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MICRO-CAVITY MICRO-LED PIXEL DESIGN WITH DIRECTIONAL EMISSION
FOR HIGH EFFICIENCY AR/MR APPLICATIONS

BACKGROUND
Mixed Reality (MR), which may include both Augmented Reality (AR ) and Virtual Reality (VR),
is an ndustry with a rapidly expanding footprint. An MR device may be implemented with a
headset that includes video and audio components to provide the immersive MR expericnce. An
MR device may be implemenied in various forms such as a necar-eve-display (NED)} or head
mounted display (HMD) that includes left and right display components as well as left and right
audio components.
Pixels are a basic unit of a dispiay image, where a full display image may be formed [rom an array
of pixels. The arrays are typically arranged as a two-dimensional (2D) array, where individual
pixels may be addressed by an k-y coordinate systeny, such as by row and column numbers, In
some examples, & single addressable display pixel may correspeond to a cluster of LED devieces,
where each mndividual LED device may correspond 1o a different primary color.
Conventional LED devices have various physical properties thal may be undesirable. An example
conventional LED device may exhibit undesirable characteristics such as & significantly large
emission angle. For a given LED drive signal, a large emission angle may be perceived as a loss
in pixel brightness or pixel intensity, The large emission angel may also be pereetved as a logs of
color or contrast between pixels. Although the LED drive signals may be adjusted to compensate
for loss in inlensily or contrast, there 1s a negative consequence of increased heat and power
consamption in the device.
The disclosure made herein is presented with respect to these and other considerations.

SUMMARY

Technologies are described herein for miero-LED devices that employ a resonant micro-cavity
structure to promote direction emission, The described techniques facilitate a narrowed emission
speetra, with improved optical efficiency and reduced energy consumption, The light emission
profiles are collimated by the cavity effect in the LED, viclding improving brightness and
signiticantly reducing the required optical power to achieve the desired brighiness. The described
resonant micro-cavity structures amit fight for cerlain desired optical modes, while suppressing
ceriain other modes that are not desired. Concave surfaces in the resonance niicro-cavity struciures
may be wused to further confine hight propagation in the horizonlal direction, achicve better
collimation, and reduce pixel level crosstalk, Micro-lenses can be used to further enhance the
desirable light collimation effects of the described devices.

In some examples, a micro-pixel light emitting diode (LED) device is described, comprising: a
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first contact focated about a top contact region of a top portion of the device, wherein the first
contact corresponds to one of an n-type malterial and a p-type material; a distributed Bragg
reflector located about an aperture region of the top portion of the device , wherein the aperture
region and the top contact region are substantially different from one another; a second contact
located about a bottony contact regien in a botlom portion of the device, wherein the second contact
correspords to one of the n-type malerial and a p-type material that is different from the first
conlact; an optically reflective surface of the second conlact; a quantum well located in a central
portion of the device between the fop portion and the bottom portion; and a resonani micro-cavity
formed about the quantum well between the distributed Bragg reflector and the optically reflective
surface ol the second contact, wherein the distributed Bragg reliector corresponds to a top reflector
of the resonant micro~cavity and the optically rellective surface corresponds to a bottom reflector
of the resonant nilcro-cavity, and wherein one or niore of the optically reflective surface and the
distributed Bragg reflector are concavely shaped such that the resonant nicro-cavity promotes
vertical ight propagation and conlines horizontal ight propagation.

In some additional examples, a micro-pixel light emiiting diode (LED) device is described,
comprising: a first contact localed aboul a top contact region in a top portion of the deviee, wherein
the first contact corresponds to one of an n-type material and a p-type material; a distributed Bragg
reflector located about an aperture region of the top portion of the device, wherein the aperture
region and the top contact region are substantially different from one another; a second contact
tocated about a bottom contact region of a bottom portion of the device, wherein the second
conlact correspordds to one of the n-type material and a p-lype material that is diflerent from the
first contaci; an optically reflective surface of the second contact;, a quantum well located in a
central portion of the device between the top portion and the bottom portion; and a micro-lens
located above the disiribuied Bragg reflector; and a resonant micro-cavily formed about the
quantun well between the distribuled Bragg reflector and the optically reflective surface of the
second contact; wherein: the distributed Bragg reflector corresponds to a top reflector of resonant
micro~cavity; the optically reflective surface corresponds to a bottom reflector of the resonant
micro~cavity; the optically reflective surface is concave with respect to a first focal point (FP1)
tocated along an axis that between the optically reflective surface and the distributed Bragg
reflector; the distribuled Bragg reflector is concave wilh respect {0 a second focal point (FP2)
located along the axis; the resonani micro-cavity is conligured to promote vertical light
propagation and o confine horizontal light propagation; the resonant micro-cavity is configured
to promote emission of desired optical modes and suppress emission of other optical modes that
are not desired; the resonant micro~cavity is conligured to emit collimated light at a surface about

the aperture region [rom the distributed Bragg reflector; and the micro-lens is configured to further

[Re]
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collimate the Hight emitied from the resonant micro-cavity.
In still other exaniples, a display panel device is described, comprising: an array of micro~pixel
fight emitting diode devices, wherein cach of the micro-pixel light emitting diode devices
comprises: a [irst contact located about a top contact region of a top portion ol the device, wherein
the fivst contact corresponds 1o one of an n-type material and a p-type material; a distributed Bragg
reflector located about an aperture region of the fop poriion of the device , wherein the aperture
region and the top contact region are substantially different frony one another; a second contact
located about a bottom contact region in & botiom portion of the device, wherein the second coniact
corresponds o one of the n-iype material and a p~type material that is different from the first
contact; an optically reflective surface of the second contact; a quantum well located in a central
portion of the device between the top portion and the botlom portion; and a resonant micro-cavity
formed about the quantum well between the distributed Bragg reflector and the optically reflective
sartace ol the second contact, wherein the distributed Bragg reflector corresponds to a top reflector
of the resonant micro-cavity and the optically reflective surface corresponds to a bottom reflector
of the resonant micro-cavity, and wherein one or more of ihe optically reflective surlace and the
distributed Bragg reflector are concavely shaped such that the resonant micro-cavity promotes
vertical fight propagation and confines horizontal light propagation,
It should be appreciated that the above~described subject matter may afso be impiemented as part
of an apparatus, system, or as part of an article of manulacture. These and various other features
wiil be apparent from a reading of the following Detailed Description and a review of the
associaled drawings.
This Summary 1s provided to introduce a selection of concepts in a simplified form that are [urther
described below in the Detailed Description. This Summary 15 not intended to identify key {features
or essential features of the claimed subject matier, nor is i inlended that ihis Summary be used o
timit the scope of the claimed subject matter, Furthermore, the claimed subject matter is not limited
to implemerttations that solve any or all disadvantages noted in any part of this disclosure,

BRIEF DESCRIPTION OF THE DRAWINGS

The Detailed Description is described with reference to the accompanying figures, References
made to individual tems of a pluralily of items can use a reference nuntber with a letter of a
sequence of letlers o refer to cach individual item. Generie reflerences to the istems may use the
specific reference number without the sequence of letters,
FIG. 1 shows a schematic view of an example resonant nucro-cavity based micro-LED device
with directional emission and high efficiency,
FIG. 2 shows graphs comparing emission profiles achicved with resonant micro~cavily based

micro-LED devices.
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FIG. 3 shows a 3D view of an cxaniple resonant micro-cavity based micro-LED device with
direction emission and high efficiency.
FIG. 4 shows a schematic view of another example resonant micro-cavity based micro-LED
device with directional emission and high efficiency.
FIG. 5 shows a schematic view of still another example resonant micro-cavity based nicro-ILED
device wiih directional emission and high efficiency,
FIG. 6 shows a schematic view of vel another example resonant micro-cavity based micro-LED
device with directional emission and high efficiency.
FIG. 7 shows a schematic view of still yet another example resonant micro-cavity based micro-
LED device with directional emission and high efliciency.
FIG. 8 shows a perspeetive view of a display device that includes resonant miero-cavity based-
LED devices with directional emission and high efliciency.
FIG. 9 shows graphs comparing spectral widths achieved with resonant nyicro-cavity based micro-
LED devices.

DETAILED DESCRIPTION

In the following detailed description, reference is made to the accompanied drawings, which form
a part hereof, and which is shown by way of illustration, specific exaniple configurations of which
the concepts can be practiced, These conligurations are described in sufficient detail to enable
those skilled in the art to practice the techniques disclosed herein, and it is 1o be understood that
other configurations can be utilized, and other changes may be made, without departing from the
spirit or scope of the presented concepts. The following detatted description 1s, therefore, not to
be faken in a himiling sense, and the scope of the presented concepts is defined only by the
appended claims.
Throughout the specification and claims, the following terms take the meanings expliciily

E1Y

associaled herein, unless the context clearly diclates otherwise, The meaning of “a,” “an,” and
“the” includes plural reference, the meaning of “in™ includes “in™ and “on.™ The term “connected”
means a direct electrical connection between the items connected, without any intermediate
devices. The term “coupled” means a direct electrical connection between the items connected, or
an indirect connectlion ihrough one or more passive or aciive intermediary devices andior
componenls. The terms “circuit” and “component” means cither a single component or a
multiplicity of components, eiiher active and/or passive, that are coupled to provide a desired
function. The term “signal”™ means at least a power, current, vollage, or data signal,

The term "layer” may refer {o a portion of a material that includes a region of thickness, A layer
may extend over an entire other layer, or an underlying structure, or may have an extent that is

fess than the extent of the underlying layer or structure. Additiomally, a layer may be a

4
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homogeneous region or a heterogencous region, where the thickness of the region nway be varied,
In various examples, a layer may include a top surface and a bottom surlace of a continuous
structure, or a layer may be located between a pair of substantially planar repions, Some lavers
may corresporxd to a substantially planar region of material, with a consistent thickness over the
planar region, Other cxample layers may include inclined or stepped regions, with differing
thickness over the inclined or siepped regions. The layers may exiend horizontally, vertically
and/or along a tapered surface. A layer may also be comprised of multiple layers. In some
examples, a semiconductor fayer may include one or more doped or undoped regions, which may
be of the same or different material types.

Semiconductor materials contemplated herein may include any appropriate material, including but
not limited to sthicon (Si), silicon carbide (SiC), germanium (Ge), gallium nitride (GaN), gallium
arsenide {(GaAs), gallium phosphide (GaP), indium phosphide (InP), indium gallium nitride
{lnGaN), alomunum gallivm nitride (AlGaN), aluminem galhium indium phosphide (AlGaluP),
atuminum, galliom arsenide (AlGaAs), and aluminum indiam galliuny phosphide (AllnCGaP). Non-
conductive or insulative malenials contemplated herein may include any appropriate material,
mncluding but not fimited to glass, plastic or sapphire.

Technologies are described herein for nucro-LED devices that employ & resonant micro-cavity
structure Lo promote direction emission. The described techniques facilitate a narrowed enission
spectra, with improved optical efficiency and reduced energy consumption, The light emission
profiles are collimated by the cavity effect in the LED, vielding improving brightness and
significantly reducing the required optical power to achieve the desired brightness. The resonant
micro-cavity structures emit light for ceriain desired optical modes, while suppressing certain
other modes that are not desired. Concave surfaces in the resonance micro-cavily may be used to
[urther confine light propagation in the horizonial direciion, achieve better collimation, and reduce
pixel fevel crosstalk. Micro~lenses can be used to further enhance the desirable Hight collimation
elfects of the described devices.

Mixed Reality {AR) devices are an exciting consumer clectronics area, which may present the
next form factor in portable devices to follow cell phones, A number of large technology
companics are wmvesting n this field, e.g., Google, Meta, Apple and Microsoelt. One of the key
componenls needed to build a small form-factor glasses siyle of device is a micro-display, which
may be implemented as parl as a near-eve-display (NED) device. Micro-LED devices are a next
generalion display lechnelogy that has the potential to provide displays with compact pixel piich,
high brightness, and long lifetime. However, one of the key challenges for Micro-LED
technologies is system light utilization efficiency.

e contemplation of the presently disclosed technologies, a conventional LED device was

i
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evaluated for use in & micro-sized display. For the conventional LED device, the angular emission
profile has a Lambertian shape. With a F#2 based projection lens system, less than about seven
percent {< 7%} of the total light emitted from the conventional LED can be collected by the lens,
passed to the waveguides and presented to the user’s eye. The remaining ninety-three percent &>
3% of the total light emitted from the conventional LED is stray-fight that is lost, which is
perceived by the user as a loss in brighiness, color, contrast, cic. To compensaie for the inefficiency
of a conventional LED, the drive signal tevels to the LED are increased, which results in wasted
power and increased heat thal must be dissipaied by the device.

As the F# in the projection lens system is increased, the loss in efficiency increases further still,
yielding further undesirable system performance. For example, the low light collection efficiency
from the overall sysiem presents problems in overall power consumplion, heat dissipation and loss
of useful battery life in a portable device such as AR plasses. The present disclosure contemplates
these issoes and presents a novel Micro-LED based emiiter with tmproved directional emission
with increased collimation, which is highly desirable and may umprove system efficiency
dramatically and make practical AR solutions possible,

FIG. 1 shows a schematic view of an example resonant micro-cavity based nucro-LED device 100
with directional emission and high efficiency, arranged in accordance with aspects of the present
disclosure, The micro-LED device 100 may be used as a pixel a display system, and thus is also
referred to as a micro-pixel light emitting diode (LED) device.

As shown in FIG. 1, the micro~-LED device 100 includes a top portion 110, a botiom portion 130,
and a nuddle or central portion 120 located between the top portion 110 and the bottom portion
130). Each of the portions may be implemented as oneg or more layers extending over the X-Z
plane, where the designations of top, ceniral, and botiom are relative to the Z-axis as shown.
Although the examiple tHustrated w FIG, | 1s drawn as a two-dimensional siructure (2D) in an X-
Z plane, this is merely for convenience of discussion and the deviee is expected to be implemented
as a three-dinwensional structure with addition of a Y dimension,

The top portion 110 includes one or more top contact regions 111, A first contact 10 is located
about the top contact region {11 of a top portion 110 of the device 100, where the first contact 10
may correspond io eilher an n-type material or a p-type material {(e.g., an n-type or p-type doped
silicon material). The material of the first contact 10 effectively forms an electrode or first
clectrical connection to ihe device 108, Alihough an addifional contact 10 1s also shown in the top
contact region 111, this additional contact may be clectrically coupled {o the first contact 1) so
that the contacts 10 together function as a single electrode for the device 100,

The top portion 110 also includes an aperture region 112, A distributed Bragg reflector 11 is

tocated about the aperture region 112 of the top portionr {10 of the device 100, The aperture region

6
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112 and the top contact region 111 are substantially dilferent from one another, although in some
examples there may be some nominal overlap between regions 111 and 112.
A distributed Bragg reflector (DBRY) is a structure formed from multiple layers of alternating
materials with varying refractive indices, or by a periodic variation of some other characteristic of
a diclectric wavegwide, The alternating malterials provide optical boundary cenditions with
periodic variations in the effective refractive index, which results in a high-quality reflecior. For
a range of wavelengths, the DBR has a very high reflectivily, where the DBR effectively blocks
propagation of certain modes (e.g., TE modes) in the structure, while promoting propagation of
certain other modes {e.g,, TM modes) in the structure. In some examples, a DBR may be
constructed by stacking layers of materials such as titanium dioxide, with a relractive index of
about 2.5, and silica, with a refractive index of about 1.5), but many other matenals are also
conlemplated.
The bottom portion 130 includes a bottom contact region 131, A second contact 15 1s located about
the bottom contact region 131 in the bottom portion 130 of the device 100. The second contact 15
correspords to one of the n-type malerial and a p-type material that is different from the first
contlact 10, For example, il the first contact 1) 1s an n-type material then the second contact 13
will be a p-type material, or vice-versa. The material of the second contact 15 effectively forms
another electrode or second electrical connection to the deviee 100,
The central portion 120 includes a middie region 122, which is located between an upper reglon
121 and a lower region 123, The upper 121 region of the central portion 120 may correspond to a
seiniconductor material 12 of a first type (e.g., n-type or p-type), while the lower region 123 of
the central portion 120 may correspond a senviconductor material 14 of a second type (e.g.. p-type
or n-type), which is an opposite of the first type from the upper region 121, The materials used lor
the upper and lower regions may generally be of the same type of material (e.g., Aluminum
Arsenide), but of differing doping configurations for positive or negative types. The middle region
121 may correspond to a guantum well 13 formed from another semiconductor material {¢.g.,
Gallium Arsenide), which may also be referred o as an active region of the device 100. The
semiconductor material of the quantum well 13 has a lower energy bandgap then the surrounding
sericonductor materials 12 and 14, which have a wider energy bandgap.
In some examples, the guantum well [3 may be formed as a superiattice or periodic structure of
allernating materials. The energy bandgap characteristics of the periodic structure results in a
periodic serigs of quantum wells, referred 1o as a multiple quantam well (MQW), where the
barriers between adjacent wells are thick enough to prevent adjacent wave functions from
coupling.

The second contact 15 may further include an optically reflective surface 17 that is facing upwards

9
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(relative to the Z-direction) towards a corresponding reflective surface 16 of the distributed Bragg
reflector 11, Thus, the surface 16 of the distributed Bragg reflector 11 corresponds to a top reflector
of a resonant micro-cavity 20, while the optically reflective surface 17 ol the second contact 135
corresponds to a boltom reflector of the resonant micro-cavity 20. The optically reflective surface
17 of the second contact 15 may be formed of a high reflectivity metal or metal alloy (c.g.,
Aluminum, Sitver, Titaniunm, Zine, Magnesion, etc.).

Device 100 iflustrates & Micro-LED pixel structure, which includes a distribuled Bragg reflector
{DBR} on the top reflective surface or mirror 16 at the {irst contact side, and an optically reflective
material (e.g., Silver/Aluminum reflector) or mirror 17 on the bottom contact side. The two
reflectors 16 and 17 together provide an optical resonant micro-cavity 26 for the micro-LED pixel.
Operationally, drive electronics such as an LED drive circuit 40 may be coupled to the [first and
second electrodes formed at the first contact 10 and the second contact 15. In some examples, the
LLED drive circuit 40 may be located separate from the LED devices. In some other examples,
another LED drive circnit 31 may be located in a lower region 140 of a substrate 30, which may
be integrated fogether with the LED devices as shown in FIG, 1,

The micro-LED device 1s biased nto active operation by the drive signals, and light 21 is emutied
front the quantunt well 13 {or multiple quantun: well will, MQW) in the active region of the device
100, The emitted light 21 results in interference in the resonance cavily, where certain optical
modes are easily coupled through the distributed Bragg reflector 11 and output as tight 22, and
some other optical modes are suppressed from output. Overall, a more coflimated angular
crission profile, which 1s highly directional, 1s generated by the disclosed device 100,

FIG. 2 shows graphs 201 and 202 comparing emission profiles achieved with resonant micro-
cavily based miero-LED devices such as device 100 of FIG. 1. The first graph 201 tllustrates an
emission profile for a conventional LED device, while the second graph 202 illustrates an emission
profile for the improved LED devices described herein,

Optical efficiency is an important feature of & panel display, Not all of the light that is emitted
from a light source is effective for illumination. Accordingly, the beam formed by the center cone
angle (e.g,, Q@ =%10°%15) is the dominant fight that propagates through the projection system. As
a result of this characteristic, for crutters wilh a broad enussion angle, a large portion of the
cnuitted tight 1s lost, and the cllective optical efficiency of the system ts greatly reduced.

As shown 1n the [irst graph 201, a conventional LED device presents a Lamberiian enmission
proflile, where the total optical power emitted is shown by arca L] and the uscful optical power is
shown by the smaller arca L2, The overall percentage of useful optical power to be collected by a
lens (e.g., F#2 lens system) corresponds to less than about 7% of the total area.

As shown in the second graph 202, an improved LED device presents a highly directional emission
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profile, where the light is approximately collimated. For this exaniple, the total optical power
entitted is shown by area C1, while the useful optical power is shown by the area C2. Although
the collection cone area is substantially the sanie for graphs 201 and 202, the overall percentage
of useful optical power that is collected by a lens (e.g., F42 lens system) in this example
corresponds to about 15-25% of the total area, which is more than a doubling of the uscful optical
power when compared to the convention LED device. Thus, the presently disclosed devices such
as device 100 exhibit collimated light emission charactenistics, where optical efficiency nto the
center cone angle region is increased and miore optical energy is delivered to cach pixel.

F1G. 3 shows a 3D view of an example resonant micro-cavity based micro-LED device 300 with
direction cmission and high efficiency, arranged in accordance with aspects of the present
disclosure. Like parts from FIG. 1 are labelled identically.

Ag shown in FIG. 3, device 300 includes an upper portion with a first contact 10 and an aperture
region 112 with a distriboied Bragg reflecior 11 with a reflective surface 16, a middie poriion with
semiconductor materials 12 and 14 swrrounding a quantum well 13, and a lower portion with a
sccond contact 15 and an optically reflective surface 17.

The device 300 may further includes an isolation layer 18 (g.g., ITO), which may be referred to
as an oxide layer. The aperture region 112 may correspend {o an aperture in the isolation layer
{e.g., an oxide aperture). As shown, the first contact 10 is positioned in a three dimensional
continuous region that substantially surrounds the aperture region {12, where the distributed
Bragg reflector 11 is located.

As illestrated in FIG. 3, an optically resonant micre-cavity 20 s formed around the quantuny well
13 by a top reflecior surface 16 of the distributed Bragg reflector 11 and the bottom reflector
surface 17 of the boltem contact 15, When the device 300 is activated by applying a bias or drive
signal across the first contact 10 and the second contact 135, the quanium well 13 enuts light 21,
which is input into the optically resonant microcavity 20. Certain modes are trapped in the micro-
cavity, while other modes are transmitted and output through the aperture region 112 of the
distributed Bragg reflector as emitted light 22.

The itlustrated optical cavity 20 has similar properties to a Fabry-Perot cavity, In particular, the
resonance of the cavity formed by the upper nurror 16 and lower mirror 17 of the distributed Bragg
reflector 11 and the botlom countact 15 provides significantly confinement of horizonlal emussion,
and promotes a conlined angular emisston profile with a narrowed emission spectra through the
distributed Bragg reflector 11. Light at resonant wavelengths and desired modes is output through
the distributed Bragg reflector 11, while other non-resonant wavelengths and undesired modes are
blocked from emission from the device. The distributed Bragg reflector may thus be configured

to emit light from the resonant micro-cavity at a surface about the aperture region 112,

9
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FIG, 4 shows a schematic view of another example resonant micro~cavity based myicro~LED
device 400 with directional entission and high efficiency, arranged in accordance with additional
aspects of the present disclosure, Like parts from FIGS, | and 3 are labelled identically.
As shown in FIG. 4, device 400 inciudes an upper portion 110 with a first contact 10 and an
aperture region with a distributed Bragg reflector 11 and a reflective surface 16, a middie portion
120 with seraiconductor materials 12 and 14 in apper region 121 and lower region 122 sarrounding
a quantuny well 13 in a middle region 122, a lower portion 130 with a second contact 15 and an
optically refleciive surface 17, and an isolation layer 18 (e.g.. ITO).
For the device 400 in FIG. 4, the bottom contact 15 has a generally concave shape with respect to
a first focal point (FP1) along an axis of the resonance cavity, which extends between the optically
reflective surface 17 and the distributed Bragg reflector 11, The concave shape of the lower or
bottom reflector 17 formed on the bottom contact {5 enhances the performance of the optical
resonant cavity with better mode confinemeni, and thus further improves directionality of
emission and collimation of emitted light.
The concave shaped optically reflective surface 17 may be of any appropriate reflective material,
including but not limited to one or more of silver, aluminum, gold, platinun, tungsten, copper,
nickel, zine, or alloys thereofl In one example, the bottont contact 13 is made of a p~-type material
and the optically reflective surface 17 may be lormed from a sifver material that is deposited on
the surface through any appropriate method (e.g., chemical vapor deposition, ctching, ete.). I
another example, the optically reflective surface may correspond lo another distributed Bragg
reflector.
FIG. 5 shows a schematic view of still another example resonant micro-cavily based micro-LED
device 500 with directional emission and high efficiency, arranged in accordance with additional
aspects of the present disclosure. Like parts from FIGS. 1, 3 and 4 are labelled identically.
As shown in FIG, 3, device 300 includes an upper portion 110 with a first contact 10 and an
aperture region with a distributed Bragg reflector 11 and a reflective surface 16, a middle portion
120 with semiconductor matenials 12 and 14 inupper region 121 and lower region 122 surrounding
a quantum well 13 in a middle region 122, a lower portion 130 with a second contact 15 and an
optically reflective surtace 17, and an 1solation fayer 18 {e.g., [TO).
For the device 500 in FIG. 5, the distributed Bragg reflector 11 has a generally concave shape with
respect to a second focal point (FP 1) along an axis of the resonance cavity, which extends between
the distributed Bragg reflector 11 and the optically reflective surface 17 of the bottom contact 13,
The concave shape of the upper or top reflector 16 formed on the distributed Bragg reflector 11
enhances the performance of the optical resonant cavity with betier mode confinement, and thus

further fmproves directionality of emission and collimation of emiited light.
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FIG., 6 shows a schematic view of yet another example resonant niicro-cavity based micro~-LED
device 600 with directional entission and high efficiency, arranged in accordance with additional
aspects of the present disclosure. Like parts from FIGS, 1, 3, 4, and 5 are labelled identically.
As shown in FIG. 6, device 600 inciudes an upper portion 110 with a first contact 10 and an
aperture region with a distributed Bragg reflector 11 and a reflective surface 16, a middie portion
120 with seraiconductor materials 12 and 14 in apper region 121 and lower region 122 sarrounding
a quantuny well 13 in a middle region 122, a lower portion 130 with a second contact 15 and an
optically refleciive surface 17, and an isolation layer 18 (e.g.. ITO).
For the device 600 in FIG. 6, the optically reflective surface 17 is concave with respect {o a first
focal point {FP1) located along an axis that extends between the optically reflective surface 17
and the distributed Bragg reflector 11, and the distributed Bragg reflector 11 has a concave
reflective surface with respect to a second focal point (FP2) located along the axis of the resonance
cavity 20, The concave shape of the upper or top reflecior 16 and the lower or botiom reflector 17
together enhance the performance of the optical resonant cavity 20 with even better mode
conlinement, and thus further improves directionality of emission and collimation of emiited light,
The specific location of the illustrated focal points (FP1, FP2) for the concave shapes of the
reflectors may be adjusted based on the desired wavelengths and nmiodes to be promoted i the
resonance cavily. As such, focal points FP1 and FP2 may be the same focal point, or different
focal points, and their specific location may be swapped or moved as may be required to result in
a desired interforence pattern for promotion or suppression of specific wavelengths and/or niodes.
FIG. 7 shows a schematic view of still yet another example resonant micro-cavity based micro-
LLED device wiih directional emission and high efficiency, arranged i accordance with additional
aspects of the present disclosure. Like parts from FIGS. 1, 3, 4, 5, and 6 are fabelled identically.
As shown in FHG. 7, device 700 includes an upper portion 110 wiik a first contact 10 and an
aperture region with a distributed Bragg reflector 11 and a reflective surface 16, a nuddie portion
120 with semiconductor materials 12 and 14 in upper region 121 and lower region 122 surrounding
a quantum well 13 in a muddle region 122, a lower portion 130 with a second contact 15 and an
optically relflective surface 17, and an isolation fayer 18 {e.g., 1TO),
For the device 600 1n FIG. 6, the optically reflective surlace 17 is concave with respect to a first
tocal point {(FP1) located along an axis that extends between the oplically reflective surface 17
and the distributed Bragg reflector 11, and the distributed Bragg reflector 11 has a concave
retlective surtace with respect Lo a secomnd focal point (FP2) located along the axis of the resonance
cavity 20. Additionally, a nilcro-lens structure 19 is iHustrated as being located on top of the
entission surface of the device, The concave shape of the upper or top reflector 16 and the lower

or bottom reflector 17 together enhance the performance of the optical resonant cavity 20 with
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improved mode confinement, while the micro-lens 19 further collimates the emitted fight from the
top surface, and thus further improves directionality of emission and colfimation of emitted light,
The specific location of the illustrated focal points (FPI1, FP2) for the concave shapes of the
reflectors may be adjusted based on the desired wavelengths and modes to be promoted in the
resonance cavily. As such, focal points FP1 and FP2 may be the same focal point, or different
focal points, and their spectlic location may be swapped or moved as may be required to result in
a desired mterference pattern for promotion or suppression of specific wavelengths and/or modes.
Thus, the resonant micro-cavity may be arranged o emit light corresponding to desired optical
modes while suppressing other optical modes that are not desired.

FIG. 8 shows a perspective view of a display device 800 that includes resonant micro-cavity
based~-LED devices 700 in a micro-display panel 801, arranged in accordance with aspects of the
present disclosure. As shown i FIG. 8, the micro~cavity based LED devices 700 are in a two-
dimensional (2D} array, wilh rows of devices shown along a Y-asis and columas of devices shown
atong an X-axis.

Although devices 700 are shown, corresponding to the same labelling convention as FIG. 7, ihe
mmplementation is notl so limited and any of the previously described devices of FIGS. 1, 3, 4, 3,
and 6 arc equally applicable. Thus, device 700 may include arr upper portion 110 with a first
contact 10 and an aperture region with a distributed Bragg reflector 11 and a reflective surface 16,
amiddie portion 120 with senticonductor materials 12 and {4 inupper region 121 and lower region
122 surrounding a quantum well 13 in a nuddle region 122, a lower portion 130 with a second
conlact 15 and an optically reflective surlace 17, and an isolation fayer 18 {c.g., ITO).

Device 700 may thus optionally inclode one or mwore curved surface for the upper or lower
retlectors as described for FIGS. 4, 3 and 6. Thus, the display pangl 801 may nctude a 2D arvay
ot devices, where cach device i the array has one or more ol the optically reflective surtace 7
and the distributed Bragg reflector 11 concavely shaped so that the resonant micro-cavity
promaotes vertical light propagation and confines horizontal light propagation,

Additionally, some examples may optionally include a micro~fens as described with respect to
FIG. 7. The display panel 801 may thus include a 2D array of devices, where each device in the
array includes a nyicro-{ens located above the distributed Bragg reflector 11 about a surface of the
aperture region 112 of the device so that the micro-lens s configured to collimate fight emitied by
the disiributed Bragg reflector {1.

In additional cxampies, the resonant micro-cavily 20 of cach of the micro-pixel hight emitting
diode devices 700 can be arranged to emit light corresponding to desired optical modes while
suppressing other optical modes that are not desired as described previousty herein.

Some examples of display panel devices 801 may include localized clusters of the micro-pixel
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light emitting diode devices in the array corresponds to a single pixel of the display panel device.
In one example, two adjacent LED devices in the array may correspond lo a single addressable
pixel, where the intensity of the pixel is effectively doubled by the two LED devices being
simultancously activated.
In another example, three or four adjacent LED devices in the array of the display panel 801 may
correspord to a single addressable pikel, where each localized cluster includes at least one micro-
pixei hight emitting diode device corresponding to cach of the primary colors of red, green and
blue.
In still other examples, a display pane 801 may correspond to an array of individual LED devices
that are manufactured or arranged as part of a single substrate 30. The substrate 30 may further
include integrated LED drive clectronies 31 or electrical interconnect to facilitaie connections to
externally located LED drive electronics 40.
FIG. 9 shows graphs 900 comparing speciral widths achieved with resonant micro-cavity based
nucro-LED devices, arranged in accordance with various aspects described herein, A conventional
LED device, such as a Lambertian protile device, s tlustrate by graph 910, which has a nominal
wavelength in & range from about S15nm to about 5350 nm, and a normalized intensity with a full-
width-half-maximunt (FWHM) value of about 30am, An improved LED device as described
herein is iustrated by graph 9201, which has a nominal wavelength in a range from about 328nm
to about 535 nm, and a normalized intensity with a full-width-hal f-maximum (FWHM) value of
less than about 15nm, which means better color purity and the ability lo achieve larger display
color gamut.
Micro-cavity resonance performance can be tmproved by emploving the techniques described
herein. Thus, use of concave surfaces 16 on the distributed Bragg refleclor 11 and/or concave
optically reflective surfaces 17 on the bottom contact 15 may be emploved to enhance confinement
of light propagation in the horizontal direction, and afse to improve the forward emission coupling
and reduce pixel-wise crosstalk between adjacent pixels in & display panel {¢.g., panel 801 of FIG.
8).
For the micro-LED cmission, typical full-width-half-maxinmnt (FWHM) is ~30 nm. With
resonance micro-cavity, the FWHM can be reduced to <1 Sum which means better color purity and
the potential to achieve larger display color gamut.
The proposed solutions described herein yield systems with optical collection ecliiciency
mprovements of greater than fifty percent (> 50%), where the FWHM of the micro-LED emission
spectra cant be reduced to fess than fifteen nano-mieters { < 15am),
In one exaniple experiment performed in conteniplation of the present disclosure, a double planar

Fabry-Perot cavity design was employed. For this example, a MQW device fayer was formed in
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a Gallium Nitride (GaN) substrate, with two pairs of distributed Bragg reflectors used as the top
reflector 16, and a silver mirror surface was used for the lower reflector 17 on a p-type botiom
contact 15. Each pair of distributed Bragg reflectors had the following characteristics: nl = 3.5,
thickness of 38nm; n2 = 1.5, thickness of 88.7nm. For this example, a light extraction efficiency
of 21.7% was achieved with an angle collection ratio of 15.92%, compared to a Lambertian profile
with a light exiraction efficiency of only 7%.
In another example experiment performed in contemplation of the present disclosure, a concave
planar Fabry-Perot cavity design was employed. For this example, a MQW device layer was again
formed in a Gallium Nitride (GaN) substrate, with two pairs of distributed Bragg reflectors used
as the top reflector 16, and a concave silver mirror surface was used for the lower reflector 17 on
a p-type bottom contact 15, Each pair ol distributed Bragg reflectors again had the following
characteristics; nl = 3.5, thickness of 38nm; n2 = 1.5, thickness of 88, 7nm. For this example, the
concave surlace of the lower reflector 17 had a width of 3um and a maximum depth of 1.2um. For
this example, a light extraction efficiency of 24% was achieved with an angle collection ratio of
20.45%, compared to a Lambertian profife with a light exiraction efficiency of only 7%.
Various technieal differences are observed between conventional LLED devices and the presently
described solutions have been demonstrated herein, which achieve many benefits. In one example,
conventional devices do not utifize the disclosed resonance of a micro-cavily as is found in the
presently disclosed devices, which has been demonstrated to Improve entission directionality and
spectral bandwidth. In another example, conventional devices do not employ the lower contact as
a mrror device, which creates a collimated light emission profile by exploiting the cavity effect
in the preseatly disclosed solutions. Concave resonance micro-cavily designs described herein,
wcluding upper or lower reflector designs, enhances confinement of light propagation in the
horizonial direction and achicves belter propagation in the vertical direction with betier
collimation and reduce pixel level crosstalk.
With the same projection optics as found i a conventional device, the presently described devices
may achieve more than fifty percent (> 50%) increased usetul optical power from the niicro-LED,
compared to a Lambertian emitter. To achieve a certain front eye brighiness, the LED driving
power can thus be reduced by greater than [ifty percent (> 50%3, signilicantly improving heat
dissipation and extending battery life 1 the systems (o.g., AR/MR systems). Narrower amission
spectrum is achieved: where the full-width-half-magimum of the emission specira will be reduced
so that the color purity of the microLl.ED is improved, and a larger overall color gamul of the
display can be achieved.
The above specification, examples and data provide a complete description of the manufacture

and use of the composition of the invention. Since niany entbodiments of the invention can be
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made without departing frons the spirit and scope of the invention, the invention resides in the
claims hereinafler appended.

The example clauses are 1o supplement the present disclosure,

Clause A: A micro-pixet ight emitting diode (LED) device (100), comprising: a first contact (10}
located about a lop conlact region (111} of a top portion (110} of the device (100}, wherein the
first contact (10) corresponds to one of an n-type material and a p-type material; a distribuied
Bragg reflector {11} localed about an aperture region (112} of the top portion (1160} of the device
{100}, wherein the aperture region {112} and the top conlact region { 111) are substantially different
from one another; a second contact {15) located about a bottom contact region (131) in a bottom
portion (130} of the device {100), wherein the second contact (15) corresponds to one of the o~
type material and a p-type material that is different from the first contact (10); an optically
rellective surface (17) of the second contact; a quantwn well (13) located in a central portion (120)
of the device between the fop portion (110) and the boitom portion (130); and a resonaat micro-
cavity (20) formed about the quantum well {13) between the distributed Bragg reflector (11) and
ihe optically reflective surface (17) of the second contact (15), wherein the distributed Bragg
reflector (11) corresponds to a top reflector (16) of the resonant micro-cavity (20) and the optically
reflective surface (17) corresponds to & bottom reflector of the resonant micro-cavity €20), and
wherein one or more of the optically reflective surface (17) and the distribuied Bragg reflector
(11) are concavely shaped such that the resonant micro-cavity (20) promotes vertical light
propagation and confines horizontaf light propagation.

Clanse B: The device of any of the preceding clauses, wherein the quantum well corresponds to a
multiple quanium well (MQW).

Clause (: The device of any ol the preceding clauses, wherein the resonant micre-cavity
correspords to a Fabry-Perot cavity.

Clause D: The device of any of the preceding clauses, wherein the first contact corresponds to an
n-type naterial, and the second contact corresponds to a p-type niaterial,

Clause E: The device of any of the preceding clauses, wherein the [irst contact corresponds to a
p-type material, and the second contact corresponds to an n-type material,

Clause F: The device of any of the preceding clanses, wherein the disiributed Bragg reflector is
configured to cmit light (rom the resonantl micro-cavity at a sarface aboul the aperture region.
Clause G: The device of any of the preceding clauses, wheretn the optically reflective surface is
concave with respect to a focal point located along an axis that extends between the optically
reflective surface and the distributed Bragg reflector.

Clause H: The device of any of the preceding clauses, wherein the distributed Bragg reflector is

concave with respect (o a focal point located along an axis that extends between the distributed

—
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Bragg reflector and the optically reflective surface.
Clause It The device of any of the preceding clauses, wherein the optically reflective surface is
concave with respect to a first focal point {ocated along an axis that extends between the optically
reflective surface and the distributed Bragg reflecior, and wherein the distributed Bragg reflector
1s concave with respect to a second focal point located along the axis.
Clause I: The device of any of the preceding clauses, the optically reflective surface comprising a
reflective malterial corresponding to ong or more of: stlver, aluminum, gold, platinum, tungsten,
copper, nickel, zing, or atloys thereof.
Clause K: The device of any of the preceding clauses, wherein the optically reflective surlace
corresponds to another distributed Bragg reflector.
Clause L; The device of any of the preceding clauses, further comprising a micro-lens located
above the distributed Bragg reflector about a surface of the aperture region of the device, wherein
the micro-tens is conligured to collimate light emiited by the distributed Bragg reflectory
Clause M: The device of any of the preceding clauses, wherein the resonant micro-cavity is
arranged to emit hight corresponding to desired optical modes while suppressing other oplical
modes that are not desired.
Clause N: A micro-pixel light emitting diode (LED) device (700}, comprising: a first contact {10)
located about a top contact region (111) in a top portion {110} of the device (700}, wherein the
first contact (10) corresponds o one of an n-type material and a p-type material; a distributed
Bragg reflector {11} focated about an aperture region (112} of the top portion of the devige,
wherein the aperture region {112) and the top contact region (111) are substantially different from
one another; a second contact (15} located about a botiom conlact region {131) of a botiom portion
{130} of the device, wherein the second contact {15) corresponds to onc of the n-lype material and
a p-type material that is different from the first contact (10} an optically reflective surface (17) of
the second contact {15); a quantum well (13} located in a central portion (120} of the device
between the top portion {110) and the bottom portion (130); and a micro-lens {19 located above
the distribuled Bragg reflector (11); and a resonant micro-cavity (20) formed about the quantum
well (13) between the distributed Bragg reflector {11) and the optically reflective surface (17} of
the second contact {135}, wherein: the distributed Bragg (11) rellector corresponds 1o a top reflector
of resonant micro-cavity {(20) the optically reflective surface (17} corresponds to a botiom
reflector of the resonant nucro-cavity (20); the optically reflective surface (17} is concave with
respect to a first focal point (FP1)Y localed along an axis that between the optically reflective
surface (17) and the distributed Braga reflector {11); the distributed Bragg reflector (11} is concave
with respect o a second focal point (FP2) located along the axis; the resonant micro-cavity (20}

1s configured to promote vertical light propagation and to confine horizontal light propagation;
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the resonant micro~cavity (20} 1s configured to promote emission of desired optical modes and
suppress emission ol other optical modes that are not desired; the resonant micro-cavity (20} 1s
configured to emit collimated light at a surface about the aperture region (112) from the distributed
Bragg reflector (11); and the micro-tens (19} is configured to further collimate the Hght emitted
from the resonant micro-cavity (20},
Clause O: A display panel device (801), comprising: an array of micro-pixel lighi emitting diode
devices, wherein cach of the micro-pixel light emitting diode devices comprises: a first contact
{10} located about a top contact region (111} of a top portion (110 of the device (100}, wherein
the first contact (10) corresponds to one of an n-type malterial and a p-type material; a distributed
Bragg reflector (11} located about an aperture region {112} of the top portion (110} of the device
(100}, wherein the aperture region {112} and the top contact region (111) are substantially different
front one another; a second contact {15) located about & bottom contact region (131} in a bottom
portion (1360} of ihe device (100}, wherein the second contact (13} corresponds to one of the n-
type material and a p-type material that s different from the first contact (10 an optically
reflective surface (17) ol the second contact; a quantam well (13) located in a ceniral portion (120}
of the device between Lhe top portion (110) and the bottom portion (130); and a resonant micro-
cavity {20) formed about the quantum well {13} between the distributed Bragg reflector (11} and
the optically reflective surface (17) of the second contact (13), wherein the distributed Bragg
reflector {11) corresponds to a top reflector (16) of the resonant micro-cavity (20) and the optically
reflective surface (17) corresponds to a bottom reflector of the resonant micro~cavity (20}, and
wherein one or more of the optically reflective surface {17) and the distributed Bragg reflector
{11} arc concavely shaped such that the resonant micro-cavity (20} promoies vertical light
propagation and confines horizontal light propagation.
Clause P: The display panel device of claim any of the preceding clauses, wherein each of the
micro-pixel light emitting diode devices includes a niicro-lens located above the distributed Bragg
reflector about a surface of the aperture region of the device, wherein the micro-lens is conligured
to collimate light emitied by the distributed Bragg reflector.
Clause Q: The display panel device of claim any of the preceding clauses, wherein the resonang
niicro-cavily of each of the micro-pixel light emitling diode devices is arranged to emit light
corresponding to desired optical modes while suppressing other optical modes that are not desired.
Clause R: The display panel device of claun any of the preceding clanses, wherein localized
clusters of the micro-pixel hight enutting diode devices 1w the arvay corresponds {0 a single pixel
of the display panel device,
Clause S: The display panel device of claim any of the preceding clauses, wherein each localized

clusters includes at least one micro~pixel light emitting diode device corresponding to each of the
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primary colors of red, green and blue.

Clause T: The display panel device of claim any of the preceding clauses, further comprising a
single substrate, wherein the array of micro-pixel light emitting diode devices is on the single
substrate.

In closing, although the various configurations have been described in language specific to
structural features and/or methodological acts, it 1s 10 be understood that the subject matter delined
in the appended representalions is not necessarily limited to the specific features or acts deseribed.
Rather, the specilic leatures and acts are disclosed as example torms of implementing the claimed

subject matter.
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CLAIMS

i. A nucro-pixel light emitiing diode (LED) device, comprising:

a first contact {ocated about a top contact region of a top portion of the device, wherain the
first contact corresponds 1o one of an n-type material and a p-type material;

a distriboted Bragg reflector located about an aperture reglon of the top portion of the
device, wherein the aperture region and the top contact region are substantially different from one
another;

a second contact located about a bottom contact region in a bottom portion of the device,
wherein the second contact corresponds to one of the n-type material and a p-type material that is
different from the first contact;

an optically reflective surface of the second contact;

a quantum well located 1 a central portion of the device between the top portion and the
botiom portion; and

a resonant micro-cavity formed about the quantum well between the distributed Bragg
reflector and the optically reflective surface of the second contact, wherein the distributed Bragg
reflector corresponds io a top reflector of the resonant micro-cavily and the optically reflective
surface corresponds to a bottont reflector of the resonant micro~-cavity, and wherein one or more
of the optically reflective surface and the distributed Bragg reflector are concavely shaped such

that the resonant micro-cavity promotes vertical fight propagation amd confings horizontal light

propagation.

2. The device of claim 1, wherein the quantum well corresponds to & multipie quantam well
{(MQW),

3, The device claim of 1, wherein the resonant micro~cavity corresponds to a Fabry-Perot
cavity.

4. The device of claim 1, wherein the first contact corresponds to an n-type material, and the

second contact corresponds to a p-type material.

hS The device of clainmy 1, wherein the first conlact corresponds to a p-iype material, and the
second contact corresponds to an n-type material,

6. The device of claim |, wherein the distributed Bragg reflector is configured to emut light
from the resonant micro-cavity at a surface about the aperture region.

7. The device claim of 1, wherein the optically reflective surface is concave with respect to
a focal point located along an axis that extends between the optically reflective surface and the
distributed Bragg reflector.

8. The device clatm of 1, wherein the distributed Bragg reflector is concave with respectioa

focal point located along an axis that extends between the distribuled Bragg reflector and the
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optically reflective surface.
9, The deviee of claim 1, wherein the optically rellective surface is concave with respect to
a first focal point located along an axis that extends between the optically reflective surface and
the distributed Bragg reflector, and wherein the disiributed Bragg reflector is concave with respect
to a second focal pont located along the axis,
10.  The device of claim 1, the optically reflective surface comprising a rellective material
corresponding to one or more of: silver, aluminam, gold, platinum, fungsten, copper, nickel, zine,
or atloys thereof,
11, The device of claim 1, wherein the optically reflective surface corresponds to another
distributed Bragg reflector.
12, The device of claim 1, further comprising a micro-lens located above the distributed Bragg
reflector about a surface of the aperture region of the device, wherein the micro-lens is conligured
to collimate hght emitied by the distributed Bragg reliector.
13, The device of claim i, wherein the resonant micro-cavily 1s arranged to emit light
corresponding o desired optical modes while sappressing other optical modes that are not desired.
i, A nuicro-pixel light emitting diede (1L.ED) device, comprising:

a first contact located about a top contact region in & top portion of the device, wherein the
first contact corresponds to one of an n-iype material and a p-type material;

a distributed Bragg reflector located about an aperture region of the top portion of the
device, wherein the aperture region and the top contact region are substantially different from one
another;

a second contact located about a botiom: contact region of a bottom portion of the device,
wherein the second contact corresponds to one of the n-type material and a p-type material that is
different from the [irst contact;

an optically reflective surface of the second contact;

a quantum well located in a central portion of the device between the top portion and the
bottom portion; and

a micro-lens focated above the distributed Bragg reflector; and

a resonant micro-cavity formed aboul the guantuny well between the distributed Bragg
reflector and the optically reflective surlace of the second contact;

wherein:

the distributed Bragg reflector corresponds lo a lop reflector of resonant nuicro-
cavity;
the optically reflective surface corresponds to a bottom reflector of the resonant

micro-cavity,
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the optically reflective surface is concave with respect o a first focal point (FP1)
located along an axis that between the opticaily reflective surface and the distributed Bragg
reflector;

the distribuled Bragg reflector is concave with respect to a second focal point (FP2)
{ocated along the axis;

the resonant micro-cavily is conligured to promote vertical light propagation and
to confine horizontal light propagation;

the resonant nvcro-cavity is conligured to promote emission ol desired optical
modes and suppress emission of other oplical modes that are not desired;

the resonant micro~-cavity is configured to emit collimated light at a surface about
the aperture region from the distributed Bragg reflector; and

the micro~fens is configured to further collimate the light emitted from the resonant
micro-cavity.

15, Adisplay panel device, comprising:
an array of micro-pixel hght emitiing diode devices, wherein each of the micro-pixel light
cnuitting diode devices comprises:

a first contact located about a top comtact region of a top portion of the device,
wherein the first contact corresponds to one of an n-type material and a p-lype matenial;

a distributed Bragg reflector located about an aperture region of the top portion of
the device, wherein the aperture region and the top contact region are substantially
different from one another;

a second contact tocated about a bottom contact region in a bottom portion of the
device, wherein the second contact corresponds to one of the n-type material and a p-type
material that (s difterent from the {irst contact;

an optically reflective surface of the second contact;

a quantum well {ocated in a central portion of the device between the top portion
and the bottom portion; and

a resonant micro~cavity formed about the quantum well between the distributed
Bragg reflector and the opiically refllective surface of the second contact, wherein the
distributed Bragg refleclor corresponds to a top reflector of the resonant micro-cavity and
the optically reflective surface corresponds to a botiom reflecior of the resonant micro-
cavity, and wherein one or more of the optically reflective surface and the distributed
Braga reflector are concavely shaped such that the resonant micro-cavity promaotes vertical

hight propagation and conlines horizontal light propagation.
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