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LED UTILIZING INTERNAL COLOR CONVERSION WITH LIGHT
EXTRACTION ENHANCEMENTS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims benefit of priority to European Patent Application No.
EP 18186979 .3 filed August 2, 2018 and titled “LED Utilizing Internal Color Conversion
With Light Extraction Enhancements”, and to U.S. Patent Application No. 16/018,883 filed
June 26, 2018 and titled “LED Utilizing Internal Color Conversion With Light Extraction

Enhancements,” each of which is incorporated herein by reference in its entirety.

BACKGROUND

[0002] Semiconductor light-emitting devices including light emitting diodes (LEDs),
resonant cavity light emitting diodes (RCLEDs), vertical cavity laser diodes (VCSELSs), and
edge emitting lasers are among the most efficient light sources currently available. Materials
systems currently of interest in the manufacture of high-brightness light emitting devices
capable of operation across the visible spectrum include Group III-V semiconductors,
particularly binary, ternary, and quaternary alloys of gallium, aluminum, indium, and
nitrogen, also referred to as IlI-nitride materials.

[0003] Typically, IlI-nitride light emitting devices are fabricated by epitaxially
growing a stack of semiconductor layers of different compositions and dopant concentrations
on a sapphire, silicon carbide, IlI-nitride, or other suitable substrate by metal-organic
chemical vapor deposition (MOCVD), molecular beam epitaxy (MBE), or other epitaxial
techniques. The stack often includes one or more n-type layers doped with, for example,
silicon, formed over the substrate, one or more light emitting layers in an active region (e.g.,
a p-n diode) formed over the n-type layer or layers, and one or more p-type layers doped
with, for example, magnesium, formed over the active region. Electrical contacts are formed
on the n-type and p-type regions.

[0004] One class of blue and green LEDs use GalnN/GaN strained quantum wells or
GalnN/GalnN strained quantum wells located between the n-type and p-type layers to
generate light by the recombination of holes and electrons injected from these layers. The

present disclosure generally relates to improve the efficiency of these quantum well devices.
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SUMMARY

[0005] A light emitting diode (LED) device may include an n-type layer formed on a
transparent substrate. A photoluminescent (PL) in the n-type layer quantum well (QW) and
an electroluminescent (EL) QW may be formed on the n-type layer. The PL QW and the EL
QW may be separated from one another by a portion of the n-type layer. A p-type layer may
be formed on the EL QW. Trenches may be formed extending into the n-type layer, the
trenches defining an emitting area. A passivation material may be formed on sidewalls of the
trenches and n-type contacts may be formed therein. A p-type contact may be formed on an
upper surface of the p-type layer. A dichroic mirror may be formed on at least a lower surface
of the transparent substrate.

[0006] A LED may include a substrate and a first epitaxial layer formed on the
substrate. An epitaxial reflector may be formed on the first epitaxial layer. The epitaxial
reflector may include multiple layers of Group III-V semiconductor materials having
different compositions. A second epitaxial layer may be formed on the epitaxial reflector. An
n-type layer may be formed on the second epitaxial layer. A photoluminescent PL. QW may
be formed in the n-type layer. An EL QW may be formed on the n-type layer. The EL QW
and the PL QW may be separated from one another by a portion of the n-type layer. A p-type
layer may be formed on the EL QW. A p-type electrode may be formed on an upper surface
of the p-type layer. A dielectric passivation layer may be formed on the upper surface of the
p-type layer, sidewalls of the p-type layer, sidewalls of the EL. QW, sidewalls of the portion
of the n-type layer, sidewalls of PL QW. An n-type electrode may be formed on the dielectric

passivation layer and the n-type layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] A more detailed understanding may be had from the following description,
given by way of example in conjunction with the accompanying drawings, wherein like
reference numerals in the figures indicate like elements, and wherein:

[0008] FIG. 1 is a graph illustrating the emission of a light emitting diode (LED)
wafer utilizing electroluminescence (EL) and photoluminescence (PL) in which the EL is
insufficiently absorbed by PL emitting quantum wells, resulting in an undesirable double-
peaked spectrum;

[0009] FIG. 2A is a conventional green LED;
2-
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[0010] FIG. 2B is a green LED utilizing PL obtained by conversion of violet EL;
[0011] FIG. 2C is a white LED wafer utilizing blue EL and partial conversion of blue
EL into green PL and red PL;

[0012] FIG. 3 is a cross-section view illustrating a green LED with an epitaxial
reflector;

[0013] FIG. 4A is a cross-section view illustrating patterning and etching the epitaxial

layers shown in FIG. 3 to expose an upper surface of an n-type epitaxial layer;

[0014] FIG. 4B illustrates forming a reflecting p-electrode on an upper surface of a p-
type layer;
[0015] FIG. 4C illustrates forming a conformal dielectric passivation layer on an

upper surface and sides of the p-type layer, sides of an EL QW, sides of an n-type layer, sides
of a PL. QW, and an upper surface of the undoped epitaxial layer;

[0016] FIG. 4D illustrates forming a reflecting n-type electrode on the dielectric
passivation layer;

[0017] FIGs. 4E-4F illustrate the reflectivity of the epitaxial reflector based on
wavelength and incident angle;

[0018] FIG. 5 is a chart illustrating reflectivity of the epitaxial reflector over different
angles of incidence for different wavelengths of light;

[0019] FIG. 6A is a cross-section view illustrating the use of an electrochemical
reaction used to improve the reflectivity of the epitaxial reflector;

[0020] FIG. 6B is a cross-section view illustrating a reaction that may selectively
oxidize nitride layers of higher Al mole fraction and may convert them into oxide or oxy-
nitride layers of lower refractive index than as-grown material;

[0021] FIG. 6C is a cross-section view illustrating a reaction that introduces
microscopic voids (i.e., porosity) into layers that are highly doped with Si or Ge;

[0022] FIG. 7A is a cross section view illustrating forming trenches in the green LED
utilizing PL of FIG. 2B to define an emitting region;

[0023] FIG. 7B is a cross section view illustrating forming a conformal dielectric
passivation layer in the trenches and on the p-type layer;

[0024] FIG. 7C is a cross section view illustrating forming n-type contacts in the

trenches and a p-type contact on the p-type layer;
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[0025] FIG. 7D is a cross section view illustrating forming a dichroic mirror on a
bottom surface of the LED device;
[0026] FIG. 7E is a cross section view illustrating forming a dichroic mirror on a
bottom surface and sides of the LED device;
[0027] FIG. 8A is a cross section view illustrating forming trenches in the green LED
utilizing PL of FIG. 2B to define an emitting region;
[0028] FIG. 8B is a cross section view illustrating forming a conformal dielectric
passivation layer in the trenches and on the p-type layer;
[0029] FIG. 8C is a cross section view illustrating forming n-type contacts in the
trenches and a p-type contact on the p-type layer;
[0030] FIG. 8D is a cross section view illustrating forming a dichroic mirror on a
bottom surface of the LED device;
[0031] FIG. 8E is a cross section view illustrating forming a dichroic mirror on a
bottom surface and sides of the LED device;
[0032] FIGs. 9A-9B are charts illustrating reflectivity of two different dichroic mirror
designs over different angles of incidence for different wavelengths of light; and
[0033] FIG. 10 is a chart illustrating power emitted as a function of distance between
the p-type contact and the EL QW.

DETAILED DESCRIPTION

[0034] Examples of different light emitting diode (“LED”) implementations will be
described more fully hereinafter with reference to the accompanying drawings. These
examples are not mutually exclusive, and features found in one example can be combined
with features found in one or more other examples to achieve additional implementations.
Accordingly, it will be understood that the examples shown in the accompanying drawings
are provided for illustrative purposes only and they are not intended to limit the disclosure in
any way. Like numbers refer to like elements throughout.

[0035] It will be understood that, although the terms first, second, etc. may be used
herein to describe various elements, these elements should not be limited by these terms.
These terms are only used to distinguish one element from another. For example, a first
element could be termed a second element, and, similarly, a second element could be termed
a first element, without departing from the scope of the present invention. As used herein, the
term "and/or" includes any and all combinations of one or more of the associated listed items.

-
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[0036] It will be understood that when an element such as a layer, region or substrate
is referred to as being "on" or extending "onto" another element, it can be directly on or
extend directly onto the other element or intervening elements may also be present. In
contrast, when an element is referred to as being "directly on" or extending "directly onto"
another element, there are no intervening elements present. It will also be understood that
when an element is referred to as being "connected" or "coupled" to another element, it can
be directly connected or coupled to the other element or intervening elements may be present.
In contrast, when an element is referred to as being "directly connected" or "directly coupled"
to another element, there are no intervening elements present. It will be understood that these
terms are intended to encompass different orientations of the element in addition to any
orientation depicted in the figures.

[0037] Relative terms such as "below" or "above" or "upper" or "lower" or
"horizontal" or "vertical" may be used herein to describe a relationship of one element, layer
or region to another element, layer or region as illustrated in the figures. It will be understood
that these terms are intended to encompass different orientations of the device in addition to
the orientation depicted in the figures.

[0038] There is interest in green and yellow LEDs with high radiance and high wall
plug efficiency (WPE) for diverse applications such as displays (e.g., micro-displays),
architectural lighting, and general illumination systems based on mixing the emission of
direct color LEDs rather than phosphor conversion. These applications may be limited by the
relatively poor WPE of conventional green and yellow LEDs. The so-called efficiency droop
phenomenon may be much more severe in conventional green LEDs as compared to blue
LEDs. Green LEDs may be particularly inefficient when they are driven at the high current
densities required for projection display applications. The higher operating voltage of green
LEDs relative to blue and red LEDs further complicates the design of driver circuitry and
heat sinks.

[0039] The photoluminescence (PL) of green InGaN multi-quantum wells (MQWs)
excited by absorption of shorter wavelength photons may be more efficient than the
electroluminescence (EL) excited by electrical injection the same MQWs sandwiched in a p-n
junction. This may be explained at least in part by a more even distribution of carriers
between the MQWSs when carriers are generated by optical absorption instead of electrical

injection. The efficiency droop in EL applications may be exacerbated by an uneven
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distribution of carriers among the MQWs resulting from differences in the electrical transport
behavior of holes and electrons. Using the PL from green MQWs excited by absorption of the
EL of a shorter wavelength may be a promising method to improve the efficiency of high-
radiance green LEDs. This concept may also benefit from the typically lower operating
voltage of blue or near-ultraviolet LEDs compared to state-of-the-art electrically-injected
green LEDs.

[0040] Green emitting MQWSs may be produced in a separate epitaxial growth run
from blue quantum wells that emit the EL required to photo-pump the green MQWs.
However, using separate growth runs may be undesirable with respect to manufacturing
throughput in the epitaxy process. In addition, multiple epitaxial growth runs may have the
further drawback of requiring additional downstream manufacturing steps to join together the
EL and PL components of the device in a way that efficiently couples light from one into the
other. This approach may be impractical for applications that require small form factors such
as micro-LED displays.

[0041] It may be desirable to integrate the EL. and PL. components of the LED in a
single epitaxial growth run. The green MQWs may be located, for example, on an n-type side
of a p-n junction, and may be separated from electrically injected shorter-wavelength MQWs
by an n-type conducting layer. As such, any p-n junction recombination current may not flow
through the green MQWs.

[0042] As shown in FIG. 1, a diagram illustrating wavelength peaks of light emitted
from MQWs combining violet EL and green PL. Only a fraction of violet EL light (e.g., 400
nm) may be absorbed in the green MQWs. A large fraction of the 400 nm EL may escape
from the LED without being converted to green. This may result in a double-peaked emission
spectrum that is not perceived by the eye as green.

[0043] The low single-pass absorption probability in a quantum well may need to be
overcome to use the PL concept in the manufacture of practical LEDs with useful color
characteristics. More than 40% of blue light may be transmitted after passing once through a
stack of 30 PL QWs. Many passes may be required through a practical number of PL QWs to
convert all of the blue light into green light.

[0044] The following description includes LED design improvements that may hinder
the escape of shorter-wavelength EL photons from a device while promoting the escape of

longer-wavelength PL photons. These improvements may increase the probability that the
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shorter-wavelength EL will be internally absorbed within the LED and converted to the
desired longer wavelength while minimizing penalties in the extraction efficiency of the
longer wavelength. The improvements described below may be used to produce an LED of a
single color (e.g., green or yellow) in which the extraction of the EL wavelength may be
completely suppressed. The improvements may also be used to produce a phosphor-free
white LED (e.g., using green and red PL emitting quantum wells) in which the extraction of
the blue EL wavelength may be only partly suppressed.

[0045] As described in additional detail below, an epitaxial wafer may contain a p-
type layer, an n-type layer, and a first set of one or more QWs with shorter emission
wavelength disposed between the n-type and p-type layers. One or more additional sets of
one or more QWs with longer emission wavelengths may be disposed on either side of, but
not within, the depletion region between the n-type and p-type layers. The one or more
additional sets of QWs may be disposed on the n-type side as shown in FIGs. 3 and 4. The
elements described above may be grown on the same substrate wafer in the same epitaxial
growth run.

[0046] The longer wavelength QWs may have a peak wavelength at least 20 nm
longer and as much as 1200 nm longer than the shorter wavelength QWs.

[0047] An electrode may cover either the p-type or n-type layer. The electrode may
have high reflectivity for the EL emission wavelength, but not necessarily for other
wavelengths. The reflecting electrode may be located on the p-type layer.

[0048] One or more of the following elements may be included to increase the
probability that shorter wavelength photons generated by EL may be absorbed in the longer
wavelength QWs.

[0049] A dichroic mirror may be coated on one or more external surfaces of the LED
chip. The dichroic mirror may have a high reflectivity at the shorter wavelength of EL
emissions and a low reflectivity at the longer wavelength of PL emissions over a wide range
of angles of incidence.

[0050] A photonic crystal may be patterned into one or more external or internal
surfaces of the LED. The periodicity of the photonic crystal may be selected to minimize
diffraction of the shorter wavelength EL emissions and maximize diffraction of the longer

wavelength PL emissions.
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[0051] An epitaxial mirror may be grown within the epitaxial layer structure of the
LED wafer. This epitaxial mirror may have a higher angle-averaged reflectivity for the
shorter wavelength EL emissions as compared to the longer-wavelength PL emissions.
[0052] A distributed Bragg reflector (DBR) may be integrated into the wafer. The
DBR may be formed by the growth of a sequence of epitaxial layers with differences in
doping and/or alloy composition combined with a post-growth electrochemical reaction. The
post-growth reaction may be selective with respect to doping and/or alloy composition and
may reduce the effective refractive index of some of the layers in the epitaxial sequence. The
thickness of the epitaxial layers may be chosen to result in a DBR periodicity that maximizes
reflectivity corresponding to the shorter wavelength of EL emissions.

[0053] The distance between the reflecting electrode described above and the EL
emitting QWs may be selected to control the internal radiation angular distribution of the EL
emissions in a way that maximizes its absorption in the PL emitting QWs.

[0054] Referring now to FIGs. 2A-2C, cross-section views of epitaxial wafers are
shown. FIG. 2A illustrates a conventional green LED. FIG. 2B illustrates a green LED
utilizing PL obtained by conversion of violet EL. FIG. 2C illustrates a white LED wafer
utilizing blue EL and partial conversion of the blue EL into green PL and red PL.

[0055] FIGs. 2A-2C may have common features, such as a substrate 202, an
underlying n-type layer 204, a PL QW 206, and a p-type layer 208. The substrate 202 may
comprise a crystalline material and may be a commercial substrate. The substrate 202 may
comprise sapphire, SiC, or GaN.

[0056] The n-type layer 204 may comprise any Group III-V semiconductors,
including binary, ternary, and quaternary alloys of gallium, aluminum, indium, and nitrogen,
also referred to as IllI-nitride materials. In an example, the n-type layer 204 may comprise
GaN. The n-type layer 204 may be doped with n-type dopants, such as Si or Ge. The n-type
layer 204 may have a dopant concentration significant enough to carry an electric current
laterally through the n-type layer 204. In an example, the n-type layer 204 may be highly
doped.

[0057] The n-type layer 204 may be formed using conventional deposition
techniques, such as metal-organic chemical vapor deposition (MOCVD), molecular beam
epitaxy (MBE), or other epitaxial techniques. In an epitaxial deposition process, chemical

reactants provided by one or more source gases are controlled and the system parameters are
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set so that depositing atoms arrive at a deposition surface with sufficient energy to move
around on the surface and orient themselves to the crystal arrangement of the atoms of the
deposition surface. Accordingly, the n-type layer 204 may be grown on the sapphire substrate
202 using conventional epitaxial techniques. A nucleation layer (not shown) may be formed
on the substrate 202 prior to the n-type layer 204. The nucleation layer may comprise GaN or
AIN.

[0058] The p-type layer 208 may be formed using the conventional epitaxial
deposition techniques described above. The p-type layer 208 may comprise any Group HI-V
semiconductors, including binary, ternary, and quaternary alloys of gallium, aluminum,
indium, and nitrogen, also referred to as IlI-nitride materials. In an example, the p-type layer
208 may comprise GaN. The p-type layer 208 may be doped with p-type dopants, such as
Mg. An electron blocking layer (not shown) may be formed below the p-type layer 208.
[0059] The PL QW 206 may be formed using the conventional epitaxial deposition
techniques described above. The PL QW 206 may comprise a sequence of multiple QWs
emitting the same wavelength of light. The PL QW 206 may comprise different layers of
InGaN and GaN. In an example, the PL QW 206 may emit a green light having a wavelength
of approximately 530 nm. The emission color may be controlled by the relative mole
fractions of In and Ga in the InGaN layer and/or thicknesses of the multiple QWs and barrier
thickness. A higher mole fraction of In may result in a longer wavelength.

[0060] An individual QW within the PL. QW 206 may have an InGaN thickness
ranging from approximately 0.5 nm to 15 nm and a GaN thickness ranging from
approximately 2nm to 100nm. The total number of quantum wells in the PL QW 206 may be
between 1 and 50. The PL QW 206 may be located in the n-type layer 204, near to, but not
within, the depletion region of the p-n junction at operating forward bias.

[0061] As shown in FIG. 2B, the green LED utilizing a PL QW 206 may also include
an EL QW 210 within a depletion region of the p-n junction. . The EL QW 210 may be
formed using the conventional epitaxial deposition techniques described above. The EL QW
210 may comprise a sequence of multiple QWs emitting the same wavelength of light. The
EL QW 210 may comprise different layers of InGaN and GaN. In an example, the EL QW
210 may emit a violet light having a wavelength of approximately 400 nm.

[0062] The EL QW 210 may be separated from the PL. QW 206 by a first distance D,
of the n-type layer 204. The first distance D; may range from approximately Snm to

9.
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approximately 1000nm. It should be noted, the first distance D, may comprise an additional
layer of n-type material grown at temperature low enough to not degrade the optical
properties of the layers beneath it.

[0063] As shown in FIG. 2C, a white LED may utilize one or more EL QWs and
multiple groups of PL QWs. The white LED may include the PL. QW 206, a second PL QW
212, and an EL. QW 214. The second PL. QW 212 may comprise different layers of InGaN
and GaN. The second PL QW 212 may comprise a sequence of multiple QW's emitting the
same wavelength of light. The EL QW 214 may comprise different layers of InGaN and
GaN. The EL QW 214 may comprise a sequence of multiple QWs emitting the same
wavelength of light.

[0064] The PL QW 206 and the second PL QW 212 may be located within the n-type
layer 204 near to, but not within, the depletion region of the p-n junction at operating forward
bias. The EL QW 214 may be located within a depletion region of the p-n junction.

[0065] The second PL QW 212 and the EL QW 214 may be formed using the
conventional epitaxial deposition techniques described above. The second PL QW 212 and
the EL QW 214 may comprise InGaN/GaN. In an example, the second PL QW 212 may emit
a red light having a wavelength of approximately 610 nm. In an example, the EL QW 214
may emit a blue light having a wavelength of approximately 440 nm. The EL. QW 214 may
be separated from the second PL QW 210 by a second distance D, of the n-type layer 204.
The second PL QW 212 may be separated from the PL QW 206 by a third distance D5 of the
n-type layer 204. The second distance D, may range from approximately Snm to
approximately 1000nm. The third distance D3 may range from approximately Snm to
approximately 1000nm. It should be noted that the second distance D; and the third distance
Ds may comprise additional layers of n-type material grown at temperature low enough to not
degrade the optical properties of the layers beneath it.

[0066] The optimum layer thickness, doping, and growth conditions for the PL QWs
may not be the same as those parameters in an electrically injected LED of the same color.
The PL QWs and/or barriers thereof may be doped with donors such as Si or Ge in order to
prevent any significant voltage drop across the PL QW region when the p-n junction
surrounding the EL active region is in forward bias.

[0067] The rest of the growth process may proceed as for a conventional LED wafer.
The p-type layer 208 may have a thickness different from the optimum p-type layer thickness

-10-
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in a conventional LED wafer. In an LED with a reflecting p-electrode, the thickness of the p-
type layer 208 may be adjusted to optimize the optical polarization state and internal radiation
pattern of the EL emission for a particular purpose. The thickness that maximizes internal
conversion of EL to PL as described herein may be different from the thickness that
maximizes the light output from a conventional LED.

[0068] Referring now to FIG. 3, a cross-section view illustrating a green LED with an
epitaxial reflector 304 is shown. Additional epitaxial layers may be grown for the purpose of
selectively reflecting shorter wavelength light in a direction away from the substrate 202.
[0069] A first epitaxial layer 302 may be formed on the substrate 202 using one or
more of the epitaxial growth techniques described above. A nucleation layer (not shown) may
be formed on the substrate 202 prior to the formation of the first epitaxial layer 302. The
nucleation layer may comprise GaN or AIN. The first epitaxial layer 302 may comprise any
Group III-V semiconductors, including binary, ternary, and quaternary alloys of gallium,
aluminum, indium, and nitrogen, also referred to as Ill-nitride materials. In an example, the
first epitaxial layer 302 may comprise GaN. The first epitaxial layer 302 may be doped with

n-type dopants, such as Si or Ge.

[0070] The epitaxial reflector 304 may be formed on the first epitaxial layer 302. The
epitaxial reflector 304 may be formed using the conventional epitaxial techniques described
above.

[0071] The epitaxial reflector 304 may comprise multiple layers of Group HI-V

semiconductor materials having different compositions. The epitaxial reflector 304 may
comprise repetitions of a first layer 306 and a second layer 308. In an example, the first layer
306 may comprise AlInN and the second layer 308 may comprise GaN. The first layer 306
may have a concentration of Alg g,Ing 1sN. The first layer 306 may have a thickness of
approximately 42 nm and the second layer 308 may have a thickness of approximately 55
nm. The first layer 306 and the second layer 308 may have different refractive indices and
thicknesses optimized to maximize reflectivity at the wavelength and main emission angle of
the EL emission. The epitaxial reflector 304 may comprise approximately 35 repetitions of
the first layer 306 and the second layer 308. The refractive index of the first layer 306 and the
second 308 layer may differ in their as-grown state due to differences in their in alloy
composition or doping concentration. The additional epitaxial layers may not form a good

reflector in the as-grown state, but may be grown with differences in doping and/or alloy
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composition that affect their chemical reactivity in post-growth processing. Post growth-
processing may transform the layers into an effective reflector, as described below.

[0072] In another example, the first layer 306 may comprise AlGaln and the second
layer 308 may comprise AlGaN. In this example, the first layer 306 may have a concentration
of Al g0Gag g3Ing 17 and the second layer 308 may have a composition of Alg¢;GagogN.

[0073] The epitaxial reflector 304 may be made from any two layers of Al,In,Ga,N,
where at least one of x, y, or z takes a different value in each layer. Optimal values of x, y,
and z may require fewer layer repetitions and may have a better reflectivity characteristic vs.
incident angle. Less desirable values of x, y, and z may still provide sufficient reflectivity, but
larger numbers of layer repetitions may be required and angular characteristics may not be as
preferable. Useful ranges of values for x, y, and z may be determined by requirements of
crystal strain (e.g., a lattice parameter may not differ too much from GaN’s lattice parameter)
and transparency (e.g., the band gap energy of the material may be larger than the photon
energy of the EL emission).

[0074] The epitaxial reflector 304 may also comprise two layers of GaN with large
differences in dopant concentration. For example, the first layer 306 may be doped with Ge at
a concentration of 10'® atoms/cm’ and the second layer 308 may be doped with Ge at a
concentration of 10%° atoms/cm’. This combination may be used with or without a
porosifying reaction described below with reference to FIG. 6C. If the porosifying reaction is
not used, a large number of repetitions of the layers may be needed (e.g., 100 repetitions).
[0075] The epitaxial reflector 304 may comprise alternating layers of an AlInN layer.
[0076] A second epitaxial layer 310 may be formed on the epitaxial reflector 304. The
second epitaxial layer 310 may be formed using one or more of the epitaxial growth
techniques described above. The second epitaxial layer 310 may comprise any Group III-V
semiconductors, including binary, ternary, and quaternary alloys of gallium, aluminum,
indium, and nitrogen, also referred to as Ill-nitride materials. In an example, the second
epitaxial layer 310 may comprise GaN. The second epitaxial layer 310 may be doped with n-
type dopants, such as Si or Ge. The second epitaxial layer 310 may have the same dopant
concentration as the first epitaxial layer 302, or the dopant concentrations may different.
[0077] The n-type layer 204, the PL QW 206, the EL QW 210, and the p-type layer
208 may be formed as described above with reference to FIGs. 2A-2C.

-12-



WO 2020/005827 PCT/US2019/038717

[0078] Referring now to FIGs. 4A-4F, cross-section views illustrating forming a
micro-LED 400 incorporating the epitaxial reflector 304 are shown. As shown in FIG. 4A,
the epitaxial layers shown in FIG. 3 may be patterned and etched using conventional
techniques to expose an upper surface of the n-type layer 204.

[0079] In FIG. 4B, a reflecting p-electrode 402 may be formed on an upper surface of
the p-type layer 208. The reflecting p-electrode 402 may comprise any conductive material
that reflects visible and/or ultraviolet light, such as, for example, a refractive metal. The
reflecting p-electrode 402 may comprise one or more of a metal such as silver, a metal stack,
a sequence of transparent conducting oxide layers with different refractive indices, a series of
dielectric layers with different refractive indices on top of a transparent conductive oxide
layer, or combinations thereof. The reflecting p-electrode 402 may be formed using a
conventional deposition technique, such as, for example, chemical vapor deposition (CVD),
plasma-enhanced CVD (PECVD), atomic layer deposition (ALD), evaporation, sputtering,
chemical solution deposition, spin-on deposition, or other like processes.

[0080] In FIG. 4C, a conformal dielectric passivation layer 404 may be formed on the
upper surface and sides of the p-type layer 208, sides of the EL QW 210, sides of the portion
of the n-type layer 204, sides of the PL QW 206, and an upper surface of the n-type layer
204. The dielectric passivation layer 404 may comprise materials such as, but not limited to,
Si0; or SiNy.

[0081] In FIG. 4D, a reflecting n-type electrode 406 may be conformally deposited on
the dielectric passivation layer 404. The reflecting n-type electrode 406 may comprise any
conductive material that reflects visible and/or ultraviolet light, such as, for example, a
refractive metal. The reflecting n-type electrode 406 may comprise one or more of a metal
such as silver, a metal stack, a sequence of transparent conducting oxide layers with different
refractive indices, a series of dielectric layers with different refractive indices on top of a
transparent conductive oxide layer, or combinations thereof. The reflecting n-type electrode
406 may be formed using a conventional deposition technique, such as, for example, CVD,
PECVD, ALD, evaporation, sputtering, chemical solution deposition, spin-on deposition, or
other like processes.

[0082] The epitaxial reflector 304 may be electrically conducting and may be placed
within a distance of less than 1 micron from the reflecting p-type electrode 402 such that the

epitaxial reflector 304 and reflecting p-type electrode 402 form an optical micro-cavity which
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contains both the PL and EL emitting QWs. The position of the EL emitting QWs within the
micro-cavity may be selected to optimize the angular distribution of emitted EL radiation.
The radiation distribution may be controlled such that all or at least most of the EL is emitted
into angles for which the epitaxial reflector has a high reflectivity. The epitaxial reflector 304
may comprise a sequence of doped AlInN/GaN layers or a sequence of porous GaN/non-
porous GaN layers.

[0083] FIGs. 4E-4F illustrate the reflectivity of the epitaxial reflector 304 based on
wavelength and incident angle are shown. To improve wavelength selectivity the epitaxial
reflector 304 may take advantage of the higher refractive index contrast between GaN and
AIN at shorter vs. longer wavelengths. The epitaxial reflector 304 may also exploit
differences in the internal angular radiation profiles of P QWs and EL QWs. The EL QWs
may be tailored to a desired radiation profile by changing the thickness of the p-type layer
208. The radiation profile of the PL QWs farther away from the reflecting p-type electrode
402 may be less sensitive to the thickness of the p-type layer 308.

[0084] As shown in FIG. 4E, light A emitted from the EL QW 210 may pass through
the n-type layer 204, the PL QW 206, and the second epitaxial layer 310 and may be reflected
back by the epitaxial reflector 304.

[0085] As shown in FIG. 4F, light A emitted from the EL QW 210 may pass through
the n-type layer 204, the PL QW 206, and the second epitaxial layer 310 and may be reflected
back by the epitaxial reflector 304. Light B emitted from the PL QW 206 may pass through
the n-type layer 204, the second epitaxial layer 310, the epitaxial reflector 304, the first
epitaxial layer 302, and the substrate 202 to exit the device.

[0086] Designs using the as-grown epitaxial reflector 304 may be most effective in
LEDs with small aspect ratios and reflecting sidewalls (e.g., the reflecting n-type electrode
406. Even when the micro-cavity is not formed, the EL emission may be incident on the
epitaxial reflector 304 over a relatively narrow range of angles and its reflectivity at large
angles of incidence may not be important. It should be noted the bottom surface of the
substrate 202 may be roughened or patterned to improve extraction of green PL emission that
passes through the epitaxial reflector 304.

[0087] Referring now to FIG. 5, a chart illustrating reflectivity of the epitaxial

reflector 304 over different angles of incidence for different wavelengths of light is shown.
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[0088] The wafer fabrication processing may be similar as that of a conventional
single-wavelength LED and may include conventional steps such as chemical cleaning,
acceptor activation anneal, dry etching of mesas, and deposition of metal contacts,
passivation and isolation layers. A deeper mesa etch may be required due to the increased
thickness of epitaxial material between the p-type layer 208 and the highly doped n-type layer
204 due to the addition of PL emitting QWs that are not part of a standard LED structure.
[0089] The deposition of the reflecting p-type electrode 402 on the p-type layer 208
may be similar as in a conventional LED process flow. For example, as described above, an
opaque metal that has a high reflectivity across the visible and near-ultraviolet spectrum (e.g.,
Ag) may be evaporated or sputtered onto the surface of p-type layer 208.

[0090] The process flow described above may also be applied in a transparent LED
process that uses a conducting oxide layer such as ITO as the p-type electrode 402. A
dichroic mirror may be coated on top of the conducting oxide layer to make the electrode
reflective at the EL emission wavelength. The dichroic mirror may be applied in a transparent
LED chip if the EL wavelength is around 400 nm or shorter. Small openings may be made in
the dichroic mirror around the edge of the chip to allow metal contact to the ITO layer, which
serves as the p-type electrode 402.

[0091] In addition, also applicable to transparent LEDs, the p-type electrode 402 may
be comprised of a multiple ITO layers with different porosity that result in differences in
refractive index. This sequence may be obtained, for example, using sputter deposition with
two different ITO targets. One of the ITO targets may be oriented at an oblique angle relative
to the substrate 202. The thickness of a more porous ITO layer (i.e., lower refractive index)
and a less porous ITO layer (i.e., higher refractive index) may make an electrically
conducting dichroic mirror with high reflectivity at the EL wavelength.

[0092] Referring now to FIGs. 6A-6C, cross-section views illustrating the use of an
electrochemical reaction used to improve the reflectivity of the epitaxial reflector 304 are
shown. The electrochemical reaction may be used in a subsequent post-growth processing
step to selectively transform some of the epitaxial layers into a material with a different
effective refractive index. This may produce a Bragg mirror with maximum reflectivity at the
wavelength and main emission angle of the EL emission.

[0093] As shown in FIG. 6A, an etching process may be performed on the structure
illustrated in FIG. 4A to remove a portion of the n-type layer 204, a portion of the second
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epitaxial layer 310, and a portion of the epitaxial reflector 304. In an example, a conventional
dry etching process may be used. The etching process may expose sidewalls of the epitaxial
reflector 304, which may allow the composition of the epitaxial reflector 304 to be modified
by the electrochemical reaction. The sidewalls of the epitaxial reflector 304 may be
perpendicular to the wafer growth surface.

[0094] As described above, the first epitaxial layer 302 and the second epitaxial layer
310 may both be doped with an n-type material, but may have different dopant
concentrations. In an example, the first epitaxial layer 302 may have a dopant concentration
at its upper surface that is less than the dopant concentration of the second epitaxial layer
310. The lightly doped upper surface of the first epitaxial layer 302 may serve as an etch stop
during the etching process. The first epitaxial layer 302 may have a higher dopant
concentration in areas closer to the substrate 202 to allow for lateral electric conductivity.
[0095] The etching process may be the same one used to define the mesa shown in
FIG. 4A. In other cases, an additional etching process may be performed after removal of the
substrate 202 as part of a vertical flip-chip process. The additional etching process may be
used if the LED’s dimensions are large relative to the lateral diffusion distances in the
electrochemical reaction which are typically less than 100 microns.

[0096] After the dry etch exposes the upper surface of the first epitaxial layer 302, a
metal contact 602 may be formed on the first epitaxial layer 302 using one or more of the
deposition techniques described above. The metal contact 602 may enable the flow of current
laterally through the doped regions of the first epitaxial layer 302 and subsequently through
the epitaxial reflector 304 and other doped layers.

[0097] The metal contact 602 may be coupled to one terminal of a power supply 608
and the structure may be immersed in an electrolyte 604. In an example, the electrolyte may
be an acidic solution. Another terminal of the power supply 608 may be connected to a
platinum foil counter electrode 606, which may be immersed in the electrolyte 604 to
complete a circuit. Energizing the circuit may cause an electrochemical reaction that
selectively introduces microscopic voids (i.e., porosity) into layers that are highly doped with
Si or Ge. The porosity may decrease the effective refractive index of these layers. This type
of reaction may produce epitaxial reflectors with high electrical conductivity and may be

preferable due to its relative simplicity of processing and its applicability to any structure,
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including micro-cavity LEDs that place the conducting epitaxial reflector 304 in close
proximity to the QWs. This reaction is illustrated in FIG. 6B.

[0098] In this type of reaction, the structure and the platinum foil counter electrode
606 may be immersed in an electrolyte 604 of a 15M nitric acid solution. A direct current
may be applied through the platinum foil counter electrode 606 and the metal contact 602, for
example at a current density between 10 and 20 mA/cm?. Optional ultra-violet (UV)
illumination may be supplied by a 250 W mercury lamp. Depending on the lateral dimension
of the dry etch pattern, processing times of 10 to 60 minutes may be required after which the
lamp and the current source are switched off. Platinum may be applied directly over the
surface of the structure to make an electrical contact to the semiconductor surface and various
different solutions such as NaOH, KOH, oxalic acid, nitrilotriacetic acid, or CH;OH-HF-
H,0, may be used in the electrochemical or photo-electrochemical process.

[0099] Another type of reaction may selectively oxidize nitride layers of higher Al
mole fraction and may convert them into oxide or oxy-nitride layers of lower refractive index
than the as-grown material. In an example, the electrolyte 604 used may be a basic solution.
This reaction is illustrated in FIG. 6C.

[0100] This type of reaction may be suitable in implementations where electrical
conductivity of the reflector is not important. Due to the limited electrical conductivity of
oxy-nitride materials, this approach may require bonding the p-type layer 208 to a carrier,
removing the substrate 202 and dry etching trenches through the first epitaxial layer 302 from
the back side to expose the epitaxial reflector 304. The back side of the wafer would then be
subjected to an electrochemical process. A second trench may be etched from the opposite
side of the structure to access electrically conducting GaN layers positioned in between the
epitaxial reflector 304 and the p-type electrode 402.

[0101] A reaction that causes roughening of the nitrogen-polarity crystal surfaces
parallel to the substrate 202 that is exposed to the electrolyte may occur simultaneously with
the reactions described above that occurs on the perpendicular crystal surfaces. Alternatively,
roughening of the nitrogen polarity crystal surfaces to improve light extraction may be
achieved in a separate processing step.

[0102] A transparent growth substrate and a dichroic mirror coating may be used to

make a green LED device without the need of an epitaxial reflector. This method may be
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preferred for its simplicity in LED designs as all or part of the transparent growth substrate
may remain attached in the finished product.

[0103] Referring now to FIGs. 7A-7E, cross section views illustrating forming an
LED device are shown. FIG. 7A shows forming trenches 702 in the green LED utilizing PL
of FIG. 2B is shown. As described above, the substrate 202 may be a transparent growth
substrate and may be a patterned sapphire substrate. As described above, a nucleation layer
(not shown) may be formed on the patterned side of substrate 202 prior to the formation of
the n-type layer 204. The nucleation layer may comprise GaN or AIN. The side of the
substrate 202 opposite of the patterned side may be grinded and polished to an optically
smooth surface or surfaces.

[0104] The trenches 702 may be formed using a conventional directional etching
process, such as dry etching. The trenches may extend through an entire thickness of the p-
type layer 208, an entire thickness of the EL QW 210, an entire thickness of the underlying
portion of the n-type layer 204 between the EL QW 210 and the PL QW 206, an entire
thickness of the PL. QW 206, and portion of the underlying n-type layer 204. The trenches
702 may define an emitting area 712.

[0105] FIG. 7B shows forming a conformal dielectric passivation layer 704 in the
trenches 702 and on the p-type layer 208. The dielectric passivation layer 704 may be formed
using a conventional deposition technique, such as, for example, CVD, PECVD, ALD,
evaporation, sputtering, chemical solution deposition, spin-on deposition, or other like
processes. The dielectric passivation layer 704 may comprise materials such as but not
limited to SiO, or SiNy

[0106] FIG. 7C shows forming n-type contacts 706 in the trenches 702 and a p-type
contact 708 on the p-type layer 208. Portions of the dielectric passivation layer 704 may be
removed from a bottom of the trenches 702 and the p-type layer 208 to expose the n-type
layer 204 and the p-type layer 208. The portions of the dielectric passivation layer 704 may
be removed using a conventional directional etching process, such as dry etching. The n-type
contacts 706 and the p-type contact 708 may comprise one or more of a metal such as
aluminum, silver, a metal stack, a sequence of transparent conducting oxide layers with
different refractive indices, a series of dielectric layers with different refractive indices on top
of a transparent conductive oxide layer, or combinations thereof. The n-type contacts 706 and

the p-type contact 708 may be formed using a conventional deposition technique, such as, for
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example, CVD, PECVD, ALD, evaporation, sputtering, chemical solution deposition, spin-on
deposition, or other like processes.

[0107] FIG. 7D shows forming a dichroic mirror 710 a bottom surface of the substrate
202 to form the LED device. The dichroic mirror 710 may comprise a stack of dielectric
layers with a large difference in refractive index. For example, the dichroic mirror 710 may
comprise SiO; and one or more of TiO,, ZrO,, and HfO,. The dichroic mirror 710 may be
formed using one or more conventional techniques, such as atomic layer epitaxy, sputtering
or e-beam evaporation.

[0108] The dichroic mirror 710 may have a thickness that is ¥4 the peak wavelength
of the shorter wavelength EL, but more complex coating designs are possible. The optimum
dichroic mirror design for a specific device may depend on factors such as the geometry of
the patterned sapphire and the amount of shorter-wavelength light permitted to escape from
the device per application requirements. For white LED applications, the reflectivity of the
dichroic mirror may be intentionally designed to be much lower than 100% to allow enough
blue EL emission to escape to produce white light. As shown in FIG. 7D, light A emitted
from the EL QW 210 may pass through the n-type layer 204, the PL QW 206, and the
substrate 202 and may be reflected back by the dichroic mirror 710. The reflected light A
may then enter the PL QW 206 and be emitted as light B, which may pass through the n-type
layer 204, the substrate 202, and the dichroic mirror 710.

[0109] FIG. 7E, shows another example of forming the dichroic mirror 710 such that
it extends to sides of the LED device. The dichroic mirror 710 may be formed using one or
more conventional conformal deposition techniques, such as atomic layer epitaxy, sputtering
or e-beam evaporation. In addition to the bottom of the substrate 202, the dichroic mirror may
be formed on one or more of: sidewalls of the p-type layer 208, sidewalls of the EL QW 210,
sidewalls of the n-type layer 204, sidewalls of the PL QW 206, and sidewalls of the substrate
202.

[0110] Referring now to FIGs. 8 A-8E, cross section views illustrating forming an
LED device are shown. FIG. 8A shows forming trenches 802 in the green LED utilizing PL
of FIG. 2B is shown. As described above, the substrate 202 may be a transparent growth
substrate and may be a patterned sapphire substrate. As described above, a nucleation layer
(not shown) may be formed on the patterned side of substrate 202 prior to the formation of

the n-type layer 204. The nucleation layer may comprise GaN or AIN. The side of the
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substrate 202 opposite of the patterned side may be grinded and polished to an optically
smooth surface or surfaces.

[0111] The trenches 802 may be formed using a conventional directional etching
process, such as dry etching. The trenches may extend through an entire thickness of the p-
type layer 208 and an entire thickness of the EL QW 210, and may stop in the portion of the
n-type layer 204 between the EL QW 210 and the PL QW 206. The trenches 802 may define
an emitting area 812.

[0112] FIG. 8B shows forming a conformal dielectric passivation layer 804 in the
trenches 802 and on the p-type layer 208. The dielectric passivation layer 804 may be formed
using a conventional deposition technique, such as, for example, CVD, PECVD, ALD,
evaporation, sputtering, chemical solution deposition, spin-on deposition, or other like
processes. The dielectric passivation layer 804 may comprise materials such as but not
limited to SiO, or SiN,.

[0113] FIG. 8C shows forming n-type contacts 806 in the trenches 802 and a p-type
contact 808 on the p-type layer 208. Portions of the dielectric passivation layer 804 may be
removed from a bottom of the trenches 802 and the p-type layer 208 to expose the n-type
layer 204 and the p-type layer 208. The portions of the dielectric passivation layer 804 may
be removed using a conventional directional etching process, such as dry etching. The n-type
contacts 806 and the p-type contact 808 may comprise one or more of a metal such as
aluminum, silver, a metal stack, a sequence of transparent conducting oxide layers with
different refractive indices, a series of dielectric layers with different refractive indices on top
of a transparent conductive oxide layer, or combinations thereof. The n-type contacts 806 and
the p-type contact 808 may be formed using a conventional deposition technique, such as, for
example, CVD, PECVD, ALD, evaporation, sputtering, chemical solution deposition, spin-on
deposition, or other like processes.

[0114] FIG. 8D shows forming a dichroic mirror 810 on a bottom surface of the
substrate 202 to form the LED device. The dichroic mirror 810 may comprise a stack of
dielectric layers with a large difference in refractive index. For example, the dichroic mirror
810 may comprise SiO, and one or more of TiO,, ZrO,, and HfO,. The dichroic mirror 810
may be formed using one or more conventional techniques, such as atomic layer epitaxy,

sputtering or e-beam evaporation.
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[0115] The dichroic mirror 810 may have a thickness that is ¥4 the peak wavelength
of the shorter wavelength EL, but more complex coating designs are possible. The optimum
dichroic mirror design for a specific device may depend on factors such as the geometry of
the patterned sapphire and the amount of shorter-wavelength light permitted to escape from
the device per application requirements. For white LED applications, the reflectivity of the
dichroic mirror may be intentionally designed to be much lower than 100% to allow enough
blue EL emission to escape to produce white light. As shown in FIG. 8D, light A emitted
from the EL QW 210 may pass through the n-type layer 204, the PL QW 206, and the
substrate 202 and may be reflected back by the dichroic mirror 810. The reflected light A
may then enter the PL QW 206 and be emitted as light B, which may pass through the n-type
layer 204, the substrate 202, and the dichroic mirror 810.

[0116] FIG. 8E, shows another example of forming the dichroic mirror 810 such that
it extends to sides of the LED device. The dichroic mirror 810 may be formed using one or
more conventional conformal deposition techniques, such as atomic layer epitaxy, sputtering
or e-beam evaporation. In addition to the bottom of the substrate 202, the dichroic mirror may
be formed on one or more of: sidewalls of the p-type layer 208, sidewalls of the EL QW 210,
sidewalls of the n-type layer 204, sidewalls of the PL QW 206, and sidewalls of the substrate
202.

[0117] Referring now to FIGs. 9A-9B, charts illustrating reflectivity of the LED
device of FIGs. 7A-8D over different angles of incidence for different wavelengths of light
are shown. FIG. 9A shows reflectivity from the substrate 202 side of the LED with a dichroic
mirror 710 comprising 12 repetitions of a 51 nm thick layer of ZrO; and a 67 nm thick layer
of Si0; as well as a 90 nm thick layer of ZrO,. FIG. 9B shows reflectivity from the substrate
202 side of the LED with a dichroic mirror 710 comprising 4 repetitions of a 53 nm thick
layer of ZrO; and a 69 nm thick layer of SiO, as well as a 60 nm thick layer of ZrO,. The
dichroic mirror 710 may maintain higher reflectivity over a wider range of angles for
transverse-electric (TE) polarized light. The reflectivity responses in FIGs. 9A-9B are shown
for the case of 90% TE polarized light.

[0118] Referring now to FIG. 10, a chart illustrating power emitted as a function of
distance from the p-type contact 608 is shown. More specifically, FIG. 10 shows the
calculated fraction of total electroluminescent power emitted with TE polarization for a 400

nm emitting QW as a function of its distance from a silver p-type contact 608. The thickness
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of the p-type layer 208 may be optimized to exploit self-interference of the EL emitting QWs.
At the wavelength of 400 nm the fraction of EL power emitted with TE polarization may be
maximized when the QWs are placed approximately at a distance equivalent to
approximately 0.25 to approximately 0.45 times the peak wavelength of the EL emission in a
p-type GaN (not the vacuum wavelength) from the p-type contact 608.

[0119] As described above, these methods and apparatuses may improve the wall-
plug efficiency of high-power LEDs with applications including but not limited to micro-
LED displays. The improvements may be most pronounced at higher current densities and
longer wavelengths. The above description focuses mainly on green LEDs, but the techniques
described above may be applied to blue LEDs (i.e., blue PL emitting QWs that are pumped
by shorter WL EL emitting QWs) when driving current densities are sufficiently high. The
techniques described above may be advantageous for direct color LEDs in which the color
sensitivity to changes in injection current needs to be minimized. The color may be stable
over a wide range of luminance levels. The techniques described above may be used in white
LEDs with small form factors that do not include an external phosphor conversion material.
These LEDs may find applications in smart automotive headlights and other products that use
beam-steering technology based on LED arrays.

[0120] 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 or in any combination with 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.
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 include, 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 hard disks and removable disks, magneto-optical media, and optical media

such as CD-ROM disks, and digital versatile disks (DVDs).
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CLAIMS
What is claimed 1is:

1. A light emitting diode (LED) device comprising:

a transparent-substrate;

an n-type layer disposed on or above the transparent substrate;

an electroluminescent (EL) QW formed on the n-type layer and configured to emit a
first light,

a photoluminescent (PL) quantum well (QW) formed in the n-type layer and
configured to absorb at least a portion of the first light and in response emit a second light
having a longer wavelength than the first light, the EL QW and the PL QW separated from
one another by a portion of the n-type layer;

a p-type layer formed on the EL QW; and

a dichroic reflector having a greater reflectivity for the first light than for the second
light arranged to transmit the second light out of the LED device and to reflect back to the PL
QW first light transmitted through the PL QW and incident on the dichroic reflector.

2. The LED device of claim 1, wherein the dichroic reflector is disposed on a surface of

the transparent substrate opposite from the n-type layer.

3. The LED device of claim 2, wherein the dichroic reflector extends along one or more

sidewalls of the transparent substrate, n-type layer, EL QW, and p-type layer.

4. The LED device of claim 2, further comprising

trenches formed through at least an entire thickness of the p-type layer and an entire
thickness of the EL QW to expose the n-type layer, the trenches defining an emitting area;

a passivation material formed on sidewalls of the trenches and an upper surface of the
p-type layer;

n-type contacts formed in the trenches; and

a p-type contact formed on the upper surface of the p-type layer in the emitting area.

5. The LED device of claim 2, wherein the dichroic reflector comprises a stack of

dielectric layers having different refractive indices.
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6. The LED device of claim 1, wherein the dichroic reflector is disposed between the

transparent substrate and the n-type layer.

7. The LED device of claim 6, wherein the dichroic reflector comprises multiple layers

of Group III-V semiconductor materials having different compositions.

8. The LED device of claim 7, further comprising:
a first epitaxial layer formed on the substrate between the substrate and the dichroic
reflector; and

a second epitaxial layer formed between the dichroic reflector and the n-type layer.

0. The LED device of claim 7, wherein one or more of the multiple layers of Group III-
V semiconductor materials are oxidized such that they have a lower refractive index than as-

grown material.

10. The LED device of claim 7, wherein one or more of the multiple layers of Group III-
V semiconductor materials comprise dopants of one or more of Si and Ge and are processed

to include voids such that they have a lower refractive index than as-grown material.

11. The LED device of any of claims 1-10, wherein the thickness of the p-type layer is
optimized to exploit self-interference of the EL QW.

12. The LED device of any of claims 1-10, wherein the EL QW and the p-type electrode
are separated by a distance equivalent to approximately 0.25 to approximately 0.45 times a

peak wavelength of an emission of the EL QW in the p-type layer.

13. The LED device of any of claims 1-10, wherein the PL QW is adjacent to a depletion

region of a p-n junction between the n-type layer and the p-type layer.

14. The LED device of any of claims 1-10, wherein the EL. QW is located within a

depletion region of a p-n junction between the n-type layer and the p-type layer.
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15.  The LED device of any of claims 1-10, wherein the dichroic reflector-has a thickness

of approximately one quarter of a peak wavelength of light emitted by the EL QW.

16. The LED device of any of claims 1-10, wherein the PL. QW comprises multiple QWs

emitting a same wavelength of light.

17. The LED device of any of claims 1-10, wherein the EL QW comprises multiple QWs

emitting a same wavelength of light.
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