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(57) ABSTRACT

Embodiments described herein comprise micro light emit-
ting diodes (LEDs) and methods of forming such micro
LEDs. In an embodiment, a nanowire LED comprises a
nanowire core that includes GaN, an active layer shell
around the nanowire core, where the active layer shell
includes InGaN, a cladding layer shell around the active
layer shell, where the cladding layer comprises p-type GaN,
a conductive layer over the cladding layer, and a spacer
surrounding the conductive layer. In an embodiment, a
refractive index of the spacer is less than a refractive index
of the cladding layer shell.
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NANOWIRE LIGHT EMITTING DIODES
WITH HIGH EXTRACTION EFFICIENCY
FOR MICRO LED DISPLAYS

TECHNICAL FIELD

[0001] Embodiments of the disclosure are in the field of
micro-LED displays.

BACKGROUND

[0002] Displays having micro-scale light-emitting diodes
(LEDs) are known as micro-LED, mLED, and pLED. As the
name implies, micro-LED displays have arrays of micro-
LEDs forming the individual pixel elements.

[0003] A pixel may be a minute area of illumination on a
display screen, one of many from which an image is
composed. In other words, pixels may be small discrete
elements that together constitute an image as on a display.
These primarily square or rectangular-shaped units may be
the smallest item of information in an image. Pixels are
normally arranged in a two-dimensional (2D) matrix, and
are represented using dots, squares, rectangles, or other
shapes. Pixels may be the basic building blocks of a display
or digital image and with geometric coordinates.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] FIG. 1 is a schematic illustration of a display
architecture, in accordance with an embodiment of the
present disclosure.

[0005] FIG. 2 is a schematic illustration of a micro-light
emitting diode (LED) display architecture, in accordance
with an embodiment of the present disclosure.

[0006] FIG. 3 is a cross-sectional illustration of a plurality
of nanowire light emitting diodes (LEDs) that include spac-
ers for reducing total internal reflections, in accordance with
an embodiment.

[0007] FIG. 4A is a cross-sectional illustration of a
nanowire LED with a tapered spacer, in accordance with an
embodiment.

[0008] FIG. 4B is a cross-sectional illustration of a
nanowire LED with a spacer and a dielectric layer, in
accordance with an embodiment.

[0009] FIG. 5A is a cross-sectional illustration of a
nanowire LED with a textured spacer, in accordance with an
embodiment.

[0010] FIG. 5B is a cross-sectional illustration of a
nanowire LED with a textured spacer and a dielectric layer
surrounding the textured spacer, in accordance with an
embodiment.

[0011] FIG. 6 is a cross-sectional illustration of a plurality
of nanowire LEDs that are attached to a display backplane
substrate, in accordance with an embodiment,

[0012] FIG. 7A is a cross-sectional illustration of a
nanowire LED with a textured cladding layer, in accordance
with an embodiment.

[0013] FIG. 7B is a cross-sectional illustration of a
nanowire LED with a textured layer between the cladding
layer and the conductive layer, in accordance with an
embodiment.

[0014] FIG. 7C is a cross-sectional illustration of a
nanowire LED with a textured cladding layer and a spacer,
in accordance with an embodiment.
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[0015] FIG. 7D is a cross-sectional illustration of a
nanowire LED with a plurality of textured layers, in accor-
dance with an embodiment.

[0016] FIG. 8 is an electronic device having a display, in
accordance with embodiments of the present disclosure.

DESCRIPTION OF THE EMBODIMENTS

[0017] A micro light-emitting diode (LED) display, its
fabrication and assembly are described. In the following
description, numerous specific details are set forth, such as
specific material and structural regimes, in order to provide
a thorough understanding of embodiments of the present
disclosure. It will be apparent to one skilled in the art that
embodiments of the present disclosure may be practiced
without these specific details. In other instances, well-known
features, such as single or dual damascene processing, are
not described in detail in order to not unnecessarily obscure
embodiments of the present disclosure. Furthermore, it is to
be understood that the various embodiments shown in the
Figures are illustrative representations and are not necessat-
ily drawn to scale. In some cases, various operations will be
described as multiple discrete operations, in turn, in a
manner that is most helpful in understanding the present
disclosure, however, the order of description should not be
construed to imply that these operations are necessarily
order dependent. In particular, these operations need not be
performed in the order of presentation.

[0018] Certain terminology may also be used in the fol-
lowing description for the purpose of reference only, and
thus are not intended to be limiting. For example, terms such
as “upper”, “lower”, “above”, “below,” “bottom,” and “top”
refer to directions in the drawings to which reference is
made. Terms such as “front”, “back”, “rear”, and “side”
describe the orientation and/or location of portions of the
component within a consistent but arbitrary frame of refer-
ence which is made clear by reference to the text and the
associated drawings describing the component under dis-
cussion. Such terminology may include the words specifi-
cally mentioned above, derivatives thereof, and words of
similar import.

[0019] One or more embodiments described herein are
directed to devices and methods for micro LED assembly. In
an embodiment, a device and method for fabricating full-
color micro light emitting diode (uLED) displays are
described. Micro LED displays promise 3x-5x less power
compared to organic LED (OLED) displays. The difference
would result in a savings in battery life in mobile devices
(e.g., notebook and converged mobility) and can enhance
user experience. In an embodiment, micro LED displays
described herein consume two-fold less power compared to
organic LED (OLED) displays. Such a reduction in power
consumption may provide an additional approximately 8
hours of battery life. Such a platform may even outperform
platforms based on low power consumption central process-
ing units (CPUs). Embodiments described herein may be
associated with one or more advantages such as, but not
limited to micro-LED displays with high light extraction
efficiency.

[0020] The light extraction efficiency of a light emitting
device made of semiconductor material is determined by the
internal and external efficiencies thereof. Generally, the
internal quantum efliciency relates to the characteristics of
the material and the epitaxy quality of the device. The
external quantum efficiency relates to the reflectivity of the
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material. The emission efficiency of a traditional nanowire
LED is limited due to the incomplete emission of the light
generated therefrom, which is due to the fact that semicon-
ductor material has a higher refraction coeflicient (e.g.,
n=2.2 to 3.8) than the air (n=1.0) or dielectric (e.g., SiO, or
SiOC) surrounding the nanowire.

[0021] According to Snell’s law, if the incident angle of
light passing from a high refractive index medium to a low
refractive index medium is larger than a critical angle, then
the light undergoes total internal reflection such that it
cannot enter the low refractive index medium. Most light
emitted by a light emitting diode is subjected to the total
internal reflection issue so as to decrease the overall emis-
sion efficiency of the light emitting diode.

[0022] One technique used in planar LEDs to minimize
the total internal reflection loss is to form a structure having
light scattering centers randomly distributed on the surface
of a light emitting diode. Roughness or texture is formed on
the surface of a planar light emitting diode by a chemical
etch agent through a mask. However, the GaN group mate-
rial used in nanowire LEDs is not easy to process because
the GaN group material is highly rigid and has high resis-
tance to effects of acidic and alkaline materials. General
chemical agents and organic agents cannot etch the GaN
group material. The most common method used for etching
the GaN group material is the reactive ion etching (RIE)
process. However. such a method may not be useful to create
texture on the sidewalls of a nanowire LED. In addition, RIE
will result in undesired damage to the p-type GaN layer.
[0023] Referring now to FIG. 1, a schematic illustration of
a display architecture is shown, in accordance with an
embodiment. Referring to FIG. 1, micro LEDs 102 are
arranged in a matrix. While shown as generic blocks in FIG.
1, it is to be appreciated that the micro LEDs 102 may be any
micro LED described in accordance with embodiments
disclosed herein. For example, micro LEDs 102 may be any
one of the nanowire LEDs with improved light extraction
efficiency described in detail below with respect to FIGS.
3-7D). The micro LEDs are driven through “Data Driver”
104 and “Scan Driver” 106 chips. Thin film transistors 108
are used to make “pixel driver circuits” 110 for each micro
LED. In an embodiment, the micro LEDs are fabricated on
a silicon wafer then transferred to a glass substrate called
“backplane” where the “pixel driver circuits” 110 have been
fabricated using thin film transistors.

[0024] As an exemplary display architecture, FIG. 2 illus-
trates a schematic of micro LED display architecture, in
accordance with an embodiment of the present disclosure.
Referring to FIG. 2, a micro LED display 200 includes a
backplane 202 having pixel circuits 204 thereon. An insu-
lator 206 is over the pixel circuits 204. Micro LED layers
208 are included over the insulator 206. A transparent
electrode 210 is over the micro LED layers 208.

[0025] Display architectures such as the display architec-
tures illustrated in FIG. 1 and FIG. 2 may comprise micro
LED:s (e.g., nanowire LEDs) with improved light extraction
efficiency. In one embodiment, the light extraction efficiency
of a nanowire LED may be improved by surrounding the
nanowire LED with a spacer layer that has a refractive index
that is lower than the refractive index of the semiconductor
materials. In such an embodiment, total internal reflection is
limited since the spacer serves as an index matching layer
between the semiconductor materials and the external envi-
ronment (e.g., dielectric layers or air).
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[0026] FIG. 3 illustrates a cross-sectional view of a red
green blue chip (an RGB chip) with three nanowire LEDs
370, in accordance with an embodiment of the present
disclosure. Referring to FIG. 3, although shown as three
different color nanowire LEDs 370 across (e.g., red, green,
blue from left-right), the three are shown in this manner for
illustrative purposes only. It is to be appreciated that for a
pixel such as a 2x2 pixel element, only two nanowire LEDs
370 would be viewable for a given cross-section. It is to be
appreciated that a variety of arrangements of nanowire
LEDs 370 may be suitable to make a single pixel. In one
embodiment, three nanowire LEDs 370 are arranged side-
by-side, as depicted in FIG. 3. In another embodiment, four
nanowire LEDs 370 are arranged a 2x2 arrangement. In
another embodiment, nine nanowire LEDs 370 are arranged
a 3x3 arrangement (three red nanowire LEDs 370, three
green nanowire LEDs 370, and three blue nanowire LEDs
370), etc. It is to be appreciated that a micro LED is
composed of an array of nanowire LEDs 370. The number
of nanowire LEDs 370 per one micro LED is at least one.
For example, a 10 pmx10 um micro LED may be composed
of 90 nanowire LEDs 370 connected in parallel to emit light
of a specific color. It is further to be appreciated that, with
respect to FIG. 3. the micro LEDs are represented by one
nanowire LED 370 each for illustrative purposes. This in
general is not the case. Typically, one micro LED will be
composed of more than one nanowire LED 370. Also, in
FIG. 3, one example arrangement is shown. That is, the three
colors are adjacent to each other. However, in some cases,
the micro LEDs of different colors are separated on the
source wafer by a distance that may be half of the display
pixel pitch, for example.

[0027] With reference again to FIG. 3, in a particular
embodiment, a source micro LED wafer 301 (such as a
silicon wafer) has “RGB Chips” monolithically grown
thereon. A metal-based nucleation layer (MNL) 302 is
disposed over the micro LED wafer 301. The MNL 302 may
have a thickness in the range of 30-100 nm and may be
crystalline or polycrystalline. In an embodiment, the MNL
302 may be a metal nitride, such as HfN, TiN, or the like. In
some embodiments, a buffer layer (e.g., an aluminum nitride
(AIN) buffer layer) (not shown) may be formed between the
MNL 302 and the micro LED wafer 301. A mask 303 (e.g,,
a silicon nitride mask) is then deposited on the MNL 302.
Lithography may then be used to open apertures in the
silicon nitride mask 303 with diameters carefully chosen to
accommodate the subsequent formation of LEDs that emit
red, green, and blue colors. N-type GaN nanowire cores 310
are then grown, e.g., by metal organic chemical vapor
deposition (MOCVD), as seeded from the MNL 302. The
nanowire cores may have diameters in the range 50 nm to
250 nm.

[0028] Referring again to FIG. 3, indium gallium nitride
(InGaN) shells 312 are grown around the N-type GaN
nanowire cores 310, e.g., using MOCVD. The amount of
indium in the InGaN shells 312 depends on the GaN core
diameter. In an embodiment, smaller core diameter result in
the growth of InGaN shells 312 with smaller indium content.
Larger core diameters result in the growth of InGaN shells
312 with larger indium content. For blue (B) color emission,
the indium content is approximately 20%. For green (G)
color emission, the indium content is approximately 30%.
For red (R) color emission, the indium content is approxi-
mately 40%. A P-type GaN cladding layer 314 may then be
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formed around the InGaN shells 312, e.g., using MOCVD.
The exposed P-GaN cladding layer 314 for all color core-
shell nanowire structures may then be covered with a
transparent conductor (e.g., a transparent conductive oxide
(TCO), such as indium tin oxide (ITO)) 316.

[0029] In an embodiment, a spacer 320 may surround the
transparent conductor 316. The spacer 320 may be a material
that has a refractive index that is less than the refractive
index of the semiconductor materials of the nanowire LED.
Providing an intermediate material with a refractive index
between the refractive index of air (n=1) and the refractive
index of the semiconductor materials (n=2.2 to 3.8) reduces
the total internal reflections. Particularly, the spacer 320
increases the critical angle (from Snell’s Law) and allows
for more light to be emitted. In an embodiment, the spacer
320 may be titanium oxide (TiO,), hafnium oxide (HfO,),
zirconium oxide (Zr0,), doped Ti0O,, doped HfO,, doped
ZrQ0,, or any other material with a refractive index between
the refractive index of air and the refractive index of the
semiconductor materials.

[0030] Referring more generally to FIG. 3 a semiconduc-
tor structure 300 includes a silicon wafer 301 and plurality
of pixel elements 350. Each of the pixel elements 350
includes a first color nanowire LED, a second color
nanowire LED (the second color different than the first
color), and a pair of third color nanowire LEDs (the third
color different than the first and second colors). A spacer 320
is laterally surrounding each of the first color nanowire LED,
the second color nanowire LED, and the pair of third color
nanowire LEDs. It is to be appreciated that more than three
colors may be fabricated. For example, structures may be
fabricated for red, green, yellow or blue emission. In another
example, structures may be fabricated for red, orange, green,
or blue emission.

[0031] In an embodiment, for each of the pixel elements
350, the first color is red, the second color is green, and the
third color is blue. In another embodiment, for each of the
pixel elements 350, the first color is red, the second color is
blue, and the third color is green. In another embodiment, for
each of the pixel elements 350, the first color is blue, the
second color is green, and the third color is red. In an
embodiment, for each of the pixel elements 350, the first
color nanowire LED, the second color nanowire LED, and
the pair of third color nanowire LEDs have a 2x2 arrange-
ment. In another embodiment, a structure referred to as
“monolithic blue and green only” may be fabricated. In such
a case, three times as many blue nanowire LEDs as the green
nanowire LEDs are fabricated. Then, after transfer of the
blue and green nanowire LEDs to the display backplane (at
one shot of transfer), quantum dots are added on some of the
blue nanowire LEDs to convert that blue to red color.

[0032] In an embodiment, upon fabrication of a nanowire
LED source wafer 301, in order to fabricate a nanowire LED
based display, a transfer method is used in which nanowire
LEDs from the source wafer 301 are aligned to a target
display backplane with the assistance of precise alignment,
and released from the source wafer 301. In alternative
embodiments, the direct transfer method may include bond-
ing the nanowire LEDs from the source wafer 301 to the
display backplane, and then releasing the nanowire LEDs
from the source wafer 301.

[0033] In addition to the use of an intermediate refractive
index material for the spacer 320, the spacer 320 may also
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have a structured surface that improves the light extraction
efficiency. Examples of such spacers are shown in FIGS.
4A-6.

[0034] Referring now to FIG. 4A, a cross-sectional illus-
tration of a nanowire LED 400 is shown, in accordance with
an embodiment. In an embodiment, the nanowire LED 400
may be formed on a source wafer 401 (e.g., a silicon wafer).
In an embodiment, a N-type GaN nanowire core 410 may be
epitaxially grown from the MNL 402 through a mask layer
403. An InGaN shell 412 and a P-GaN cladding layer 414
may be formed around the N-type GaN nanowire core 410.
In an embodiment, a transparent conductor 416 may be
formed around the cladding layer 414. In an embodiment,
the nanowire LED 400 may be substantially similar to the
nanowire LEDs described above with respect to FIG. 3, with
the exception that the spacer 420 has a tapered surface 422.
That is, the spacer 420 may have a base that is wider than
a top region. Total internal reflection is reduced since the
tapered surface reduces the incident angle of light emitted
from sidewalls of the nanowire LED 400. In an embodiment,
the spacer 420 may have a taper that is at an angle between
approximately 70° and 90°. Such angles may be obtained
with an etching process that includes a variable etch rate as
a function of time.

[0035] Referring now to FIG. 4B, a cross-sectional illus-
tration of a nanowire LED 400 is shown, in accordance with
an additional embodiment. In an embodiment, the nanowire
LED 400 may be substantially similar to the nanowire LED
described above with respect to FIG. 4A, with the exception
that a second refractive index matching layer 425 is formed
over the spacer 420. In an embodiment, the second refractive
index matching layer 425 may have a refractive index that
1s less than the refractive index of the spacer 420 and greater
than a refractive index of the surrounding environment (e.g.,
air or another dielectric layer).

[0036] In an embodiment, the second refractive index
matching layer 425 may be a silicon oxide (e.g., Si0,). In
embodiments where the spacer 420 is a material other than
TiO, (e.g., HfO, or 7Zn0,), the second refractive index
matching layer 425 may be TiO,. The use of a second
refractive index matching layer 425 provides a more gradual
transition of the refractive index from the semiconductor
material to the surrounding environment (e.g., air), and
provides further improvement to the light extraction effi-
ciency.

[0037] Referring now to FIG. 5A, a cross-sectional illus-
tration of a nanowire LED 500 is shown, in accordance with
an embodiment. In an embodiment, the nanowire LED 500
may be formed on a source wafer 501 (e.g., a silicon wafer).
In an embodiment, a N-type GaN nanowire core 510 may be
epitaxially grown from the MNL 502 through a mask layer
503. An InGaN shell 512 and a P-GaN cladding layer 514
may be formed around the N-type GaN nanowire core 510.
In an embodiment, a transparent conductor 516 may be
formed around the cladding layer 514. In an embodiment,
the nanowire LED 500 is substantially similar to the
nanowire LEDs described with respect to FIG. 3, with the
exception that the spacer 520 includes a textured surface
523. In an embodiment, the textured surface 523 may
comprise features that have a feature size that is smaller than
the wavelength of the light emitted by the nanowire LED
500 (e.g., '/5 to Vio the wavelength). For example, the feature
size may be less than 400 nm. In a particular embodiment,
the feature size may be between 30 nm and 400 nm. In some
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embodiments, the textured surface 523 may comprise ran-
domly distributed features. In additional embodiments, the
textured surface 523 may comprise features that are distrib-
uted in a periodic manner.

[0038] The inclusion of randomly distributed features in a
textured surface 523 provides light scattering locations that
allow for increased light extraction. In embodiments with
periodic features in the textured surface 523, the features
may be fabricated with facets that are at a controlled angle
in order to provide desirable total internal reflections that
preferentially direct light in a desired direction, as will be
described in greater detail with respect to FIG. 6.

[0039] Referring now to FIG. 5B, a cross-sectional illus-
tration of a nanowire LED 500 is shown, in accordance with
an additional embodiment. In an embodiment, the nanowire
LED 500 may be substantially similar to the nanowire LED
described above with respect to FIG. SA, with the exception
that a second refractive index matching layer 525 is formed
over the spacer 520. In an embodiment, the second refractive
index matching layer 525 may have a refractive index that
is less than the refractive index of the spacer 520 and greater
than a refractive index of the surrounding environment (e.g.,
air or another dielectric layer).

[0040] In an embodiment, the second refractive index
matching layer 525 may be a silicon oxide (e.g., Si0,). In
embodiments where the spacer 520 is a material other than
TiO, (e.g., HfO, or Zn0,), the second refractive index
matching layer 525 may be TiO,. The use of a second
refractive index matching layer 525 provides a more gradual
transition of the refractive index from the semiconductor
material to the surrounding environment (e.g., air), and
provides further improvement to the light extraction effi-
ciency.

[0041] Referring now to FIG. 6, a cross-sectional illustra-
tion of a portion of a display backplane 600 is shown, in
accordance with an embodiment. In the illustrated embodi-
ment, a pixel comprising a red (R) nanowire LED 670, a
green (G) nanowire LED 670, and a blue (B) nanowire LED
670 are shown. Referring to FIG. 6, although shown as three
different color nanowire LEDs 670 across (e.g., red, green,
blue from left-right), the three are shown in this manner for
illustrative purposes only. It is to be appreciated that for a
pixel such as a 2x2 pixel element, only two nanowire LEDs
670 would be viewable for a given cross-section. It is to be
appreciated that a variety of arrangements of nanowire
LEDs 670 may be suitable to make a single pixel. In one
embodiment, three nanowire LEDs 670 are arranged side-
by-side, as depicted in FIG. 6. In another embodiment, four
nanowire LEDs 670 are arranged a 2x2 arrangement. In
another embodiment, nine nanowire LEDs 670 are arranged
a 3x3 arrangement (three red nanowire LEDs, three green
nanowire LEDs, and three blue nanowire LEDs), etc.
[0042] In an embodiment, the nanowire LEDs 6§70 may be
substantially similar to the nanowire LED 500 illustrated in
FIG. 5A. For example, the nanowire LEDs 670 may include
a N-type GaN nanowire core 610 that is surrounded by an
active InGaN shell 612 and a cladding layer 614. A trans-
parent conductor 616 may surround the cladding layer 614,
and a spacer 620 may surround the transparent conductor
616.

[0043] In an embodiment, a plurality of nanowire LEDs
670 are mounted to the display backplane substrate 650. In
a particular embodiment, the transparent conductor 616 of
the nanowire LEDs 670 may be attached to conductive
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layers 652 over the display backplane substrate 650. In an
embodiment, the conductive layers 652 may be electrically
coupled to pixel circuits (not shown) as described above
with respect to FIGS. 1 and 2. Embodiments may also
include conductive layers 652 that are reflective (e.g., mir-
rors) that are wider than the nanowire LED 670 that is
attached to the conductive layer 652. Accordingly, the
conductive layers 652 may reflect some light 662 that is
emitted from the nanowire LEDs 670 in order to improve
light extraction efficiency.

[0044] In the illustrated embodiment, the nanowire LEDs
670 may comprise a spacer layer 620 with a textured surface
623. The textured surface 623 may have facets that are
formed at an angle that promotes total internal reflection of
light 661 that is emitted from the side of the nanowire LEDs
670. As shown, the light 661 may reflect off of a facet of the
textured surface 623 and be directed away from the display
backplane 650. Accordingly, light that would otherwise be
lost out the side of the display is redirected towards a viewer.
[0045] In the illustrated embodiment, the nanowire LEDs
670 are shown with only a textured spacer 620, however, it
is to be appreciated that embodiments may also include a
second refractive index matching layer (similar to FIG. 5B
described above).

[0046] In an additional aspect of embodiments disclosed
herein, light extraction efficiency may be improved by
forming nanowires with textured semiconductor materials.
Instead of relying on a spacer layer to provide the textured
layer for light scattering, additional embodiments include
forming the textured surfaces (e.g., surfaces with features
that have a dimension less than the wavelength of the light
emitted by the nanowire LED) on the semiconductor mate-
rials themselves.

[0047] Referring now to FIG. 7A, a cross-sectional illus-
tration of a nanowire LED 700 is shown, in accordance with
an embodiment. In an embodiment, the nanowire LED 700
may be formed on a source wafer 701. For example, the
source wafer 701 may be a silicon wafer. A MNL 702 may
be formed over the source wafer 701, and a mask 703 (e.g.,
a silicon nitride mask) is formed over the MNL 702. In an
embodiment, an N-type GaN nanowire core 710 is then
grown, e.g., by MOCVD, as seeded from the MNL 702. The
N-type GaN nanowire core 710 may have diameters in the
range 50 nm to 250 nm. While a single N-type GaN
nanowire core 710 is shown, it is to be appreciated that any
number of N-type GaN nanowire core 710 may be grown on
the source wafer 701, similar to described above with
respect to FIG. 3.

[0048] In an embodiment, an indium gallium nitride (In-
GaN) shell 712 is grown around the N-type GaN nanowire
core 710, e.g., using MOCVD. The amount of indium in the
InGaN shell 712 depends on the GaN core diameter. In an
embodiment, smaller core diameter result in the growth of
InGaN shells with smaller indium content. Larger core
diameters result in the growth of InGaN shells with larger
indium content. For blue (B) color emission, the indium
content is approximately 20%. For green (G) color emission,
the indium content is approximately 30%. For red (R) color
emission, the indium content is approximately 40%.
[0049] In an embodiment, a P-type GaN cladding layer
714 may then be formed around the InGaN shell 712, e.g,,
using MOCVD or organometallic vapor phase epitaxy (OM-
VPE). In an embodiment, the P-type GaN cladding layer 714
may comprise a textured surface 715. In an embodiment, the
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textured surface 715 may comprise features that have a
feature size that is smaller than the wavelength of the light
emitted by the nanowire LED 700 (e.g., ' to Yo the
wavelength). For example, the feature size may be less than
400 nm. In a particular embodiment, the feature size may be
between 30 nm and 400 nm. In some embodiments, the
textured surface 715 may comprise randomly distributed
features. In additional embodiments, the textured surface
715 may comprise features that are distributed in a periodic
mannet.

[0050] In some embodiments, the textured surface 715
may be generated during the epitaxial growth of the P-type
GaN cladding layer 714. For example, when an OMVPE
process is employed, the growth process of GaN group
materials in a hydrogen rich environment is significantly
different from growth in a nitrogen environment. The V/III
concentration ratio and concentrations of nitrogen and
hydrogen in a carrier gas may be varied to control the
roughness (i.e., texture) of the P-GaN epitaxial surface on
the sidewalls of the nanowire. In an embodiment, a suffi-
ciently high hydrogen content in the gas mixture carrying
the nitrogen source may be obtained by using one or more
of ammonia (NH;), hydrazine (N,H,), and hydrogen (H,).
In some embodiments, the epitaxial growth may be imple-
mented at low temperatures (e.g., less than 700° C.) in order
to enhance the textured surface 715.

[0051] In an embodiment, the textured surface 715 may
also be formed after the P-GaN cladding layer 714 is
formed. In such an embodiment, the P-GaN cladding layer
714 may be exposed to a wet etchant chemistry (e.g.,
TMAH/NH,OH, KOH) post growth. The highly doped
P-GaN will allow for preferential etching along the 1122
planes, producing rough sidewalls.

[0052] In an embodiment, the exposed P-GaN cladding
layer 714 for may then be covered with a transparent
conductor (e.g., a transparent conductive oxide (TCO), such
as indium tin oxide (ITO)) 716. In some embodiments, a
dielectric layer 725 may also be formed around the trans-
parent conductor 716.

[0053] Referring now to FIG. 7B, a cross-sectional illus-
tration of a nanowire LED 700 is shown, in accordance with
an additional embodiment. In an embodiment, the nanowire
LED 700 may be substantially similar to the nanowire LED
700 described with respect to FIG. 7A, with the exception
that the P-type GaN cladding layer 714 has a non-textured
surface, and an InGaN shell 718 is formed between the
P-type GaN cladding layer 714 and the transparent conduc-
tor 716. The InGaN shell 718 may comprise a textured
surface 719. For example, the textured surface 719 may
comprise features that are smaller than the wavelength of the
light emitted by the nanowire LED 700 (e.g., ¥5 to Yo the
wavelength). For example, the features of the textured
surface 719 may have a dimension between 30 nm and 400
nm. In an embodiment, the textured surface 719 may com-
prise features that have a feature size that is smaller than the
wavelength of the light emitted by the nanowire LED 700
(e.g., Y5 to Vio the wavelength). For example, the feature size
may be less than 400 nm. In a particular embodiment, the
feature size may be between 30 nm and 400 nm. In some
embodiments, the textured surface 719 may comprise ran-
domly distributed features. In additional embodiments, the
textured surface 719 may comprise features that are distrib-
uted in a periodic manner. In an embodiment, the InGaN
may be a highly P-doped InGaN layer with an indium
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percentage less than approximately 15 (atomic) % Embodi-
ments that include an InGaN textured surface allows for the
light extraction efliciency to be increased without damaging
the P-type GaN cladding layer 714.

[0054] Referring now to FIG. 7C, a cross-sectional illus-
tration of a nanowire LED 700 is shown in accordance with
an additional embodiment. In an embodiment, the nanowire
700 may be substantially similar to the nanowire 700
described with respect to FIG. 7A, with the exception that a
spacer 720 is formed around the transparent conductor 716.
In an embodiment, the spacer 720 may be substantially
similar to any of the spacers described above with respect to
FIGS. 3-6. In the illustrated embodiment, the spacer 720 is
shown with a tapered surface 722. However, it is to be
appreciated that other spacer configurations (e.g., non-ta-
pered, faceted, etc.) may also be used in combination with
a textured P-type GaN cladding layer 714.

[0055] Referring now to FIG. 7D, a cross-sectional illus-
tration of a nanowire LED is shown, in accordance with
another embodiment. As shown in FIG. 7D, a plurality of the
layers surrounding the N-type GaN nanowire core 710
include textured surfaces. For example, the P-type GaN
cladding layer 714 includes a textured surface 715, the
transparent conductor 716 includes a textured surface 717,
and the spacer 720 includes a textured surface 723.

[0056] In an embodiment, the innermost textured surface
(i.e., textured surface 715 of the P-type GaN cladding layer
714) may be formed with a process such as described above
with respect to FIG. 7A. The subsequently formed layers
(i.e., the transparent conductor 716 and the spacer 720) may
be formed with conformal processes. As such, the textured
surfaces 717 and 723 may be obtained since the underlying
layer (i.e., the P-type GaN cladding layer 714) has a textured
surface.

[0057] FIG. 8 is an electronic device having a display, in
accordance with embodiments of the present disclosure.
Referring to FIG. 8, an electronic device 800 has a display
or display panel 802 with a micro-structure 804. The display
may also have glass layers and other layers, circuitry, and so
forth. The display panel 802 may be a micro-LED display
panel. As should be apparent, only one microstructure 804 is
depicted for clarity, though a display panel 802 will have an
array or arrays of microstructures including nanowire LEDs.
[0058] The electronic device 800 may be a mobile device
such as smartphone, tablet, notebook, smartwatch, and so
forth. The electronic device 800 may be a computing device,
stand-alone display, television, display monitor, vehicle
computer display, the like. Indeed, the electronic device 800
may generally be any electronic device having a display or
display panel.

[0059] The electronic device 800 may include a processor
806 (e.g., a central processing unit or CPU) and memory
808. The memory 808 may include volatile memory and
nonvolatile memory. The processor 806 or other controller,
along with executable code store in the memory 808, may
provide for touchscreen control of the display and well as for
other features and actions of the electronic device 800.
[0060] In addition, the electronic device 800 may include
a battery 810 that powers the electronic device including the
display panel 802. The device 800 may also include a
network interface 812 to provide for wired or wireless
coupling of the electronic to a network or the internet.
Wireless protocols may include Wi-Fi (e.g., via an access
point or AP), Wireless Direct®, Bluetooth®, and the like.
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Lastly, as is apparent, the electronic device 800 may include
additional components including circuitry and other com-
ponents.

[0061] Thus, embodiments described herein include micro
light-emitting diode (LED) fabrication and assembly.
[0062] The above description of illustrated implementa-
tions of embodiments of the disclosure, including what is
described in the Abstract, is not intended to be exhaustive or
to limit the disclosure to the precise forms disclosed. While
specific implementations of, and examples for, the disclo-
sure are described herein for illustrative purposes, various
equivalent modifications are possible within the scope of the
disclosure, as those skilled in the relevant art will recognize.
[0063] These modifications may be made to the disclosure
in light of the above detailed description. The terms used in
the following claims should not be construed to limit the
disclosure to the specific implementations disclosed in the
specification and the claims. Rather, the scope of the dis-
closure is to be determined entirely by the following claims,
which are to be construed in accordance with established
doctrines of claim interpretation.

[0064] Example 1: a nanowire light emitting diode (LED),
comprising: a nanowire core, wherein the nanowire core
comprises GaN; an active layer shell around the nanowire
core, wherein the active layer shell comprises InGaN; a
cladding layer shell around the active layer shell, wherein
the cladding layer comprises p-type GaN; a conductive layer
over the cladding layer; and a spacer surrounding the
conductive layer, wherein a refractive index of the spacer is
less than a refractive index of the cladding layer shell.
[0065] Example 2: the nanowire LED of Example 1,
wherein the spacer comprises a tapered sidewall.

[0066] Example 3: the nanowire LED of Example 1 or
Example 2, wherein the spacer comprises TiO,, HfO,, ZrO,,
doped TiO,, doped HfO,, or doped ZrO,.

[0067] Example 4: the nanowire LED of Examples 1-3,
further comprising:

[0068] a dielectric layer around the spacer.

[0069] Example 5: the nanowire LED of Examples 1-4,
wherein the refractive index of the spacer is greater than a
refractive index of the dielectric layer.

[0070] Example 6: the nanowire LED of Examples 1-5,
wherein the spacer comprises a textured surface.

[0071] Example 7: the nanowire LED of Examples 1-6,
wherein the textured surface of the spacer comprises fea-
tures that have a dimension that is between 30 nm and 400
nm.

[0072] Example 8: the nanowire LED of Examples 1-7,
wherein the nanowire LED is attached to a display back-
plane substrate.

[0073] Example 9: the nanowire LED of Examples 1-8,
wherein the display backplane substrate comprises a mirror
below the nanowire LED.

[0074] Example 10: the nanowire LED of Examples 1-9,
wherein the nanowire LED emits blue, red, or green light.
[0075] Example 11: a micro-LED display, comprising: a
display backplane substrate; a plurality of micro-LEDs on
the display backplane substrate, wherein the plurality of
micro-LEDs each comprise: a nanowire core, wherein the
nanowire core comprises GaN; an active layer shell around
the nanowire core, wherein the active layer shell comprises
InGaN; a cladding layer shell around the active layer shell,
wherein the cladding layer comprises p-type GaN, and
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wherein the cladding layer shell comprises a textured sur-
face; and a conductive layer shell over the cladding layer.
[0076] Example 12: the micro-LED display of Example
11, wherein the textured surface of the cladding layer shell
comprises features with feature dimensions between 30 nm
and 400 nm.
[0077] Example 13: the micro-LED display of Example 1
or Example 2, further comprising: a spacer surrounding the
conductive layer shell.
[0078] Example 14: the micro-LED display of Examples
11-13, wherein the cladding layer shell, the conductive layer
shell, and the spacer each comprise a textured surface.
[0079] Example 15: the micro-LED display of Examples
11-14, wherein a refractive index of the spacer is less than
a refractive index of the cladding shell.
[0080] Example 16: the micro-LED display of Examples
11-15, wherein the spacer comprises TiO,, HfO,, ZrO,,
doped TiO,, doped HfO,, or doped ZrO,.
[0081] Example 17: the micro-LED display of Examples
11-16, farther comprising: a dielectric layer surrounding the
spacer, wherein a refractive index of the dielectric layer is
less than the refractive index of the spacer.
[0082] Example 18: the micro-LED display of Examples
11-17, wherein each of the plurality of nanowire LEDs are
attached to a mirror on the display backplane substrate.
[0083] Example 19: a micro-LED display, comprising: a
display backplane substrate; a plurality of micro-LEDs on
the display backplane substrate, wherein the plurality of
micro-LEDs each comprise: a nanowire core, wherein the
nanowire core comprises GaN; an active layer shell around
the nanowire core, wherein the active layer shell comprises
InGaN; a cladding layer shell around the active layer shell,
wherein the cladding layer comprises p-type GaN; a textured
p-type InGaN layer around the cladding layer shell; and a
conductive layer shell over the textured p-type InGaN layer.
[0084] Example 20: the micro-LED display of Example
19, wherein the textured p-type InGaN layer comprises
features with feature dimensions between 30 nm and 400
nm.
[0085] Example 21: a method of forming a nanowire LED,
comprising: forming a nanowire core over a silicon sub-
strate; forming an active layer shell around the nanowire
core; forming a cladding layer around the active layer shell,
wherein the cladding layer comprises a textured surface; and
forming a conductive layer around the cladding layer.
[0086] Example 22: the method of Example 21, wherein
the textured surface of the cladding layer is formed during
an epitaxial growth process used to form the cladding layer.
[0087] Example 23: the method of Example 21 or
Example 22, wherein the epitaxial growth process comprises
an organometallic vapor phase epitaxy (OMVPE) that com-
prises a source gas comprising nitrogen and gallium.
[0088] Example 24: the method of Examples 21-23,
wherein the source gas comprises one or more of NH;, NH,,,
and H,.
[0089] Example 25: the method of Examples 21-24, fur-
ther comprising: forming an InGaN shell between the clad-
ding layer and the conductive layer, wherein the InGaN shell
comprises a textured surface.

What is claimed is:

1. A nanowire light emitting diode (LED), comprising:

a nanowire core, wherein the nanowire core comprises
GaN;,
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an active layer shell around the nanowire core, wherein
the active layer shell comprises InGaN;

a cladding layer shell around the active layer shell,
wherein the cladding layer comprises p-type GaN;

a conductive layer over the cladding layer; and

a spacer surrounding the conductive layer, wherein a
refractive index of the spacer is less than a refractive
index of the cladding layer shell.

2. The nanowire LED of claim 1, wherein the spacer

comprises a tapered sidewall.

3. The nanowire LED of claim 1, wherein the spacer
comprises TiO,, HfO,, ZrO,, doped TiO,, doped HfO,, or
doped 7rO,.

4. The nanowire LED of claim 1, further comprising:

a dielectric layer around the spacer.

5. The nanowire LED of claim 4, wherein the refractive
index of the spacer is greater than a refractive index of the
dielectric layer.

6. The nanowire LED of claim 1, wherein the spacer
comprises a textured surface.

7. The nanowire LED of claim 6, wherein the textured
surface of the spacer comprises features that have a dimen-
sion that is between 30 nm and 400 nm.

8. The nanowire LED of claim 6, wherein the nanowire
LED is attached to a display backplane substrate.

9. The nanowire LED of claim 8, wherein the display
backplane substrate comprises a mirror below the nanowire
LED.

10. The nanowire LED of claim 1, wherein the nanowire
LED emits blue, red, or green light.

11. A micro-LED display, comprising:

a display backplane substrate;

a plurality of micro-LEDs on the display backplane
substrate, wherein the plurality of micro-LEDs each
comprise:

a nanowire core, wherein the nanowire core comprises
GaN;

an active layer shell around the nanowire core, wherein
the active layer shell comprises InGaN;

a cladding layer shell around the active layer shell,
wherein the cladding layer comprises p-type GaN,
and wherein the cladding layer shell comprises a
textured surface; and

a conductive layer shell over the cladding layer.

12. The micro-LED display of claim 11, wherein the
textured surface of the cladding layer shell comprises fea-
tures with feature dimensions between 30 nm and 400 nm.

13. The micro-LED display of claim 11, further compris-
ing:

a spacer surrounding the conductive layer shell.

14. The micro-LED display of claim 13, wherein the
cladding layer shell, the conductive layer shell, and the
spacer each comprise a textured surface.
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15. The micro-LED display of claim 13, wherein a
refractive index of the spacer is less than a refractive index
of the cladding shell.

16. The micro-LED display of claim 15, wherein the
spacer comprises T1i0,, HfO,, ZrO,, doped TiO,, doped
HfO,, or doped ZrO,.

17. The micro-LED display of claim 15, further compris-
ing:

a dielectric layer surrounding the spacer, wherein a refrac-
tive index of the dielectric layer is less than the refrac-
tive index of the spacer.

18. The micro-LED display of claim 11, wherein each of
the plurality of nanowire LEDs are attached to a mirror on
the display backplane substrate.

19. A micro-LED display, comprising:

a display backplane substrate;

a plurality of micro-LEDs on the display backplane
substrate, wherein the plurality of micro-LEDs each
comprise:

a nanowire core, wherein the nanowire core comprises
GaN;

an active layer shell around the nanowire core, wherein
the active layer shell comprises InGaN;

a cladding layer shell around the active layer shell,
wherein the cladding layer comprises p-type GaN:

a textured p-type InGaN layer around the cladding
layer shell; and

a conductive layer shell over the textured p-type InGaN
layer.

20. The micro-LED display of claim 19, wherein the
textured p-type InGaN layer comprises features with feature
dimensions between 30 nm and 400 nm.

21. A method of forming a nanowire LED, comprising:

forming a nanowire core over a silicon substrate;

forming an active layer shell around the nanowire core;

forming a cladding layer around the active layer shell,
wherein the cladding layer comprises a textured sur-
face; and

forming a conductive layer around the cladding layer.

22. The method of claim 21, wherein the textured surface
of the cladding layer is formed during an epitaxial growth
process used to form the cladding layer.

23. The method of claim 22, wherein the epitaxial growth
process comprises an organometallic vapor phase epitaxy
(OMVPE) that comprises a source gas comprising nitrogen
and gallium.

24. The method of claim 22, wherein the source gas
comprises one or more of NH,, NH,, and H,.

25. The method of claim 21, further comprising;

forming an InGaN shell between the cladding layer and
the conductive layer, wherein the InGaN shell com-
prises a textured surface.
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