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COLOR LEDS WITH INTEGRATED OPTICAL FILTERING ELEMENTS

TECHNICAL FIELD

[0001] The present disclosure generally relates to manufacture of LEDs with integrated
color filter elements. The performance characteristics of a broad-spectrum color LED can be
improved by forming a passive optical filtering element directly into the LED structure that can

form a part of a microLED array or display system.

BACKGROUND

[0002] Semiconductor light-emitting devices (LEDs) can be manufactured to have a
wide range of optical emission characteristics. For example, InGaN-based LEDs are capable of
emitting light of any color in the visible spectrum, making them attractive for display
applications. However, InGaN-based LEDs are distinguished by some unique characteristics,
including a tendency for a centroid wavelength of the emission spectrum (Lc) to shift to shorter
wavelength as the operating current density increases. This characteristic is due in part to
screening of internal electrical fields by injected carriers. A second characteristic is a tendency
for the spectrum full-width half maximum (FWHM) to be broad, especially for the longer range
of Lc. The FWHM may be as broad as 50-70nm for InGaN spectra in the red range. It should be
noted that FWHM of InGaN red LEDs can be so broad that a significant fraction of output power
is emitted in the infrared range. This characteristic is due in part to increasing inhomogeneity of
InGaN quantum wells (QWs) with higher indium concentrations.

[0003] These characteristics of InGaN spectra have viewing implications. The shift of
Lc with drive current makes it difficult to control the optical output power and emission color
independently of each other. More current is needed to increase the output power, but more
current also causes the color to change. For example, the emission of a green LED appears blue-
green appearance at higher current, while that of a red LED appears yellow. The broad emission
spectrum has additional implications when operating the LED at a fixed current. The human eye
is much more sensitive to green and yellow light than to blue and red light. This means a small
part of the spectrum of a red or blue LED extending into the yellow-green range has a
disproportionately large impact on the color perceived by the eye (dominant wavelength).
Although an InGaN LED with L of 625nm emits >90% of its radiometric flux in the red range,

its dominant wavelength (Lpom) is orange due to a small “tail” of its spectrum extending to
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shorter wavelength. The broad FWHM and shift of Lc with current density have so far hindered
the adoption of red InGaN LEDs in many applications.

[0004] Some attempts have been made to provide improved InGaN spectra. For example,
US. Patent 10,361,341 to Danesh et al.1 disclosed a red InGaN LED spectra measured at low
current density (1.2A/cm?), the least demanding operating condition in view of the (Lc) shift
with increasing current density. However, many applications require much higher current density
to obtain the required flux.

[0005] Improved structures and elements are needed for InGaN LEDs, particularly for
LED displays with high color gamut. Such displays may require a peak or dominant wavelength
(Lpom) as long as 625nm. In current state of the art an Lpom of 620nm is barely possible with
InGaN at low drive current density and impossible at higher current densities. This limitation
prevents manufacture of displays with high color gamut having all three emitters (e.g., RGB)
made from the same InGaN materials system. Due to complexity in integrating LEDs from
different materials systems into the same display, it is preferable to use InGaN for all three colors

rather than incorporating GaAs-based or other LED materials for red pixels in a display.

SUMMARY

[0006] In accordance with embodiments of the invention, a red LED includes a
semiconductor LED layer having an active InGaN layer with intrinsic emission spectrum having
Lpom in a range of from 580 nm to 620 nm. A filter is positioned over the semiconductor LED
layer to filter shorter wavelengths of the intrinsic emission spectrum and shift Lpom by between
5 nm to 20 nm to a longer wavelength.

[0007] In another embodiment, a blue LED includes a semiconductor LED layer having
an active InGaN layer that emits an intrinsic spectrum with dominant wavelength greater than
470 nm and color saturation less than 93%. A filter is positioned over the semiconductor LED
layer to filter out longer wavelengths of the emitted intrinsic spectrum and increase color
saturation by at least 3 percentage points.

[0008] In another embodiment an infrared LED includes a semiconductor LED layer
having an active InGaN layer that emits an intrinsic spectrum with centroid WL in a range of
from 640 nm to740 nm. A filter is positioned over the semiconductor LED layer to filter out a
shorter wavelength part of the emitted intrinsic spectrum and increase centroid WL by 10 nm to

100 nm.
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[0009] In another embodiment a green LED includes a semiconductor LED layer having
an active InGaN layer that emits an intrinsic spectrum with dominant wavelength less than 535
nm and color saturation less than 90%. A filter is positioned over the semiconductor LED layer
to filter out shorter wavelengths of the emitted intrinsic spectrum and increase color saturation
by at least 3 percentage points.

[0010] In some embodiments, the filter may be positioned over the semiconductor layer
and at least one of directly integrated, positioned in contact, or positioned on an intermediate
transparent layer with respect to the semiconductor LED layer.

[0011] In some embodiments, a transparent conductive layer is attached to the
semiconductor LED layer, and the filter is attached to the transparent conductive layer.

[0012] In some embodiments, a transparent sapphire layer is attached to the
semiconductor LED layer on a first side, and the filter is attached to the transparent sapphire
layer on a second side.

[0013] In some embodiments, the filter includes absorptive material.

[0014] In some embodiments, the filter includes II-VI semiconductors.

[0015] In some embodiments, the filter includes at least one metallic material.

[0016] In some embodiments, the filter includes a wavelength selective mirror.

[0017] In some embodiments, the LED is a microLED.

[0018] In some embodiments, the LED forms a part of an RGB display.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] Non-limiting and non-exhaustive embodiments of the present disclosure are
described with reference to the following figures, wherein like reference numerals refer to like
parts throughout the various figures unless otherwise specified.

[0020] FIG. 1 is a not to scale illustration of a filter directly integrated with a
semiconductor layer that includes active light emitting regions;

[0021] FIG. 2A is a not to scale illustration of a filter formed on a transparent conductive
layer formed over a semiconductor layer including active light emitting regions;

[0022] FIG. 2B is a not to scale illustration of a filter formed on a transparent substrate
over a semiconductor layer including active light emitting regions;

[0023] FIG. 3A illustrates a graph of optical reflectivity versus wavelength for selected

metals;
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[0024] FIG. 3B illustrates a graph of electro-luminescence (EL) intensity versus
wavelength for LEDs with a non-filtering ITO/Ag electrode and a filtering ITO/Cu electrode;

[0025] FIG. 4A illustrates transmission characteristics from sapphire to air through an
interference filter having multiple TiO2 and SiO2 layers to suppress shorter wavelength emission
of an InGaN red LED;

[0026] FIG. 4B illustrates a graph of EL intensity versus wavelength for an unfiltered
LED and an LED using the filter in FIG. 4A;

[0027] FIG. 5A illustrates transmission characteristics from sapphire to air through an
interference filter having multiple SiNx and SiOz layers to suppress shorter wavelength emission
of an InGaN red LED;

[0028] FIG. 5B illustrates a graph of EL intensity versus wavelength for an unfiltered
LED and an LED using the filter in FIG. 5A;

[0029] FIG. 6A illustrates transmission characteristics of a filter integrated with LED
semiconductor layers;

[0030] FIG. 6B illustrates a graph of EL intensity versus wavelength for an unfiltered
LED and an LED using the filter in FIG. 6A;

[0031] FIG. 7A illustrates reflection characteristics of a composite mirror (ITO/dielectric
stack/Ag) designed to filter out the longer part of the emission of a blue LED;

[0032] FIG. 7B illustrates a graph of EL intensity versus wavelength for an unfiltered
LED and an LED using the filter in FIG. 7A;

[0033] FIG. 8A illustrates transmission characteristics from sapphire to air through an
interference filter having multiple SiNx and SiOz2 layers to suppress longer wavelength emission
of an InGaN blue LED;

[0034] FIG. 8B illustrates a graph of EL intensity versus wavelength for an unfiltered
LED and an LED using the filter in FIG. 8A;

[0035] FIG. 9A illustrates sapphire-to-air transmission characteristics for a filter coating
used to transmit an infrared part and block a visible part of the emission spectrum of an InGaN
LED;

[0036] FIG. 9B illustrates a graph of EL intensity versus wavelength for an unfiltered
LED and an LED using the filter in FIG. 9A;
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[0037] FIG. 10A illustrates sapphire-to-air transmission characteristics for a filter
coating used to transmit a green part and block a blue part of the emission spectrum of an InGaN
LED; and

[0038] FIG. 10B illustrates a graph of EL intensity versus wavelength for an unfiltered
LED and an LED using the filter in FIG. 10A.

DETAILED DESCRIPTION

[0039] FIG. 1 is a not to scale illustration of a filter positioned over a semiconductor
layer that includes active light emitting regions. In some embodiments, the filter can be an
absorptive filter, while in other embodiments a mirror filter can be used. As seen in FIG. 1, a
LED 100 includes a substrate 110 supporting a semiconductor LED layer 120 and a filter 130
formed in contact with the semiconductor LED layer 120 to block selected wavelengths of light.
At least some light emitted from the semiconductor layer 120 must pass through the filter 130.
The filter 130 can be directly integrated with the semiconductor layer 120 (as shown), formed to
contact the semiconductor layer, or be positioned on one or more intermediate transparent layers.

[0040] The substrate 110 can be formed of patterned or unpatterned sapphire, silicon, or
silicon carbide that is able to support an epitaxially grown or deposited semiconductor LED layer
120. In one embodiment, a semiconductor p-layer can be sequentially grown or deposited on an
n-layer, forming an active region at the junction between layers. Semiconductor materials
capable of forming high-brightness light emitting devices can include, but are not limited to,
Group III-V semiconductors, particularly binary, ternary, and quaternary alloys of gallium,
aluminum, indium, and nitrogen, also referred to as IlI-nitride materials. In one embodiment, an
n-type GaN layer, a red-emitting InGaN QW active region, and a p-type GaN layer can be grown.

[0041] After epitaxial growth of the semiconductor LED layer 120, conventional wafer
fabrication processes used for manufacture of thin-film flip chip (TFFC) LED products can be
used. After photoelectrochemical surface texturing of a substrate 110 diced to form tiles
including one or more LEDs, the tile can be cleaned and then loaded into a RF sputtering
deposition chamber. In one embodiment, a filter 130 that absorbs desired wavelengths can
include polycrystalline II-VI semiconductor alloy with approximate composition CdSeo.4So.6 and
thickness of 800nm can be deposited over the tile using an alloy target, conformally coating the

textured GaN light-emitting surfaces. Typically, the absorptive filter coating has optical
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transmission greater than 60% for wavelengths longer than 610nm and close to zero for
wavelengths shorter than 600nm.

[0042] Various light absorptive materials in the family of II-VI semiconductors can also
be used. Typically, such light absorptive materials have a direct band gap giving high absorption
with a sharp cut-off wavelength in the spectral range between green and near-infrared. For
example, alternative compositions may include Cdo2ZnosTe which has similar optical properties
to CdSeo4S06. The thickness of the II-VI semiconductor coating can include a useful range that
spans thickness values from 200-2000nm. The optimum thickness depends on both the material
selected and the deposition conditions. These coatings can be fabricated with physical vapor
deposition techniques such as sputtering, thermal, or e-beam evaporation. Some materials can
also be deposited from wet chemical baths, though bath methods may be less amenable to precise
control of composition and optical properties. A small (<0.1%) concentration of an impurity
such as Cr or Fe can be added to increase resistivity of the II-VI material and prevent electrically
shorting the semiconductor LED layer 120.

[0043] In some embodiments, as an alternative to use of absorptive II-VI semiconductor
filters, a metallic reflective composition can be used. While Cu is particularly well suited to
preferentially reflect the longer-wavelength part of the emission spectrum of an InGaN red LED,
any metal with the characteristic of decreasing reflectivity with wavelength shorter than red
could be used. Some alternatives include Au, Au-Cu alloys, and conducting metal nitride
compounds such as TiN, HfN, ZrN, CrN and/or mixtures therefor. In one example, Cu can be
deposited directly on p-GaN, or can be deposited after deposition of a 2-10nm thick layer of Ni
on p-GaN, since Cu directly on p-GaN has less optimal electrical properties. The Ni layer may
be annealed in a separate process step prior to Cu deposition.

[0044] In another embodiment, a reflective filtering element (i.e., a wavelength selective
mirror filter) can be integrated at end of chip or tile processing. After epitaxial growth, wafer
fabrication processes used in conventional chip-scale-package LED products can support high-
reflectivity thin-film side coatings deposited by atomic layer deposition (ALD). In this
embodiment, before the die attach step, ALD is used to deposit a dielectric mirror uniformly and
conformally over the outer 5 sides of the chip which are light emitting surfaces. The materials
used for the mirror are 6 layers of TiOz (high index) and 5 layers of SiOz (low index) deposited
in alternating sequence. The optical interference that results from respective thickness values of

50nm and 80nm is useful for filtering the emission of an InGaN red LED.
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[0045] In some applications filtering the emitted light can be only needed for one
emitting surface of the LED, rather than 5 surfaces. Some applications may use an array of LEDs
packed so closely together that light escaping from a sidewall is blocked by the adjacent LED.
The dielectric mirror may be deposited by any of the various physical or chemical vapor
deposition techniques, including plasma-assisted techniques, and may use materials from a broad
class of dielectric oxides and nitrides. As another example, a mirror design that is effective for
filtering an InGaN red LED is comprised of 11 layers of SiNx and 10 layers of SiO2 with
respective thickness of 70nm and 93nm. Such dielectric mirror coating can also be applied to
suppress the long-wavelength part of the emission of a blue LED, simply by adjusting the
thickness of dielectric layers. Transmission characteristics of a coating for filtering blue light
involve use of 5 layers of SiNx and 4 layers of SiO2 of respective thickness 73 and 97nm.
Advantageously, the described reflective filters may have lower optical losses for light in the
desired range of wavelengths. Light of desired wavelength which is not absorbed by the
reflective filter has another change to escape from the die.

[0046] In another embodiment, a reflective filtering element (i.e., a wavelength selective
mirror filter) can integrated within the semiconductor LED layer 120. In this embodiment the
filter 130 includes a coalescence layer applied to provide a two-dimensional surface for the
growth of the epitaxial reflective layer. An alternating sequence of 40 layers of Alo.s4Ino.16N and
GaN with respective thickness of 70 and 65nm is grown over the coalescence layer.
Advantageously, AlossIno.1sN has a smaller refractive index, is n-type electrically conducting
and approximately lattice matched to GaN and is thermally stable with respect to growth of
subsequent epitaxial layers needed to complete the LED structure. Reflectivity characteristics of
the Alo.s4lno.16sN /GaN dielectric mirror are suitable to suppress the short-wavelength part of the
emission of a red InGaN LED. Note that while the compositions of AlossIno16sN and GaN have
particularly favorable lattice matching and reflectivity characteristics, mirror-based filters could
be made from any layer pair with compositions selected from AlxnyGa-xy N and Al.InpGal ab
N that have a differing refractive index.

[0047] The advantage of using an Alo.s4Ino16N/GaN filtering mirror integrated into the
epitaxy (as discussed above) is that the epitaxial wafer is a “drop-in replacement” as far as the
die fabrication, with no additional post-epitaxy fabricating processing steps needed.

[0048] In some embodiments, methods of applying post-growth processing techniques

to increase the index contrast between GaN and other epitaxial layers can be used to produce a
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mirror having a narrower stop band and better angular characteristics. For example, this can be
achieved by selective photo-electrochemical oxidation of AlpssIno.16N (or other Al-containing)
layers after the LED mesa etch exposes the edges of those layers. Alpsgslnoi1sN (and other Al-
containing layers) can be oxidized into Al2Os of small refractive index for process conditions
which leave GaN and InGaN unchanged.

[0049] In other embodiments, the sequence of layers grown for the mirror can include
highly n-type doped and lightly n-type doped GaN layers. After the LED mesa etch exposes the
edges of buried layers, a high degree of porosity can be preferentially introduced into the highly
n-type doped layers by post-growth electrochemical treatment. Since porous layers have much
lower refractive index than non-porous ones, a mirror with better reflectance characteristics than
the as-grown Alos4Ino.16N /GaN mirror discussed above can be grown. Advantageously, porous
GaN layers may also be n-type electrically conducting, unlike oxidized Alo.g4Ino.16N layers such
as previously discussed. Electrical conductivity of the mirror filter can optionally be provided in
vertically injected LEDs but is not required for LEDs using lateral current injection.

[0050] FIG. 2A is a not to scale illustration of a filter positioned over a semiconductor
layer that includes active light emitting regions, but in this embodiment directly contacting an
intermediate transparent conductive layer that acts as an anode for the underlying semiconductor
layer. In some embodiments, the filter can be an absorptive filter, while in other embodiments a
mirror filter can be used. As seen in FIG. 2, a LED 200 includes a substrate 210 supporting a
semiconductor LED layer 220 and a transparent conductive layer 240. A filter 230 is formed in
contact with the transparent conductive layer 240 to suppress selected wavelengths of light. As
will be understood, the substrate and semiconductor LED layer can include embodiments such
as discussed with respect to FIG. 1.

[0051] FIG. 2B is a not to scale illustration of a filter positioned on an intermediate
transparent substrate layer over an underlying semiconductor layer that includes active light
emitting regions. Similar to the embodiment of FIG. 2A, the filter can be an absorptive filter,
while in other embodiments a reflective mirror filter can be used. As seen in FIG. 2B, a LED
200B includes a substrate 210B that can be formed from transparent sapphire or other suitable
material that supports growth of a semiconductor LED layer 220B. A filter 230B is formed in
contact with the substrate 210B to suppress selected wavelengths of light. The substrate 210B is
positioned between the filter 230B and semiconductor LED layer 220B (i.e., the filter is attached

on a first side and the semiconductor LED layer is on a second and opposing side) As will be
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understood, the substrate and semiconductor LED layer can include embodiments such as
discussed with respect to FIG. 1.

[0052] In one embodiment, after epitaxial growth of the semiconductor LED layer 220,
conventional wafer fabrication processes used for manufacture of thin-film flip chip (TFFC)
LED products can be used. An anode contact with the semiconductor LED layer 220 can be
formed. In one embodiment, a bilayer of indium-tin oxide (ITO) and Cu can be formed, with the
ITO acting as a transparent conductor and the Cu acting as a reflective mirror filter. The ITO
and Cu layers can be deposited by a physical vapor deposition technique such as e-beam or
thermal evaporation, or sputtering. To improve its characteristics, the ITO layer may be annealed
in a separate step before Cu deposition. The ITO thickness is typically in the range 5-50nm, and
the Cu thickness in the range 100-500nm, with the most preferable values being about 20nm and
about 200nm, respectively. In some implementations a very thin (1-5nm) layer of another metal
such as Al, Ni, Ti, or Cr can be deposited on top of ITO before Cu to improve its adhesion to
ITO.

[0053] While implementations with ITO have the best electrical and optical
characteristics, in some embodiments ITO can be replaced with a transparent conducting oxide
such as ZnO, indium-zinc oxide (IZO), conductive graphene, or other composition able to make
an ohmic electrical contact to p-GaN.

[0054] In another embodiment, a reflective filtering element (i.e., mirror filter) can be
deposited over an anode contact provided by a transparent conductive ITO or other layer. For
example, a dielectric mirror can be deposited over the ITO and an array of vias etched through
the dielectric mirror to allow contact with the ITO. Ag metal can be deposited over the dielectric
mirror with vias making possible electrical contact of Ag to ITO. The dielectric mirror in this
example can be designed to have poor reflectivity for the wavelengths to be suppressed and high
reflectivity for the wavelengths to be preserved. The first layer of the mirror can be a thick
(500nm) layer of SiO2, followed by 5 alternating layers of TiO2 and 4 layers of SiO2 with
respective thickness 40 and 68nm. Advantageously, this type of composite mirror has 1) filtering
capability is not limited by properties of available metals and 2) optical loss in range of
wavelengths to be preserved that can be extremely low.

[0055] In another embodiment, a composite mirror can be made from a metal coating on
top of a stack of alternating ITO layers with different physical density (and hence different

refractive indices). ITO layers of different void densities can be deposited using, for example, a
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deposition chamber with two ITO evaporation sources placed at different angles relative to the
substrate wafer. The advantage of this method is that the mirror is comprised entirely of
electrically conducting materials and patterning vias is not required, simplifying processing.

[0056] The described structures and processes can be used to provide filtering over
selected bandwidths and with various performance characteristics depending on particular
selections of materials, layer thickness, and number and ordering of layers. In general, red and
green LEDs benefit from filters that block shorter wavelengths, while blue LEDs benefit from
filters that block longer wavelengths. In effect, a red LED benefits by shifting the dominant
wavelength to a desired longer wavelength setpoint. Even considering red light losses in the
filter, this approach gives higher external quantum efficiency (EQE) than could be achieved by
designing LED to emit true red Lpom Without a filter. Alternatively, a broad-spectrum direct blue
LED benefits because luminance is maximized with a longer wavelength target while
maintaining an acceptable color saturation since that portion of the spectrum that “tails” into the
green range is blocked. On the other hand, a green LED may benefit from an increase in color
saturation that results from filtering out the shorter wavelength part of its spectrum, especially
in applications where it is desired to keep high color saturation over a wide range of operating
currents. Although the discussion has focused on visible-light LEDs, it should be noted that a
long-pass filter could be applied to an InGaN red LED effectively converting it into an infrared
LED. Some selected examples of red and blue filtering using various types of absorptive and
mirrored filters are illustrated with respect to the following FIGs. 3A through 8B.

[0057] FIG. 3A is a graph that illustrates optical reflectivity versus wavelength for
selected metals. As is apparent from the graph, among the elements, Cu is particularly suited to
enhance reflection of red light relative to shorter wavelengths.

[0058] FIG. 3B illustrates a graph of electro-luminescence (EL) intensity versus
wavelength for LEDs with a non-filtering ITO/Ag electrode and a filtering ITO/Cu electrode

[0059] FIG. 4A is a graph that illustrates transmission characteristics from sapphire to
air through an interference filter having multiple TiO2 and SiO: layers to suppress shorter
wavelength emission of an InGaN red LED. Filter cut-off shifts to shorter wavelengths as the
incident angle increases from O to 15 to 25 degrees is illustrated. As will be understood,
performance of the filter is relevant only for angles smaller than the critical angle for total

internal reflection.
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[0060] FIG. 4B illustrates a graph of EL intensity versus wavelength for an unfiltered
LED and an LED using the filter in FIG. 4A;

[0061] FIG. 5A is a graph that illustrates transmission characteristics from sapphire to
air through an interference filter having multiple SiNx and SiO: layers to suppress shorter
wavelength emission of an InGaN red LED. Filter cut-off shifts to shorter wavelengths as the
incident angle increases from O to 15 to 25 degrees is illustrated. Again, performance of the filter
is relevant only for angles smaller than the critical angle for total internal reflection.

[0062] FIG. 5B illustrates a graph of EL intensity versus wavelength for an unfiltered
LED and an LED using the filter in FIG. 5A;

[0063] FIG. 6A is a graph that illustrates transmission characteristics of a filter integrated
with LED semiconductor layers. The graph 600 shows the blocked band shifting to shorter
wavelengths as the angle of incidence increases from O to 15 to 25 degrees.

[0064] FIG. 6B illustrates a graph of EL intensity versus wavelength for an unfiltered
LED and an LED using the filter in FIG. 6A;

[0065] FIG. 7A is a graph that illustrates reflection characteristics of a composite mirror
(ITO/dielectric stack/Ag) designed to filter out the longer part of the emission of a blue LED.
Different angles of incidence (0, 15, and 25 degrees) are indicated. Reflectance near 500nm is
sharply reduced for the range of angles 0-15 degrees and somewhat reduced around 25 degrees.

[0066] FIG. 7B illustrates a graph of EL intensity versus wavelength for an unfiltered
LED and an LED using the filter in FIG. 7A;

[0067] FIG. 8A is a graph that illustrates transmission characteristics from sapphire to
air through an interference filter having multiple SiNx and SiO2 layers to suppress longer
wavelength emission of an InGaN blue LED. Filter cut-off shifting to shorter wavelengths as the
incident angle increases from O to 15 to 25 degrees is illustrated. Again, performance of the filter
is relevant only for angles smaller than the critical angle for total internal reflection.

[0068] FIG. 8B illustrates a graph of EL intensity versus wavelength for an unfiltered
LED and an LED using the filter in FIG. 8A;

[0069] FIG. 9A is a graph that illustrates sapphire-to-air transmission characteristics for
a filter coating used to transmit an infrared part and block a visible part of the emission spectrum
of an InGaN LED. The filter coating on sapphire can include 95nm SiNx layers, 9 alternating
layer pairs of Si0O2 and SiNx of respective thickness 126 and 95nm, and a final layer of S102
with thickness 175nm. In effect, centroid WL can be increased by 10-100nm for an LED with
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intrinsic emission spectrum having centroid WL in the range 640-740nm by filtering out the
shorter wavelength part of the emission spectrum. Filter cut-off shifting to shorter wavelengths
as the incident angle increases from O to 15 to 25 degrees is illustrated. Again, performance of
the filter is relevant only for angles smaller than the critical angle for total internal reflection.

[0070] FIG. 9B illustrates a graph of EL intensity versus wavelength for an unfiltered
LED and an LED using the filter in FIG. 9A;

[0071] FIG. 10A is a graph that illustrates sapphire-to-air transmission characteristics for
a filter coating used to transmit a green part and block a blue part of the emission spectrum of an
InGaN LED. The filter coating on sapphire can include 60nm SiNx layers, 8 alternating layer
pairs of Si102 and SiNx of respective thickness 82 and 60nm, and a final layer of SiO2 with
thickness 115nm. In effect, color saturation can be increased by at least 3 percentage points by
filtering out the shorter wavelength part of the spectrum using this, or other suitable filters
positioned over an LED with intrinsic emission spectrum having LDom less than 535nm and
color saturation less than 90%. Filter cut-off shifting to shorter wavelengths as the incident angle
increases from O to 15 to 25 degrees is illustrated. Again, performance of the filter is relevant
only for angles smaller than the critical angle for total internal reflection.

[0072] FIG. 10B illustrates a graph of EL intensity versus wavelength for an unfiltered
LED and an LED using the filter in FIG. 10A.

[0073] As will be understood, although the described examples are specific to TFFC
LEDs, structures and methods are not limited to TFFC LEDs. An optical absorptive or mirror-
based band filter can be coated over any exterior surface of an LED that emits light. The
structures and methods are applicable to microLED arrays, microLED displays, RGB displays,
or larger LEDs suitable for general lighting, flash lighting, or automotive lighting.

[0074] In some embodiments, packaged LEDs or microLEDS can have sidewalls or
surrounding regions surrounded by light reflective or absorptive material. Reflective metals or
dielectric mirrors can be used, as well as light reflective or absorptive material. Such materials
can include organic, inorganic, or organic/inorganic binder and filler material. For example,
organic/inorganic binder and filler can be, for example, silicone with embedded reflective
titanium oxide (Ti1O2) or other reflective/scattering particles. Inorganic binders can include sol-
gel (e.g., asol-gel of TEOS or MTMS) or liquid glass (e.g., sodium silicate or potassium silicate),

also known as water glass. In some embodiments binders can include fillers that adjust physical
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properties. Fillers can include inorganic nanoparticles, silica, glass particles or fibers, or other
materials able to improve optical or thermal performance.

[0075] The described LEDs can be packaged and optionally include a submount or
printed circuit board connected for powering and controlling light production by the
semiconductor LED. In certain embodiments, the printed circuit board can also include electrical
vias, heat sinks, ground planes, electrical traces, and flip chip or other mounting systems. The
submount or printed circuit board may be formed of any suitable material, such as ceramic,
silicon, aluminum, etc. If the submount material is conductive, an insulating layer is formed over
the substrate material, and the metal electrode pattern is formed over the insulating layer. The
submount acts as a mechanical support, provides an electrical interface between electrodes on
the LED and a power supply, and provides heat sinking.

[0076] In still other embodiments primary or secondary optics can be attached or
positioned near packaged LEDs. Optics can include concave or convex lenses, lenslet arrays,
graded index lens, reflectors, scattering elements, beam homogenizers, diffusers, or other light
focusing or blurring optics. Protective layers, transparent layers, thermal layers, or other
packaging structures can be used as needed for specific applications.

[0077] Systems and methods for providing absorptive or mirror filters as discussed
herein are of particular use for microLED displays. Various emerging display applications,
including wearable devices, head-mounted, and large-area displays require miniaturized chips
composed of arrays of microLEDs (uLEDs or uLEDs) with a high density having a lateral
dimension down to less than 100 pm X 100 um. MicroLEDs (uLEDs) typically have dimensions
of about 50 um in diameter or width and smaller that are used to in the manufacture of color
displays by aligning in close proximity microLEDs comprising red, blue and green wavelengths.

[0078] In addition to displays, microLED and conventional LEDs with filtering elements
can be used to support various beam steering or other applications that benefit from fine-grained
intensity, spatial, and temporal control of light distribution. This may include, but is not limited
to, precise spatial patterning of emitted light from pixel blocks or individual pixels. Depending
on the application, emitted light may be spectrally distinct, adaptive over time, and/or
environmentally responsive. The light emitting pixel arrays may provide pre-programmed light
distribution in various intensity, spatial, or temporal patterns. Associated optics may be distinct
at a pixel, pixel block, or device level. An example light emitting microLED pixel array may

include a device having a commonly controlled central block of high intensity pixels with an
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associated common optic, whereas edge pixels may have individual optics. In addition to
flashlights, common applications supported by light emitting pixel arrays include video lighting,
automotive headlights, architectural and area illumination, and street lighting.

[0079] For example, light emitting matrix pixel arrays may be used to illuminate
buildings or areas selectively and adaptively for improved visual display or to reduce lighting
costs. In addition, light emitting pixel arrays may be used to project media facades for decorative
motion or video effects. In conjunction with tracking sensors and/or cameras, selective
illumination of areas around pedestrians may be possible. Spectrally distinct pixels may be used
to adjust the color temperature of lighting, as well as support wavelength specific horticultural
illumination.

[0080] Street lighting is an important application that may greatly benefit from use of
light emitting pixel arrays. A single type of light emitting array may be used to mimic various
street light types, allowing, for example, switching between a Type I linear streetlight and a Type
IV semicircular streetlight by appropriate activation or deactivation of selected pixels. In
addition, street lighting costs may be lowered by adjusting light beam intensity or distribution
according to environmental conditions, presence or absence of pedestrians as identified by facial
recognition, or time of use. For example, light intensity and area of distribution may be reduced
when pedestrians are not present. If pixels of the light emitting pixel array are spectrally distinct,
the color temperature of the light may be adjusted according to respective daylight, twilight, or
night conditions.

[0081] Vehicle headlamps are another light emitting array application that requires
precise light color control, large pixel numbers, and a high data refresh rate. Automotive
headlights that actively illuminate only selected sections of a roadway can used to reduce
problems associated with glare or dazzling of oncoming drivers. Using infrared cameras as
sensors, light emitting pixel arrays activate only those pixels needed to illuminate the roadway,
while deactivating pixels that may dazzle pedestrians or drivers of oncoming vehicles. In some
embodiments, off-road pedestrians, animals, or signs may be selectively illuminated to improve
driver environmental awareness. If pixels of the light emitting pixel array are spectrally distinct,
the color temperature of the light may be adjusted according to respective daylight, twilight, or

night conditions.
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EMBODIMENTS

[0082] Various embodiments are listed below. It will be understood that the
embodiments listed below may be combined with all aspects and other embodiments in
accordance with the scope of the invention.

[0083] Embodiment (a). A red LED, comprising: a semiconductor LED layer having an
active InGaN layer with intrinsic emission spectrum having Lpom between 580nm to 620nm; and
a filter positioned over the semiconductor LED layer to filter shorter wavelengths of the intrinsic
emission spectrum and shift Lpom by between 5 to 20 nm to a longer wavelength.

[0084] Embodiment (b). The LED of embodiment (a), wherein the filter is positioned
over the semiconductor layer and at least one of directly integrated, positioned in contact, or
positioned on an intermediate transparent layer with respect to the semiconductor LED layer.

[0085] Embodiments (c). The LED of embodiments (a) to (b), further comprising a
transparent conductive layer attached to the semiconductor LED layer, and wherein the filter is
attached to the transparent conductive layer.

[0086] Embodiment (d). The LED of embodiments (a) to (c), further comprising a
transparent sapphire layer attached to the semiconductor LED layer on a first side, and wherein
the filter is attached to the transparent sapphire layer on a second side.

[0087] Embodiment (e). The LED of embodiments (a) to (d), wherein the filter includes
absorptive material.

[0088] Embodiments (f). The LED of embodiments (a) to (e), wherein the filter includes
II-VI semiconductors.

[0089] Embodiment (g). The LED of embodiments (a) to (f), wherein the filter includes
at least one metallic material.

[0090] Embodiment (h). The LED of embodiments (a) to (g), wherein the filter includes
a wavelength selective mirror.

[0091] Embodiment (i). The LED of embodiments (a) to (h), wherein the LED is a
microLED.

[0092] Embodiment (j). The LED of embodiments (a) to (i), wherein the LED forms a
part of an RGB display.

[0093] Embodiment (k). A blue LED, comprising: a semiconductor LED layer having
an active InGaN layer that emits an intrinsic spectrum with dominant wavelength greater

than470nm and color saturation less than 93%; and a filter positioned over the semiconductor
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LED layer to filter out longer wavelengths of the emitted intrinsic spectrum and increase color
saturation by at least 3 percentage points.

[0094] Embodiment (1). The LED of embodiment (k), wherein the filter is positioned
over the semiconductor layer and at least one of directly integrated, positioned in contact, or
positioned on an intermediate transparent layer with respect to the semiconductor LED layer.

[0095] Embodiments (m). The LED of embodiments (k) to (1), further comprising a
transparent conductive layer attached to the semiconductor LED layer, and wherein the filter is
attached to the transparent conductive layer.

[0096] Embodiment (n). The LED of embodiments (k) to (m), further comprising a
transparent sapphire layer attached to the semiconductor LED layer on a first side, and wherein
the filter is attached to the transparent sapphire layer on a second side.

[0097] Embodiment (o). The LED of embodiments (k) to (n), wherein the filter includes
absorptive material.

[0098] Embodiments (p). The LED of embodiments (k) to (0), wherein the filter includes
II-VI semiconductors.

[0099] Embodiment (q). The LED of embodiments (k) to (p), wherein the filter includes
at least one metallic material.

[00100] Embodiment (r). The LED of embodiments (k) to (q), wherein the filter includes
a wavelength selective mirror.

[00101] Embodiment (s). The LED of embodiments (k) to (rh), wherein the LED is a
microLED.

[00102] Embodiment (t). The LED of embodiments (k) to (s), wherein the LED forms a
part of an RGB display.

[00103] Embodiment (u). An infrared LED, comprising: a semiconductor LED layer
having an active InGaN layer that emits an intrinsic spectrum with centroid WL in a range 640-
740nm; and a filter positioned over the semiconductor LED layer to filter out a shorter
wavelength part of the emitted intrinsic spectrum and increase centroid WL by 10-100nm.

[00104] Embodiment (v). The LED of embodiment (u), wherein the filter is positioned
over the semiconductor layer and at least one of directly integrated, positioned in contact, or

positioned on an intermediate transparent layer with respect to the semiconductor LED layer.
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[00105] Embodiments (w). The LED of embodiments (u) to (v), further comprising a
transparent conductive layer attached to the semiconductor LED layer, and wherein the filter is
attached to the transparent conductive layer.

[00106] Embodiment (x). The LED of embodiments (u) to (w), further comprising a
transparent sapphire layer attached to the semiconductor LED layer on a first side, and wherein
the filter is attached to the transparent sapphire layer on a second side.

[00107] Embodiment (y). The LED of embodiments (u) to (x), wherein the filter includes
absorptive material.

[00108] Embodiments (z). The LED of embodiments (u) to (y), wherein the filter includes
II-VI semiconductors.

[00109] Embodiment (aa). The LED of embodiments (u) to (z), wherein the filter includes
at least one metallic material.

[00110] Embodiment (bb). The LED of embodiments (u) to (aa), wherein the filter
includes a wavelength selective mirror.

[00111] Embodiment (cc). The LED of embodiments (u) to (bb), wherein the LED is a
microLED.

[00112] Embodiment (dd). The LED of embodiments (u) to (cc), wherein the LED forms
a part of an RGB display.

[00113] Embodiment (ee). A green LED, comprising: a semiconductor LED layer having
an active InGaN layer that emits an intrinsic spectrum with dominant wavelength less than
535nm and color saturation less than 90%; and a filter positioned over the semiconductor LED
layer to filter out shorter wavelengths of the emitted intrinsic spectrum and increase color
saturation by at least 3 percentage points.

[00114] Embodiment (ff). The LED of embodiment (ee), wherein the filter is positioned
over the semiconductor layer and at least one of directly integrated, positioned in contact, or
positioned on an intermediate transparent layer with respect to the semiconductor LED layer.

[00115] Embodiments (gg). The LED of embodiments (ee) to (ff), further comprising a
transparent conductive layer attached to the semiconductor LED layer, and wherein the filter is
attached to the transparent conductive layer.

[00116] Embodiment (hh). The LED of embodiments (ee) to (gg), further comprising a
transparent sapphire layer attached to the semiconductor LED layer on a first side, and wherein

the filter is attached to the transparent sapphire layer on a second side.
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[00117] Embodiment (ii). The LED of embodiments (ee) to (hh), wherein the filter
includes absorptive material.

[00118] Embodiments (jj). The LED of embodiments (ee) to (ii), wherein the filter
includes II-VI semiconductors.

[00119] Embodiment (kk). The LED of embodiments (ee) to (jj), wherein the filter
includes at least one metallic material.

[00120] Embodiment (11). The LED of embodiments (ee) to (kk), wherein the filter
includes a wavelength selective mirror.

[00121] Embodiment (mm). The LED of embodiments (ee) to (1), wherein the LED is a
microLED.

[00122] Embodiment (nn). The LED of embodiment (a), embodiment (k), embodiment
(u), or embodiment (ee), wherein the filter is positioned over the semiconductor layer and at least
one of directly integrated, positioned in contact, or positioned on an intermediate transparent
layer with respect to the semiconductor LED layer.

[00123] Embodiments (0o). The LED of embodiment (a), embodiment (k), embodiment
(u), or embodiment (ee), further comprising a transparent conductive layer attached to the
semiconductor LED layer, and wherein the filter is attached to the transparent conductive layer.

[00124] Embodiment (pp). The LED of embodiment (a), embodiment (k), embodiment
(u), or embodiment (ee), further comprising a transparent sapphire layer attached to the
semiconductor LED layer on a first side, and wherein the filter is attached to the transparent
sapphire layer on a second side.

[00125] Embodiment (qq). The LED of embodiment (a), embodiment (k), embodiment
(u), or embodiment (ee), wherein the filter includes absorptive material.

[00126] Embodiments (1r). The LED of embodiment (a), embodiment (k), embodiment
(u), or embodiment (ee), wherein the filter includes II-VI semiconductors.

[00127] Embodiment (ss). The LED of embodiment (a), embodiment (k), embodiment
(u), or embodiment (ee), wherein the filter includes at least one metallic material.

[00128] Embodiment (tt). The LED of embodiment (a), embodiment (k), embodiment (u),
or embodiment (ee), wherein the filter includes a wavelength selective mirror.

[00129] Embodiment (uu). The LED of embodiment (a), embodiment (k), embodiment

(u), or embodiment (ee), wherein the LED is a microLED.
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[00130] Embodiment (vv). The LED of embodiment (a), embodiment (k), or embodiment
(u), wherein the LED forms a part of an RGB display.

[00131] Having described the invention in detail, those skilled in the art will appreciate
that, given the present disclosure, modifications may be made to the invention without departing
from the spirit of the inventive concept described herein. Therefore, it is not intended that the

scope of the invention be limited to the specific embodiments illustrated and described.
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What is claimed is:

1. A red LED, comprising:

a semiconductor LED layer having an active InGaN layer with an intrinsic
emission spectrum having Lpom in a range of from 580 nm to 620 nm; and

a filter positioned over the semiconductor LED layer to filter shorter wavelengths
of the intrinsic emission spectrum and shift Lpom by between 5 nm to 20 nm to a longer

wavelength.

2. A blue LED, comprising:

a semiconductor LED layer having an active InGaN layer that emits an intrinsic
spectrum with dominant wavelength greater than 470 nm and a color saturation less than
93%:; and

a filter positioned over the semiconductor LED layer to filter out longer
wavelengths of the emitted intrinsic spectrum and increase color saturation by at least 3

percentage points.

3. A green LED, comprising:

a semiconductor LED layer having an active InGaN layer that emits an intrinsic
spectrum with dominant wavelength less than 535 nm and color saturation less than 90%:;
and

a filter positioned over the semiconductor LED layer to filter out shorter
wavelengths of the emitted intrinsic spectrum and increase color saturation by at least 3

percentage points.

4. An infrared LED, comprising:

a semiconductor LED layer having an active InGaN layer that emits an intrinsic
spectrum with centroid WL in a range of from 640 nm to 740 nm; and

a filter positioned over the semiconductor LED layer to filter out a shorter
wavelength part of the emitted intrinsic spectrum and increase centroid WL by 10 nm

to100 nm.
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5. The LED of any one of claims 1 to 4, wherein the filter is positioned over the
semiconductor layer and at least one of directly integrated, positioned in contact, or positioned

on an intermediate transparent layer with respect to the semiconductor LED layer.

6. The LED of any one of claims 1 to 4, further comprising a transparent conductive
layer attached to the semiconductor LED layer, and wherein the filter is attached to the

transparent conductive layer.

7. The LED of any one of claims 1 to 4, further comprising a transparent sapphire
layer attached to the semiconductor LED layer on a first side, and wherein the filter is attached

to the transparent sapphire layer on a second side.

8. The LED of any one of claims 1 to 4, wherein the filter includes absorptive

material.

9. The LED of any one of claims 1 to 4, wherein the filter includes II-VI

semiconductors.

10. The LED of any one of claims 1 to 4, wherein the filter includes at least one

metallic material.

11. The LED of any one of claims 1 to 4, wherein the filter includes a wavelength

selective mirror.

12. The LED of any one of claims 1 to 4, wherein the LED is a microLED.

13. The LED of any one of claims 1 to 3, wherein the LED forms a part of an RGB
display.
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to the invention first mentioned in the claims; it is covered by claims Nos.:
1 and 5-13/(1)

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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Continuation of Box No lll - Observations where unity is invention is lacking

The inventions listed as Groups | through IV do not relate to a single general inventive concept under PCT Rule 13.1 because, under
PCT Rule 13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features:

Group lincludes special technical feature of a red LED with an intrinsic emission spectrum having LDom in a range of from 580 nm to
620 nm, and a filter to filter shorter wavelengths of the intrinsic emission spectrum and shift LDom by between 5 nm to 20 nm to a longer
wavelength, not included in the other groups.

Group Il includes special technical feature of a blue LED with an intrinsic spectrum with dominant wavelength greater than 470 nm and a
color saturation less than 93%, and a filter to filter out longer wavelengths of the emitted intrinsic spectrum and increase color saturation
by at least 3-15 percentage points, not included in the other groups.

Group Il includes the special technical feature of a green LED with an intrinsic spectrum with dominant wavelength less than 535 nm
and color saturation less than 90%, and a filter to filter out shorter wavelengths of the emitted intrinsic spectrum and increase color
saturation by at least 3 percentage points, not included in the other groups.

Group 1V includes the special technical feature of an infrared LED with an intrinsic spectrum with centroid WL in a range of from 640 nm
to 740 nm, and a filter to filter out a shorter wavelength part of the emitted intrinsic spectrum and increase centroid WL by 10 nm
to 100 nm, not included in the other groups.

Common Technical Features:

The only technical features shared by Groups I-IV that would otherwise unify the groups, are a color LED, comprising: a semiconductor
LED layer having an active InGaN layer with an intrinsic emission spectrum; and a filter positioned over the semiconductor LED layer to
filter shorter wavelengths (Groups |, lil, IV) of the intrinsic emission spectrum or increase color saturation (Groups I, I1f).

However, these shared technical features do not represent a contribution over prior art, because the shared technical features are
disclosed by US 2013/0087821 A1 to DO et al. (hereinafter ‘DO').

DO discloses a color LED (abstract), comprising: a semiconductor LED layer having an active InGaN layer with an intrinsic emission
spectrum (Fig 2, 3a, para [0043), "The blue light source is preferably a blue LED, more preferably an InGaN-based LED.."); and a filter
positioned over the semiconductor LED layer to filter shorter wavelengths (i.e., blue light) of the intrinsic emission spectrum and increase
color saturation of green or yellow light (Fig 3a, 3b, para [0045], "The long-wavelength pass filter is designed such that blue light at
shorter wavelengths is reflected and green or yellow light at longer wavelengths or light in the wavelength range of 500 to 700 nm is
transmitted..").

As the shared technical features were known in the art at the time of the invention, they cannot be considered special technical features
that would otherwise unify the groups.

Therefore, Groups I-IV lack unity under PCT Rule 13.
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