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MICROMETER SCALE LIGHT-EMITTING DIODES

RELATED U.S. APPLICATION

[0001] This application claims priority to the U.S. Provisional Application entitled
“Micrometer Scale InGaN Green Light Emitting Diodes with Ultra-Stable Operation,” by
Xianhe Liu et al., Serial No. 62/978,168, filed February 18, 2020, hereby incorporated by

reference in its entirety.

BACKGROUND

[0002] High-efficiency, high-brightness light-emitting diodes (LEDs) with sizes on
the order of the micrometer scale are highly desired for a broad range of applications,
including virtual/mixed/augmented reality, ultrahigh resolution mobile displays, and
biomedical sensing and imaging, to name just a few. In this regard, the development of
gallium nitride (GaN)-based micro-LEDs has attracted significant interest in the past
decade. To date, however, it has remained challenging to realize high-efficiency LEDs on

the micrometer scale using conventional organic or inorganic materials.

[0003] While GaN-based large-area blue quantum well LEDs can exhibit high
efficiency emission, the efficiency degrades drastically with decreasing device size, which
has been limited to a large extent by the surface recombination and poor p-type conduction
induced by top-down etching. Moreover, to achieve green emission, relatively high indium
(In) compositions are required in the quantum well active region, which increases the
formation of defects and dislocations and increases phase separation, resulting in weak

and broad emission and therefore poor device efficiency and color quality.

[0004] The performance of InGaN-based quantum well LEDs also suffers severely
from the quantum-confined Stark effect, particularly in the green spectrum, due to the
strain-induced polarization field, which leads to unstable operation such as a significant
shift in the emission wavelengths with increasing current. Organic LEDs, on the other
hand, suffer from poor stability, low brightness, and drastically reduced efficiency with

decreasing size.
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SUMMARY

[0005] Disclosed are micrometer-scale nanowire light emitting diodes (LEDs) that
are operable for spontaneous emission of light at significantly reduced current densities
and with a very narrow linewidth. In embodiments, each nanowire has a two-dimensional
optical cavity that operates as a photonic bandgap that results in or modifies (affects or
alters; e.g., enhances or amplifies) the spontaneous emission (and hence may be referred
to as a weak optical cavity). In embodiments, the current density is at least an order of
magnitude less than ten kiloamperes per square centimeter (10 kA/cm?), and the spectral

linewidths are measured to be approximately four nanometers.

[0006] Accordingly, embodiments according to the present invention achieve high-
efficiency LEDs on the micrometer scale, provide stable operation and high color quality,

and are largely free of defects and dislocations.

[0007] These and other objects and advantages of the various embodiments of the
present invention will be recognized by those of ordinary skill in the art after reading the
following detailed description of the embodiments that are illustrated in the various drawing

figures.

BRIEF DESCRIPTION OF DRAWINGS

[0008] The accompanying drawings, which are incorporated in and form a part of
this specification and in which like numerals depict like elements, illustrate embodiments of
the present disclosure and, together with the detailed description, serve to explain the

principles of the disclosure. The drawings are not necessarily to scale.

[0009] Figure 1A illustrates a top-down or cross-sectional view of a nanowire array,

in embodiments according to the present invention.

[0010] Figure 1B illustrates an energy band diagram for an example of a nanowire

array in embodiments according to the present invention.
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[0011] Figure 2A illustrates a nanowire light emitting diode (LED) structure in

embodiments according to the present invention.

[0012] Figure 2B illustrates a nanowire array in embodiments according to the

present invention.

[0013] Figure 2C illustrates an example of a photoluminescence spectrum for a

nanowire array in embodiments according to the present invention.

[0014] Figure 3A illustrates an example of a microscale LED device in embodiments

according to the present invention.

[0015] Figure 3B illustrates the current-voltage characteristics of an example of a

microscale LED device in embodiments according to the present invention.

[0016] Figure 4A illustrates the electroluminescence (EL) spectra of a nanowire
LED measured under varying injection currents, in embodiments according to the present

invention.

[0017] Figure 4B illustrates relative external quantum efficiency versus injection

current density, in embodiments according to the present invention.

[0018] Figure 5A illustrates an example of the emission properties of nanowire

LEDs, in embodiments according to the present invention.

[0019] Figure 5B illustrates an example of the variation of the full-width-at-half-
maximum of EL spectra of nanowire LEDs, in embodiments according to the present

invention.

[0020] Figure 6 illustrates the angular distribution of the EL intensity of nanowire

LEDs, in embodiments according to the present invention.
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DETAILED DESCRIPTION

[0021] Reference will now be made in detail to the various embodiments of the
present disclosure, examples of which are illustrated in the accompanying drawings. While
described in conjunction with these embodiments, it will be understood that they are not
intended to limit the disclosure to these embodiments. On the contrary, the disclosure is
intended to cover alternatives, modifications and equivalents, which may be included within
the spirit and scope of the disclosure as defined by the appended claims. Furthermore, in
the following detailed description of the present disclosure, numerous specific details are
set forth in order to provide a thorough understanding of the present disclosure. However,
it will be understood that the present disclosure may be practiced without these specific
details. In other instances, well-known methods, procedures, components, and circuits
have not been described in detail so as not to unnecessarily obscure aspects of the

present disclosure.

[0022] The figures are not necessarily drawn to scale, and only portions of the
devices and structures depicted, as well as the various layers that form those structures,
are shown. For simplicity of discussion and illustration, only one or two devices or
structures may be described, although in actuality more than one or two devices or
structures may be present or formed. Also, while certain elements, components, and
layers are discussed, embodiments according to the invention are not limited to those
elements, components, and layers. For example, there may be other elements,

components, layers, and the like in addition to those discussed.

[0023] Some portions of the detailed descriptions that follow are presented in terms
of procedures and other representations of operations for fabricating devices like those
disclosed herein. These descriptions and representations are the means used by those
skilled in the art of device fabrication to most effectively convey the substance of their work
to others skilled in the art. In the present application, a procedure, operation, or the like, is
conceived to be a self-consistent sequence of steps or instructions leading to a desired
result. Operations described as separate blocks may be combined and performed in the
same process step (that is, in the same time interval, after the preceding process step and

before the next process step). Also, the operations may be performed in a different order
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than the order in which they are described below. Furthermore, fabrication processes and
steps may be performed along with the processes and steps discussed herein; that is, there
may be a number of process steps before, in between, and/or after the steps shown and
described herein. Importantly, embodiments according to the present invention can be
implemented in conjunction with these other (perhaps conventional) processes and steps
without significantly perturbing them. Generally speaking, embodiments according to the
present invention can replace portions of a conventional process without significantly

affecting peripheral processes and steps.

[0024] Embodiments according to the disclosed invention realize micrometer scale
light emitting diodes (LEDs or micro-LEDs or nanowire LEDs) with lll-nitride nanowires,
and with high efficiency, high color quality, and highly stable operation. Such
nanostructures are largely free of defects and dislocations due to efficient surface strain

relaxation.

[0025] The disclosed nanowire LEDs employ a vertical p-i-n configuration (in which
a layer is sandwiched between a p-doped region and an n-doped region) that can
significantly simplify the device fabrication process. The emission wavelengths can be
tuned across nearly the entire visible light spectrum, especially including the green
spectrum, by varying indium compositions in the quantum dots embedded in the nanowire

structure.

[0026] Surface recombination, a major limiting factor for the efficiency of nanoscale
and microscale LEDs, can be largely suppressed by employing a core-shell structure at the
device active region as disclosed herein. Significantly, the disclosed nanowire structures
provide highly stable and efficient photoluminescence emission, with the absence of
Varshni and quantum-confined Stark effects commonly seen in wurtzite indium gallium
nitride (InGaN) structures, by employing scalable band-edge modes in InGaN nanowire

photonic crystals.

[0027] Disclosed herein are photonic nanowire tunnel junction surface-emitting

LEDs that are designed to operate at the gamma (I') point of the photonic band structure.

5
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In embodiments, the device active region has an areal size of approximately three square-
micrometers (um?). In embodiments, the electroluminescence (EL) spectra exhibit a very
narrow linewidth of approximately four nanometers (nm), which is nearly five to ten times
smaller than that of conventional InGaN quantum wells (disks or dots) operating in the

same wavelength range.

[0028] Significantly, the disclosed devices show highly stable spontaneous emission
(as opposed to stimulated emission). There are virtually no variations of the emission peak
with increasing current density, suggesting the absence of the quantum-confined Stark
effect. In embodiments, the external quantum efficiency (EQE) exhibits a sharp rise with
increasing current and reaches a maximum at approximately five amperes per square-
centimeter (A/cm?). A relatively small (approximately 30 percent) efficiency droop was
measured at an injection current density over 200 A/cm? at room temperature. Such small

size, ultra-stable LEDs are well-suited for near-eye display applications.

[0029] The optical design of the disclosed photonic nanowire LEDs is first
described. Figure 1A illustrates a top-down or cross-sectional view of a nanowire array
102, in embodiments according to the present invention. The nanowire array 102 includes
a number of nanocrystals, or nanowires, exemplified by the nanowire 104. (Each nanowire
is a nanocrystal, and an array of nanocrystals includes an array of nanowires, and so these
terms may be used interchangeably herein.) Each nanowire 104 has a hexagonal shape;
that is, they each have a transverse cross-section that is hexagonal. The array 102

includes multiple rows of nanowires, with each row including multiple nanowires.

[0030] In the illustrated embodiment, the nanowire array 102 is arranged in a
triangular lattice, which may also be known as a hexagonal lattice. The lateral size and the
lattice constant (pitch) of the nanowires 104 are denoted as d and a, respectively. In an
embodiment, d is equal to 298 nm and a is equal to 280 nm. The diameter of each of the
nanowires 104 can vary from approximately 100 nm up to the dimension of the lattice
constant. The size, spacing, and surface morphology of the nanowires 104 in the array

102 are precisely controlled. The nanowires 104 exhibit uniform length, smooth sidewalls,
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and high (depth-to-width) aspect ratio. Due to the efficient strain relaxation, the

nanostructures of the nanowires 104 are free of defects and dislocations.

[0031] Figure 1B illustrates an energy band diagram calculated using a two-
dimensional (2D) finite-element method for an example of a nanowire array in
embodiments according to the present invention. In the example, the nanowire array has d

equal to 298 nm and a equal to 280 nm.

[0032] In embodiments according to this disclosure, the InGaN photonic nanowire
LEDs are designed to operate at the [ point of the fourth band photonic band structure (the
curve labeled 120 in the figure) where the in-plane wavevector is zero. As such, the overall
wavevector is along the vertical direction of the photonic nanowire array (orthogonal to the
plane of the substrate on which the array is located), which leads to direct surface
emission. Furthermore, the group velocity is significantly reduced at the I point, resulting
in long interaction time for the optical field and the active medium. Strong resonance at the
corresponding wavelength can therefore be realized, which can lead to significantly

reduced spectral linewidth.

[0033] In embodiments, the normalized frequency of the I point of the fourth band is
approximately 0.504 a/A (where a is the lattice constant, and A is wavelength), which
corresponds to a wavelength of approximately 555 nm with a lattice constant equal to 280
nm. Because the emission is largely governed by the optical resonance of the photonic
nanowire, rather than by the semiconductor active medium itself, light emission of such
LEDs is expected to be highly stable and relatively invariant with temperature and injection
current. Furthermore, the peak emission wavelength of such an LED is locally invariant
with changes in Group Il (e.g., In) doping in the quantum wells, leading to an LED wafer
(e.g., a monolithic device) that emits light at a constant peak wavelength despite small
variations in doping across the wafer/array, such as variations that can occur in
manufacturing processes for epitaxial growth such as metal-organic chemical vapor
deposition (MOCVD) or molecular beam epitaxy (MBE) processes. Those features can

furthermore eliminate the need for LED wavelength binning, which is an expensive post-
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process operation that adds cost to the fabrication of and decreases the value of LED

wafers.

[0034] In embodiments, the technique of selective area epitaxy (SAE) was used to
grow InGaN photonic nanowire LED structures. In an embodiment, the growth was
performed on an n*-GaN template on a sapphire substrate using an MBE system equipped

with a radio frequency plasma-assisted nitrogen source.

[0035] Generally speaking, the nanowire 104 includes a first semiconductor region,
a second semiconductor region, and a heterostructure disposed between and coupled to
the first semiconductor region and the second semiconductor region, where the first
semiconductor region includes n-doped GaN and the second semiconductor region

includes p-doped GaN.

[0036] Figure 2A illustrates a nanowire LED structure 200 in embodiments
according to the present invention. The LED structure 200 is representative of the

structures of the nanowires 104 of Figure 1A.

[0037] In embodiments, the optical cavity of each nanowire 200 (104) is along the x-
and y-axes and not the z-axis, but spontaneous light emission is along the z-axis (where
the x- and y-axes are parallel to the plane of the device substrate, and the z-axis is normal
to that plane). Thus, while the optical cavity is in the x and y directions, spontaneous light
emission is in a different direction: the z direction, along the longitudinal axis of the
nanowire. The disclosed x- and y-axis optical cavity configuration is referred to herein as a
two-dimensional (2D) optical cavity. In contrast, a typical optical cavity (for a laser) is only
along the z-axis (normal to the device substrate) and the stimulated emission of light is

along that same axis, and so is known as a one-dimensional (1D) optical cavity.

[0038] The cavity effect provided by the disclosed nanowire arrays is used to
achieve more directional emission as just described and also to achieve narrower spectral

linewidths. The spectral linewidths are measured to be approximately four nm, which is
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nearly five to ten times smaller than those of conventional InGaN quantum well LEDs in

that wavelength range.

[0039] The disclosed 2D optical cavity may be referred to as a weak cavity because
the spontaneous emission is enhanced (or amplified) in the cavity, but stimulated emission
is not achieved (in a strong optical cavity, stimulated emission can be achieved). The
nanowire design parameters (e.g., diameter and lattice constant) are chosen to operate in
a regime that is close to, but not exactly at, the photonic band edge of the nanowire array.
By operating near this regime, the weak cavity effect is achieved. It is important to note
that the operating window for a weak cavity is relatively larger compared to that of a strong
cavity. As used herein, “operation close to but not (exactly) at the photonic band edge” or
“operation as a photonic bandgap that modifies (or affects or alters) the spontaneous
emission® or the like also means "operation as a photonic bandgap that results in
enhanced or amplified spontaneous emission but does not result in stimulated emission."
More specifically, for InGaN for example, the spontaneous emission typically shows a very
broad spectrum (e.g., full-width-at-half-maximum (FVWHM) in the range of 30 to 50 nm) in
the green wavelength range, and the emission direction is often random; however, with the
2D photonic crystal effect achieved according to the embodiments disclosed herein, the
spontaneous emission is modified so that the linewidth is much narrower and emission is

more directional, as discussed above.

[0040] In the Figure 2A embodiments, the LED structure 200 includes an n™-GaN
layer 202, a number of (e.g., six) vertically aligned InGaN/AlGaN quantum dots or disks
(QDs) 204, a p*-(Al)GaN cladding layer 206, a p™-GaN/n""-GaN tunnel junction 208, an n-
GaN layer 210, and an n""-GaN contact layer 212. In an embodiment, the thickness of the
n"-GaN layer 202 is approximately 450 nm, the thickness of the p”-(Al)GaN cladding layer
206 is approximately 60 nm, and the thickness of the n-GaN layer 210 is approximately 60
nm. In an embodiment, the n-type dopant is silicon (8i) and the p-type dopant is

magnesium (Mg).

[0041] In embodiments, the quantum dot active region 204 (the set of inGaN/AlGaN

guantum dots or disks) includes alternating or interleaved layers of INGAN and AlGaN. For

9
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example, a layer of InGaN (which may be referred to as a core layer) is adjacent to a layer
of AlGaN (which may be referred to as a shell or barrier layer), and this pattern is repeated
in the quantum dot active region 204. The use of an AlGaN barrier, instead of a GaN
barrier, during the growth of the guantum dot active region 204 promotes the formation of
an Al-rich AlGaN shell structure surrounding the active region, which can significantly
reduce surface recombination. In an embodiment, the average Al composition is about five

percent.

[0042] Prior to the SAE growth process, the substrate is patterned with openings to
facilitate the formation of a highly regular nanowire array. More specifically, a thin
(approximately ten nm) titanium (Ti) layer is deposited as a growth mask on a GaN-on-
sapphire substrate (the substrate 302 of Figure 3A). E-beam lithography and reactive ion
etching techniques can be used to define the pattern of openings on the Ti mask.
Nanowires are formed only in the openings, with no epitaxy taking place on the Ti mask

layer.

[0043] The resultant nanowire array 250 is shown in Figure 2B. The nanowire array
250 exhibits very high uniformity in both position and dimension. With careful control over
the spacing between nanowires and the lattice constant, strong resonance in a selected
color spectrum of the visible light spectrum. In the embodiment of Figure 2B, the length of
the scale bar 252 represents 500 nm. Of particular interest, the green spectrum is
observed from the photoluminescence (PL) of an InGaN photonic nanowire array with a

lattice constant of 280 nm and a spacing of around 20 nm, as shown in Figure 2C.

[0044] Microscale LEDs are also fabricated using the photonic nanowire arrays

grown by SAE. An embodiment of a microscale LED 300 is shown in Figure 3A.

[0045] Embodiments of a process for fabricating the microscale LED 300 are as
follows. A silicon dioxide (SiO;) layer 304 (e.g., 300 nm thick) is deposited by plasma
enhanced chemical vapor deposition for surface passivation and isolation.
Photolithography and wet chemical etching are performed to create openings in the SiO»

layer 304, which defines the device active area for current injection. A metal stack (e.g., a

10
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five nm layer of Ti and a five nm layer of gold (Au)) is deposited by e-beam evaporation to
form the contact pad 306. Subsequently, a transparent conducting oxide layer 308 (e.g., a
180 nm indium tin oxide (ITO) layer) is deposited by sputtering. A metal stack (e.g., a five
nm layer of Ti and a five nm layer of Au) is also deposited to form the n-contact metal 310.
Annealing may then be performed (e.g., at 400°C for one minute under a nitrogen ambient
environment). Then, a metal layer is deposited by e-beam evaporation to form the contact

pad 312, to facilitate electrical probing and measurements.

[0046] The current-voltage (I-V) characteristics of the microscale LED 300 are
shown in Figure 3B. The microscale LED 300 has a turn-on voltage of approximately four
volts, with negligibly small reverse bias leakage. The current density can readily reach 100
Alcm? at approximately seven volts without any degradation of the I-V characteristics. The
electrical performance can be further improved by optimizing the doping and fabrication

process.

[0047] The output characteristics of an example of the disclosed InGaN photonic
nanowire LEDs were measured for the green spectrum. The EL spectra were measured
for current densities varying from 0.5 A/cm? to over 200 A/cm?, which is at least an order of
magnitude less than ten kiloamperes per square centimeter (kA/cm?). The measurement
results are shown in Figure 4A. In that example, the emission spectra exhibit a

pronounced peak emission at approximately 548 nm.

[0048] The spectral linewidths are measured to be approximately four nm, which is
nearly five to ten times smaller than those of conventional InGaN quantum well LEDs in
that wavelength range. Moreover, the emission peak does not show any noticeable shift or
broadening with increasing current. Such distinct emission characteristics have not been

measured in any conventional planar InGaN quantum well LEDs in this wavelength range.

[0049] The relative EQE, defined as the integrated EL intensity divided by current
density, is shown in Figure 4B. The relative EQE shows a sharp increase with injection
current density and reaches a maximum at about five A/cm?. The sharp rise of EQE with

injection current suggests a very small Shockley-Read-Hall recombination coefficient,

11
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which is attributed to the significantly reduced defect formation in the disclosed nanowires
and also to suppressed non-radiative surface recombination with the use of the core-shell
dot-in-nanowire active region. The efficiency droop is moderate, with only about a 30
percent drop in the EQE at a current density of more than 200 A/cm?. Such a moderate
efficiency droop also suggests a small Auger recombination coefficient in nearly defect-free

InGaN nanowires.

[0050] An example of the emission properties of the disclosed InGaN photonic
nanowire LEDs are shown for wavelengths of green light in Figure 5A. In this example, the
peak position remains extremely stable at approximately 548 nm as the injection current
density increases from 0.5 A/lcm? to 211 Alem?. Significantly, the spectral linewidths are

nearly invariant with injection current.

[0051] Variations of the FWHM of the EL spectra are shown for green light, for
example, in Figure 5B. The FWHM only ranges between three nm and approximately 3.7
nm as the injection current density increases from 0.5 A/cm? to 211 Alcm? at room
temperature without any active cooling. For comparison, conventional InGaN quantum well
light emitters in the green wavelength range suffer severely from quantum-confined Stark
effect, which exhibits significant blue-shift in the emission with increasing current

accompanied by a large spectral broadening due to band filling effect.

[0052] The extraordinary stability of the disclosed InGaN photonic nanowire LEDs is
attributed to the reduced strain distribution of InGaN dot-in-nanowire structures and, more
importantly, the strong resonance at the I point of the photonic band structure, which
largely governs the emission characteristics and is only determined by the geometry of
photonic nanowires. The disclosed InGaN photonic nanowires grown by MBE are
extremely stable even under harsh operating conditions. Such ultra-stable small size LEDs
that can operate without the use of any active cooling is highly useful for near-eye display

applications.

[0053] The far-field angular distribution of the emission was studied by collecting EL

emission with a fiber that is mounted on a rotation stage. In that study, the distance

12
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between the fiber and the LED was one inch. The EL intensity at each emission/collection
angle was calculated by integrating over a spectral range from 543 nm to 553 nm. Figure 6
illustrates the angular distribution of the EL intensity for this example. It is seen that the
emission is mainly distributed along the vertical direction, with a divergence angle of
approximately ten degrees. Such optics-free, highly directional emission is directly related
to the surface-emission mode at the " point of the InGaN photonic nanowire structures
disclosed herein, which can greatly simplify the design and reduce the cost of next-

generation ultrahigh resolution display devices and systems.

[0054] In conclusion, embodiments according to the present invention provide
microscale LEDs, especially including but not limited to microscale green LEDs, utilizing
InGaN photonic nanowires. By exploiting the unique resonance properties of the photonic
band structure, such microscale devices can exhibit distinct emission characteristics,
including a spectral linewidth that is five to ten times narrower than that of conventional
InGaN quantum well LEDs, ultra-stable operation with the absence of quantum-confined
Stark effect commonly seen in quantum well devices in this wavelength range, and highly
directional emission. Moreover, the micrometer size LEDs exhibit a small efficiency droop
under high injection current. Embodiments disclosed herein provide a new approach for
achieving high efficiency, high brightness light emitters for next generation displays and for

applications in emerging virtual/mixed/augmented reality devices and systems.

[0055] Although the subject matter has been described in language specific to
structural features and/or methodological acts, it is to be understood that the subject matter
defined in the present disclosure is not necessarily limited to the specific features or acts
described above. Rather, the specific features and acts described above are disclosed as

example forms of implementing the present disclosure.

[0056] Embodiments according to the invention are thus described. While the
present disclosure has been described in particular embodiments, the invention should not
be construed as limited by such embodiments, but rather construed according to the

following claims.
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CLAIMS

What is claimed is:

1. A nanowire, comprising:

a first semiconductor region;

a second semiconductor region; and

a heterostructure disposed between and coupled to the first semiconductor region
and the second semiconductor region;

wherein the nanowire is operable for spontaneous emission of light, and wherein the
nanowire has a two-dimensional optical cavity that operates as a photonic bandgap that

modifies the spontaneous emission.

2. The nanowire of Claim 1, operable at a current density that is at least an order of

magnitude less than ten kiloamperes per square centimeter (10 kA/cm?).

3. The nanowire of Claim 2, wherein the current density is on the order of 0.2

kA/cm? and less.
4. The nanowire of Claim 1, wherein the first semiconductor region comprises n-
doped gallium nitride, and wherein the second semiconductor region comprises p-doped

gallium nitride.

5. The nanowire of Claim 1, wherein the heterostructure comprises quantum disks

comprising aluminum gallium nitride and indium gallium nitride.

6. The nanowire of Claim 1, wherein the heterostructure comprises shell layers and

core layers, and wherein the core layers are interleaved with the shell layers.

7. The nanowire of Claim 1, wherein the nanowire has a transverse cross-section

that is hexagonal.
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8. The nanowire of Claim 1, wherein the first semiconductor region, the second
semiconductor region, and the heterostructure comprise: an n* gallium nitride (n"-GaN)
layer, a plurality of vertically aligned indium GaN/aluminum GaN (InGaN/AlGaN) quantum
dots, a p’-AlGaN cladding layer, a p*"-GaN/n™"-GaN tunnel junction, an n-GaN layer, and

an n""-GaN contact layer.

9. The nanowire of Claim 8, wherein the n"-GaN layer has a thickness of
approximately 450 nanometers (nm), the p*-AlGaN cladding layer has a thickness of

approximately 60 nm, and the n-GaN layer has a thickness of approximately 860 nm.

10. The nanowire of Claim 1, characterized by an electroluminescence spectrum

having a linewidth less than or equal to approximately four nanometers.

11. The nanowire of Claim 1, characterized by a peak emission wavelength that is

invariant with temperature.

12. The nanowire of Claim 1, characterized by a peak emission wavelength that is

invariant with current density.

13. The nanowire of Claim 1, operable for spontaneous emission of light having a

wavelength in a range of 520-560 nanometers.

14. A device, comprising:

a substrate; and

a surface-emitting light-emitting diode (LED) coupled to the substrate and
comprising a nanowire array comprising a plurality of nanowires, wherein each nanowire of
the plurality of nanowires is operable for generating a wavevector that is orthogonal to the
substrate, wherein the electroluminescence spectra of said each nanowire has a linewidth

less than or equal to approximately four nanometers (nm).

15. The device of Claim 14, wherein the nanowires are operable for emitting

stimulated emission light having a wavelength in a range of 520-560 nm at a current

15
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density that is at least an order of magnitude less than ten kiloamperes per square

centimeter.

16. The device of Claim 14, wherein each nanowire of the plurality of nanowires
comprises: an n* gallium nitride (n"-GaN) layer, a plurality of vertically aligned indium
GaN/aluminum GaN (InGaN/AlGaN) guantum dots, a p*-AlGaN cladding layer, ap™-

GaN/n™"-GaN tunne! junction, an n-GaN layer, and an n""-GaN contact layer.

17. The device of Claim 16, characterized by a peak emission wavelength that is

invariant with an amount of indium doping in the quantum dots.

18. The device of Claim 14, wherein each nanowire of the plurality of nanowires has
a transverse cross-section that is hexagonal, and wherein the nanowires are arranged in a

triangular lattice in the array.
19. The device of Claim 18, wherein the triangular lattice has a lateral size of 298
nm and a lattice constant of 280-300 nm, and wherein each nanowire of the plurality of

nanowires has a diameter in a range between 100 nm and the lattice constant.

20. The device of Claim 14, characterized by a peak emission wavelength that is

invariant with temperature.

21. The device of Claim 14, characterized by a peak emission wavelength that is

invariant with current density.
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