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(57) Abstract: An adhesive layer is disclosed that may include a plurality of short chain molecules, each of the plurality of the short
chain molecules including a first end and a second end such that the distance between the first end and second end is less than 100 nm
and such that first end Is configured to attach to a first surface and the second end is configured to attach to a second surface. Another
adhesive layer is disclosed that may include a nanostructured layer imposing a local phase gradient that increases a critical angle for
total internal reflection for light incident on the adhesive layer at an interface between layers bonded to each other by the adhesive layer
and each having a higher index of refraction than the adhesive layer. Another adhesive layer is disclosed that combines the features

of the two adhesive layers summarized above.
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IMPROVED LIGHT EXTRACTION THROUGH ADHESIVE LAYER BETWEEN
LED AND CONVERTER

CROSS-REFERENCE TO RELATED APPLICATIONS

{0001} This application ¢laimas benefit of priority to European Patent Application

191572155 filed February 14, 2019 and to ULS. Patent Application 16/230,876 filed

December 21, 2018, each of which is incorporated herem by reference m its entirety.

BACKGROUND

o002} A typical hight-emitting diede (LED) may mclude a glue layer between different

tavers of the LED such as, for example, between a substrate and a wavelength converting
layer. The glue layver may have a lower refractive index than both the substrate and the
wavelength converting laver. As a result, the oritical angle for Total Internal Reflection may
substrate to the wavelength converting layer.

{0003] Additionally, the glue layer may behave as a channel to guide photons along the
mterface between the substrate and wavelength converting layer. This channel may

ue of the LED.

frax

eventually cause leaking of photons from the ed
j0004] The effects noted above may reduoce the total flux emitted by an LED in the

forward divection.

SUMMARY
{0005) An adhestve laver iz disclosed that may include a plurality of short chamn
molecules, cach of the plurahity of the short chain molecules including a fist end and g
second end such that the distance between the first end and second end 18 less than 100 om
and such that first end is configured o attach to a first surface and the second end 15
configared to attach to a second surface.
{0606} Another adhesive laver is disclosed that may include a nanostructured layer
mnposing a local phase gradient that increases a critical angle for total internal reflection for
light incident on the adhesive laver at an interface between layers bonded to each other by
the adhesive layer and each having a higher index of refraction than the adbhesive layer,
{007 Another adhesive laver is disclosed that combines the features of the two

adbesive lavers summanized above.
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{0608} Light emitting devices disclosed herein may advantageously employ any of the
adhesive lavers summanized above (o attach a transparent substrate to a wavelength
converter. The adbesive layers increase the transnussion of hight from the substrate wto the
wavelength converter, compared to conventional adhesive lavers. An adhesive laver
comprising short chain molecules may be very thin, frustrating tolal internal reflection at the
adhesive laver interface. As noted above, the nanostructured layer increases the oritical

angle for total reflection at the interface, thus also reducing total internal reflection.

BRIEF DESCRIPTION OF THE DRAWINGS

jO009] A more detatled understanding can be had from the following description, given
by way of example i conjunction with the accompanying drawings wherein:

{010} FIG. 1A is a diagram of a portion of an example hight emitting device showing
an adhesive layer comprising short chain molecules bonding a transparent subsirate to a
wavelength converting layer;

0011} FIG. 1B is a diagram of an example light emitting device comprising lavers as
shown in FIG. 1A

{0012} FIG. 1C 15 a flow diagram for generating part of a light enutting devics;

{0613} FiG. 1D 1s a diagram of an example light emitting device as in FIG. 1B,
comprising a nanostructured layver within the adhesive laver,

0014} FIG. 1E compares transmission of light from a substeate to a wavelength
converting layer through a conventional adhesive layer and through an example adhesive
layer compuising short chain molecules and g nanostructured laver.

{0615} FIG 1F shows an example mudts nanophotonic stracture that may be eraploved
tn vanostructured favers as descnibed herein.

{0016} FIG. 2A is a diagram showing an examiple hght emitting diode device;

{0017} FIG. 2B is a diagram showing multiple LED devices; and

{0018} FIG. 3 1s a dragram of an example apphication svstem.

DETAILED DESCRIPTION

00191 Examples of different hight illamination systems and/or hight emitting diode
implementations will be described more fully hereinafter with reference to the
accompanving drawings. These examples are not mutually exclusive, and featares found in
one example may be combined with features found in one or more other examples to

achieve additional moplementations. Accordingly, it will be understood that the examples
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shown in the accopanying drawings are provided for lustrative purposes ondy and they

are not intended to Hmit the disclosure tn any way. Like numbers refer to like elements

throughout.
{0020} it will be understood that, although the terms first, second, third, etc. may be

used herein to describe varous clements, these elements should not be limited by these
terms. These terms may be used to distinguish one element from another. For example, a
first element may be termed a second element and a second element may be termed a first
element without departing from the scope of the present invention. As used herein, the term
“and/or" mav include any and all combinations of one or more of the associated listed items.
{0621} It will be understood that when an clement such as a layer, region, or substrate is
referved to as being "on” or extending "onto™ another element, it may be directly on or
extend directly onto the other element or intervening elements may also be present. In
contrast, when an element 1s referred to as being "directdy on” or extending "directly onto”
another element, there may be no intervening elements present. It will also be voaderstood
that when an element s referred to as being "connected” or "coupled” to another element, it
nxay be directly connected or coupled to the other element andfor connected or coupled to
the other element via one or more infervemng elements. In contrast, when an element 1s
referred to as being "divectly connected” or "directly coupled” to another element, there are
no intervening clements present between the element and the other element. It will be
understood that these terms are mtended to encompass different onientations of the element
in addition to any orientation depicted m the figures.

"

{0022} Relative terms such as "below," "above," "apper.”, "lower." "horizontal” or
“vertical” may be used berein to describe 2 relationship of one element, laver, or region o
another element, layer, or region as iflustrated in the figures. It will be understood that these
terms are intended to encompass different onientations of the device in addition to the
oriemation depicted in the figures.

{0023] Semiconductor hight emniting devices or optical power emitting devices, such as
devices that et ultravielet (UV) or infrared {IR) optical power, are among the most
etficient ight sources carrently avallable (heremalier “LEDs™). These LEDs, may mnclude
light emitting diodes, resonant cavity light emitting diodes, vertical cavity laser diodes, edge
emitting lasers, or the hike. Due to thewr compact size and lower power requirements, for
example, LEDs may be attractive candidates for many different applications. For example,
they may be used as light sources {e.g., flash hghts and camera flashes} for hand-hetd
battery-powered devices, such as cameras and cell phones. They mav also be used, for
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example, for automotive Hghiing, heads up display {HUD) lighting, horticultural lighting,
stregt lighting, toreh for video, general tlumination (2.g., home, shop, office and studio
highting, theater/stage hghting and architectural highting), augmented reality (AR} hghting,
virtual reality (VR) Lighting, as back lights for displays, and IR spectroscopy. A single LED
may provide light that is less bright thas an incandescent light source, and, thevefore, mult-
Junction devices or arvays of LEDs (such as monolithie LED arvays, micro LED arrays, eic))
may be used for applications where more brightness is desired or required.

{0024} LEDs that increase optical power iransmitted through an adhesive layer and,
thereby, improve the total flux emitted by the LED are disclosed herein. The adhesive layer
may be designed such that photon leaking from a side of the LED is redaced. Adhesive
layer composition, and nanostructure lavers that increase transnnited optical power are
disclosed.

jO025] Typically, substrates may be connected to wavelength converting lavers using a

glue laver without the chain hak molecules disclosed heremn. Such ghue layers typically have
a thickuess between .S and 3 mucrometers. Such glue laver s tvpically an organic silicone
with a refractive index that varies from 1.4 to 1.6, depending on the material type and
composition. The refractive index of the substrate {e.g. sapphire) and wavelength
converting lavers 13 typically higher than the refractive index such a glue layer. For
example, typical values of refractive index {n) at a wavelength 450nnare 1.78, 1.41 and
1.76, for sapphire, such typical glue layers, and wavelength converting lavers, respectively.
Notably, SIICO Nugphie = Ngre, the critical angle for Total Internal Reflection (TIR), 8¢ = 32.4
degrees when using tyvpical glue layers. TIR caoses a reduction in the power transmuitied
from substrate (2.g., sapphire) to the wavelength converting laver, through the glue laver. In
addition, such typical glue layers can also exhibit channel behavior 1o guide photons along
the interface of such glue lavers and the subsirate, the photons eventually leaking out from
such a glue layer, at the edge of the LED. The TIR and the leaking of photons reduce the
total flux emitted by an LED in the forward direction.

{0026} The LEDs disclosed herein mav include adhesive material with short chain
molecules that allow the reduction of thickness of the adhesive laver. The thickness may be
reduced to less than 100nm or may be less than 10nm such that it approaches near zero
thickness. Alternatively, or in addition, the LEDs disclosed herein may inchude g
nanostructure layer disposed at the interface between an adhesive layer and a substrate such
that the nanostruciure laver modifies the critical angle for total wternal reflection {TIR) w

allow increased emission.
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{06271 Fig. 1A shows example short chain molecules 103, Short chain molecules may
include any short polymer chain such that at each end of the chain s a linker molecule.
Alternatively, or in addition, short cham molecules mayv include short DNA strands that
have linker moleceles on each end. Examples of short chatn moleceles include, but are not
limited to, alkyl chains such as octyl phosphonic acid, decvl phosphonic acid, or
octadecviphosphonic acid bat terminated on both ends by a phosphonic acid, carboxylic
acid, andfor thiol groups. For example, carboxylic acids are found to react with aluminum
oxtdes via a topotactic reaciion such that the carboxylale acts as a bridging ligand. This
reaction allows for carbexylate-functionalized alumina nanoparticles to be prepared directly
from bochmite {AIOOH).

j0028] LED fayers 108A as shown in Fig. 1A nclude a substrate 120 and an adhbesive
faver 104 which includes short chain molecules 103 and that connects the substrate 1200 a
wavelength converting layer 102, Fig IB shows LED device 100B which includes the LED
layers 100A as well as device that includes an epitaxial grown senuconductor layvers 130,
The epitaxial grown senmconductor layers 130 may inclode a first contact 131 and a second
contact 132 separated by a gap 133 which may be an airgap or may be filled with dielectric
material. A p-tvpe laver 134 may be proxumate o an active laver 135 and an n-type laver
136. The active layer 135 may be configured to enut hight distal from the contacts 131 and
132 such that light beams emitted from the active layer 135 are generally emitted towards
the substrate 120, The LED device 100 is presented in a simplified form for ease of
anderstanding of the mnvention, knowing that one possessing an ordinary skitl o the
pertinent arts would understand the other elements included within an LED,

0029} The epitaxial grown semiconductor lavers 130 may be formed from any
applicable material configured to emit photons when excited including sapphire, SiC, GaN,
Silicone and may more specifically be formed from a -V semiconductors including, bat
not hmited to, AIN, AIP, AlAs, AlSh, GaN, GaP, GaAs, GaSh, InN, InP, InAs, InSh, -Vl
semiconductors including, but not himited to, Zn8, ZnSe, CdSe, CdTe, group IV
semmiconductors including, but not limted to Ge, Si, SiC, and nuxtures or alloys thereof.
These example materials may have indices of refraction ranging from about 2.4 to about 4.1
at the typical emssion wavelengths of LEDs w whach they are present,

0030} For example, Alaminam mitride (AIN) may be used and is a wide hand gap
{6.01-6.05 eV at room temperature) material. AIN mayv have refractive indices of about 1.9-
22 {e.g., 2.165 at 632.8 am). HI-Nuride semmconductors, such as GaN, may have refractive
iclices of about 2.4 at 500 wm, and Hi-Phosphide semiconductors, such as InGaP, may have
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refractive tndices of about 3.7 at 600 nm.  An example gallium nitride {GaN) layer may take
the form of a layer of pGaN. As would be understood by those possessing an ordimary skall
the pertinent arts, GaN 1s a binary HYV direct bandgap senvconductor commonly used in
hight-emitting diodes. GaN may have a crystal strocture with a wide band gap of 3.4 ¢V that
makes the matenal wdeal for apphications m optoelectronics, high-power and high-frequency
devices. (GaN can be doped with silicon (8i) or with oxygen to create an n-type GaN and
with magnestum {Myg) to create a p-type GaN as i3 used in the present example. The active
layer 133 15 the region where light ts emitted as electroluminescence occwrs, Contacts 131
andfor 132 coupled to the LED device 100 may be formed from a solder, such as AuSn,
AuGa, AuSi or SAC solders.

0031} LED device 100B of Fig. 1B may be a high brightness emitter or a mediwm
power emitter such as a chip scale package (CSP) die with a sapphire substrate. As shown in
Fig. 1B, adhestve laver 104 with short cham molecules 103 may be located between
substrate 120 and wavelength converting layer 102, The substrate 120 mav include a
smaoth LES that enables deposition of the adhesive laver 104 with short cham molecules
103, The substrate 120 may comprise sapphire which is an aluminum oxide {ALOs) also
known as corundum and can exhibit properties inclading being very hard, strong, easy to
machine fat, a good electrical insulator, and an excellent thermal conductor.  Sapphire is
generally transparent when produced synthetically, with the blue color in naturally
occurring sapphires (and the red 1 rubtes, which are another form of corundum} comes
from mnpurities 1 the orystal lattice. Ta other LEDs, the sapphire may be replaced with
galliwm nitnde {GaN). The semiconductor fayers 130 mayv be in the region where light is
emitted as electrolaminescence ocours.

{0632} As shown in Fig. 1B, the sidewalls of the substrate 120 may be covered by
sidewall material 140, The sidewall material 140 may also cover one or more layers of the
semiconductor layers 130 such that etther the same sidewall material 140 covers the
substrate 120 and the semiconductor lavers 130 or a different material may cover the
sidewalls of the substrate 120 than the senmuconductor favers 130, The sidewall material 140
may be any applicable reflecting or scatierig material. According to an embodument, the
sidewall material 140 may be a distributed Bragg reflector (DBR),

0033} By way of example and in order to provide concrete description, a thip chip of
chip scale package (TSP} LED with a sapphire substrate is described, although the
principles and teaching herem may be applied to any applicable LED design. A sapphire
based CSP emitter with a smooth light escape surface {LES) may allow deposition of
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adhesive laver 104 with short chain molecules 103 such that hight emiited fom the active
layer 133 is ncident upon the adhesive layer 104 with short chain molecules 103, via the
sapphire substrate.

{0034} As shown in Fig. 1A, Dy represents the thickness of the adbesive layer 104 with
short chain molecales 103, The thickness D1 may be as small as possible and may be less
thary 100nm or more preferably may be less than 10am, or more preferably may approach
zero. This small thickness 12 {e.g., approaching zero} may be obiained by use of the chain
molecules 103 that provide the required amouni of adhesion from the adhesive layer 104
while allowing its thickness to approach zero.

{0635} The adhesive layer 104 may include polymer matenials with short molecular
length or short length/chain polymer (collectively “short chain molecules 1037} Ag
disclosed, the thickness of the adhesive layer 104 may be less than 100nm, less than 10am
and preferably may approach 0. At such thickoess, whicl are sub wavelength, the effect of
Frustrate TIR {(FTIR) will begin to dominate due to the tumneling of photons through the
adhesive laver 104 thickness between the substrate 120 and wavelength converting laver
102, The effect of FTIR with the disclosed implementation may be such that the lower
refractive mdex of the adhesive laver 104 can be considered a potential barvier, through
which photons can tunnel. The tunneling of the photons may negate or mutigate the effect of
TIR such that the critical angle is effectively increased. Alternatively or in addition, the
tnneling via the FTIR effect may negate or mitigate the photon leaking caused by channels
created at typical adbesive layers.,

00306} Fig. 1C shows a flow diagram 100C that outlines the steps 111 and 112 for
mangfacturing LED layers 100A and/or LED device 1008, As shown, at step 111 an
adhesive laver with short chain molecules may be applied to a substrate. The adhesive layer
with short chain molecnles may be applied via any applicable manner such as pouring,
depositing {e.g., Atomic laver deposition (ALD)) chemical application, mesh deposition, or
the ike. At step 112, a wavelength converting laver may be applied to the adhesive layer.
The wavelength converting layer may be applied in any applicable manner such as by
pouring, depositing (e.g., Atomic laver deposition (ALD)) chemical application, mesh
deposition, or the like.

0037} According to embodiments, a substrate {e.g., 120 of Fig. 1B) and wavelength
converting laver (e.g., 102 of Fig. 1B) surface can be surface treated or coated to have an
organositlane self-assernbled monolaver (SOM}, to ncrease or tmprove the apphcation or
bonrding of short cham molecules. As disclosed herein, the evanescent waves andfor photons

wa
4



¢

28

3

WO 2020/128626 PCT/IB2019/001370

1 the substrate region can tunmel through the adhesive layer, increasig the overall fhux
emitted by the LED. The tunneling probability may be exponeatially dependent on the
thickness and properties of the adhesive layer or the gap occupied the adbesive layer as well
as the wavevector of hght. Accordingly, the total flux of the LED dependent on the product,
or other apphicgble relationstup, of the wavevector and adhesive laver/gap.
0038} According to an embodiment of the disclosed subject matter, a nanostructure
layer may be deposited at the iterface between an adhesive laver and a substrate of an LED
such that the adhesive layer attaches the substrate to a wavelength converting layer. The
adhesive layer may form a viable bond between the substrate and the wavelength converting
layer and may have a low refractive index such as, for example, between 1.41-1.5. The
adhesive laver may include a nanostructure laver, as disclosed hevem, and may also melude
one or more types of silicone. The wavelength converting layver may be a ceramic phosphor
platelet or any other apphicable material that converts the wavelength of bight incident upon
the fayer, as disclosed herein.
{0039} A nanostracture laver, as disclosed herein, may be deposited on top of a
substrate at the interface between an adhesive layer and the substrate. The nanostructure
layer can be metamaterials or metasurfaces composed of cvlinders or cubes made up of
large refractive idex materials such as titaniom dioxide, gallium nitride or sihicon. The
nanestructure layer may transmit radiation mcident upon a substrate {e.g., radiation
originating from an LED active laver) and extend the TIR eritical angle beyond the natural
TIR critical angle created by the change o refractive index (R} (1.e,, high Rl ot the
substrate 1o low RI of the adhesive taver). To achieve this, the nanostraciure faver has a
local phase gradient at the Iocation where the light beams strike the interface of the
nanostructure layer. Equation 1 shows the general law of reflection and refraction:

sin@; ry — sin @y n; = —%—z—?’{— {Equation 1)
{0040} In Equation 1, the subscript *t” refers to the media located at the top of interface

{i.e., the adhesive material) and 17 refers to media of incidence with mi > m. f; is the local

phase gradient imposed by the nanostructure layer. The critical angle can be shown by
Equation 2.
—1 e Ag fiifl)

e e
% vy o 2reng dx

{Equation 2)
0041} Equation 2 can be apphed such that the critical angle of TIR can be modified
using the local gradient of phase (3.e., 0f a nanostructure layver as disclosed herein) mmposed
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by the nanoestracture. For example, for an operating wavelength of 450om and w = 178 of
o ) . ; ' ) : .
=141 and no phase gradient - = 0, the equation reduces to traditional Sneil’s law

predicting a critical angle 8¢ = 52.4 degrees.

' X - . A . ‘ .
{06421 However, at the same wavelength of 450nm, if ~ ﬁ;}% = (.2 then 8¢ = ~83
NEN X

v . ’ . &l . ; . '
degrees. This vields a phase change of % = 0.005 rad /mm which can be achieved by use

of resonant or non-resonant nanostructare layers, as disclosed herein. The nanostructure
faver is arranged such that # has a local phase gradient with a slope sufficient to increase the
TIR critical angle. The example critical angle e = ~83 degrees 1s equivalent to having an
effective refractive index of 1.765. As applied within an adhesive laver, as disclosed herein,

a nanostructare layer provides a modified effective RI of 1.765 {or the adhesive laver by

emission of light through the adhestve laver with a nanostructure laver as if the Rl of the
adhesive layer is an effective higher RI which more closely matches the RI of the substrate
and/or wavelength converting layer and, thus results in decreased reflection.
80431 A nanostructure {ayer may include meta-surfaces, plasmonic nanostructures,
meta-molecules, photonic crystals, andfor other applicable nanostructures. As used herein,
photonic crystals and meta-surfaces may be periodic arrangements of meta-atoms andf/or
nancantennas. A meta-gtom nanostructure layer may include an array of meta-atoms. A
naneantenna nanoestructure faver may mclude one or more nanoantennas. Nanostructured
layers, as disclosed herein, may meorporate the design of LED devices with nano scale
optical antennas placed on an LED surface {e.g., a sapphire substrate) and/or within an
adhesive layer.
{0044] The nanostructared layers disclosed herein may include vanoantennas placed in
a pre-determined arrangement with an optimized local phase gradient withi an adhesive
layer. A nanostructured layer may include photonic materials incorporated mto photonic
crystals andfor meta-surfaces which may mclade meta-atoms andfor nanocantennas such that
the largest dimension for a meta-atom or nanoantennas i3 less than 1000nm. The
nancantennas can be implemented as an array of nanoparticles located in the nanostruciure
layer, as further disclosed heremn. The nanoantennas may be arranged m either periodic or a-
periodic patterns. In an analogy with chemical molecules composed of atoms, a meta-
surface is composed of meta-atoms with the meta-atoms combined together and mteracting
to give the meta~surface vmque optical properties. The size of individual meta-surfaces
may be sub-wavelength or may be formed at the same order of wavelength of nse.
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[0045] A nanostroctured layer can mclude nanoantennas that are distributed throughout
a host dielectric mediwm. The sizes of the nancantennas may be a sub-wavelength of order
of wavelength.

{0046} A panostructwred laver may be designed with a configuration so that its optical
properties have a resonance or controliable properties at one or wore wavelengths such that
the configuration causes the TIR critical angle of incident based on the configaration of the
nanostracture laver. This may be achieved by tuning the structure and chemical composition
of the nanostructure layer s0 as to simultanecusly excite elecine and magoetic dipoles,
quadrupoles and higher order multipoles withm the nanostructure layver. The simultaneous
excitation of the dipoles and higher order multipoles mav provide the local phase gradient at
the nanostructure {aver to increase the TIR cnitical angle of the adhesive layer.

{0047} Fig. 1D shows a LED device 100D which may be a high brightness emitter or a
medium power emitter such as a chip scale package (TSP} die with a sapphire substrate,
LED device 100D may be sinmlar to LED device 100B of Fig. 1C. As shown s Fig. 1D,
adhesive laver 105 with a nanostructure layer 110 may be located between substrate 120
anct wavelength converting laver 102, The substrate 120 may include a smooth LES that
enables deposition of the adhesive layer 1035 with g navostracture laver 110, The substrate
120 may comprise sapphbire which is an alominom oxide (Al0Os) also known as corundom
and can exhibit properties including being very hard, strong, casy to machine flat, a good
electrical insulator, and an excellent thermal condactor.  Sapphire 13 generally transparent
when produced synthetically with the blue color in naturally occurring sapphires {and the
red m rabies, which are another form of corundum) comes from umpurities in the crystal
lattice. In other LEDs, the sapphire may be replaced with galltum nitride (GaN). The
semiconductor lavers 130 may be in the region where light is enutted as
slectroluminescence occurs.

j0048] As shown in Fig. 1D, the sidewalls of the substrate 120 may be covered by
sidewall matertal 140. The sidewall material 140 may also cover one or more layers of the
semiconductor layers 130 such that either the same sidewall material 140 covers the
substrate 120 and the semicondactor layers 130 or a different material may cover the
sidewalls of the substrate 120 than the semiconductor tayers 130, The sidewall matenial 140
may be anv applicable reflecting or scattering material. According to an embodiment, the
sidewall material 140 may be a distributed Bragg reflector (DBR).

{00491 By way of example and m order to provide concrete description, a thp chip of
chip scale package (CSP) LED with a sapphire substrate i1s described, although the
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principles and teaching herein may be applied to any applicable LED design. A sapphire
based CSP emitter with a smooth hight escape sucface {LES) may allow deposition of
acdhestve layer 105 with a nanostructure layer 110 such that light emitted from the active
laver 135 is meident upon the adhesive layer 105 with a nanostructure fayer 110 via the
sapphire substrate. It will be understood that the LED device 100D includes components
and/or layers that are the same as LED device 100B, as indicated by the same reference
numbers.

(0050} Fig. 1E shows an LED device 100E with a substrate 1204, adhesive faver 1084,
and wavelength converting faver 102A. The RI of the substrate 120A and wavelength
converting layer 102A may be higher than the RI of the adhesive layer 105A such that the
TIR critical angle 8¢ == S2.4. The light beam 107A may traverse the substrate 1204 and may
be incident upon the adhesive layer 103A at an angle greater than the TIR critical angle 8¢ =
524, such as at 60 degrees. Accordingly, the light beam 107A may be reflected, as shown,
Fig. 1E also shows an LED device 100F with a substrate 1208, adhesive layer 1058, and
wavelength converting laver 102B. The adhesive layer 103B includes a nanostructure layer
110B configured with an optimized local phase gradient of the adhesive laver 1058, The R1
of the subsirate 1208 and wavelength converting layer 102B may be higher than the Rl of
the adbesive layer 1058 material without the nanostructore layver 110B. However, based on
the local phase gradient of the nanostructure layer 1108, the TIR critical angle through the
adhesive laver 1058 may be greater than 0¢ = 52.4 and may be, for example, f¢ = ~83
degrees. A light beam 1078 may traverse the substrate 1204 and may be incident upon the
adhesive layer 1058 at the same angle as light beam 107 A was incident upon the adhesive
laver 103A of LED device 100E (i.e., 60 degrees acconding to this example). Based on the
mcereased critical angle of Bc = 83 degrees provided by the nanostracture layer 110B, the
light beam 107B may be passed through the adhesive layer 105B without bemng reflected
and may be incident upon the wavelength converting laver 102B.

[o051] Photonic crystals and/or meta-surfaces 1 a nanostructure layer may be
configured with a spatial gradient of phase. The nanoantenna may be formed from nanoe-
eyvlinders, nano-cones, or nano-cones with vertical or coaxial dimmers, arvanged m either a
hexagonal or rectangular fattice. The lattice period may be sub-wavelength or larger than
wavelength, The nanogntennas may be Huygen's meta-atoms or support waveguide modes.
A Huygen's nanostructure layer with spatial variation of radius can also be used to achieve
the desired narrowing of the beam. Each photonic crystal or meta-surface may present a
certain amount of beam bending properties such that incident beams can be shaped to the
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required angalar disteibution. In the cases of the nano-cvlinder vertical dimer coaxial dimer
in nano-cone, mterfering modes within the meta-atom or nancantenna provide additional
control of the light emitted through the nanostructure laver, nsing structural parameters.
o652} Nanoantennas may be formed or arrayed as simgle nano-photonic structures such
that the same nanoantenna is repeated numerous times 1o form a nanostructured laver.
Alternatively or m addition, nanoantennas may be formed or arrayed as multt nano-photonic
stractures such that an array of nanoantennas is repeated mumerous times to form &
nanostructured fayer, Figure 1F Hlustrates an example multit nano-photontc structure 145,
As shown, the multi nano~photonic structure 143 includes nano-cvlinders 141 and 142 such
that the different nano-cylinders 141 and 142 have one or more different properties when
compared to each other. Az a visual example, as shown in Fig. 1F, nano-cylinder 142 15
sinaller in vohune than the nano-cylinder 141, This multi nano-photonic structure may be
arrayed such that navostrocture layer 110 of Fig. 1D includes multiple terations of multi
nano-photonic structure 145 (i one, two, or three dimensions). Each small muld nano-
photonic structure 145 of a nanostructure layer 110 mav cosntribute to the optimnzed local
phase gradient at the location where a light beam strikes the nanostructure layer 110, The
design and placement of nanostructure laver 110 mav selecied by an optimizer,

{0053} As an example of the confliguration shown In Fig. 1F, the nanostructore layer
may include nano-cylinders or nano-cones of titantum dioxide with heights of 1530nm,
250nm or 600nm. The radis of the evhnders may be varied in the lateral axes and can be
the range from S0nm to 120nm with periodicities ranging from 250nm to 300nm. Difterent
anit cells with different pertods and radit distributions can be arranged on a substrate
surface. The position of such spheres can be optimiized using conventional optimization
software to improve the overall flux emitted by an LED. According to an emboediment,
nanostructures mayv only be optimized to work within a desired wavelength such as, for
example, a blue LED emission spectral region (center wavelengths varving from 440-450
nm with bandwidths of 30-50am).

{0054] Referring again to Figures 1B and 1D, side reflectors 140, mav be non-specularly
reflective nanostructured layers designed to Rurther enhanee hight ontput through
nanostructared layer 110,

[0855] For example, side reflectors 140 may be nanostructared layers desigoned such that
light incident on them at low angles of ncidence (e.g., normal or near normal) is reflected at
a large obligue angle of reflection toward navnostructured laver 110 at an angle of mcwdence
on nanostructured laver 110 within the range of angles transmitted theough the adhesive
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layer. As another example, a back reflector {not shown) located between the active region
amcd the contacts may be a nanostructured laver designed such that Bght incident on it at
large obligue angles is reflocted at a low angle of reflection toward the adhesive layer atan
angle of incidence within the range for transmussion through adhestve layer.
Nanostructared ide reflectors as just described may be used i combination with a
nanostractured back as just described.

0056} Nanostructured side reflectors amd back reflectors as just described may take the
form of a nanostructured photonic laver designed to steer angular radiation. Such a
nanostructured side or back reflector may include or consist of a photonic crystal,
metamaterial, metasarface or subwavelength gratings of asymumetric scatiering elements
{alco referred to herein as nanoantennas), by way of non-linuting example only. The main
function of such a nanostractured side or back reflector is to reflect radiation incident upon
it from a given angular range to a chosen angular range. This restricted angular range mayv
be chosen 1o direct as much light as possible from the rear surface or sides of the LED
toward the adhesive lavers at angles of incidence less than the critical angle for total internal
reflection at the interface with the adhesive layer.

00571 Such a nanostructured back or side reflector may comprise scattering elements
formed mto, or anrayed, o unat cells. Each oot cell may provide beam bending to the
light incident on the side reflector. By suitably arranging a multiude of different vant cells
with different beam bending properties, the light may be shaped to the required angular
distribution.

0058} In such g nanostructwred side or back reflector the reflective heams-benders (unit
cells) may arranged in a periodic two-dimensional pattern or grating, for example, and may
be formed of background material encapsulating or otherwise containing one or more
scattering elements and positioned adjacent to substrate 120, The plurality of scattering
elements may be surrounded by the background matenial. A specular reflector may be
adjacent to the background material distal to substrate 120, Asyrumetrical scattering may
be achieved, for example, by using asvmmetric scattering elements designed to link the
reflected flelds from the specular reflector 1o the scattered fields from scattering elements,
Interference between these fiekds causes hight 1o be scattered in g particular divection. The
arrangentent of scattering elernents may produce a spatial gradient of phase.

0059} A unit cell for a periodic array of beam beaders in a nanostructured side reflector
may be rectangular in dimensions and include 4 series of lavers including a specular
reflector, one or more scattering elements, and background material as described above.
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Periodicity may be centered on g wavelengih v use, such as for example the pesk
wavelength emitted by the LED {e.u., 450 nm). In the wmt cell, one or more scattering
elements may be posttioned adjacent to substrate layer 120 distal to the specular reflector
and £ or one or more scatlering elements may be places In contact, or near contact, with the
specular reflector,

HEHH The scattering elements may be of any suttable heyght and width and may be
formed, for example, from stlicon (51) or titanium oxide (T2}, or a combination thereof.
The background matenal may be a low refractive index matenal, such as magnesium
fluoride (Mgkz), for example. The specular reflector, i1f present, may be a metal mirror, for
example a gold or sibver mirror, a dieleciric muror, or a Bragg reflector, for example.

{0061} The scattermg elements may take the form of any of the scattering elements
described herein. A scattering element mav comprise a single hight scatterer (a single
dipole), or an array of light scatierers (dipoles) that may be configured analogously to a
vagi-uda antenma, for example.

{0062} A scattering element may be designed as two interfering Huyvgen's meta-atoms,
The scattering elements may be selected to satisty the first Kerker's conditions so that the
magnetic and electric dipole radigtion cancel n the backward direction vielding a large
forward scatter, referred o as Hoygen’s meta-atoms. A scattering element may be formed
as a two-dimensional scatierer, such as a grating, for example, or a three-dimensional
scatter. An example three~-dimensional scatter may be a nano-cylinder. Other geometrical
scatterers may also be employed mcludes L-shaped scatterers, for example.

0063} The scattering elements may be formed, for example, from nano-cylinders, nano-
cones, of nano-cuboids arranged for example in either a hexagonal or a rectanguiar lattice.
The lattice period may be sub-wavelength or larger than wavelength. In the cases of a nano-
cvlinder vertical dimer and coaxial dimer, interfering modes within the meta-atom or
nanoantenna provide additional control of the scattered modes using structural parameters.
[ob64] The scattering elements may also be formed from photonic metamaterial (PM),
also known as an optical metamaterial, which s a type of electromagnetic metamaterial that
mteracts with light, covering terabertz {THz), mfrared (IR) or visible wavelengths. The
matetials employ a pertadic, cellular structure. The subwavelength periodicity distinguishes
photonic metamaterials from photonic band gap or photouic crystal structures. The cells ave
on a scale that is magnitudes larger than atoms, vet much smaller than the radiated

wavelength, and are on the order of nanometers. In metamatenials, cells take the role of
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atoms & matertal that 15 bomogeneous at scales larger than the cells, vielding an effective
medium model.
{0065} FIG. 2A 18 a diagram of an LED device 200 w an example embodiment. The
LED device 200 may include one or more epitaxsal layers 202, an active layer 204, and a
5 substrate 206 In other embodiments, an LED device may include a wavelength converter
layer andfor primary optics. As shown in FIG. 2ZA, the active laver 204 may be adjacent to
the substrate 206 and emit Hght when excited. The epitaxial favers 202 may be proximal to
the active layer 204 andfor one or more infermediate layers may be between the active layer
204 and epitaxial lavers 202, The substrate 206 may be proximal to the active layer 204
0 and/or one or more intermediate layers may be between the active layver 204 and substrate
206. The active layver 204 emits hight into the substrate 206, The adhesive laver 105 of g
1D or the nanostructure layer 110 miay be placed between subsirate 206 and wavelength
converting layer 206C, to implement techniques disclosed herein.
{0866} FIG. 2B shows a cross-sectional view of a hghting system 220 inclading an LED
(5 array 210 with pixels 201 A, 2018, and 201C. The LED array 210 includes pixels 201A,
2018, and 201C each including a respective substrate 2068 active laver 204B and an
epitaxial layer 202B. Pixels 201 A, 2018, and 201C, v the LED arrav 210 may be formed
asing array segmentation, or alternatively using pick and place techmiques and may, for
example, emit hight at different peak wavelengths such as red, green, and blue. The spaces
20 203 shown between one or more pixels 2014, 2018, and 201C may melude an air gap or
may be filled by a material such as a metal material which may be a contact {e.g., o~
contact). According to some embodiments, secondary optics such as one or more lenses
and/or one or more wavegukles may be provided. As shown, wavelength converting lavers
2104, 2108, and 2106C may be placed above respective pixels 201 A, 201B, and 201B and

25 may be attached by respective adhesive lavers and/or nanostructure layers. The respective

5,

adhesive layers may include chain Hink molecules andfor nanostructure layers, as disclosed
herein. The pixels 2014, 2018, and 2010 may each correspond to a different color cutpat
{e.g., red, green, blue).
{0667} The LED device 200 or pixels 201A, 2018, and 201C may be single wavelength
e entters and may be powered individually or via as an array. The LED device 200 or pixels
2014, 2018, and 201C may be part of an illumination system that mclodes one or more
electronics boards, power modules, sensors, connectivity and control modules, LED attach
regions, of the ike. Pixels i an array may be powered based on different channel signals
and their gperation may be determined by a microcontrolier,
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[0068] FIG. 3 shows an example system 530 which includes an application platform
560 and LED systems 552 and 356, The LED svstem 552 produces light beams 561 shown
between atrows 561a and 561b. The LED system 556 may produce hight beams 562
between arrows 362a and 562b. As an example embodiment, the LED system 552 and 556
may he part of an automobile and may emit infrared (IR} light commanication bearss such
that an oncoming vehicle in the path of the light beams 561 andfor 362 is able to receive
communication from the automeobile. In example embodiments, the svstem 550 may be a
mobile phone of a camera flash system, indoor residential or conwmercial lighting, outdoor
lizht such as street lighting, an antomobile, a medical device, AR/VR devices, and robotic
devices.

j0069] The application platform 360 may provide power to the LED systems 352 and/or
356 via a power bus vig line 365 or other applicable input, as discussed hevemn. Further,
application platform 560 may provide mput signals via hne 365 {or the operation of the
LED svysterm 552 and LED svstem 556, which input mayv be hased on a nser
mputipreference, a sensed reading, g pre-progranumed or autonomously determined output,
or the like. One or more sensors may be internal or external to the housing of the
application platform 560,

{070y n varions embodiments, apphcation platform 360 sensors andfor LED svstem
552 andfor 356 sensors may collect data such as visual data {e.g., LIDAR data, IR data, data
collected via a camera, etc.), audio data, distance based data, movement data, environmental
data, or the like or a combination thereof. The data may be collected based on enutiing an
optical signal by, for example, LED svstem 352 andior 556, such as an IR signal and
collecting data based on the emitted optical signal. The data may be collected by a different
component than the component that emits the optical signal for the data collection.
Continning the example, sensing equipment may be located on an automobile and may emit
a beam using a vertical-cavity surface-emitting laser (VUSEL). The one or more sensors
may sense a response to the enutied beam or any other applicable mput.

{0671} Although features and elements are described above in particular combinations,
one of ordinary skill in the art will appreciate that each feature or element can be used alone
ot in any combination with or without the other features and elements. In addition, the
methods described herein may be implemented in a computer program, software, or
firmware incorporated in a computer-readable medium for execution by a computer or
processor. BExamples of computer-readable media include electromic signals (transmtied
over wired or wireless connections) and computer-readable storage media. Examples of
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computer-readable storage media include, but are not Himited to, a read only memory
{ROM), a randon access memory {RAM), a register, cache memory, semiconductor
memoery devices, magnetic media sach as internal hard disks and rewovable disks, maguaeto-
optical media, and optical media such as CID-ROM disks, and digital versatile disks
(DVDS).

{0072} Although features and elements are described above 1n particudar combinations,
one of ordinary skill in the art will appreciate that each feature or element can be used alone
or in any combmation with or without the other features and clements. 1n addition, the
methods described heremn may be implemented in a computer program, software, or
firmware incorporated in a computer-readable medium for execution by a computer or
processor. Examples of computer-readable media include electronic signals (transmitted
over wired or wireless connections) and computer-readable storage media. Examples of
computer-readable storage media melude, but are not limited to, a read only memory
{ROM), a random access memory {RAM), a register, cache memory, semiconductor
memory devices, magnetic media such as internal bard disks and removable disks, magneto-
optical media, and optical media such as CD-ROM disks, and digital versatile disks
{DVDs).
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WHATIS CLAIMED IS:

i A hight emitting device comprising:

a semiconductor diode structure;

a substrate transparent to hght emiited by the semicondactor diode structure and
comprising a flat top surface, an oppositely positioned bottom surface, and side surfaces
connecting the top and bottom surfaces, the bottom surface disposed on or adjacent the
semiconductor dicde structure;

a ceramic phosphor wavelength converting structure comprising a flat surface
disposed adjacent the Hat top sarface of the substrate; and

an adhesive laver disposed between and bonding the subsirate and the ceramic
phosphor wavelength converting structure to each other, the adhesive layer comprisig:

a plurality of short chain molecules each having a chain length of less than or
equal to 100 nanometers, a first end attached to the flat surface of the ceramic phosphor
wavelength converting structure, and a second end attached to the top flat surface of
substrate; or

a nanostructured layer imposing a local phase gradient that increases a
critical angle for total internal reflection for light emitted into the substrate from the
semiconductor Hght emitting diode structure and incident on the adhesive layer from the
substrate; or

a plurality of short chain molecules each having a chamn length of less than or
equal to 100 nanometers, a first end attached to the flat surface of the ceramic phosphor
wavelength converting structure, and a second end attached to the top flat surface of
substrate, and a nanostructuwred layer imposing a local phase gradient that increases a enitical
angle for total tnternal reflection for light emitted into the substrate from the semiconductor

light emitting diode structure and incident on the adhesive layer.

2. The hght emitting device of claim 1. wherein the adhesive layer comprises a
plarality of short chain molecules each having a chain length of less than or equal to 100
nanometers, & first end attached to the flat surface of the ceramic phosphor wavelength

converting structure, and a second end attached to the top flat surface of substrate.

3. The hght estting device of claim 2, wherem the short chain molecules each have a

chain length of less than or equal to 10 nanometers.
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4. The lght emiiting device of ¢laim 2, comprising an organostlane self-assembled
& & e S

monolaver coating the top surface of the substrate or the flat surface of the ceramic

phosphor wavelength converting stractire and facilitating attachment of the short chain

maolecules 0 the coated surface.

h The light emitting device of claim 1, wherem the adhesive layver comprises a
nanostructured laver imposing a local phase gradient that increases the critical angle for
total internal reflection for light entted nto the subsirate from the senuconductor light

emiiting diode structure and mcident on the adhesive layer from the substrate.

6. The light emttting device of claim 5, wherein the nanostructured layer imposes a

grees the critical angle for total mternal

£

local phase gradient that increases to at least 60 de
reflection for Hight emitted 1nto the substrate from the semiconductor light emitting diode

structure and incident on the adhesive layer from the subsirate.

7. The light emitting device of claim 6, wherain the nanostructured layer imposes a
Jocal phase gradient that increases to at least 8@ degrees the critical angle for total mternal
reflection for light emitted into the substrate from the semiconductor light emitting diode

structure and incident on the adhesive laver from the substrate,

-~

g, The hight enutting device of claim 3, wheretn the nanostraciured layer s or

comprises a metasurface or a metamaterial.

8. The light emitting device of claim 8, wherein the metaswrface or metamaterial

comprises a plurality of nanoantennas,

10, The light emitting device of claim 9, wherein the plurality of nancantennas are

arranged in a latiice.

11, The hight emitting device of claim 9, wherem each nanoantenna bas a largest
dimension less than or equal to a wavelength of light emitted by the semiconductor diode

structure.

12, The light emitting device of claim 1, wherein the adhesive laver comprises a
plarality of short chain molecales each having a chain length of less than or equal 1o 100
nanemeters, a first end attached to the flat surface of the ceranuic phosphor wavelength

converting stracture, and a second end attached to the top flat surface of substrate, and a
19
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nanostructured laver imposing a local phase gradient that increases the enitical angle for
total mternal reflection for light emitted into the substrate from the semiconductor hght

enytting diode structure and incident on the adbesive layer.

13, The light enutting device of claim 12, comprising an organosilane seif-assembled
monglayer coating the top surface of the substrate or the flat surface of the ceramic
phosphor wavelength converting structure and facilitating attachment of the short chain

molecules to the coated swriace.

14, The light emitting device of claim 12, wherein the nanostructured laver inposes a
local phase gradient that increases o at least 60 degrees the critical angle for total internal
reflection for light emitted mto the substrate from the semicondoctor light emitting diode

structare and incident on the adhesive laver from the subsirate.

15, The light emitung device of claim 14, wheremn the nanostructured layer imposes a
local phase gradient that increases to at least 80 degrees the critical angle for total internal
retlection for light emutled mito the substrate from the semyiconductor light emtting diode

structare and incident on the adhesive laver from the substrate.

16.  The light enmitting device of claim 12, wherein the nanostructured layer 1s or

comprises a metasuriace or a metamaterial,

17, The Lght enutting device of claim 16, wherein the metasurface or metamaterial

comprises a plurality of nancantennas.

18, The light enutting device of claim 17, wherem the plurality of nanoantennas are

arranged in a latiice.

19, The light emitting device of claim 18, wherem each nanoantenna has a largest
dimension less than or equal t0 a wavelength of Hght emitted by the semiconductor diode

sfructure.
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