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LIGHT EMITTING DEVICES AND METHODS OF MANUFACTURE

CROSS-REFERENCE TO RELATED APPLICATIONS
[B001] This application claims the benefit of U.S. Provisional Patent Application No.
63/397.769 filed August 12, 2022 and U 8. Provisional Patent Application No. 63/412.295

filed September 30, 2022 which are incorporaied herein in their entirety.
p > ; P Y

BACKGROUND OF THE INVENTION

[6802] Significant efforts have been put into the development of efficient micro light
emitting devices {(ulL.ED) for future display technologies, duc to their marked benefits over
existing displavs. However, traditionally the efficiency of micro light emitting devices
{(LLED} remain one or two orders of magnitude lower than conventional broad-arca light
emitting devices, particularly for red light emitting devices. The deterioration in device
performance with smaller device sizes has been linked to plasma damage induced in the
mesa sidewalls of conventional device fabrication technigues for light emitting devices.
Therefore, there is a continuing need for improved light emitting devices and methods of

manufacturing,

SUMMARY OF THE INVENTION

16003 The present technology may best be understood by referrog to the followng
description and accompanying drawings that are used to lustrate embodiments of the
present technology directed toward light emitting devices and methods of manufacturing.
Aspects of the present fochnology advantageously provide efficient and effective strain
engineered light emitting device. Strain engineered N-polar tyvpe -V nanowires in
accordance with aspects of the present technology can realize highly efficient red hight

emitting devices at a micrometer scale.

(0804}  In one embodiment, a light emitting device can include a short period
superlattice {SPSL} region, and a multiple quantimm well (MQW) region disposed on the
short period superlattice {SPSL) region. The light emitting device can emit red light with a
peak external quantum efficiency (HQE) of 2% or greater, and a wall-plug efficiency (WPE)

of 1.5% or greater.
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13605]  In another embodiment, a micro light emitting device can include one or more
nanowirgs. Hach nanowire can include: a semiconductor region having a first doping tvpe;
a short period superlattice (SPSL) region disposed on the semiconductor region having the
first doping type; a N-polar mniltiple quantum well (MQW) region disposed on the short
period superlattice {SPSL) region opposite the semiconductor region having the first doping
type; and a tunnel junction region having a second doping type disposed on the N-polar
multiple quantum well (MQW) region opposite the short period superlatice (SPSL) region.
The short period superiattice (SPSL) region can reduces/relaxes lattice strain in the N-polar
multiple guantom well {MQW) region. The short period superlattice (SPSL) region

ncreases mndium incorporations m the N-polar multiple guantum well (MQW) region.

[60G6]  In vet another embodiment, a method of manufacturing a micro light emitting
device {pLED) can include: epitaxially depositing a doped semiconductor region;
epitaxially depositing a short period superlattice (SPSL) region on the doped semiconductor
region; epitaxially depositing a N-polar multiple quantum well (MQW) region on the short
pericd superlattice (SPSL) region opposiie the doped semiconductor region; and epitaxiatly
depositing a doped tunnel junction region on the N-polar multiple guantum well (MQW)
region opposite the short period superlattice (SPSL) region. The method can further include
relaxing a lathce structure of the short period saperlattice (SPSL) region; and relaxing a
{attice structure of the N-polar swiltiple quantum well (IMQW) region. The short period
superlattice (SPSL) region can further relax the lattice structure of the N-polar multiple
quantum well (MW} region. The Nepolar multiple guantum well {MQW) region can
comprise N-polar indium galhiom niiride (InGaN} quantum wells {QW), whergin the short
period superlattice (SPSL) region can act to increase indium (fn} incorporation 1o the ~-polar
ndiam gallivm nitride (InGaN} quantum wells (QW). The doped tunnel junction region
can inciude magnesium (Mg} doped gallium pitride (GaN) region, with a magnesium (Mg)
concentration of greater than 1020 atorms/cm™.

{3667} This Summary is provided to mntroduce a selection of concepts in a simplified
form that are further described below in the Detailed Description. This Summary is not
udended to identify key features or essential features of the claimed subject matter, novis it

mtended to be used to limit the scope of the claimed subject matter,

BRIEF DESCRIPTION OF THE DRAWINGS
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10608} Embodiments of the present technology are dhustrated by way of example and
not by way of linitation, n the figures of the accompanying drawings and m which like

referenee mumerals refer to sumilar elements and in which:
F1G. 1 shows a nanowire. in accordance with aspects of the present technology.

FIG. 2 shows a method of manufacturing the nanowire, in accordance with aspects of the

present technology.

FIG. 3 shows a micro light emitiing deviee {(uLED}, n accordance with aspects of the

present iechnology .

FI1G. 4 shows a maethod of manufacturing a vucro bight envitting device (WLED}, m

accordance with aspects of the present technology.
FIGS. 5A-5C show semiconductor erysialline structures.

FIG. 6A shows an exemplary scanning clectron microscope (SEM} image of nanowires, in
accordance with aspects of the present technology.

FIG. 6B shows a graph of exemplary stacked photoluminescence (PL) spectra of the
nanowire samples, in accordance with aspects of the present technology.

FIG. 7A shows exemplary simulated 1-V characteristics of a nanowire, in accordance with
aspects of the present technology.

FIG. 78 shows band diagrams at equilibrium of a nanowire, in accordance with aspects of
the present technology.

FIG. 7C shows relative ratio of radiative recombination of a nanowire, in accordance with
aspects of the present technology.

FIG. %A shows a graph of exemplary J-V characteristics of a nanowire, in accordance with
aspects of the present technology.

FIG. 8B shows a graph of exemplary L-1 characteristics of a nanowire, in accordance with
aspects of the present fechnology.

FIG. 8C shows corresponding external quantum efficiency (EQE) and wall-plug efficiency
{(WPE) plots for a nanowire, in accordance with aspects of the present technology.

FI1G. 9A shows a graph plot of an exemplary electrolununescence spectra for a nanowire at

different injection currents, in accordance with aspects of the present technology.
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FIG. 9B shows a graph plot of an exerplary clectrolununescence spectra for a nanowire at
different injection currents, in accordance with aspects of the present technology.
FIG. 10 shows a method of manufacturing a micro light emitting device (uLED), in

accordance with aspects of the present technology.

(%]

FIG. 11A shows a scanning electron microscope {SEM} image of a micro light emitting

device (pLED), m accordance with aspects of the present technology.

FI(G. 11B shows a photoluminescence {(PL) spectrum of micro hight enntting device

{uLED}, m accordance with aspects of the present technology .

FIG. 12A shows a graph of an exemplary I-V characteristics of a micro light emattting
o J o e

10 device (pLED), in accordance with aspects of the present technology.

FIG. 128 shows a graph of an exemplary L-I characteristics of a micro light cnutting device

(uLED), in accordance with aspects of the present technology.

FI1G. 13A shows exemplary EQE for the micro light emitting device (WLED) at different

njection currents, in accordance with aspects of the present technology.

15 FIG. 13B shows exemplary WPE for the micro hight emitting device (WLED) at different

ijection currents, in accordance with aspects of the present technology.

FIG. 14 shows an exemplary normalized clectroluminescence (EL} spectra for the micro

light emitting device {pLED), in accordance with aspects of the present technology.

FIG. 15 shows vanation of peak EQE with active region area of micro light emitting device

20 (uLED), in accordance with aspects of the present technology.

DETAILED DESCRIPTION OF THE INVENTION

[B009%)  Reterence will now be made i detail to the embodiments of the present
technology, examples of which are illustrated n the accompanying drawings. While the
present technology will be described m conjunction with these embodiments, it will be

25 understood that they are not mtended to imit the technology to these embodiments. On the
contrary, the invention is intended to cover alicmatives, modifications and equivalents,
which may be included within the scope of the mvention as defined by the appended clams.
Furthermore, in the following detailed description of the present technology, numerous

specific details are set forth in order to provide a thorough understanding of the present
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technology. However, it is understood that the present iechnology may be practiced without
these specific details. In other instances, well-known methods, procedures, components,
and circuits have not been described 1n detail as not to unnecessanly obscure aspects of the

present technology.

6016} Some embodiments of the present technology which follow are presented mn
terms of routines, modules, logic blocks, and other symbolic representations of operations
on data within ong or more electromic devices. The descriptions and representations are the
means used by those skilied m the art to most effectively convey the substance of thair work
to others skilled nthe art. A routime, module, logic block and/or the like, is herein, and
generally, conceived to be a self-consistent sequence of processes or instructions leading to
a desired result. The processes are those including physical manipulations of physical
quantitics. Usually, though not necessarily, these physical manipulations take the form of
clectric or magnetic signals capable of being stored, transferred, compared and otherwise
manipulated in an electronic device. For reasons of convenience, and with reference to
common usage, those signals are referred to as data, bits, values, elements, symbols,
characters, terms, numbers, strings, and/or the like with reference to embodiments of the

present iechnology.

[B811} It should be borne in miund, however, that these ters are to be interpreted as
referencing physical mampulations and guantitics and are merely convenient labels and are
to be interpreted further in view of terms commonly used in the art. Unless speeifically
stated otherwise as apparent from the following discussion, it 1s understood that through
discussions of the present technology, discussions utihizing the terms such as “receiving,”
and/or the Tike, refor to the actions and processes of an electromie device such as an
electronic compating device that mampulates and transforms data. The data is represented
as physical {c.g., clectronic) quantitics within the electronic device’s logic circutts, registers,
memories and/or the hike, and s transformed nto other data similarly represented as

physical quantities within the electronic device.

16012]  In this apphcation, the use of the disjunctive 18 intended to include the
conjunctive. The use of defintte or indefinite articles is not intended to indicate cardinality.
In particular, a reference to “the” obisct or “a” object is intended to denote also one of a
possible plurality of such objects. The use of the terms “comprises,” “comprising,”

“includes,” “including” and the hike specify the presence of stated elements, but do not

L
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preciude the presence or addition of onc or more other elements and or groups theroof. 11is
also to be understood that although the terms first, second, etc. may be used herem to
describe various elements, such elements should not be hinuted by these terms. These terms
are used herem to distinguish one element from ancther. For example, a first element could
be termed a second element, and similarly a second element could be termed a first clement,
without departing from the scope of embodiments. It 15 also to be undersiood that when an
clement is referved to as being “coupled” to another element, 1t may be directly or indirectly
connected to the other clement, or an infcrvemng element may be present. In contrast, when
an element 18 referred to as being “directly counected” to another clement, there are not
ntervening clements present. It is also to be understood that the term “and or” mnchudes any
and all combinations of one or more of the associated elements. I is also to be understood
that the phrascology and terminoiogy used herein is for the purpose of description and

should not be regarded as limiting.

{38137 Microscale light emutting devices (LEDY) are constdered a next step mn the
evohition of hight emitting device (LED) technology, and are projected to show tremendous
growth in the near future as they are incorporated m many emerging technologies, such as
but not imted to virtual/avgmented reality, ultrahigh resolution mobile displays, wearable
electronics, biomedical sensing, and ultrahigh speed optical mterconnect. Type [nitride
semiconductors have been cstablished as the dominant matenial system for vistble light
emittiing device applhications, and they are poised to be used as the basis for micro hght
emithing devices (uLED} as well, The lower surface recombination velocity of the type HI-
nitrides make them less susceptible, compared to other materials such as alunminmum gallium
mdmn phosphate {AlGalnP), to non-radiative surface recombination. To date, however,
the etficiency of micro hght emitting devices do not typically achieve external quantum
efficicncies of greater than 1% for a lateral dimension of 1 micrometer (pm}) orless. The
ctficiency boitleneck of micro light emitting devices has beer fundamentally limited by
structural damage and defects induced by etching during the fabrication of conventional
quantum well structures. Furthermore, while InGaN-based light emitting devices have been
shown with exceptional efficiencies in the blue wavelength range, their efficiency drops at
longer wavelengths, For attaining longer emission wavelengths using an fnGaN allov, a
higher amount of mdium {(In) {e.g., 30-40%) 1s typically required, wiuch is not trivial.
Phase separation is commonly seen in InGaN due o the low miscibility of the allow. Large

lattice mismatch between the InGaN active region and the underlying GaN layer can mduce

O
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the formation of extensive defects, while also subjecting the In(GaN layer to a high
compressive stratn. The piczocleciric ficld mduced by the strain is a major cause for the
quantum-~-confined Stark effect (QCSE} which reduces radiative recombination efficiency by
spanally separating the electron and hole wavefunction within typical quantum well active

regions.

[B814] In aspects of the present technology, novel nanoscale engineenng approaches
are utilized to effectively relax strain in red emitting hight emitting device heterostructures,
mncluding the use of porous gallium nitride {GalN) templates, V-pits, and nanostructures. o
one exeroplary implementation, red hight emitting devices are realized by growing a 100%
biaxially relaxed InGalN/GaN superlattice buffer. The layer can be relaxed through the
annealing and thermal decomposition of an InGaN underdayer. i one embodiment, tunnel
junctions are also incorporated to unprove the carder injection 1n red hight emitting devices,
showing an external quantum efficiency (EQE) of 4.5% for a device size of 60 um x 60 um.
In one embodiment, nanowires are employed to grow substantially dislocation freg
nanostouctures that cover the entirg visible spectrum, due to the efficient strain relaxation.
Moreover, by epttaxially growing nanostructure device, the plasma eich process used n
conventional quantum well light emitting device fabrication can be removed, thereby
avording damage to the sidewalls of the active region. The sidewalls can be further
passivated using atomic laver deposition {ALD), which can also fill gaps between
nanowires, eliminating a possible route of the formation of leakage paths. In one
embodiment, the critical advantages of N-polar GaN nanowires in achieving high efficiency
sab-micron scale light emitting devices are leveraged, including improved hole mnjection
nto the active region and increased indium {In} incorporation as compared to

nancstractares grown in the conventional Ga-polar orientation.

[B815]  In accordance with aspects of the present technology, efficient micron-scale
red emitting nanowire hight emitting devices are realized. The N-polar InGaN/GaN
nanowire hight emitting devices can be grown utilizing plasma-assisted molecular beam
epitaxy {MBE} with controlled diameters, spacing surface morphology, and polarity. To

achicve strong red emission {e.g., >620 nmy from In(GaN/GaN nanowires, and InGaN/GaN

multiple quantum well (MOQW) region to relax sirain and enable the growth of red emitting

In{zaN active region at relatively higher temperatures, thereby reducing the density of point
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defects and impurities, which otherwise generally imit the optical charactenstics of In-rich
N-polar InGaN. In one embodiment, a peak external guantum efficiency (HQE) and wall-
plug efficicncy {WPE) of 2.2% and 1.7% were measured, respectively, for a hight emitting
device with a lateral dimension of approxamately 0.8 wm, which is more efficient than
typical conventional submicron scale red light enutting devices. In one cxemplary
mplementation, detatled analysis of the charge carmier transport, micction, and
recombination is performed 1o such stram-engineered red emitting hght emutting devices,
which offer a new path to overcome the efficiency bottleneck of red emitting micro hight

emitting devices for a broad range of applications.

[0816] Light emitting nanowire devices, in accordance with aspects of the present
technology, can inchide a short period superlattice (SPSL) region underiaying an N-polar
multiple quantum well (MOQW) region. The short period superlattice {(SPSL) region can
relax strain 1o the multiple guantum well {MOQW3 region. The nanowires can be submicron

scale and characterized by red cleciroluninescence.

{6617} In accordance with aspects of the present technology, a doped senmiconductor
region is grown utilizing selective arca epitaxy technigues on a substrate. A short period
superiattice (SPSL) region can be grown on the doped semiconductor region utilizing
selective arca epitaxy. A N-polar multiple quantum well (MQW) region can be grown on

the short period superlattice (SPSL} region utilizing sclective area epitaxy. A tunnel

junction region can be grown on the N-polar mnudtiple quantum well (MOQW) region atilizing

sclective arga epitaxy.

{0618} The doped semiconductor region can be a group HI-V semiconductor
compound doped with a furst type of dopant grown with an N-polar crystalline lattice
structure utilizing selective area epitaxy deposition. The short period superlattice (SPSL)
region can be a plurality of group IH-V monolavers mterleaved with group HI-V-nitride
monolayers grown with a N-polar crystalline lattice stractare utibizing selective area epitaxy
deposition. The N-polar multiple quantum well (MQW) region can be a plurality of
quanture well Jayers mnterleaved with barrier layers grown with a N-polar crystalline lattice
structure utilizing selective arca epitaxy deposition. The N-polar tunnel jnction region can
be a group HE-V semiconductor compound doped with a second type of dopant grown with

an N-polar crystalling lathice steucture utilizing selective arca epitaxy deposition.
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10619} In accordance with embodiments of the present technology, the nanowires can
melude an N-polar type Hi-nitride multiple quantum well region that is substantially
dislocation free, with an underbyving type Hi-nitride short period super lattice (SPSL) that
can relax train and incorporate more type I element in the quantim well regions, to
achieve strong red enussion {(¢.g., >620 nm}. In onc implementation, submicron scale
nanowire devices show red electrolunurescence donunantly from indinm gallnun nitrde
{(InGaN) multiple quantum well (MQW) active regions at low to moderate injection
currents.

1602¢]  Reforrng to FIG. 1 a nanowire, in accordance with aspects of the present
technology, 1s shown. The nanowire 100 can include a short period superlattice (SPSL)
region 110 disposed on a doped semiconductor region 120, The nanowire 100 further
mocludes an N-polar multiple quantom well (MW region 130 disposed on the short period
superlattice (SPSL) region 110, The nanowire 100 can further melude a tunnel pmetion

region 140 disposed on the N-polar mudtiple quantum well (MQW3 region 130

{6621} In one embodiment, the doped semiconductor region 120 can comprise a group
HI-Y compound semiconductor with a first type of doping and a N-polar {e.g.. 3#001) lattice
geometry (e.g., nitnide terminated lattice geometry). in one mplementation, the doped
semiconductor region 120 can be a silicon (Si) doped {¢.g., n-doped) galliwm-nitride {(GaN)
region. In one embodiment, the short period saperlattice (SPSL) region can be a short
period {e.g., fow atomig layers) structure of group -V compound semiconductor atomic
monolavers. fn one implementation, the short period superlatiice (SPSL) region can include
m layers of indium gallium minde (InGaN) and n layers gallium nitnde {GaN)y arranged ina
short period of 3-7 interleaved layers. In one embodiment, the N-polar moltiple gouantum
well {MOQW) region 130 can be a group [IE-VY compound semiconductor of alternating
quantum wells (QW) and guantum barricrs (WB). In one implementation, the N-polar
mudtiple quantum well (MQW) region 130 can be a plarality of altemating indium gallium
nitride (InGaN) quantam wells (QW) and galliom nitride {GaN} quantum barriers (QB).

In one embodiment, the tunnel junction region {40 can comprise a group Hi-V compound
semiconductor with a second tvpe of doping. In one implementation, the tunnel junction
region 140 can be a magnesium (Mg} doped (e.g., p-doped) gallium-nitride (GalN} region.

The nanowire 100 can have a substantially hexagonal, square, rectangular, thombic,
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polygonal, circular or elliptical cross-sectional shape. In one implementation, the nanowire

100 can have a hexagounal or circular cross-section diamgcter,

[6022] In one implementation, the short period superlatiice (SPSL} region 116
relaxes/reduces strain. The short period superlatiice {(SPSL) region 110 can alse facilitate
rcorporation of more quantum configurations { ¢.g., quantum wells, quantum lines,
gquanfum dots, nanoclusters, ¢tc.). In one implementation, short period superatiice (SPSL)
region 110 18 configured {o incorporate more indium (In) withio the laGaN N-polar multiple
quantum well (MOQW) region 130, The short period superlattice (SPSL) region 110 can also
help facilitate reduction of extensive defects and dislocations (e.g., for indium-rich InGaN
quantum wells, etc.}, strain induced guantum-confined Stark effect, and etch-induced

surface damage during the fabrication of quantum well uLEDs.

[3023]  In one embodiment, the m layers of the short period superlattice (SPSL) can
have a high elastic constant and the n layer can have a low elastic constant {or vise versa,
gic}. In one cmbodiment, the short period superlattice (SPSL) region can include a lower
dimensional structure {(¢.g., an array of quantui dots, quantum wires, ¢tc.). In one
embodiment, the materials of the short period superlattice (SPSL) region can have different
band gaps. In one exemplary implementation, the materials may be divided by the element
groups IV, [II-V and II-VI o one crubodiment, at least two of the plurality of quantum
wells (QW) within the N-polar multiple guantum well (MQW) region are not umiform. In
one embodiment, N-polar muultiple quantum well (MQW} region is considered an
intermediaie region between a p-type region and a n-tvpe region {e.g., a P-I-N

configuration, ¢tc. ).

[6824] Reforring now to FIG. 2, a method of manufacturing the nanowire, in
accordance with aspects of the present techuology, is shown. The method can mclude
forming the doped semiconductor region, at 210, The semiconductor region can be doped
with a first type of dopant. In one implementation, plasma-assisted molecnlar beam epitaxy
{(PA-MBE) can be used to grow an approximately 500 pm thick group 1-V semiconductor
compound having a first dopant type, such as sthicone (St} doped galliwm mitrnide {GaN).
The plasma-assisted molecular beam epitaxy (PA-MBE) parameters can be configured to
produce a doped semiconductor region with a submicron lateral width. The plasma-assisted
molecular beam epitaxy (PA-MBE) parameters can also be configured to produce a doped

semiconductor region with a N-polar crystalline lattice structure (e.g.. 0001).

10
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106257 At 220, the short poriod superlattice (SPSL) region can be formed on the doped
scroiconductor region. In one wmplementation, plasma-assisted molecular beam epitaxy
{PA-MBE} can be used to grow a plurality of penods of atomic monolayers, such as a Si-
doped indium gallivm nitride (InGalN) lavers and gallium nitride (GalN) lavers. In one
implementation, plasma-assisted molecular beam epitaxy (PA-MBE) parameters can be
configured to produce a short period superlattice (SPSL) region with a N-polar crvstalline
lattice structure {¢.g., 0001}, The plasma-assisted molecular beam epitaxy (PA-MBE)
parameters can also be configured to produce a short period superdattice {(SPSL) region, on
the doped senuconductor region, with a submicron lateral width substantially the same as
the doped semiconductor region. At 230, the Iattice structure of the short period superlattice
(SPSL) region can be relaxed. In one implementation, an in situ anneal can be performed

after forraing the short period superlattice (SPSL) region to reduce the density of defects.

[6026] At 240, a N-polar sndtiple quantum well (MQW) region can be formed on the
short period superlattice {(SPSL) region opposite the doped semiconductor region. In one
mplementation, the plasma-assisted molecular beam epitaxy (PA-MBE) can be used to
grow a plurality of periods of quantam wells (W) and guantum barriers (3B}, The
quantum wells can mclude quantum dots, disks, arches and or the hike. Inone
vnplementation, plasma-assisted molecular beam epitaxy (PA-MBE) parameters can be
configured to produce the multiple gquantum well (MQW) region with the N-polar
crystalline lattice structure {e.g., 0001). The plasma-assisted molecular beam epitaxy {(PA-
MBE) parameters can also be configured to produce a muitiple guantum well (MQW)
region, on the short peniod superlattice (SPSL) region, with a submicron lateral width
substantially the same as the short period superlatiice (SPSL) region and the doped
semiconductor region. At 250, the lattice structure of the N-polar multiple quantum well
{(MQW) region can be relaxed. In one implementation, an mn situ anoeal can be performed
after forming Nepolar muoltiple guantum well (MOQW) region to reduce the density of
defects.

(68277 At 260, the tunnel junchion region can be formed on the N-polar multiple
quantum well (MOQW) region opposite the short period superlattice (SPSL) region. The
tonnel punction region can be a semiconductor doped with a second type of dopant. In one
implementation, plasma-assisted molecular beam epttaxy (PA-MBE) can be used to grow

an approximately 260 nm group HI-V compound semiconductor having a first dopant type,
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sach a magnesnim {Mg) doped {p-type) GaN layer. In one implementation, plasma-assisted
molecular beam epitaxy (PA-MBE) parameters can be configured to produce the tunnel
junction region with the N-polar crystalline lattice structure {e.g., #001). The plasma-
assisted molecular beam epitaxy (PA-MBE) parameters can also be configured to produce a
tunnel junction region, on the multiple guantum well (MQW) region, with a submicron
lateral width substantially the same as the multiple quantum well (MOQW) region, the short
period superlattice (SPSL) region and the doped semiconducior region. The method of
manufacturing the nanowire can further include a number of other fabrication processes to
not necessary for an understanding of aspects of the present technology, and therefore are

not described herein.

[6628]  Oune or more nanowires can be utilized in micro hight enutiing devices (uLED)
in accordance with aspects of the present technology. Referring now to FIG. 3, a micro
light emitting device (pLED), in accordance with aspects of the present technology, is
shown. The micro light enutting device (uLED) 300 can mehide a plurality of nanowires
104, as described above, fabricated on a substrate 305, There may also be a number of
layers disposed on the sabstrate 303 that are otilized for the fabrication of the plurality of
nanowires 100, For example, there may be one or more nucleation lavers 310 disposed the
substrate that arc configured to promote growth of the nanowires, including by not hiotied
to growth of N-polar doped semiconductor regions 120, short pertod superlattice (SPSL})
regions 110, multiple gquantom well (MOQW) regions 130 and tunnel junction regions 140
There may also be one or more additional layers, not shown, that are configured to reduce
strain, lattice defects and the bike in the doped semiconductor regions 120, short perod
superlattice (SPSL) regions 110, maltiple quantum well (MOQW) regions 130 and tunnel
junction regions 140, There may alse be one or more nanopattern mask layers 315 disposed
the substrate 3035 that are configured to promote sclective area growth of the nanowires 100
on portions of the substrate 305 and or nucleation layer 310, The nanowires 100 of the

micro hight emitting device (WLEDB)Y 300 can be arranged in one or more arrays.

[B028] The micro light enuttmg device (uLED) 300 can also include one or more first
contacts 325-335 that can be disposed on the plurality of nanowires 110 opposite the
substrate 303, In one implementation, a plurality of first contacts 325-335 can be
configured to couple to different clusters of nanowires 100, For example, FIG. 3 ilfustrates

a sigle first contact 325-333 configured to be couple o a cluster of sixteen nanowires 100,
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The device can include one or more sets of clusters of nanowires 100 with corresponding
scparate first contacts 250-350. To one implementation, the one or more first contacts 323~
335 can mclude a first layer 3235 of Nickie (N1}, Gold (Au) and/or Nidu allovs thereof, a
second layer 330 of Indium Tin Oxide (ITO} disposed on the first layer 325 and coupled to
the plurality of nanowires 100, and a third layer 335 of Nickle (N3, Gold (A} and/or NiAu
allovs thercof disposed on the second laver 330, The second layer 330 of 1T can be
configured to permit light to pass out the top of the micro hight emitting device (pLED) 300,
The first and third layers 325, 335 can be configured to make good ohmic contact with the
nanowires 310 through the sccond layer 330, and can mnclude one or more windows to
permit Hght to pass through. The nanowires device 300 can further melude an optically
transmissive layver 340 disposed about the plurality of nanowires 100 between the substrate
3035 and the one or more first contacts 325-335. In one implementation, the optically
transroissive laver 340 can be a polyimide. One or more sccond countacts 345 can be
disposed on the substrate 303 opposite the plurality of nanowires 100, The one or more
second contacts 345 can be electrically coupled to the nanowires 100 through the substrate
305 and the optional one or more nucleation lavers 310 and one or more nanopatiom mask
lavers 315, In one implomentation, the one or more second contacts 343 can wnchade one or
more layers of Titanium (T1), Gold (Au) and/or TiAu alioys thereof. The substrate 305 can
be a heavily n-doped silicon {81} substrate to make a good chmic contact between the
second contact 345 and the plurality of navowires 100. In another implementation one or
more of the first contact layers 325-335 may be retlective, and the substrate 305, optional
one or more miucleation layvers 310, one or more nanopattern mask layers 315 and one or
more second contact lavers 345 can be transmissive to permit light to be fransmitted out the

bottorn of the micro light emutting device (pLED) 300,

(6838 Referring now to FIG, 4, a method of manufacturing a micro light emitiing
device (pLED), in accordance with aspects of the present technology, 1s shown. The
method of fabrication nanowires can include forming a nanopatiern mask on a substrate, at
410, The nanopattern mask fabrication may inclode mitriding the surface of the substrate,
forming a nucleation layer, annealing the nucleation layer, forming an nitial N-polar layer,
and depositing and patterming a mask laver. o one implementation, the surface of a
sapphire {AlzOs) or sthcon {81) substrate can be prepared to promote N-polar growth by a
nitridation process or an alunminam nitnde (AIN} deposition.  After the nitridation step is

completed, the substrate temperature may be lowered, and an N-polar gallium nitride {GalN}
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nucleation layer may be deposited. The nucleation layer serves as an intermediate layer
between the single-crystalline substrate and the following cpitaxial single crystalime
gallium nitride {GaN) layers 1o accommodate n-plane lattice parameter diffcrences existing
between substrate and nitride device layers. Alternatively, no nucleation laver may be
deposited, and the N-polar gallium nitride (GaN) doped senuconductor region may be

deposited directly onto the nitridated sapphire substrate.

{36311 A mask matertal can be applied to the nucleation layer by physical vapor
deposition or chemical vapor deposition techniques. in one implementation, a titanium (1)
layer can be deposited by chemical vapor deposition ({CVD), Direct writing of a
nancpattorn {(&.g., clectron beam lithography, thermal scanning probe lithography,
nanoimprint lithography) or an mdirect method (¢ g, photolithography, extreme oltraviclet
{ithographv) may be emploved. The ciching of the mask maicrial can be realized using
standard microfabrication techniques, such as reactive 1on etching or a ift-off process. For
the selective arca epitaxy of GaN nanopillars, the nanopatters may include circular or
hexagonal openings with a diameter of approximately 50-500 nm and a pitch {c.g., spacing}
ot approximate 100-600. The pitch between holes is large enocugh to provent unwanted
coalescence of the nanopiilars when accounting for lateral growth. The diameter and pitch
of the nanopillars may be designed to promote a photonic erystal effect and the emergence
of narcow emission mades. Under optimal conditions, GaN will grow on the exposed uvtial
N-polar GaN laver, but not on the mask, hence the selectivity of the epitaxy process.
Examples of mask matenals include titanium, to be mitridated to titanivm mitnide, titanium
dioxide, titantum nitride, silicon dioxide, or silicon mitnde. In embodiments, a preferred
mask material is one that has a low sticking cocfficient and high adatom diffusion length,
and can withstand high growth temperatures and remain inert to the exposed chemistries in

a epitaxy chamber.

{38321  At1420, a N-polar doped semiconducior region may be formed by selective
area epitaxy in the openings of the nanopattern mask layer. In one implementation, a N-
polar galliom nitride {GaN} laver doped with a a-tvpe dopant, such as silicon (81}, can be
deposited by plasma-assisted molecular beam epitaxy (PA-MBE). In one implementation,
the N-polar GaN semaiconductor region can be approximately 400-1000 am thick The
doping concentration may be uniform through the thickness of the N-polar n-doped GaN

laver or may exhibit a step-like doping profile with silicon {81} concentration ncreasing in
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the latter part of the n-type conductive GaN layer. In general, growth conditions for Si-
doped N-polar GaN layer is selected to maximize conductivity, 1.¢., the mathematical
product of carrier concentration and electron mobility. The N-polar doped semiconductor
region can be beneficial for the growth of the subsequent N-polar short pertod superiattice
{SPSL) region and or the N-polar multiple quantum well (MOW) region. Muore specifically,
it may promote the meorporation of indium (In} atoms leading to hugher lnN content in the
N-polar short period saperlattice (SPSL) region and or the N-polar multiple quantum well

{(MQOQW) region.

I6033]  Av objective at this stage of the process is to ensure growth of N-polar GaN as
hexagonal or circular pillars over the openings i the nanopattern mask laver. Source
material arriving on top of the masked portions of the wafer is desorb so that no GaN
growth is mitiated on these sections of the water. A further aspect of the growth at this
stage 13 the bending of threading dislocations possibly penetrating from the substrate
towards nano-pillar sarfaces. The II-N N-polar nanopitlars are expected to be free of
structural defects. Growth conditions are selected to favor vertical or axial growth in ¢-
crystallographic direction of N-polar material and it growth laterally on the pitiar

stdewalls to avoid coalescence of the nano-pillars at this early stage of the process.

[G034] At 430, a short pentod superiattice (SPSL) region can be foumed by selective
area epitaxy on the doped semiconductor region opposile the doped semiconductor region.
The short period superiattice (SPSL) region can include a plurality of atomic monolayers.
In one implementation, 4-10 periods of silicon doped indivrn galitam nitride (InGaN} layers
and gallim nitride lavers can be deposited by plasma-assisted molecular beam epitaxy (PA-
MBE). In one implementation, the silicon doped indium gallium mitnde (InGaN) layers of
approximately 8-9 nm thick, and gallium nitride {(GaN) layers of approximately 8-135 nm
thick. The InN composition of the InGaN lavers may range between 16-30%. The InN
compositions may react, up to 20% in a single InGaN layer and up to 40% in InGaN layers
as part of a superlattice stramn relaxation structure. The incorporation of ndinm {In) into
the crystal lattice can be promoted by lowering the growth temperature to between 800
1000 °C. The short period superlattice (SPSL} region may preferably be doped with silicon
{Si), or remamn wndoped. Optionally, the lattice structure of the N-polar short period
superlattice (SPSL) region can be relaxed, at 440, In one implementation, the nanowires

fabricated up to this point can be anucaled to relax the latfice structure,
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10635 At 450, a N-polar multiple guantum well (MQW) region can be formed by
sclective arca epitaxy on the short period superlattice region opposite the doped
semiconductor region. In ope implementation, an mdium gallivm nitride (TnGaN) quantum
well (QW) of approximately @ nm thick can be deposited by plasma-assisted molecular
beam epitaxy (PA-MBE}. A galhium nitride {GaN} quantum barnier (BQ) of approximately
15 nm thick can be deposited by plasma-assisted molecular beam epitaxy (PA-MBE). The
process of formung the gallium nitride (InGaN) quantum well (QW) and galliom nitnide
{GaN) guantum barrier (3B} can be repeated a plurality of times to form between 2-6
periods of interdeaved quantum wells (W) and quantum barriers (QB) mn the N-polar
multiple guantum well (MOQW) region. Optionally, the lattice structure of the N-polar
multiple quantum well (MOQW) region can be relaxed, at 460, In one implementation, the

nanowires as fabricated up to this point can be anncaled to relax the lattice structure.

[B8356] A1 470, a mnel junction region can be formed by selective area epitaxy on the
N-polar multiple guantum well (MQW) region opposite the N-polar short period
saperiattice (SPSL) region. In one unplantation, a N-polar GaN tunnel junction region
approximately 260 nm thick can be deposited by plasma-assisted molecular beam epitaxy
{PA-MBE}. The N-polar GaN tunnel junction region can be doped with p-tyvpe dopant, such
as magnesium (Mg), during epitaxy growth of the n-doped galbium mitride ¢GaN} region. At
480, spaces between the nanowire can be filled with a passivation fill. In one
implementation, aluminum oxide (AlLGs) can be deposited by atomic laver deposition

{ALD) to fill the spaces between the nanowires.

{66377 At 490, one or more contact regions can be formed on the tunnel junction
region. In one implementation, a mckel (MNi) layer a gold (Aw) layer and an indiom tin oxade
{10} layer, are deposited to form a contact on exposed portions of the tannel junction
region. In addition, a reflected contact pad of silver (Ag), tin (T4, aluminum (A}, nickel
(N1} and gold (Au} can also be deposited to facilitated light collection from the back of the
sabstrate. At 493, ong or more contact regions can also be formed on the substrate. In one
unplementation, a layer of tin {T1) and a layer of gold {Au} are deposited to form a contact

on the substrate.

{0638} The nanowires advantagecusly achieve strong red emission (5620 nm} from a
disloeation free N-polar InGaN/GaN multipie quantuny well (MOQW) region underlaid with a

InGaN/GaN short period superlatiice (SPSL) region to reduce strain and meorporate more
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ndim {in) 1o the N-polar [nGaN/GaN multiple quantum well (MQW) region. The
resulting submicron scale devices show red electroluminescence dominantly from the N-
polar InGaMN/GaN multiple quantum well (MQW) region at low to moderate current.
Example mnplementations can advantageously achieve a peak external quantum efficiency
(EQE) of approximately 2.2% and a wall-plug efficiency {WPE} of approximately 1.7%.
These arc among the highest values reported for submicron scale red light emitting devices.
Aspects of the present technology therefore advantageously provide a new path to overcome
the conventional efficiency bottleneck of red light emithing micro bght emitting devices
{(rLED) for a broad range of applications, including but not bimited to mobile displays,
wearable electronics, biomedical sensing, ultrahigh speed optical interconnects, and

virtual/augmented reality devices.

[B839) Referring now to FIGS. 5A-5C, semiconductor crvstalline structures are
shown. FIG. 3A illustrates a hexagonal vt cell. FIG. 3B, illustrates a Ga-polar atomic
structure. In the Ga-polar atomic structure, gallium (Ga) atoms terminate the galiium nitnde
(GaN) semiconductor crystalline structure along the surface. FIG. 5C illustrates a N-polar
atonic structure. In the N-polar atomsic structure, nitrogen (N} atoms terminate the gallium

pitride (GalN) semiconductor crysiathine structure along the surface.

[G046] Referring now to FIGS. 64, an exemplary scanming eleciron mucroscope
{(5EM) image of nanowires, in accordance with aspects of the present technology, 1s shown.
The nanowire image exhibits a wniform morphology and good selectivity. It 15 seen that
such nanowire orystals, with precisely controlied diameter, spacing, polarity and surface
morphology, show striking contrasts with previously reported nanowire structurcs by
chemical vapor deposition, or by spontancous formation. The nanowires shown in this
image have diameters of approximately 200 nm, with a pitch of approximately 280 nm.
Such nanowire crvstals are typically free of dislocations, due to the efficient strain
relaxation. In one embodiment, optical properties of a strain engineered N-polar In{GaN
nanowire heterostructure were examined in detail. Referring now to FIG. 6B a graph of
exemplary stacked photoluminescence {(PL) spectra of the nanowire samples containing
only the InGaN/GaN SPSL, only the foGaN dot active region, and both combined, in
accordance with aspects of the present technology, are shown. For a nanowire sample with
the incorporation of only InGaN/GaN SPSL, a distinct emission peaking in the green

spectrom is measured 610, as shown in FIG. 6B. On the other hand, for nanowire samples
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with the incorporation of only InGaN dots, the emission 1s largely limited to the yellow-
orange wavelength range 620, The presence of multiple peaks is duc to the optical
interference associated with the underlying GaN/sapphire substrate. In one embodiment,
extensive growth optinization of the InGaN dot active region is performed and a significant
reduction of the photoluminescence intensity from the InGaN dots is observed when the
cmission peak is shifted 1o the red spectrum {e.g., >620 nm} by further increasing mdium
meorporation, which is due 1o the sigmficantly enhanced defect formation in an such
indnum-rich active region. However, by growing the InGaN dots above the SPSL, a distinct
red shift m the emission peak from the dot to 630 nm without any significant degradation of
the photoluminescence emission 630 1s realized. The presence of a strain enginecred
InGaN/GaN S5PSL can effectively promote strain relaxation within the InGaN dots and
enhance indium incorporation, thereby leading to longer wavelength (red) emission. As
described previously, these samples were grown with the m-~situ anncaling steps, which
enhances the mtensity of the emission from N-polar InGalN/GaN nanowires. It is of note
that the red photoluminescence enussion intensity of the InGaN dots 1s comparable to that
of the green emission from the SPSL, further confirming the effectiveness of such a strain
engineered approach in achicving efficient red emission. The radiative recombination of
charge carriers for the plLED device under electrical injection will primanly occur in the
red-emitting InGaN dot active region, rather thao the grecn-emitting SPSL, due to the low

hole mobiity and the built-in fields, to be described next.

{3841} The device structure in accordance with aspects of the present technology was
simulated using Silvaco Atlas with standard paramcters. o one exemplary implementation,
the presence of surface recombination was not considered, and the InGaN layers withio the
superlattice and the active region was assumed to be 25% of the theoretical values,
considering the effects of the thick layers and polarization ficld screening. The exemplary
stmiated J-V charactenstics are shown 1 FIG. 7A. The relatively high tome-on voltage is
due to the use of a relatively thick active region and the relatively low doping assumed in
the superlatiice lavers. The band diagrams at equalibrivem, at a low injection current of
approximaiely 0.1 A/em?2 and a moderate injection current of approximately 10 A/em?2 are
calculated and plotted in FIG. 7B, These diagrams show a small barrier to hole injection
into the first dot from the p-GaN laver at equilibriom, while at low injection this barrier
almost disappears. At higher injections 1t is possible to inject holes into the superlattice

laver as well, resuiting 1o lominescence emission from that laver. The relative ratio of
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radiative recombination within the InGaN dot active region and the superlattice is further
stmulated and plotted 1 FIG. 7C. At lower injection currents the emission is confined to
the InGaN dot active region, with almost all the enuission origmating in the active region.
As the corrent increases, the emission from the saperlattice layers starts to increase, and it
becomes non-negligible for currents at and above approximately 3 A/em2. 1 is also of note
that high cfficiency N-polar nanowirc-based LEDs show a peak in EQE at relatively low
injection currents {e.g., <l Alem2), which also corresponds to the regime where emission
primarily from the red-emitting InGaN dot active region 13 observed. For applications mn the
emerging virtual reality, high efficiency, vltralow power, and ultrasmall size LEDs are
essentially required. In this regard, the presented design 1 well suited for such applications,
Moreover, the design of the InGaN SPSL and dot active region can be further optimnized to

achieve predominantly red emission at even higher current densities.

{38421  In one embodiment, to fabricate nanowire ulLED devices, the gaps in between
the wires were filled vsing atomic layer deposition {ALD} of aluminum oxide Al:(:. The
aluminum oxide AbO; on the top of the nanowires was carefully etched using RiE to
expose the top p-GaN laver of the nanowires. This was followed by a plasrea enhanced
chenucal vapor deposition (PECVD) of sthieon oxide $1(0 to act as the msulation layer, into
which submicron vias were defined by projection lithography. The injection window had a
diameter of approximately 0.8 pym, defiming the area of the pLED. The silicon oxide 8102
in these openings was eiched, using RIE, unti] the nanowires were visible. An SEM image
of one such etched device opening, having nanowires with diameter of approximate 125 nm
and spacing of approximately 240 o, is shown in the mset of FIG. 4A in accordance with
one embodiment. Tin and Gold Ti/Aun metal contacts were then deposited for then-contact,
while Ni/AW/TO was deposited for the p-contact. The devices were then anncaled ma
forming gas ambient. Finally, a reflective Ag/TVAVNY Au contact pad was deposited over
the devices to facilitate light collection from the back of the wafer.

{38437 Referring now to FIG. 8A, a graph of exemplary J-V characteristics of 2
fabricated device, in accordance with aspects of the present technology, is shown, The
device was fabricated having a nanowire diameter of approxuuately 175 nm and a prich of
approximately 360 nm. The device shows negligible leakage current under reverse bias,
with excellent rectification. In forward bias, the device shows a turn-on at approximately 3

volts {V}. To measure the output power of the device, it was placed directly on a Newport
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918D-ST-LUV detector and collected the power on-wafer, from the back of the sapphire
substrate. The L-{ characteristics of the device are shown in FIG 88, 1t 15 scen that the
output power increases with injection current. However, a noticeable change of the siope s
observed around 5 A/em?’, which corresponds approximately to the transition from
dominantly red emission to green emission {to be described next), in good agroement with
the simulation shown 1 FIG. 7C. The corresponding external quantum efficiency (EQE)
and wall-plug efficiency (WPE) plots for the device are shown in FIG. 8C. A peak EQE of
approsimaicly 2.2% and WPE of approximately 1.7% were achieved at a corrent density of
~(.4 Alem®. This is a higher EQE than typical conventional attempts at a red emitting >
620 nm} pLED with lateral dimensions on the order of 1 um, or less. It is also noticed that
there is a significant efficiency droop, which can be minimized by further optimizing the
design and by incorporating an AlGaN electron blocking laver. The insert in FIG. 4A
shows a SEM image of a uLED device ingection opening that has been etched into the

stlicon oxide {5102) msulation layer.

10644} The vanation of the electrohimimescence with injection current can also be
examuned. Referring now to FIG. YA, a graph plot of an excraplary clectroluminescence
spectra for a device measured at different mjection currents, in accordance with aspects of
the present technology, is shown. At fow injection currents of around 1 A/om® and less, the
cmission peaks at approximately 630 oo, putting it in the red region of the visible spectrum.
However, as the injection current increases, the emission at approximately 570 nm starts to
domimate the spectnim, making the emission appear more orange/amber. The peak at
approximately 370 nm is related to parasitic emission from the SPSL in this sampie,
whereas the longer wavelength cmission at approximately 630 nm originates from the
InGGaN dot active region. When the mjection current is increased even further, as shown in
FI(z. 9B, the SPSL emission becomes the primary peak, making the device emission appear
vellow. The emission from the dots appears as a shoulder at approximately 620 nm at high
mjection currents, and the posttion of this emission does not show much change with
injection current. This is likely dae to the efficient strain relaxation in the active region
induced by the growth of the SPSL. The reduced strain in the active region minimizes the

effect of the QCSE, allowing for stable emission.

{0845}  In one embodiment, the ase of thick InGaN and superdattice structures

underlving an In{zaN-based active region has been demonstrated to release sirain within the
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active region, resulting in red-shifted emission wavelengths for conventional quantum well
LEDs. In one exeraplary vnplementation, within planar LED heterostructures, a relatively
thick buffer or superlattice laver is utilized in order to effectively relax strain, and the
relative mismaich between the lavers needs to be mimimized to prevent the generation of
extensive defects, thereby preventing the realization of efficient red LEDs. In one
embodiment, for planar structures, the use of thermal anncaling effectively relaxes InGaN
buffer lavers, however the surface morphology was characterized by large pits. As such, n
one excrplary implementation red LEDs demonstrated osing these processes show very
low efficiencies. In one exemplary yoplementation, these issues can be fundamentally
addressed in nanowires, allowing for extremely effective stram relaxation even with a thin
superlattice stack, making it much easier to attain red emission. In one embodiment this
technique relics only on epitaxy, avoiding regrowth and extra processing steps that can be
difficult to control in other methods, such as making the substrate porous. It also retains the
advantages of nanowire processing, namely the avoidance of a mesa etch step durmg the
fabrication of uLEDs. These factors have contributed to the demonstration of a red-

emitting submicron scale LED with an external quantum efficiency >2%, for the first time.

[6046]  In one embodiment, an [nGaN/GaN SPSL is meorporated 1nfo a red-emiiting
N-polar nanowire heterostructure, to achieve red emission. With this unigue design,
submicron scale LEDs with emission at approximately 630 nm, and a peak EQE of 2.2% for
an unpackaged device 13 demonstrated. In one exemplary implementation, the
clectrolaminescence of the devices shows a neghigible change in the emission wavelength of
the fn{zaN active region peak with increasing mjection current, because of the efficient
strain relaxation m the active region which indubits QCSE. The tssues of spectral purity and
extraneous emissions at higher currents can be mimimized through improvements in the
design of the LED heterostructure devices, which can effectively himit recombination to the
active region. This shows the promise of the nanowire-based approach for high cfficiency
ulLEDs.

106477 In one embodiment, Hight emitting device can emit photons ( ¢.g., light,
radiation, ¢tc.). In one exemplary implementation, light enitting device omuts light. Inone
embodiment, the p doped laver, mtermediate active region, and n doped region are

configured to emit bght. Light can be emitted in the eltra violet range.  Light can be emutted
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in a wavelength of approximately 210 om to 260 nm. Light can be coutted with a

wavelength of approxamately 255 nm, plus or minus 5 nanometers.

[6048] The Ne-polar growth of GaN, InGaN, and the hke, results in a nanowire having
a flat planar surface. The flat planar surface is more conducive to nmdti-quantum well
structures that have less leakage current, are betier defined, and reduced edge and/or middle
cttects. The growth of N-polar semiconductors 1s impacted by the choice of substrate and
its surface conditions, mmiial nitridation of the substrate to form a nitrogen-rich surface, the
use of a suitable nucleation or buffer laver, the avoidance of inversion domain defects at the
wutial stage of growth, and the mamntenance of the N-polar GalN or InGGaN growth

orientation as the layver is deposited.

[304%]  Referring now to FIG, 10, a method of manufacturing a micro light eoutiing
device {pL.ED), in accordance with aspects of the present technology, 1s shown. The
method of fabrication nanowires can mclude forming a nanopatiern mask on a substrate, at
1010, The nanopattern mask fabrication may include nitriding the surface of the substrate,
forming a nucleation layer, annealing the nucleation layer, fonming an intial N-polar lavers,
and depositing and patterning a mask laver. In one implementation, the surface of a
sapphire {Al:Gs) or silicon {51} substrate can be prepared to promote N-polar growth by a
nitridation process. The nucleation laver serves as an mtcomediaie layer between the single-
crystatline substrate and the following epitaxial single crystalline galhium nitride {(GalN}
layers to accommodate in-plane lattice parameter differences existing between substrate and
nitride device layers. Alternatively, no nucleation layer may be deposited, and the N-polar
sallium nitnide (GaM) doped semiconductor region may be deposited directly onto the

nitridaied sapphire substrate.

[GO5G] A mask matenal, such as titandum, can be applied to the nucleation layer by
phvsical vapor deposition or chemical vapor deposition technigues. Direct writing of a
nanopattern {¢.g., electron beam lithography, thermal scanning probe lithography,
nanoimpnant lithography) or an indirect method (¢ 2., photolithography, extreme ultraviolet
lithography) may be emploved. The ciching of the mask material can be realized usmg
standard microfabnication technigues, such as reactive 1on etching or a lift-off process. For
the selective area epitaxy of GaN nanopillars, the nanopattern may inchude circular or
hexagonal openings with a diameter of approximately 50-500 nm and a pitch {e.g., spacing)

of approximate 100-600. The pitch between holes is large enough to prevent unwanted
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coalescence of the nanopiilars when accounting for lateral growth. The diameter and pitch
ot the nanopillars may be designed to promote a photonic crystal effect and the emergence
of narrow emission modes. Under optimal conditions, GaMN will grow on the exposed inifial
Nepolar GaN layer, but not on the mask, hence the selectivity of the epitaxy process.
Examples of mask materials include titanium, to be nitridated to titanium sitride, titanium
dioxide, titanium niinide, silicon dioxide, or silicon nitride. In embodiments, a preferred
mask material is one that has a low sticking coefficient and high adatom diffusion length,
and can withstand high growth temperatures and remain inert to the exposed chemistries

a epitaxy chamber.

{0851} At 1020, a N-polar doped semiconductor region may be formed by selective
area epitaxy 1o the openings of the nanopattern mask laver. In one implementation, a N-
polar GaN semiconductor region can be of approximately 400-1000 nm thick depostied by
plasma-assisted molecular beam epitaxy (FA-MBE). The N-polar GaN semiconducior laver
can be doped with n-tvpe dopant, such as silicon (S1}, during epitaxy growth. The doping
concentration may be uniform through the thickness of the N-polar n-doped GaN layer or
may exhibit a step-like doping profile with silicon (St} concentration increasing in the latter
part of the n-type conductive GaN layer. In general, growth condifions for Si-doped N-
polar GaN layer is selected to maximize conductivity, .., the mathematical product of
carrier concentration and electron mobihity. The N-polar doped semiconductor region can
be benehicial for the growth of the subsequent N-polar short perod superlattice (SPSL)
region and or the N-polar multiple quantum well (MQW) region. More specifically, it may
promote the incorporation of mdium (In) atoms leading to higher InN content 1o the N-polar
shott period superlattice (SPSL) region and or the N-polar multiple quantume well (MQW)

region.

[G052]  Anobjective at this stage of the process 1s to ensure growth of N-polar GaN as
hexagonal or circular pillars over the openings m the nanopattern mask layer. Source
material arriving on top of the masked portions of the wafer 1s desorb so that no GaN
growth i initiated on these sections of the wafer. A further aspect of the growth at this
stage 1s the bending of threading dislocations possibly penctrating from the substrate
{owards nano-pillar surfaces. The HI-N N-polar nanopillars are expected to be free of

structaral defocts. Growth conditions are selected to favor vertical or axial growth 1o ¢-
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crystallographic direction of N-polar material and himit growth laterally on the piliar

stdewalls to avoid coalescence of the nano-pillars at this early stage of the process.

{08531 At 1030, a short period superlattice (SPSL) region can be formed by selective
area epitaxy on the doped semiconductor region opposite the doped semiconductor region.
The short period superlatiice (SPSL) region can include a plurality of atomic monolayers.
In one mplementation, 4~10 penods of silicon doped mmdium gallium nitride {InGaMN) layers
and gallngm nitride layers. The silicon doped mdiom gallium mitnde (nGaN) layers of
approximately -9 nm thick, and gallivm nitride (GaN)} lavers of approximately 8-15 nm
thick, can be depostted by plasma-assisied molecular beam epitaxy (PA-MBE). The loN
composition of the InGaN lavers may range between 16-30%. The InN compositions may
react, up 1o 20% in a single InGaN layer and up to 40% in InGaN layers as part of a
superlattice strain relaxation structure. The mcorporation of ndivm (In) into the crystal
lattice 1s promoted by lowering the growth temperature to between 800-1000 °C. The shont
period superlattice (SPSL) region may preferably doped with silicon (51}, or remain
undoped. Optionally, the latiice structure of the N-polar short period superlattice (SPSL)
region can be relaxed, at 1040, In one tnplementation, the nanowires fabricated up to this

point can be annealed to relax the lathice structure,

[B654] At 1030, a N-polar multiple quantum well (MQW) region can be formed by
selective arga epitaxy on the short period superlattice region opposite the doped
semiconductor region. b one mplementation, an indiom gallium nitride (InGaN) quantum
well {(3W) approximately @ nm thick can be deposited by plasma-assisted molecular beam
epitaxy (PA-MBE). A gallm nitnde (GaN) quantum barrier (BQ) approxamately 15 nm
thick can be deposited by plasma-assisted molecular beam epitaxy (PA-MBE}. The process
of formung the gallium mitnde (InGalN} quantum well (QW) and galbiom mitride ¢GalN}
quantum barner (QB) can be repeated a pluralty of times to form between 2-6 periods of
nterleaved guantum wells {QW} and quantum barners (B} in the N-polar multiple
quantum well (MW} region. Optionally, the lattice stracture of the N-polar meltiple
quantum well (MOW) region can be relaxed, at 1060, In one mplementation, the

nanowires as fabricated up to this pomt can be anncaled to relax the lattice structure.

[0885] At 1070, a magnesium nich tunnel junction region can be formed by selective
area epitaxy on the N-polar muftiple quantum well (MQW)} region opposite the N-polar

short period superlattice (SPSL) region. In one implantation, a N-polar GaN tunnel junction
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region approximately 260 nm thick can be deposited by plasma-assisted molecular beam
epitaxy (PA-MBE)}. The N-polar GaN tunnel junction region can be doped with p-type
dopant, such as magnesium (Mg), during epitaxy growth of the n-doped gallium nitride

{GaN) region.

[B036] At 1080, spaces between the nanowire can be filled with a passivation fill. Tn
one mmplementation, aluminom oxade {Al:(07) can be depostted by atomic layer deposition

{ALD) to fill the spaces between the nanowires.

(68877 At 1090, one or more contact regions can be formed on the tunnel junction
region. In one implementation, a mickel (Ni} layer, a gold {Au} laver and an mdium tin
oxide (ITO)} layer, are deposited to form a contact on exposed portions of the tunnel
Junction region. In addition, a reflected countact pad of silver {Ag), tin (11}, aluminum {Al},
nickel (N1} and gold {(Au) can also be deposited to facilitated hight collection from the back
of the substrate. At 1095, one or more contact regions can also be formed on the substrate.
In one implementation, a layer of tin {11} and a layer of gold (Au) are depositad to form a

contact on the substrate.

[6858] Inthe conventional ari, the achievement of ¢fficient p-type doping of GaN,
using Mg as an acceptor, in the carly 1990s by Nakamura et al was a fundamental picce of
the puzzie that led to a revolution in lighting and display technologies that 1s going on even
today. However, while highly efficient blue and white light sources with large areas are
avadable, traditionally the efficiency of small-area devices and devices with ultraviolet or
long wavelength cmission remain quite low. The relatively inefficient conventional p-tvpe
doping of GaN has been attributed as a major factor for the low efficiency, being himited by
the high Mg acceptor ionization encrgy, low Mg solubility, and the tendency to form
compensating defects. The low free holes m these matenials of traditional approaches can
also increase the effects of eloctron leakage from the active region, causing an unwanted
emission peak and reducing efficiency, especially at higher injection currents. This problem
s made even worse in the case of conventional top-down micro light emitting devices
(rLED) where a plasma cich 1s typically used to define the device injection mesa. This
etching process results m severe surface damage along the sidewalls of the mesa, which
leads to increased non-~radiative and surface recombimation. The leakage current i micro
light enutting devices (uLED) depends critically on the surface states formed due to the

plasma etching process, as they provide centers for Shocklev-Read-Hall (SRH) non-
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radiative recombination. The larger capture cross-section of holes at these sites makes them
more likely to be trapped at the sidewalls defects, reducing thetr concentration in the active
region of devices. Top-down fabricated micro light emitting devices {uL.ED) also show a
higher carrent density, at similar voltages, compared to conventional broad arca devices,
albett with sigmificantly reduced efficiency and cutput power density, While the output
power density depends on factors such as light extraction, which is expected to be higher for
smaller area hight enutiing device, the higher current density has been attributed to the
increased leakage current, as wel as reduced resistances due to the smaller vohume of the
devices. Traditionally, the compensating offect of dry ciching on p-tvpe GaN, whereby the
etched surfaces show higher contact resistance and lower hole conductivities due {o the

formation of shallow dopants at and near the surface.

[B859] Nanostructures have been shown to improve the p-type doping of the -
nitrides, by enabling defect-free and strain-relaxed crystals. The bottom-up growth process
i3 compatible with fabrication techniques where the device active region 1s not directly
exposed to plasma, so the impact of surface recombination can be greatly reduced. The
formation of a core-shell structure spontancously during growth can further reduce the
contribution of recombination at the sidewalls. In one embodiment, Mg-dopmg of InN,
GaN and AIN nanowires grown by plasma-assisted molecular beam epitaxy (MBE) show a
significantly reduced formation encrgy for substitutional Mg dopant incorporation due to
the reduced strain distribution, resulting i a higher Mg concentration and reduced
compensating defect formation compared to conventional epilaver structures. The -
nitride nanostractures can also be grown in the N-polar orientation, wherein the polarization
ficlds are reversed as compared to the typically used metal-polar orientation. The use of N-
polar structures has been shown 1o be beneticial for mitigating the efficicney droop.
However, previous work has suggested that the Mg doping of N-polar GaN is quite
difficult, requiring sigmificantly greater dopant supply during epttaxy to get a similar Mg
concentration. In addition, the incorporation of compensating impurities, such as oxygen, 18
enhanced for N-polar GaN, which further reduces the free hole concentration. The
fabrication of nanostructure-based devices i3 also quite challenging due to the non-planar
nature of the surface, making 1t difficult to reliably obtain high performance devices. As
such, there have been no systematic studies on the effect of Mg doping on the performance
of nanowire micro hght emitting devices {(pLED}, especially those operating at long

wavelengths,
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13068]  Aspects of the present technology achicve high cfficiency submicron scale red
light emitting devices. In one embodiment, the devices melude N-polar InGalN/GaN
nanowire arrays. I one exemplary implementation, the effect of Mg flux 1s utilized,
wherein magnesium Mg is meorporated within the p-GaN laver in N-polar red emitting
nanostructure nucro light emitting devices (pLED). A pronounced change in dovice
characteristics with inereasing Mg flux can be observed, secing a decrease in leakage
current and a significant merease 1o efficiency. In one embodiment, at the highest Mg flux
used, a peak external guantam efficiency of approximately 8.3% can be measured fora
nucro hight emitiing device (pl.EDhaving an area approximate 750 nm x 750 nm, which is
the lighest value reported for a red-emitting LED with lateral dimensions around 1 um, or
less. In one exemplary implementation, surface recombination is not the only challenge in
fabricating micro light enutting devices (uLED); the p-doping of the GaN contact laver is

also crucial for the development of high-efficiency devices.

{38617  In one embodiment, nanostracture devices arg grown using selective area
growth (SAG) on N-polar GaN-on-sapphire substrates, as has been desceribed provicusly,
Firstly, an approximate 500 nim thick Si-doped GaN laver 1s grown at a high substrate
temperature of approximately 960 “C to prevent unwanted growth of GaN on the Ti mask.
Then, the temperature 18 reduced to for the growth of an InGaN/GaN short period
superlattice (SPSL) including four penods of approximately 8 nm {nGGaN and approxuoately
8 nm GaN. The SP5L has been previously demonstrated to efficiently relax stram within
the nGaN layers and help to more casily attain red emission. Subsequoently, the growth
temperature is further reduced for the growth of the InGaN active region, including a thick
InGaN scgment having approximately 15 om thickness. After growing a approximately 30
nm undoped GaN buffer layer at low temperature, the substrate temperature 1s then
mcreased for the growth of the p-GalN layer. In one embodiment, the Mg acceptor beam
flux monttor (BFM} pressure is varied for different samples grown under otherwise
identical conditions. Referring to them as Samples A and B, the Mg flux used in the p-
doped laver is approximately 5 x 107 Torr and approximate 5 x 107 Torr, respectively. For
reference, a GaN epilayer grown with a similar growth rate and Mg flux of 5 x 10 Torr had
an Mz atom concentration of approximately 1020 cm™, as measured by secondary ion mass

spectroscopy {(SIMS).
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10662}  In one embodiment, the grown N-polar nanowires show a flat top surface and
smooth sidewalls, shown in the scanning clectron microscope (SEM) image in FIG. 114,
confirming the N-polar crysial onentation. There 15 hittle lateral growth of the nanowires,
even with the high Mg flux, unlike 1n Ga-polar p-GaN, where too much Mg leads to
broadeuning of the nanowires and degradation in morphology. In one exemplary
implementation, a 405 nm laser 15 used, focused to a spot approximately 30 um in diameter,
1o optically excite different nanowire structures. The photolumunescence (PL} spectrum of
representative nanostructure arrays containing only the InGaN/GaN SPSL 1s shown i FIG.
1B i accordance with one embodiment, with donunant emission in the green wavelengths.
With the mncorporation of an additional InGaN segment, strong red emission can be clearly
observed, shown in FIG. 11B i accordance with one embodiment. The multiple peaks sgen
in the PL spectra are a contribution of the relative mhomogenetty of mndiom {In) distribution
in the active region, as well as the presence of Fabry-Perot modes. While the position of the
superlattice peak remains relatively invariant, the red emussion at approximately 640 nm
becomes noticeably stronger when the InGaN dot 1s grown. This emphasizes the
uaportance of the SPSL in attaining long-wavelength emission, through the relaxation of

stram.

{08631 In one embodiment, micro light emitting devices (ULED) A and B are
fabricated on the grown nanowire saroples. To fabricate the devices 1n the nanowite arravs,
atomic laver deposition (ALD} is used to coat the nanowires with approximately 65 nm of
aluminum oxide (AhGs). In one embodiment, the use of ALD for passivation helps recover
surface damage after plasma etching, and although this step 1s not needed for bottom-up
nanostructures, the gap n between thern can be effectively filled using insulating films
deposiied with ALD, blocking electrical short paths. A fluorine-based reactive 1on etch
{RIE) recipe can be used to etch the alummum oxide (A1203) from the top of the wires,
unti the top p-GalN laver is revealed. Plasma enhanced chemical vapor deposition
(PECVD) 15 then used to deposit an approsumately 300 nm thick silicon oxide (51(h} layer
over the nanowires. Following that, sub-micron vias with areas approsimaiely 750 nm x
750 nm are defined using lithography and the insulator in the opened njection windows is
ciched again using reactive ion ctching (RIE}. Provicus work has shown that the
penetration depth of 1ons by etching is ot the order of approximately 10-100 mm, depending
on the plasma conditions. Therefore, it is expected that the compensation of the p-GaN

mduced by dry ctching will be significant. Metal contacts are then deposited where a Ti/Au
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(20 am/100 nm) stack is used as then contact and a NVAw/ITO (5 am/S amy/200 am) stack is
deposited as the p-contact. In one embodiment, contact annealing 1s done 450 °C for |
niimute 1n a forming gas ambient. Finally, a reflective metal contact including Ag/Tv ANy

Ay (160 nm/20 v/ 100 nm/20 nm/50 nm} 15 deposited over the device injection windows to

h

maxinize light extraction from the bottom sapphire surface.

[3864] In one embodiment, the fabricated devices are characterized by measunng
exemplary IV curves, shown in FIG. 12A. Device B shows a higher forward carrent and
reverse current as compared to Device A, The output power from the device can be
measured through the sapphire substraie using a calibrated Newport STOI8D-S§T-UVY

10 detector placed under the sample, which 1s mounted on the detector using index-matching
fluid. Plotted in Fi{s. 128 are exemplary L-f charactenstics for device A and B, where a
groat inerease in output power is measured at similar current densitics for the device with
the higher Mg doping. These results indicate that the higher Mg doping results in a lower
forward leakage current and simultancousty increased cutput power at similar voltages. As

15 mentioned previousty, the plasma etching processes typically used for defining device
mesas resulf in damage to the crystal along the mesa sidewalls, which can coniribute to a
lcakage current that greatly diminishes device performance. This is shown through poorer
efficiencies and higher currents in devices with smaller areas. Although in one
embodiment, the active region is protecied from plasma damage, the top surface of the

20 nanowires will inevitably be etched by 1t. The higher current measured for Device B is
expected due o the greater timpact of compensanion induced by the plasma ctching, becaase
the Mg incorporation is already low. As the hole injection to the active region in this device
1s tower than Dievice A, the compensated shallow donors can contribute to the formation of
paraile] resistance paths, which have a greater contnibution to the device carrent at low

25 voltages, close to the turn-on voltage. The etching process also creates deep traps within the
{avers that can enhance tunnching leakage current. Previous work on red-cnutting micro
hight enuiting devices (WL ED) has demonstrated, through detailed temperature dependent
measurements, that the transport and recombination of carriers through trap states plays an
unportant role on device performance. The excess current drawn through the leakage paths

30 also coutributes to the shightly carhier tum-on voltage for Device B as compared to Device
A, Therefore, while surface recombination can be eftectively mimmuzed using this boitom-
up approach, in one embodiment the degradation of the p-type laver is ancther major cause

of concem for achieving efficient micro light emitting devices {(pLED).

28



[\

3

WO 2024/035969 PCT/US2023/030176

h

N

0

[3665]  In onc embodiment, measured exemplary EQE and WPE for the devices at
different injection currents are plotied in FIG. 13A and 13B, respectively. The peak of the
EQE increases and shifts to lower currents with mcreasmg Mg flux. With the high Mg
meorporation in Device A, a maximum EQE of approximately 8.3% at a current density of
approximately | A/cm? is measured. The higher efficiency. and lower current density
corresponding to the efficiency peak 1 Device A is a consequence of the improved hole
injection into the device active region and reduced current leakage. Also, both devices
show their peak efficiency at relatively low mjection currents, with a sharp efficiency droop,
consistent with low SEH recombination. This mndicates that while the mmjection of carriers
may be compromised in Device B with a lower Mg doping, both devices still have low
surface recombination. Devices A and B also exhibit a strong efficiency droop when
current is increased, likely due to the effects of carrier transport and recombination in
different sections of the active region in the nanowires, which arc a result of the complex

geometry and concentration profiles within them.

10666} Referring now to FIG. 14, an exemplary normalized electroluminescence (EL)
spectra for Device A at injection currents from approximately 0.5 A/cm? up to 14 Alem?, in
accordance with aspects of the present technology. At the current approximately 0.5 Alem?,
the spectrum exhibits an emission peak of approximately 650 nm. An optical microscope
1mage of the device under operation is inchuded 1o the inset of the figure, showing bright red
emission even for a sub micrometer scale device. From the spectra measured at higher
injection currents, it is seen that the emission remais red, with emission peak longer than
600 nm up to a current density around 10 A/em®. This makes them well-saited for red
nucro hight enitiing device (BL.ED)} applications, which typically require low current
densities of approximately 1-10 A/em®. The current density corresponding to the peak of
the measured EQE 1s similar to the currgnt at which there is a blueshift in the emission peak,
suggesting that there i1s a difference in the nature of radiative recombination at higher
mjection. This might be related to the complex geometry and doping profiles in nanowire
devices. The strong biue-shift at higher mjection currents is likely a combination of the
quantum-confined Stark effect, as well as from the increased contribution of the SPSL in

device emission.

[6067] In one embodiment, the effect of Mg doping on the performance of red-

emitting N-polar bottom-up micro light emitiing device (WLED) is analyzed. By varving
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the Mg incorporation over an order of magnitude, a marked differcnce in the I-V curves and
efficiency from the devices 1s demonstrated. In one exemplary implementation, this
indicates that the primary limiting factor responsible for the efficiency chiff of micro light
emitting devices (uULED) 1s a combination of both surface recombination current and poor
p-type conduction due to eich-induced defects and damage. In one embodiment, the
preserded novel bottom-up systons and methods approach demonstrate the damage caused
to the active region sidewalls can be circumvented, however the p-GaN layer s stilf strongly
affected by compensation, leading to current leakage. In one embodiment, such a enitical
challenge 1s efficiently and effectively addressed by significantly increasing Mg-dopant
mncorporation n the pGaN contact laver. While such an approach/ scheme can, i principle,
be applied to micro light emitting devices (pLED} tn general, the use of nanostructures
offers several critical advantages, including significantly enhanced Mg dopant incorporation
due to the efficient strain relaxation and the use of N-rich epitaxy conditions to suppress the
formation of Nvacancy related defocts. In one embodiment, through optimization of the Mg
doping within the nanowires, the deletericus effect of the plasma damage on the contact can
be diminished, resulting in an increase i device efficiency by over an order of magnitude,
as compared to a device with low Mg doping. fn one exemplary implementation the high
peak HQE measured for the highly doped device 1s plotted in FIG. 13, along with measure
values for red-emitting fnGaN LEDs having different active region injection arcas. The
heavy Mg doping of the optimized device enabled record cfficiencics from red-cmitting
submicron LEDs having an emission wavelength at approximately 650 nm, with a peak
EQH and WPE of approximately 8.3% and 4.6%, respectively. This work highlights the
critical importance of improving carnier imjection for realizing efficient micro light emitting
devices (ul.ED)} and presents a novel approach of doing so by increasing the acceptor

dopant incorporation.

[6068] The foregoing descriptions of specific embodiments of the present technology
have been presented for purposes of tllustration and deseniption. They are not intended to
be exhaustive or to limit the present technology to the precise forms disclosed, and
obvicusly many modifications and variations are possible in light of the above teaching.
The embodiments were chosen and described 1n order to best explain the principles of the
present technology and its practical application, to thereby enable others skilled m the art to

best atilize the present technology and various embodiments with various modifications as

31



WO 2024/035969 PCT/US2023/030176

are suited to the particular use contemaplated. It is mtended that the scope of the invention

be defined by the claims appended hereto and their equivalents.



WO 2024/035969 PCT/US2023/030176

CLAIMS

What is claimed is:

1. A light cretiting dovice comprising:
a short period superlattice {(SPSL) region: and
5 a multiple quantum well (MOW) region disposed on the short period superiattice

{SPSL) region.

2. The light emtting device of Claim 1, wherein the short period superlaitice {(SPSL)

region reduces crystalline lattice strain in the multiple guantum well (MW} region.

-~

3. The hght enmithing device of Claim 1, wherein the light emitting device emits red

10 Light

4. The light enutting device of Claim 1, wherein the multiple quantom well {M{QW)

region comprises a N-polar multiple quantum well (MQW) region.

5 A light coutting device including one or more nanowires, each nanowire
comprising:
15 a semiconductor region having a first doping type;
a short period superlattice {(SPSL) region disposed on the semiconductor region
having the first doping tvpe;
a N-polar multiple quantam well (MGQW) region disposed on the short period
superlattice {SPSL} region opposite the semiconductor region having the first doping type;
20 and
a tunnel junction region having a second doping type disposed on the N-polar

muitiple quantum well {MQW) region opposite the short period superlathice (SPSL} region.

6. The hight emitting device of Claim 3, wherein a width of cach nanowire 1s less

than one micrometer.

25 7. The light emitting device of Claim 6, wherein a pitch between nanowires is less

than one muicrometer.
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8. The light enitting device of Claim 5, wherein:
the semiconductor region having the first dopiag type comprises a silicon (51}
doped gallium mitnde {GaN) region;

the short period superlattice (SPSL} region comprises inferleaved atomic

h

monclayers of m indium gallium nitride (InGaN} layers and o gallium nitride (GaN) fayers;
and

the N-polar multiple quantam well (MOQW) region comprises a plurality of
interleaved indium gallium nitride (InGalN} quantum wells (QW) and gallium mitnde (GaNy
quantum barriers ((3B); and
190 the tunnel junction region having the second doping type compriscs a magnesium

(Mg} doped galbiom nmitride (GalN} region.

9. The light emitting device of Claim 8§, wherem:
the silicon {81) doped galliam nitride (GalN) region is approximately 400-100
nanometers {nm} thick;
13 the indium gallum ninde (InGaN) lavers of the short period superiattice (SPSL)
region are approximately 9 nm thick;
the gatlium aitride (GaN) lavers of the short period superlattice (SPSL} region are
approximately 13 om thick;
the mdivm gailium nitnde (InGaN) quantum wells ({QW) are approximately 15 nm
20 thick:
the gatliom nitride {GaN} quantum barrers (B} are approxamately 30 num thick;
and

the (Mg} doped gallium nitnide {GaN) region is approximately 260 nm thick.

10, The light emitting device of Clamm 8, wherem the short period superlattice (SPSL)
25 region comprises three o seven mdim gallium ovitride (InGGaN} lavers and three to seven

gallium nitride {(GaM} layers.

11, The hight emitting device of Claim 5, wherem
the semiconductor region having the first doping type comprses a N-polar
semiconductor region having the first doping type;

30 the short period superlattice (SPSL) region comprises a N-polar short perted
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saperiattice (SPSL) region; and

the tunnel junciion reglon comprises a N-polar tunnel junction region.

12, 'The Light emitting device of Claim 5, wherein the one or more nanowires emit red
{tght with a peak external quantum efficiency (EQE) of 2% or greater, and a wall-plug
o R 4 = > @

etticiency (WPE} of 1.5% or greater,

13, A method of manufactuning a micro hght emitting device (uLED)} meluding a

plurality of nanowires, each nanowire comprising;

epitaxially depositing a doped semiconducior region;

epitaxially depositing a short period superlatiice (SPSL) region on the doped
semiconductor region;

epitaxially depositing a N-polar multiple quantum well (MQW) region on the short
pericd superlattice (SPSL) region opposite the doped semiconductor region; and

epttaxially depositing a doped tuone! junction region on the N-polar multiple

quantum well (MQW) region oppostie the short period superlatiice (SPSL) region.

14, The method of manufacturing the micro light emitting device (pLED) according to
Claim 13, further comprising:
relaxing a lattice structure of the short period soperlattice (SPSL) region; and

relaxing a lattice structure of the N-polar multiple quantum well (MOW) region.

15, The method of manufacturing the micro light emttting device (ulLED) according to
Claim 13, further comprising:
forming a nanopattern mask layer on a substrate; and
forming the doped semiconductor regions on the substrate in the openings of the

nanopattern mask laver.

16, The method of manufacturing the micro light emttting device (ulLED) according to
Claim 13, further comprising:
filling spaces between the plurality of nanowirgs;
forming one or more contact regions on the tunnel junction regions of the plurality
of nanowires; and

forming one or more contact regions on the substrate.
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17. The method of manufacturing the micro light emutting device (pLED) according to

Claim 13, whereu

epitaxially depositing the doped semiconductor region mcelades forming a N-polar
stlicon {51) doped gallivm nitride (GaN) region by plasma-assisted molecular beam epitaxy
(PA-MBE}:

epitaxially depositing the short period superlattice (SPSL) region includes forming
mierleaved atomic monolayers of o N-polar indium galiimm nitnde (lnGaN) layers and n
N-polar galhiom nitride (GaN) layvers by plasma-assisted molecular beam epitaxy (PA-
MRBE);

epitaxially depositing the N-polar multiple guantum well (MOQW) region includes
forming interieaved N-polar mdivm galliom nitride {(InGaN) quantum wells (W) and N-
polar gathinm nitride {GaN} quantum barriers (B} by plasma-assisted molecular beam
cpitaxy (PA-MBE); and

epitaxially depositing the doped tunnel junction region includes forming a N-polar
magnesiam (Mg} doped gallium nitride (GaN) region by plasma-assisted molecular beam

epitaxy {(PA-MBE}.

18, The method of manufacturing the micro light emitting device (WLED) according to
Claim 17, wherein the eputaxially deposited short period supedattice (SPSL) region

reduces/relaxes lattice strain in the N-polar multiple quantum well (MQW) region.

19, The method of manufacturing the micro hight enutting device (pLED) according to
Claim 17, wherein the epitaxially deposited short period superlattice (SPSL) region
mcreases indiwm incorporations in the N-polar indrum gallivm nitride (TnGaN) quantium

wells (W)

20.  The method of manufacturing the micro light emitting device {(pLED) according to
Clatm 17, wherein the one or more nanowires emit red light with a peak external quantur
efficiency (EQE) of 8% or greater, and a wall-plug efficiency {WPE) of 4.3% or greater for
a magnesium {Mg) concentration of greater than 1020 atoms/cm™ m the magnesium (Mg)

doped gatliom mitride {GaN) region.

36
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