm,
respectively, consistent with our XRD measurements and our targeted thickness values.
Also, fig. 5.9(b) shows a reciprocal space map measured along the GaN (-1-124)

reflection for the sample M (GaN-IL grown at 1050°C) demonstrating a fully coherent 1200
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Figure 5.8: (top) 5 um x 5 um AFM images of growths interrupted after a specified number
of InGaN/GaN periods grown. (bottom) Plot of V-pit density reduction with number of
periods grown. Zero periods is the initial substrate pit density of 5e8 cm™2. The 1, 2, 5,
and 15 period samples correspond to a V-pit density of 1.24e8, 7.07e7, 1.40e7, and 0 cm ™2
respectively
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Figure 5.9: (a) HAADF image of the buffer InGaN layers and GaN interlayers showing sharp
interfaces. (b) Interface at higher magnification. (c) RSM of the 1200 nm buffer with HT-
GaN interlayers displaying vertically aligned peaks.

nm buffer layer the vertically aligned peaks. The growth is strained to the InGaNOS sub-
strate without relaxation and with a slightly higher In content than the substrate.

One aspect that remains not fully understood is the "peaks and valleys" surface
morphology seen in almost all growths which is clearly visible from the AFM images shown
in fig. 5.6. They are characterized by island-like domains with edge depths that could
vary from 10 nm up to 80 nm. This is likely due to the initial surface morphology of the
substrates (see fig. 5.1(c)(d)), which is also characterized by these longer-range variations
in surface height. During growth, this morphology often gets amplified as the thickness
increases. Another possible explanation for this morphology is step bunching arising from
local surface misorientations that result from the template, creating these large edge depths.
When compared with the morphology of a co-loaded reference GaN-on-Sapphire template
with the same stack, a very smooth surface and step flow growth is obtained (not shown)

without any signs of surface undulation as seen on the InGaNOS substrates.
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5.4 Blue and Green Test LEDs

I examine the application of these periodic InGaN/GaN base layer structures on re-
laxed substrates in the growth of uLEDs to enable emission across the entire visible spectra.
Employing an InGaN/GaN interlayer structure with high temperature (HT) GaN interlay-
ers, where the elevated temperature has shown to improve Ga surface diffusion and both
fill pre-existing V-defects and suppress their subsequent formation [115], working uLED de-
vices with appreciable electroluminescence emission across the visible range are enabled.
For uLEDs grown on these InGaN/GaN base layers, a significant reduction in the V-defect
density and an improvement to crystal quality results in appreciable electroluminescence
readily visible even by eye. These resulting uLED devices were analyzed in terms of their
emission spectra and current-voltage response to determine a baseline device performance
and ensure diode-like behavior. Compared to previous devices grown on lower quality base
layers, long-wavelength electroluminescence is enabled showing a significant increase to
the emitted light intensity, achieving working uLED devices.

As the buffer region is developed, LED devices on the experimental buffers are
grown and tested. These devices yield another indicator of material quality as higher quality
buffers directly lead to better devices. Initially, our most advanced green active region was
simply applied to our developed buffer replacing the AlGaN cap with a GaN cap and mim-
icked the buffer structure as a p-InGaN/GaN region. By co-loading the relaxed substrates
with a bulk GaN substrate then testing both, one can visualize the difference in In incorpo-

ration as the emission wavelength changes, noting the much longer wavelength emission in
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the relaxed substrates. Occasionally, device architecture was optimized beyond the buffer
layer as higher quality buffers were achieved. Since the p-InGaN/p-GaN region architecture
is based on that of the n-buffer, many of the changes leading to improvements in the buffer
were attempted on this region as well. LEDs on our most optimal buffer were examined
with a p-InGaN/p-GaN region grown in both N, and H, conditions, electrically testing the
resulting LEDs. However, in both cases, the LEDs fabricated displayed an immense amount
of forward and reverse leakage current (fig. 5.10) that ultimately led to turn on at very
high current density, heat generation, and catastrophic failure from the p-contact degrad-
ing. Significant current is seen under the turn-on voltage, likely from injection through the
V-pits. Since the pits are generated in the substrate and then later terminate in the p-region,
a direct injection path between the p-region and substrate would exist. Coupled with the
low hole mobility in p-GaN, this injection path leads to leakage current and nonradiative
recombination at the p-contact, generating heat until the contact fails. Due to the high leak-
age and rapid failure, comparison between LEDs with differing p-region conditions becomes
very difficult here, and indicates the focus moving forward will remain on the buffer and
reducing the V-pits in it.

I have examined growth conditions to optimize crystal quality and morphology
of the InGaN:Si base layers grown atop "semi-relaxed" InGaN substrates to develop a path
to workable long wavelength LED and uLED devices. By implementing GaN interlayers
and replacing a single InGaN:Si layer with an InGaN:Si/GaN:Si periodic layer stack and
examining the total thicknesses of the InGaN/GaN stacks, along with altering V/III and

carrier gas ratios during deposition, a growth scheme for low roughness and reduced V-pit
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Figure 5.10: Current-voltage diagram of 80x80 um? LED on relaxed substrate. Significant
current density seen below turn-on and in reverse direction.

densities is developed. Finally, high-temperature GaN interlayers are used in the base layer
stack to fully eliminate the V-pits. As such, the relaxed InGaN templates examined in this
work are poised to offer an approach to superior In incorporation by leveraging the better
lattice matching and lower material strain, while using the large fundamental knowledge

base of MOCVD GaN/InGaN growth to reduce and eliminate morphological issues.
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Chapter 6

Design and Epitaxy of Efficient Red LED

Structures

6.1 Device Improvements From Better Buffer Material

ULEDs were fabricated from the two types of base layers, pitted (Sample A) and
pit-free (Sample B), to compare the resulting electrical performance. fig. 6.1 shows AFM
images of the 1200 nm base layer from Samples A and B, where growth was interrupted
immediately before reaching the active region. In the non-HT interlayer, the images clearly
indicate a high density of pits present after the growth of the base layer. In contrast, intro-
duction of HT-GaN interlayers results in a total elimination of pits, creating a smooth surface
with only the macro step-edges remaining. While the Si n-doping level is different between
the two samples, it is likely unrelated to the propagation or filling of V-pits since these are

kinetically controlled processes. Additionally, our work previously reported conditions for
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V-pit elimination at higher n-doping levels than presented here, and these conditions were
independent of Si doping. Despite being ineffective in controlling V-pits and lacking a con-
tribution to their propagation in material grown on InGaNOS substrates, higher Si doping
is expected to slightly reduce crystal quality in other ways due to its antisurfactant behavior
[116].

Current density-voltage (JV) behavior for different size uLEDs grown on each type
of base layer are shown in fig. 6.2 to illustrate these differences in electrical performance.
The electroluminescence spectra for the fabricated devices is also shown, delineating the
green wavelength emission at approximately 540 nm. Comparing the JV curves between
uLEDs grown on the pitted vs. pit-free base layers, it is clear there is significant forward
current below the turn-on voltage for the pitted samples while the pit-free samples appear
to have little current at corresponding voltages. For both samples, 1.0 V is chosen as the
forward voltage to determine the leakage current, as it was far below the turn-on voltage and
large enough to generate forward leakage current in measurable amounts for both samples.

Leakage current for the pitted vs. pit-free base layer was compared for both device
sizes, calculating a current density from the device size. The forward leakage current density
decreased significantly for the devices grown on the Sample B pit-free buffer. From our
measurements, the leakage current density at 1V for the 60 um device dropped from 0.243
A/cm? to 6.74x1073 A/cm? and the 80 um? device dropped from 1.64 A/cm? to 1.84x1073
A/cm? A/cm?. Another notable factor of device performance is the lower dynamic resistance
of the pit-free device, which is inversely related to the slope of JV plot after turn-on. The

LED from the pit-free buffer qualitatively has a lower resistance than the LED from the pitted

83



Sample A Sample B
Early Development Base Layer Improved Base Layer

Figure 6.1: AFM images 20 ym x 20 yum (top row) and 5 ym x 5 um (bottom row) for a)
standard 1200 nm InGaN/GaN base layer containing pits and b) 1200 nm thick InGaN/GaN
base layer with HT-GaN interlayers with V-pits fully eliminated. Images taken immediately
prior to active region growth.
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Figure 6.2: Current Density-Voltage (JV) behavior of uLEDs containing a base layer (left)
with pits (right) free from pits. Both 60 um? and 80 um? size devices are shown for each
sample. (bottom) Representative EL emission spectra of uLED devices
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buffer, which results in higher current density achieved at the same voltage. The significant
leakage reduction and lower dynamic resistance is attributed to the elimination of V-pits,
other growth defects, and nonradiative recombination centers, resulting in smooth layers
and sharp interfaces from the improved growth architecture.

Improving the base layer morphology and eliminating the V-pits improves the elec-
trical performance of uLEDs fabricated from these base layers by causing a significant re-
duction in leakage current. Since pits originate in the substrate, they can propagate through
the entire device structure beginning at the n-type base layer through the active region and
into the p-type region. While n-type and intrinsic GaN and InGaN grow conformally to the
{10-11} semipolar V-pit facets [80] at a reduced growth rate [117, 64], the p-type InGaN
and GaN instead act as a "filling layer" for the V-pits and planarize the surface [63]. A lower
polarization barrier also exists on the semipolar sidewall planes by definition, as the po-
larization is coaxial with the c-axis, resulting in only a component of the total polarization
being present in the [10-11] direction. Since less resulting polarization exists at the pit side-
wall, the polarization barrier present at each interface is lowered, allowing superior charge
flow at the pit [7, 78]. After the p-type material is grown, V-pits present in the epi result in
an electrical path bypassing the active region. The exact mechanism for charge transfer or
nonradiative recombination in the V-pit is currently under investigation.

I have examined the growth conditions for growth of thick InGaN/GaN:Si base
layer structures on semi-relaxed substrates, significantly improving growth morphology and
enabling fabrication of initial uLEDs. With a periodic interlayer structure of InGaN with HT-

GaN interlayers, a method to significantly improve the crystal quality of the base layer is
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developed. With this growth method, V-pits present before the active region beginning in
the substrate are eliminated and other crystal defects are significantly reduced alongside
lower interface roughness. The morphological improvement of the base layer growth leads
to a significant improvement to fabricated uLEDs operated under forward bias, reducing
both leakage current and dynamic resistance, naturally improving device performance. The
LEDs on higher quality, pit-free base layers possess much lower forward leakage current and
dynamic resistance than their counterparts on pitted base layers, owing to the reduction in

available leakage pathways and resulting improvement to crystal quality.

6.2 Extending to Long Wavelengths

For realizing uLEDs with emission extending to longer wavelengths, base layers
and LEDs were grown by MOCVD at atmospheric pressure on the InGaNOS substrates. The
Si concentration for the n-type InGaN/GaN:Si base layer doping is nominally 5x10'8 cm™3.
A Mg concentration of 1.5x102° cm™2 is employed for the p-type InGaN/GaN:Mg region
doping. Multiple LEDs are investigated, each with different emission wavelength, on the
same base layers. Base layers were grown at a temperature of nominally 950°C for the
InGaN regions and 1050°C for the GaN interlayers. This InGaN/GaN base layer is the n-
contact layer for the subsequently grown LED device. Once base layers were grown, active
regions (ARs) consisting of 5 periods of 2.8 nm thick InGaN QWs, 2 nm AlGaN cap layers

with 10% Al content, and 10 nm GaN QBs consisting of a 4 nm lower temperature (LT)

portion and 6 nm higher temperature (HT) portion are regrown. Details on the active region
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Figure 6.3: Cross-sectional schematic of finished fabricated device with epilayer sections
labelled.

structure can be found elsewhere [118]. The p-contact layer for both structures consisted of
a 5 period Mg-doped InGaN/GaN (20 nm InGaN and 2 nm GaN interlayers) structure with
a nominal thickness of 110 nm grown isothermally.

To realize working LED devices with appreciable electroluminescence emission
and operation lifetime, low defect density must be present in the epitaxy, especially when
considering large defects such as V-defects or metallic In inclusions. Since the semi-relaxed
InGaN substrates used here have a high density of V-defects, material quality must be signif-
icantly improved during the epitaxy to realize robust LED devices. In previous work, fully

eliminating the V-defects in the InGaN base layers originating in the substrates through
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periodically growing high temperature (HT) GaN interlayers under partial H, carrier gas
injection in the InGaN base layer is reported, leading to significant structural improvement
[115]. This improvement can also be noted in fig. 6.4 which clearly shows the full elim-
ination of V-defects on the optimized base layer. The improved epitaxy methods and the
elimination of V-defects allows the benefits of the relaxed substrate to be leveraged into
LED devices. Notably, the electrical and optical characteristics of the devices significantly
improved when V-defects were eliminated, allowing a variety of EL emission wavelengths
to be demonstrated.

Electrical characteristics were compared between LEDs grown on early develop-
ment, V-defect base layers and optimized base layers free from V-defects through their cur-
rent density-voltage (JV) behavior. fig. 6.5 compares two devices to examine their electrical
behavior relative to each other. These devices only differ in the growth of the base layer,
where the active region and p-type layers are otherwise equivalent. For both samples, the
leakage current density at a forward voltage of 2.0 V can be compared, as it is below the
turn-on voltage and large enough to generate measurable forward leakage current for both
samples. It is clear that even at a low forward bias of 2 V significant current density measur-
ing in the tens of A/cm? is achieved in the uLED device with the V-defect layer. Specifically,
the uLED device fabricated with the high V-defect density base layer yields a leakage current
density of 13.3 A/cm? while the device fabricated with the optimized base layer yields 0.629
A/cm? at 2.0 V of forward bias. The uLED device with the optimized base layer displays JV
behavior more typical of an LED. The optimized base layer sample has a much lower forward

leakage current and well defined turn-on with a linear region in the current density-voltage
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Figure 6.4: (Top) 20x20 um and (bottom) 5x5 yum AFM scans for base layers containing
V-defects and for optimized base layers.
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Figure 6.5: Current density-voltage behavior for selected 80x80 u m? devices indicating
improvement with base layer optimization.

response.

The electroluminescence emission spectra of uLLED devices fabricated from the two
types of base layers examined here, V-defect and optimized, were also compared. fig. 6.6
contains the electroluminescence spectra of the same two devices present in fig. 6.5 in order
to make a clear comparison between them. The peak wavelength of the uLEDs grown on
V-defect base layer and optimized base layers are nearly identical, 549 and 551 nm respec-
tively, making the comparison between the samples reasonable. Under identical injection
conditions of 35 A/cm?, identical device size of 80x80 um?, and identical measurement
setup, the uLED fabricated from the optimized base layer causes the absolute EL intensity

to increase by more than an order of magnitude with a much more well-defined Gaussian
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Figure 6.6: Electroluminescence spectra generated from two devices of nearly identical
wavelength, one on a V-defect base layer and the other on an optimized base layer. Equal
size devices were used (80x80 um?) at equal current density injection of 35 A/cm? for
equivalent comparison. Intensity increases by approximately a factor of 30.

peak. The FWHM of the V-defect base layer and optimized base layer uLEDs’ emission peak
is 41 nm and 49 nm, respectively. A small shoulder can be noted in the spectra for the device
with the optimized base layer which is attributed to In fluctuation in the QW at this long
wavelength emission.

Beyond significantly improving to the electrical characteristics and performance of
ULED devices at a given wavelength, the optimized base layer design enables the realization
of a broad range of emission wavelengths, from cyan to deep red. The emission of the
devices was generally controlled through QW growth temperature to achieve the desired

emission wavelength. fig. 6.7 shows the normalized EL emission spectra of nine selected
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uLED devices containing optimized base layers with peak emission wavelength ranging from
470 nm to 645 nm. These spectra were taken at equal current density, 20 A/cm?, with
the exception of the 470 nm emitting device taken at 30 A/cm? to achieve adequate light
collection on an early LED sample. Generally, the full-width at half maximum (FWHM) of
the emission peaks steadily increases with increasing wavelength emission. For devices with
a peak emission at or below 580 nm, a single peak is observed with a relatively Gaussian
shape. For devices with peak emission above 580 nm, multiple peaks can be seen in the
emission as "shoulders" to the main peak or as closely grouped peaks that overlap. The
broadening emission is attributed to likely microstructural inhomogeneity in the highest
indium content samples. Similarly, the FWHM of the EL emission peak to increase with
wavelength, from 23 nm for the 470 nm emitting device to 89 nm for the multi-peak 645
nm emitting device.

The significant improvement to uLED devices in terms of diode behavior, leakage
current, and electroluminescence intensity can be attributed to the higher quality epitaxy,
specifically from the elimination of V-defects in the base layer and resulting improvements
to layer morphology. V-defects in the base layer must be managed to avoid propagation
through the epitaxial structure to create large defect regions, or from forming leakage path-
ways. Since the majority V-defects originate in the substrate, these V-defects propagate
through the entire device structure beginning at the n-type base layer through the active
region and into the p-type region, widening as growth proceeds. Since V-defects form and
widen from kinetically-limited growth, they can be filled at higher growth temperatures

with different V/III ratios and carrier gasses such that there is sufficient mass transport to

93



W77 /A " AR
g ool VLT AL
S ] : : ! g ! 3 k :
(3]
N
Q : : : ! : : 4 : ! : :
£ ~ ! ! ] ! : ! ] L ] 5 1
€>o 0.6- : : : : : i 3 : t - W 1
s = ! ‘ ! ' : ! : ‘ ) d :
3< N WA N
"3-? ] : ] ! : ! : ! y

] ! : ] : d : ! : ! : !
5§ oot N JL 00T\
T E S I T A | S
N i
© g
£ 0.2 5
£ \

et M
0.0 Frlucimnlog Lyt

I I ¥ T . T T T T
400 450 500 550 600 650 700
Wavelength (nm)
Figure 6.7: Normalized electroluminescence spectra from a large selection of grown and
fabricated devices. All spectra were taken with 100 ms integration time and at 20 A/cm?

with the exception of the 470 nm emitting device taken at 30 A/cm? to achieve adequate
light collection.

94



the V-defect sidewalls (fig. 6.4). The V-defects in these devices are eliminated in the intrinsic
and n-type regions when the lateral ingrowth growth of the defects becomes dominant over
widening and propagation, consequently causing planarization of the growth surface. Elim-
inating the V-defects improves the electrical performance of uLEDs fabricated using these
base layers by directly leading to a significant reduction in leakage current and improving
diode behavior. In the same way, EL emission intensity of a uLED device with an optimized
base layer also increases by over an order of magnitude- a factor of 30- at equivalent current
density compared to a uLED device on a V-defect base layer (fig. 6.6).

A significant improvement to electrical performance can be attributed to the gen-
eral improvement to crystal morphology by elimination of V-defects, optimizing growth con-
ditions, and elimination of leakage paths. As shown in fig. 6.5, the leakage current density
at voltages below the turn-on voltage measures in the tens of A/cm? for the device on the
V-defect buffer as a result of a high V-defect density propagating from the substrate and its
detrimental effect on morphology. Here, turn-on voltage is defined as the voltage where
light can be detected initially, corresponding to when the JV response curve becomes su-
perlinear beyond the leakage current regime. The high leakage currents demonstrated here
below device turn-on recombine nonradiatively, quickly causing these devices to fail under
operation through self-destruction of the metal contacts or open-circuit failure within the
device. For these initial devices with poor morphology and unoptimized growth conditions,
many of the devices on the processed sample would fail immediately beyond moderate volt-
ages (in the 4-5 V range), or alternatively after a relatively short period continued operation

on the order of seconds to minutes. Conversely, the optimized base layer free of V-defects
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yielded devices with much lower leakage currents, and improved diode behavior. These
devices had a somewhat high series resistance represented by the inverse of the slope of
the linear region in fig. 6.5, but it is greatly reduced compared to the uLED on the V-defect
base layer. While some leakage current is naturally still present even in the V-defect-free
ULED, this is attributed to other non-radiative recombination centers that arise from impu-
rities or defects from crystal growth. Additionally, these devices were capable of operation
at forward biases exceeding 7 V even after multiple testing cycles, as well as continuous
operation on the order of hours without failure. The trend of a marked lifetime difference
between devices grown on V-defect base layers and optimized base layers held true for all
wavelength devices examined. The optimized base layer uLED device displays a lower oper-
ating voltage, lower series resistance, lower leakage current, and more robust lifetime and
operation. In nearly all metrics, the electrical performance of uLED devices is improved.

In a similar vein, the optical characteristics of the device also significantly improve
with optimization of the base layer. Electroluminescence spectra of identically sized uLED
devices grown on the optimized base layer under identical current injection, measurement
geometry, and integration time is presented in fig. 6.6, where the EL intensity of the uLED
device on the optimized base layer increases by a factor of 30 compared to the V-defect base
layer, indicating a marked increase in radiative efficiency of the device.

Additionally, these two devices have nearly identical emission wavelength, making
the devices comparable. A small shoulder peak is visible in the peak from the optimized base
layer uLED which is attributed to minor In fluctuation in the QW from the high In content

required to achieve this long wavelength. This in turn also causes the FWHM to increase
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with increasing EL emission intensity, as seen in these samples. Generally, improvements in
ULED devices resulting from an optimized base layer enable a wide variety of uLED devices
to be realized with high brightness.

The emission wavelengths represented by the devices displayed in fig. 6.7 are
remarkable for two reasons: first the range of wavelengths represented is quite wide, and
second the emission range extends quite far into the long-wavelength visible regime com-
pared to typical Ill-nitride devices. At a moderate operation current density of 20 A/cm?,
devices with a 175 nm range of peak wavelengths have been realized, covering most of the
visible spectrum including the entire long-wavelength red area. Reduction of the composi-
tional pulling effect by the semi-relaxed substrate and optimized base layer, as mentioned
above, improved In incorporation in the QW. This development enables peak EL emission
into the amber, red, and crimson regime. Devices with peak EL emission in the red regime,
specifically at or above 600 nm, are typically extraordinarily difficult to realize with III-
nitride materials due to the requirement of low temperature during QW growth for suffi-
cient In incorporation [23, 29]. Realization of working devices with measurable emission
is then inhibited as a result of increasing defect density, In segregation, and poor growth
morphology [119]. In contrast, here higher growth temperatures can be employed due to
the higher In incorporation in the QW enabled by the semi-relaxed substrates and reduction
of the compositional pulling effect. This same effect enables the use of higher QW growth
temperatures while maintaining the same emission wavelength.

As peak emission wavelength becomes longer, the FWHM widens as expected from

increasing In fluctuation. Additionally, a small peak around 425 nm becomes more intense
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at longer wavelengths. This peak is attributed to charge injection through the low density of
V-defects commonly generated in the lower QWs [59] into the V-defect-free n-InGaN buffer
region where they recombine. The V-defects allow charge transport through the sidewall
where the polarization barrier is reduced and the path conductivity is increased [62, 78].
At very long wavelengths, larger In fluctuations can be seen as small shoulders in the 620
nm emission yLED and as a close cluster of multiple peaks in the 645 nm emission uLED.
At the longest visible wavelengths, some In phase separation in the QW becomes difficult to
avoid. These issues arising from high-In QW growth- namely extended defect generation,
In segregation, and related effects such as V-defect sidewall injection leakage- must be mit-
igated through optimization of the growth conditions in the QW and QW capping layers.
Since defect generation is predominately in the form of V-pits, a similar growth approach
to that used in the V-defect-free base layer could be applied to the QW. These growth con-
ditions would suppress V-defect nucleation and close any V-defects that happen to form,
as previously seen in the predominately InGaN base layer. At the same time, the leakage
current from the V-defect sidewall into the base layer causing undesired short-wavelength
emission would be eliminated. For suppression of In segregation, further development of
the AlGaN capping layer to prevent In desorption during growth and thermal protection dur-
ing later high temperature layer growth is necessary for a more homogeneous alloy layer.
Since low growth temperatures must be used for increasingly higher In QW growth, but
the GaN QB growth remains at the same temperature, the temperature difference between
the two layers increases with increasing In content. The role of the QW capping layer then

becomes even more crucial with longer wavelength LEDs requiring higher QW In contents.
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Development of both of these aspects of uLED devices has already begun. Despite these
difficulties, current realization of a III-nitride device emitting such long wavelengths with
appreciable electroluminescence emission at a moderate current density has been achieved
using these semi-relaxed substrates and optimized base layers, a feat not typically achieved
with conventional GaN-on-sapphire growth.

I examined the application of V-defect free buffer layers on semi-relaxed InGaN
substrates to growth and fabrication of III-Nitride LEDs with a wide range of emission
wavelengths. The V-defect elimination directly leads to a significant reduction in leakage
current in fabricated uLLEDs operated under forward bias, which naturally improves device
performance and diode-like characteristics. This material quality benefit also significantly
increases the electroluminescence intensity of the light emission for otherwise equivalent
devices. The resulting improvement to crystal quality in the base layers enables a very
broad range of electroluminescence emission wavelengths from LEDs that employ them.
This development presents significant progress toward highly efficient long-wavelength c-
plane LEDs grown on relaxed substrates, a major step toward the ultimate goal of RGB

devices on the same wafer using all III-Nitride devices.

6.3 p-Type Architecture and High Power Devices

In this work, high-performance uLEDs with red emission utilizing an InGaN base
layer with thin GaN interlayers and optimized p-type InGaN/GaN superlattice structure

grown on relaxed InGaN substrates are demonstrated, leading to improved light output
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power and EQE. Fabricated devices are analyzed in terms of their emission spectra, current
density-voltage (JV) behavior, and their packaged device EQE results to determine improve-
ments in light output power and efficiency, assuming a light extraction efficiency (LEE) of
approximately 30% for a rudimentary surface-mounted and encapsulated package. Finally,
atomic probe tomography (APT) is employed to measure the In content of the QW region,
yielding some insight into the magnitude of the reduction of the compositional pulling ef-
fect and its effect on In incorporation. Compared to previous published devices, 609 nm
red electroluminescence with a significant increase to the light output power are realized,
achieving working uLED devices with an EQE approaching 1% at this long wavelength.
One drawback to the use of relaxed InGaN substrates is the poor crystal quality
and rough morphology of the substrate InGaN layer that must be recovered with further
growth. Specifically, the substrates used in this work contain a native V-defect density of
5x10% em™2, but generally the substrate defect density will be dependent on the starting In-
GaN material. Additionally, further growth must take strain management into account with
respect to the increased lattice constant, as a pure GaN layer would undergo tensile stress
under this growth condition and eventually crack with sufficient thickness. In our previous
work, a base layer scheme consisting of a InGaN/GaN buffer/interlayer structure is devel-
oped, designed to fully eliminate the V-defects and achieve high crystal quality. These base
layers employ optimized growth conditions for buffer and interlayer thicknesses, tempera-
tures, V/III ratio, and carrier gasses [115]. This base layer was also designed to match the
lattice constant of the substrate, maintaining the relaxed strain state present initially. With

a base layer free from V-defects and with good morphology, the advantages of the relaxed
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InGaN substrate and increased lattice constant can be used in the realization of uLED de-
vices [120]. Importantly, the reduction of the compositional pulling effect resulting from
the reduction in strain during growth can then be applied to QW growth, allowing for higher
temperatures to be used while still achieving high In content in a red-emitting device.

To characterize the performance of the fabricated uLED devices, the basic electrical
behavior of a representative device and its emission characteristics are first examined. The
current density-voltage response is seen in fig. 6.8, along with a more specific look at the low
current-density range near the turn-on region of the device. From fig. 6.8a, typical diode-
like behavior can be clearly visualized across a wide voltage range. An optical image of the
device under operation at a moderate current density of 20 A/cm? can also be seen in the
inset image in fig. 6.8a. While the resistance of the LED may be somewhat high at a value
of 2695 Q2 at 20 A/cm? corresponding to 3.45 V, significant current density is accessible in
the examined bias range. Furthermore, extremely low leakage current density can be seen,
with only 2.81 mA at -5V bias. The turn-on voltage of the device (seen more clearly in fig.
6.8b) is 2.6V, determined from the regression of the linear region of the JV curve in the low-
current-density regime shown in fig. 6.8b. Finally, the EL emission spectra for the device
is shown in fig. 6.8c, indicating red emission at 609 nm at a current density injection of 7
A/cm? corresponding to 3.01 V. At this wavelength the EL emission spectra has a FWHM of
74 nm and a single peak, relatively broad but a broadness typical of long-wavelength LEDs
[39]. This broad FWHM typically present in the red-emitting LEDs is a result of significant In
fluctuation, which worsens as the In mole fraction in the QW increases [71, 72, 45]. These

parameters were reproducible throughout multiple operation cycles and after continuous
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Figure 6.8: a) Current density-voltage (JV) behavior for fabricated device from -5V to 5V
with inset optical image of device electroluminescence at 20 A/cm?. b) The same JV curve
focused on low-current-density regime; turn-on voltage indicated. c) Electroluminescence

(EL) emission spectra of device operating at 7 A/cm? with peak wavelength and FWHM
identified.

high-current operation. Here, red emission is achievable and detectable even at low current
density injection of 7 A/cm? near the LED turn-on and emits a clearly visible EL peak.
Selected on-chip devices were encapsulated into device packages to ascertain the
power and efficiency of a finished, packaged device module in an integrating sphere. The
light output power steadily increases with current density injection for a representative de-
vice, steadily becoming more sublinear (fig. 6.9b) with increasing current density. This
lower power is due to both a small heating effect under continuous operation as well as
the increasing effect of Auger recombination at increasing current density. Rather than a
steady increase mimicking the shape of the power curve, the EQE curve takes on a "droop"
shape typical of nitride LEDs. A peak EQE value is typically reached at low to moderate
current densities, followed by a steady decline in EQE as current density is increased. The
peak EQE of the device is 0.83%, occurring at a wavelength of 609 nm and a current density
value of 7 A/cm? corresponding to 3.01 V. Despite the strain reduction benefits of the re-

laxed substrate with enlarged lattice constant, the remaining strain still present in the QW
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Figure 6.9: Plots of EQE and peak wavelength for selected representative 80x80 um? device.

results in unresolved piezoelectric fields, leading to the QCSE, higher Auger recombination,
and ultimately leading to EQE droop. However, red emission from a uLED device with EQE
approaching 1% shows that the optimized growth methods for the device epilayers show
improved device performance.

To further characterize the active region of these devices and confirm the true In
content present when grown on relaxed substrates, APT was performed on the LED sample.
The reconstruction of the APT tip sample is shown in fig. 6.10a, where the active region
can be seen as alternating layers of high-In InGaN QWs, AlGaN capping layers, and GaN
QBs. Furthermore, the lower buffer regions can be seen as having a defined layer struc-
ture of InGaN regions and thin GaN interlayers. fig. 6.10b then further characterizes these
regions, with the group-III content plotted for Ga, In, and Al corresponding to the sample
reconstruction. Since the purpose of the GaN interlayer is to prevent the transition to a 3D
growth mode by eliminating the surface riding In that increases as growth proceeds, some
slight In nonuniformity in each individual InGaN layer can be seen surrounding these GaN

interlayers. Both the quantitative atomic composition profile and spatial reconstruction are
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Figure 6.10: a) Reconstruction of the analyzed APT tip for IIl-site atoms. b) Corresponding
group III composition profile of the sample in atomic percentage.

in agreement, especially visible in the nominally pure GaN regions, i.e. the thin interlayers
in the base layer region below the QWs, and GaN QBs. In the QWs, an In content of up to
32% can be seen even with the high QW growth temperature (810°C) used during growth.
Despite each QW having nominally identical growth conditions, their In contents fluctuate
slightly. However, the AlGaN capping layers unexpectedly have Al content of either approx-
imately 10% or 20% despite also having identical growth conditions. Capping layers were
expected to contain 10% Al, and the reason for the discrepancy in Al content of the capping
layers of first two QWs is currently under investigation. It should also be noted that the two
higher-Al capping layers also reside above the two higher-In QWs, QW1 and QW2 at 28.8%
and 32.0% In, respectively while QWs 3, 4, and 5 have a measured In content of 26.2%,
26.9%, and 26.3%, respectively, with 10% Al capping layers.

The design of the epitaxial growth scheme (fig. 6.11a) enables these high-efficiency
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red uLEDs through the use of an optimized base layer to preserve material quality before
growth of the active region, high temperatures during QW growth, and optimized p-type su-
perlattice. The InGaN/GaN base layer design allows for elimination of V-defects prior to the
active region, and significantly improves the crystal quality of the almost entire InGaN-based
device despite the increased difficulty when growing an InGaN alloy [115]. Additionally,
this base layer design allows the benefit of the substrate’s enlarged lattice constant to be
leveraged in the active region to reduce the compositional pulling effect, increasing the In
incorporation efficiency as the effective strain at the growth interface decreases. As a re-
sult of reducing the compositional pulling effect, the In incorporation during QW growth
is significantly increased, enabling high In content up to 32% (fig. 6.10) resulting in red
emission from the QW. Additionally, the significantly improved In incorporation from strain
management allows the use of increased temperatures during QW growth while achieving
the same In content. In this case 810°C can be used to achieve an In content that results in
red emission, much higher than typical QW growth temperatures used for conventionally
grown red-emitting uLEDs [29]. Notably, the 810°C QW growth temperature used here for
a red-emitting LED on InGaNOS is more typical of a green-emitting LED grown on conven-
tional sapphire in the same reactor. Finally, the p-type design also employs an InGaN/GaN
structure similar to that of the base layer, but in this case with thinner InGaN periods than
previously fabricated LEDs for improved crystal quality due to less ternary alloy growth
and higher power. With these aspects of epitaxial growth design all optimized, the overall
growth scheme is tailored for high-In InGaN growth and superior device performance.

Devices fabricated from samples using this epitaxial design yield state of the art

105



a) b)
10 nm p+-GaN ; T=910°C
2 nm p-GaN ; T=910°C

x16

5 nm p-Ing,p:GapgeN ; T=910°C

Growth 2 < 4nm LT GaN Barrier ; T=875°C
2 nm Al ;,GagoN Cap ; T=810°C

x5 110

p+-GaN Contact Layer

2 nm n-GaN ; T=1075°C Sio,

-Ing,04Gag0sN/GaN Superlattice
x5 P-Ing,04Gag 06N/ P d

2 nm n-GaN ; T=1075°C

20 nm n-Ing 4Gag geN ; T=975°C x35 n-Contact p-Contact

ODR ODR
Growth 1 7 UID GaN T=1075°C
= X100

20 nm UID Ing g4GaggeN ; T=975°C UID Ing psGag osN/GaN Base Layer

InGaNOS Substrate InGaNOS Substrate

Figure 6.11: a) Epitaxial structure of the as-grown LEDs with labelled growth parameters
and periodicity. b) Corresponding fabricated device structure.

electrical and optical emission characteristics for red-emitting InGaN uLEDs grown on re-
laxed substrates. The turn-on voltage determined from the JV plot in fig. 6.8a and 6.8b is
quite low at a value of 2.6 V. This turn-on voltage is especially low considering the photon
voltage of 2.03 eV for 609 nm emission, indicating little barrier to carrier transport. This is
further supported by the low voltage, 3.45 V, present at an injection current density of 20
A/cm?. Even considering the relatively high dynamic resistance of the device under oper-
ation, the low turn-on and operational voltages indicate good charge transport to the QW
even at a bias similar to the expected band gap energy. Additionally, the EL emission spec-
trum at 7 A/cm? shows a clear peak at 609 nm, a red-emitting device. At such long peak
wavelengths, the FWHM of the emission spectra is also quite high at 74 nm. High FWHM
is to be expected at long wavelengths, as the alloy fluctuation naturally present during the
growth of InGaN becomes more extreme with increasing In content [121, 70].

Most strikingly, devices yielded improved power and efficiency at long wavelengths.

From integrating sphere measurements of optoelectrical device performance (fig. 6.9a), typ-
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ical devices possess an EQE of 0.83%, higher than other reported red-emitting III-N devices
beyond simple proof of concept devices [41, 122]. Notably, this EQE value is achieved even
with only basic packaging with unoptimized LEE. High EQE has been reported on some red
devices employing relaxation via V-defects, [21] but only with large-area devices grown on
Si substrates rather than uLEDs on sapphire like those reported here. The high efficiency
of the device while maintaining long-wavelength red emission represents a record perfor-
mance for ITI-N devices grown on relaxed substrates. In short, the characteristic droop shape
confirms the defect density of the device is sufficiently low, allowing a high enough carrier
density to be achieved in the QW to display Auger-dominated recombination. Similarly, the
power increases nearly linearly with current density injection, with some roll-off present in
the droop regime. Examining the output across the same current density range, the emis-
sion wavelength becomes shorter with increasing current density, resulting in an expected
"blueshift" to the emission due to screening of polarization-related electric fields. This ex-
ample of blueshift yields 40 nm of peak wavelength shift over 300 A/cm?, with about 20
nm of shift between 0 and 50 A/cm?. Though this blueshift occurs throughout the mea-
surement range examined, the small shift over the typical operation range (often targeted
to be less than 10 A/cm? for uLEDs) indicates good control over the strain and resulting net
electric field that causes carrier screening. Ultimately, the measured high efficiency value,
typical power and efficiency behavior, and well-managed characteristic blueshift indicate
high-performance devices for red-emitting uLEDs.

Finally, the true sample structure can be seen in the APT reconstruction of the

sample in fig. 6.10a. The base layer InGaN/GaN scheme can be clearly viewed from this
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reconstruction, as can the active region structure, indicating good layer structure present
throughout the growth. Benefits of the increased substrate lattice constant and resulting
reduction in the compositional pulling effect can be directly seen through APT measurement
and reconstruction, where the high-In content of the QW is confirmed. Despite the high
growth temperature of the QW for red emission, an average QW In content of 28.1% was
measured along with a maximum QW In content of 32.0%, consistent with the red emission.
Unexpectedly, the Al content present in the capping layer of QW1 and QW2 is elevated to
approximately 20% despite possessing the same growth conditions. Each QW in the active
region possessed identical growth conditions, where the capping layers are calibrated to
10%. Interestingly, higher In contents were seen in the wells corresponding to the highest
Al capping layers, suggesting that the capping layer may play an important role in further
retention of In in the QW. It is hypothesized that the higher Al content capping layer allows
for increased thermal protection of the high-In QW during later high temperature growth of
the QB and p-type region. With the QW better thermally protected, less In desorption occurs
as a result of thermal degradation. Typically, the temperature used here during QW growth
would result in much lower In content, more similar to the content of a green-emitting LED.
Especially when considering the growth temperature, this APT measurement conclusively
confirms the improved In incorporation in the QW through strain management from an

increased lattice constant.

108



6.4 Active Region Development and Fatal Substrate Flaw

With the success of realizing working long-wavelength uLEDs with high brightness
by altering the p-type region, attention was turned to characterization and improvement of
the active region. Here, each layer in the device is identified and optical and electrical
behavior of the active region of our devices is characterized, including a measurement of
the IQE. A standard room-temp PL measurement is performed to estimate the emission
wavelength of the device optically pumped, and uLEDs are processed to measure the EL
at a desired current injection (fig. 6.12). Fach InGaN-containing region can be identified
by its room-temperature PL emission wavelength, as the wavelength can be approximated
by the In contents expected for each region. Similarly, the EL measurements yields the
emission wavelength with carrier transport effects included, here measured at a specific
current density injection, as it comes from a sample fully processed into a device. These
samples were grown identically, so the PL and EL measurements are characterizing identical
devices as as-grown material as well as fully fabricated and processed devices.

With the PL emission peaks identified at room temperature for as-grown samples,
low-temperature PL (LT-PL) was used to estimate the radiative efficiency of the active region,
typically used as an analog for IQE of the emitting QW active region. By taking a baseline-
corrected PL spectra at each point in a laser power sweep, the spectra can then be integrated
across a wavelength range known to contain the QW emission peak to yield an integrated
intensity curve. This method is repeated for each laser power point, and at multiple tem-

peratures between room temperature and cryogenic conditions (fig. 6.13). This integrated
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Figure 6.12: (left) RT-PL of best device growth with each peak position identified and layer
identity shown in the spectrum. (right) EL spectra of this same growth sample processed
into a device.

intensity curve can then be normalized to the highest laser power at cryogenic condition, in
this case 14K. In order to estimate the IQE, the assumption that no nonradiative emission
will occur at cryogenic conditions due to the lack of available phonons is used. As a result,
it is assumed that the normalization point will possess 100% radiative efficiency/IQE. While
this assumption holds less true as the cryogenic temperature used rises, the measurement
nonetheless still offers a reasonably close approximation of the IQE. Using this method, our
measurements indicate the active region of our red-emitting devices possesses 23% IQE.
This metric is especially relevant as many other research groups use a similar measurement
procedure, allowing fair IQE comparisons between devices from different research groups
and approaches and yielding finer, measurable insight to the significant improvement to our
devices.

Unfortunately, further experiments began to yield worse results in all metrics, with
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the device performances and crystal morphology previously achieved being unrecoverable.
Even when attempting to reproduce the previous samples that yielded high performance
at long wavelengths, these performances could no longer be achieved in working devices.
To troubleshoot this issue, our buffer layers are more heavily characterized, which had not
been altered since they had been optimized for V-defect elimination. During this investi-
gation, it was found the buffers had significantly lower crystal quality, measured through
x-ray rocking curve. From rocking curve analysis, the FWHM of the peak had increased by
50%, indicating a sharp decrease to material quality from higher defect density. Since no
change had been made to the growth conditions, attention was turned to the substrates for
any changes, characterizing them in the same way. Using the same rocking curve analysis
(fig. 6.14), it was determined the substrate quality was much worse than for the previously
received substrate wafers. While previous substrates were received with a FWHM of approx-
imately 2600 arcsec for the 002 reflection rocking curve, the current batch of substrates had
a measured FWHM ranging from 4700 to 5800 arcsec, more than twice that of the previous
substrates used to make high-performance devices.

This low substrate crystal quality, combined with the inability to recover this crystal
quality in an efficient manner with the buffer layer growth, precludes any significant further
research progress. Previous buffer quality was not ideal at a FWHM of 600 arcsec in 002
reflection after growth, but would still allow for realization of bright uLED devices. In this
case, buffer growth would have to be altered significantly to achieve the same crystal quality
as previous buffers, likely requiring much thicker growths to recovery the morphology, and

causing a number of issues with strain management. Additionally, additional substrates
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edge of the large substrate wafer. FWHM is noted
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were no longer available, and the ability to produce more of original the substrates with
reasonable crystal quality was no longer present. With only these lower quality substrates
available, and their demonstrated inability to produce comparable working devices, the
project was ended here. With no possible progress left, the partnership ended between

UCSB and SOITEC that funded this project.
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Chapter 7

Conclusions and Future Directions

In summary, bright red-emitting IlI-nitride uLED devices have been realized through
employing a relaxed InGaN substrate and optimized p-layer design. Employing an InGaNOS
substrate with increased lattice constant allows for increased In incorporation in the QW due
to reducing the compositional pulling effect, resulting in 609 nm red emission possible at el-
evated QW growth temperatures. Combining this substrate with an InGaN/GaN base layer
scheme for maintaining the relaxed lattice constant, defect reduction, and strain manage-
ment, improved crystal morphology can also be achieved for the device. The average alloy
content in the red-emitting QW is measured to be 28.1% In, with a maximum of 32.0%, yet
the QWs were grown at elevated temperatures more typical of a shorter-wavelength LED.
The improved p-type region design improves the crystal quality and morphology compared
to previous designs, and in turn it is hypothesized that this improves the p-type charge trans-
port in the region. Combined, these two improvements result in long-wavelength 80x80

um? uLEDs emitting at 609 nm with an appreciable peak EQE of 0.83% at 7 A/cm? and
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3.01 V. The developments presented here represent significant progress toward highly effi-
cient long-wavelength c-plane III-nitride devices and a major step toward realization of RGB

sources using all ITI-Nitride materials.

.1 Making Figures

Figures were made predominately using Origin 8 with standard saved formatting
choices. These formatting choices included bold font, bold axes labels, 2pt line thicknesses,
bold legend, size 18pt font, horizontal grid lines on major axes with dashed style and gray,
translucent color. Other figures were created using Excel using the standard in-built tools for
data visualization. For these figures, only horizontal grid lines were used, but the remaining

style choices were unchanged.

.2 Measurement and Data Collection

Atomic Force Microscopy (AFM) was used to investigate the surface morphology
after the growth of the InGaN base layers under different growth conditions. AFM measure-
ments were performed using an Asylum MFP-3D system operating in tapping mode. X-Ray
Diffraction (XRD) was used to determine crystal quality, In content, and thickness of epi-
taxially grown layers when possible. Composition of InGaN and thickness of the layers is
determined using w—206 scans while crystal quality is determined by the FWHM of a (002)
reflection measured in a rocking curve scan. These measurements were performed using

an Panalytical MRD PRO Materials Research Diffractometer employing a 2.2 kW Philips ce-

116



ramic sealed tube source with a wavelength of 1.5405 A corresponding to Cu K, transitions.
Transmission electron microscopy (TEM) was employed using Focused Ion Beam (FIB) tech-
niques to prepare samples. TEM imaging was used to investigate interface abruptness and
structural features of buried layers. TEM imaging was carried out using ThermoFisher Talos
200X S/TEM, operated at 200 kV. FIB sample preparation was performed with a FEI Helios
Dualbeam Nanolab 650. Atom probe tomography (APT) was performed to determine the
In content of the QWs in these devices. Sample preparation was performed by coating the
epi samples with 200 nm Ni metal, and a small section of the sample was removed using
focused ion beam (FIB) with a FEI Helios Dualbeam Nanolab 650 to create an APT tip for
analysis. APT measurements were then performed using an Imago LEAP 3000X HR Atom
Probe Microscope. All optical emission measurements were collected using an optical fiber
and OceanOptics spectrometer, and/or a calibrated silicon photodetector positioned verti-
cally above the devices. Confocal microscope images were taken using a Leica SP8 Resonant

Scanning Confocal Microscope.

.3 Processing Follower

.4 A Message to Future Grad Students

I think everybody has their own version of advice about how to be a better graduate
student and find success, or how to manage your self-perception, or some "motivational"
words for getting through it. I'll spare anybody who actually reads this. No matter who
you are or what your journey has been, my message is the same: always be aware of the
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institutions you work with and work for. People love to pretend science, technology, and
engineering are all inherently neutral, and they simply are not. Thinking these things are
neutral is how people carelessly distance themselves from the effects of their work. It is
not simply a small cast of bad actors "misusing" the technology we work to create. The
technology we create has an intended use by an intended user, and either of these intentions
can be horrific if looked at uncritically.

I ask anybody who works in our field to please strongly consider who and what
your work will go toward, the impact of the technology, and who intends to own and use
it. We have an ethical and moral responsibility to withhold our work and knowledge from
projects and institutions that enable greater suffering regardless of their temptations. Plenty
of defense contractors will offer you a great salary to help develop weapons to further global
conflicts for profit, or tech companies to develop improved surveillance that will undoubt-
edly be turned against us, or logistics companies developing more efficient and exploitative
ways to extract more labor from workers. Keep in mind how these institutions treat their
employees and the functions they perform outside what you work on. Your support cannot
be divided into only one part of an institution- the whole will benefit from your support. So

don’t.
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