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(57) ABSTRACT

Light emitting diodes include a diode region having first and
second opposing faces that include therein an n-type layer and
a p-type layer, an anode contact that ohmically contacts the
p-type layer and extends on the first face, and a cathode
contact that ohmically contacts the n-type layer and also
extends on the first face. The anode contact and/or the cathode
contact may further provide a hybrid reflective structure on
the first face that is configured to reflect substantially all light
that emerges from the first face back into the first face.
Related fabrication methods are also described.
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SEMICONDUCTOR LIGHT EMITTING
DIODES HAVING REFLECTIVE
STRUCTURES AND METHODS OF
FABRICATING SAME

CROSS-REFERENCE TO RELATED
APPLICATION(S)

[0001] The present application is a continuation-in-part
application of U.S. application Ser. No. 11/985,410, entitled
“Wire Bond Free Wafer Level LED” filed Nov. 14, 2007, and
U.S. application Ser. No. 12/329,713, entitled “Light Emit-
ting Diode With Improved Light Extraction”, filed Dec. 8§,
2008, the disclosures of both of which are hereby incorpo-
rated herein by reference as if set forth in their entirety herein.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] The present invention was developed with Govern-
ment support under Contract No. 70NANB4H3037 of the
Department of Commerce. The Government has certain
rights in this invention.

BACKGROUND OF THE INVENTION

[0003] This invention relates to semiconductor light emit-
ting devices and methods of fabricating same, and more par-
ticularly to semiconductor Light Emitting Diodes (LEDs) and
fabrication methods therefor.

[0004] Semiconductor LEDs are widely known solid-state
lighting elements that are capable of generating light upon
application of voltage thereto. LEDs generally include a
diode region having first and second opposing faces, and
including therein an n-type layer, a p-type layer and a p-n
junction. An anode contact ohmically contacts the p-type
layer and a cathode contact ohmically contacts the n-type
layer. The diode region may be epitaxially formed on a sub-
strate, such as a sapphire, silicon, silicon carbide, gallium
arsenide, gallium nitride, etc., growth substrate, but the com-
pleted device may not include a substrate. The diode region
may be fabricated, for example, from silicon carbide, gallium
nitride, gallium phosphide, aluminum nitride and/or gallium
arsenide-based materials and/or from organic semiconduc-
tor-based materials. Finally, the light radiated by the LED
may be in the visible or ultraviolet (UV) regions, and the LED
may incorporate wavelength conversion material such as
phosphor.

[0005] LEDs are increasingly being used in lighting/illu-
mination applications, with one ultimate goal being a replace-
ment for the ubiquitous incandescent lightbulb.

SUMMARY OF THE INVENTION

[0006] Light emitting diodes according to various embodi-
ments include a diode region having first and second oppos-
ing races and including therein an n-type layer and a p-type
layer, an anode contact that ohmically contacts the p-type
layer and extends on the first face and a cathode contact that
ohmically contacts the n-type layer and also extends on the
first face. The anode contact and/or the cathode contact fur-
ther include a reflective structure on the first face that is
configured to reflect substantially all light that emerges from
the first face back into the first face. In some embodiments,
the reflective structure reflects the light that emerges from at
least 90% of an area of the first face back into the first face.
Moreover, the reflective structure itself may be configured to
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reflect at least 90% of the light that impinges thereon. Accord-
ingly, embodiments of the present invention can provide lat-
eral light emitting diodes having both contacts on a given face
thereof and an integral reflective structure. The lateral light
emitting diodes may be used in a flip-chip configuration, such
that the contacts may be used to mount the LED on a pack-
aging substrate, and the light emerges from the light emitting
diode from a face other than the first face.

[0007] Insomeembodiments, the reflective structure com-
prises a reflective surface of the anode contact that ohmically
contacts the p-type layer, a reflective surface of the cathode
contact, and a reflective surface of an extension of the cathode
contact. The reflective structure further includes a transparent
insulating layer beneath the cathode contact and its extension.
In some of these embodiments, a barrier layer may be pro-
vided on the anode contact including on sidewalls thereof,
and the reflective structure can reflect all the light that
emerges from the first face back into the first face, except for
light that is absorbed by the barrier layer on the sidewalls of
the anode contact. In other embodiments, the anode contact is
transparent, and the reflective structure further comprises a
reflective surface of an extension of the cathode contact that
extends onto the transparent anode contact. The transparent
insulating layer also may extend beneath the extension of the
cathode content that is on the transparent anode contact. In
some of these embodiments, a current spreading layer may be
provided on the transparent anode contact and the reflective
structure can reflect all the light that emerges from the first
face back into the first face, except for light that is absorbed by
the current spreading layer.

[0008] A transparent substrate may be provided on a sec-
ond face in any of these embodiments, so that the light
emerges from the transparent substrate. The transparent sub-
strate can include an outer face that is remote from the diode
region, and the outer face can be differently textured in a first
portion thereof than a second portion thereof, so as to provide
an orientation indicator for the light emitting diode.

[0009] In other embodiments, an anode pad is electrically
connected to the anode contact and a cathode pad is electri-
cally connected to the reflective cathode contact. The anode
and the cathode pad extend on the first face in closely spaced
apart relation to one another, to define a gap therebetween.
Moreover, in some embodiments, the light emitting diode is
flip-chip mounted on a mounting substrate, such that the
anode and cathode pads are adjacent the mounting substrate,
and the diode region is remote from the mounting substrate.
[0010] Light emitting diodes according to other embodi-
ments comprise a diode region including therein an n-type
layer and a p-type layer, and a contact for one of the n-type
layer or the p-type layer. The contact includes a transparent
insulating layer on one of the n-type layer or the p-type layer
that has an index of refraction that is less than the one of the
n-type layer or the p-type layer. A reflective layer electrically
contacts the one of the n-type layer or the p-type layer, and
extends on the transparent insulating layer. In some embodi-
ments, the reflective layer electrically contacts the one of the
n-type layer or the p-type layer by extending through the
transparent insulating layer and extending on the transparent
insulating layer. In other embodiments, the reflective layer
ohmically contacts the one of the n-type layer or the p-type
layer. The transparent insulating layer and the reflective layer
can provide a hybrid reflective structure or “hybrid mirror”,
wherein the underlying transparent insulating layer provides
an index of refraction mismatch or index step to enhance the
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total internal reflection (TIR) from the diode region compared
to absence of the underlying transparent insulating layer.

[0011] In still other embodiments, the contact is a first
contact and the reflective layer is a first reflective layer, and
the light emitting diode further includes a second contact for
the other of the n-type layer or the p-type layer. The second
contact comprises a second reflective layer that ohmically
contacts the other of the n-type layer or the p-type layer. In
still other embodiments, a second contact for the other of the
n-type layer or the p-type layer comprises a transparent con-
ductive layer that ohmically contacts the other of the n-type
layer or the p-type layer, and the transparent insulating layer
and the reflective layer both extend onto the transparent con-
ductive layer. In some embodiments, the transparent conduc-
tive layer has an index of refraction between that of the other
of the n-type layer or the p-type layer and the transparent
insulating layer. Moreover, in any of these embodiments, the
first and second contacts can both extend from on the first face
of the diode region and a transparent substrate can be pro-
vided on the second face that has an index of refraction that is
about the same as the diode region. The substrate can thereby
enhance light extraction.

[0012] Light emitting diodes according to still other
embodiments include a diode region having first and second
opposing faces and including an n-type layer and a p-type
layer. A reflective anode contact ohmically contacts the
p-type layer and extends on the first face. A reflective cathode
contact also ohmically contacts the n-type layer and extends
on the first face. The reflective anode contact and the reflec-
tive cathode contact are configured to collectively reflect
substantially all light that emerges from the first face back
into the first face. The reflective anode contact may comprise
a reflective layer and a barrier layer as described above. In
other embodiments, the reflective cathode contact may com-
prise a transparent insulating layer and a reflective layer, as
described above.

[0013] Light emitting diodes according to yet other
embodiments include a diode region having first and second
opposing faces and including therein an n-type layer and a
p-type layer. An anode contact ohmically contacts the p-type
layer and extends on the first face. A transparent insulating
layer extends on the first face outside the anode contact. A
reflective cathode contact electrically contacts the n-type
layer and extends through the transparent insulating layer and
onto the transparent insulating layer that is outside the anode
contact, to cover substantially all of the first face that is
outside the anode contact with the reflective cathode contact.
In some embodiments, the transparent insulating layer also
extends onto the anode contact and the reflective cathode
contact also extends onto the transparent insulating layer that
is on the anode contact, to cover substantially all of the first
face that is outside the anode contact with the reflective cath-
ode contact and to also cover at least a portion of the anode
contact with the reflective cathode contact. Moreover, some
embodiments include a via that extends into the first face to
expose the n-type layer and the transparent insulating layer
extends into the via. The reflective cathode contact also
extends on the transparent insulating layer into the via to
electrically contact the n-type layer that is exposed in the via.
The transparent insulating layer and the reflective layer can
provide a hybrid reflective structure or “hybrid mirror”,
wherein the underlying transparent insulating layer provides
an index of refraction mismatch or index step to enhance the
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TIR from the diode region compared to absence of the under-
lying transparent insulating layer.

[0014] In some embodiments, the reflective cathode con-
tact directly ohmically contacts the n-type layer. However, in
other embodiments, an ohmic contact is provided that directly
ohmically contacts the n-type layer and the reflective cathode
contact is on the ohmic contact. Moreover, in some embodi-
ments, the transparent insulating layer may comprise a plu-
rality of transparent sublayers to provide, for example, a
distributed Bragg reflector and/or the reflective layer may
include a plurality of sublayers.

[0015] Some embodiments include a reflective anode con-
tact, whereas other embodiments include a transparent anode
contact. Thus, in some embodiments, the anode contact com-
prises a reflective anode contact that ohmically contacts the
p-type layer and extends on the first face. The reflective anode
contact may include sidewalls, and the light emitting diode
may further comprise a barrier layer on the reflective anode
contact, including on the sidewalls thereof.

[0016] Inother embodiments, the anode contact comprises
atransparent anode contact that ohmically contacts the p-type
layer and extends on the first face. A current spreading layer
may also be provided on a portion of the transparent anode
contact. The transparent insulating layer may extend onto the
transparent anode contact and the reflective cathode contact
may also extend onto the transparent insulating layer that is
on the transparent anode contact, to cover at least a portion of
the transparent anode contact with the reflective cathode con-
tact. Moreover, where a current spreading layer is present on
a portion of the transparent anode contact, the transparent
insulating layer may extend onto the transparent anode con-
tact that is outside the portion and the reflective cathode
contact may also extend onto the transparent insulating layer
that is on the transparent anode contact outside the portion, to
cover the transparent anode contact that is outside the portion
with the reflective cathode contact.

[0017] Any of the above-described embodiments may
include an anode pad that is electrically connected to the
anode contact and a cathode pad that is electrically connected
to the reflective cathode contact. The anode and cathode pads
may extend on the first face in closely spaced apart relation to
one another to define a gap therebetween. In some embodi-
ments, the anode pad and the cathode pad both extend on the
reflective anode contact and the reflective anode contact
includes a break therein that corresponds to the gap, so as to
allow the cathode and anode pads to be electrically insulated
from one another. In these embodiments, the light emitting
diode may further include a reflective layer that is insulated
from the anode pad and/or the cathode pad, and that extends
across the break. Moreover, in some embodiments, the reflec-
tive cathode contact also provides a plating seed layer, and the
anode and cathode pads are plated anode and cathode pads on
the seed layer. In other embodiments, a separate plating seed
layer may be provided. In still other embodiments, the light
emitting diode is flip-chip mounted on the mounting substrate
such that the anode and cathode pads are adjacent the mount-
ing substrate and the diode region is remote from the mount-
ing substrate.

[0018] In other embodiments, a transparent substrate may
be included on the second face. The transparent substrate may
include an outer face that is remote from the diode region. The
transparent substrate can enhance light extraction. The outer
face can be differently textured in a first portion thereof than
a second portion thereof, so as to provide an orientation
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indicator for the light emitting diode. In still other embodi-
ments, a substrate is not included, and the second opposing
face of the diode region may be textured, with or without the
orientation indicator.

[0019] Light emitting diodes according to still other
embodiments include a diode region having first and second
opposing faces, and including therein an n-type layer and a
p-type layer. A transparent anode contact ohmically contacts
the p-type layer and extends on the first face. A transparent
cathode contact ohmically contacts the n-type layer and also
extends on the first face. A transparent insulating layer
extends on the first face including on the transparent anode
contact and the transparent cathode contact. A reflective layer
is provided on the transparent insulating layer that substan-
tially covers the first face. The transparent insulating layer
and the reflective layer can provide a hybrid reflective struc-
ture or “hybrid mirror”, wherein the underlying transparent
insulating layer provides an index of refraction mismatch or
index step to enhance the TIR from the diode region com-
pared to absence of the underlying transparent insulating
layer.

[0020] In some embodiments, a current spreading layer
may be provided between the transparent anode contact and
the reflective layer and between the transparent cathode con-
tact and the reflective layer. In some embodiments, the reflec-
tive layer includes first and second portions, and the current
spreading layer electrically connects the transparent anode
contact to the first portion and electrically connects the trans-
parent cathode contact to the second portion. Moreover, in
other embodiments, the transparent anode contact and the
transparent cathode contact both comprise transparent con-
ductive metal oxide, such as indium tin oxide. The reflective
layer comprises an elemental metal layer that is spaced apart
from the first face, such that the first face is free of direct
contact with elemental metal.

[0021] As to other materials, in some embodiments, the
diode region comprises a Group IlI-nitride, such as gallium
nitride-based material. The transparent insulating material
comprises silicon dioxide, and the reflective cathode contact
comprises aluminum. The reflective anode contact comprises
nickel and silver. The transparent anode contact comprises
indium tin oxide. Moreover, the transparent substrate com-
prises silicon carbide. Other materials may be used in other
embodiments.

[0022] Methods of fabricating light emitting diodes also
may be provided according to other embodiments. In some
embodiments, a via is etched through a p-type layer at a first
face of a diode region to expose an n-type layer therein. An
anode contact is formed on the first face that ohmically con-
tacts the p-type layer. A transparent insulating layer is formed
on sidewalls of the via and extending onto the first face
outside the via. A reflective cathode contact is formed that
ohmically contacts the n-type layer on a floor of the via and
that extends on the transparent layer that is on the sidewalls of
the via and on the transparent layer that is on the first face
outside the via.

[0023] More specifically, the anode contact may be formed
by forming a transparent anode contact that ohmically con-
tacts the p-type layer and extends on the first face. A current
spreading layer may then be formed on a portion of the
transparent anode contact. Moreover, the transparent insulat-
ing layer may be formed to extend on the transparent anode
contact, and the reflective cathode contact may also extend on
the transparent insulating layer that is on the transparent
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anode contact. In other embodiments, the anode contact may
be fabricated by forming a reflective layer that ohmically
contacts the p-type layer and forming a barrier layer on the
reflective layer including on the sidewalls thereof. Moreover,
the transparent insulating layer may be formed by blanket
forming a transparent insulating layer and opening vias in the
transparent insulating layer that extend to the n-type layer and
the p-type layer. Analogous methods may be provided to
fabricate the other embodiments described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIGS. 1-4 are cross-sectional views of light emitting
diodes according to various embodiments.

[0025] FIGS. 5A-5B are top views of light emitting diodes
according to various embodiments.

[0026] FIG. 6 is a flowchart of operations that may be
performed to fabricate light emitting diodes according to
various embodiments.

[0027] FIG. 7A is a top view and FIG. 7B is a cross-sec-
tional view along line 7B-7B' of FIG. 7A, of a light emitting
diode according to various other embodiments.

[0028] FIGS. 8A-8C are cross-sectional views of light
emitting diodes of FIGS. 7A and 7B during intermediate
fabrication steps according to other embodiments.

[0029] FIG. 9 is a cross-sectional view of a light emitting
diode according to yet other embodiments.

[0030] FIGS. 10A-10D and 10A'-10D' are cross-sectional
and top plan views, respectively, of light emitting diodes
according to various embodiments during fabrication accord-
ing to various embodiments.

[0031] FIG.11is a planview of an alternate embodiment of
FIG. 10D
[0032] FIG. 12 is a cross-sectional view of a light emitting

diode according to embodiments of FIG. 3, mounted on a
mounting substrate in a flip-chip configuration according to
various embodiments.

DETAILED DESCRIPTION

[0033] The present invention now will be described more
fully with reference to the accompanying drawings, in which
various embodiments are shown. This invention may, how-
ever, be embodied in many different forms and should not be
construed as limited to the embodiments set forth herein.
Rather, these embodiments are provided so that this disclo-
sure will be thorough and complete, and will fully convey the
scope of the invention to those skilled in the art. In the draw-
ings, the size and relative sizes of layers and regions may be
exaggerated for clarity. Like numbers refer to like elements
throughout.

[0034] Itwill be understood that when an element such as a
layer, region or substrate is referred to as being “on” another
element, it can be directly on the other element or intervening
elements may also be present. Furthermore, relative terms
such as “beneath” or “overlies” may be used herein to
describe a relationship of one layer or region to another layer
or region relative to a substrate or base layer 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. Finally, the term
“directly” means that there are no intervening elements. As
used herein, the term “and/or” includes any and all combina-
tions of one or more of the associated listed items and may be
abbreviated as “/”.
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[0035] It will be understood that, although the terms first,
second, etc. may be used herein to describe various elements,
components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, layer or section from
another region, layer or section. Thus, a first element, com-
ponent, region, layer or section discussed below could be
termed a second element, component, region, layer or section
without departing from the teachings of the present invention.
[0036] Embodiments of the invention are described herein
with reference to cross-sectional and/or other illustrations
that are schematic illustrations of idealized embodiments of
the invention. As such, variations from the shapes of the
illustrations as a result, for example, of manufacturing tech-
niques and/or tolerances, are to be expected. Thus, embodi-
ments of the invention should not be construed as limited to
the particular shapes of regions illustrated herein but are to
include deviations in shapes that result, for example, from
manufacturing. For example, a region illustrated or described
as a rectangle will, typically, have rounded or curved features
due to normal manufacturing tolerances. Thus, the regions
illustrated in the figures are schematic in nature and their
shapes are not intended to illustrate the precise shape of a
region of a device and are not intended to limit the scope of the
invention, unless otherwise defined herein.

[0037] Unless otherwise defined herein, all terms (includ-
ing technical and scientific terms) used herein have the same
meaning as commonly understood by one of ordinary skill in
the art to which this invention belongs. It will be further
understood that terms, such as those defined in commonly
used dictionaries, should be interpreted as having a meaning
that is consistent with their meaning in the context of the
relevant art and this specification and will not be interpreted in
an idealized or overly formal sense unless expressly so
defined herein.

[0038] As used herein, a layer or region of an LED is
considered to be “transparent” when at least 90% of the
radiation from the LED that impinges on the transparent layer
or region emerges through the transparent region. For
example, in the context of blue and/or green LEDs that are
fabricated from gallium nitride-based materials, silicon diox-
ide can provide a transparent insulating layer (for example, at
least 90% transparent), whereas indium tin oxide (ITO) can
provide a transparent conductive layer (for example, at least
90% transparent) as measured by considering transmitted and
reflected components on a sapphire substrate. Moreover, as
used herein, a layer or region of an LED is considered to be
“reflective” when at least 90% of the angle averaged radiation
that impinges on the reflective layer or region from the LED
is reflected back into the LED. For example, in the context of
gallium nitride-based blue and/or green LEDs, aluminum (for
example, at least 90% reflective) may be considered reflective
materials. In the case of ultraviolet (UV) LEDs, appropriate
materials may be selected to provide a desired, and in some
embodiments high, reflectivity and/or a desired, and in some
embodiments low, absorption.

[0039] Someembodiments now will be described generally
with reference to gallium nitride (GaN)-based light emitting
diodes on silicon carbide (SiC)-based mounting substrates for
ease of understanding the description herein. However, it will
be understood by those having skill in the art that other
embodiments of the present invention may be based on a
variety of different combinations of mounting substrate and
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epitaxial layers. For example, combinations can include
AlGalnP diodes on GaP mounting substrates; InGaAs diodes
on GaAs mounting substrates; AlGaAs diodes on GaAs
mounting substrates; SiC diodes on SiC or sapphire (Al,O;)
mounting substrates and/or a Group IlI-nitride-based diode
on gallium nitride, silicon carbide, aluminum nitride, sap-
phire, zinc oxide and/or other mounting substrates. Moreover,
in other embodiments, a mounting substrate may not be
present in the finished product. In some embodiments, the
light emitting diodes may be gallium nitride-based LED
devices manufactured and sold by Cree, Inc. of Durham, N.C.
[0040] FIG. 1 is a cross-sectional view of a light emitting
diode according to various embodiments. Referring to FIG. 1,
these light emitting diodes include a diode region 110 having
first and second opposing faces 110a, 1105, respectively, and
including therein an n-type layer 112 and a p-type layer 114.
Other layers or regions 116 may be provided which may
include quantum wells, buffer layers, etc., that need not be
described herein. The diode region 110 also may be referred
to herein as an “LED epi region”, because it is typically
formed epitaxially on a substrate 120. For example, a Group
III-nitride based LED epi 110 may be formed on a silicon
carbide growth substrate 120. In some embodiments, as will
be described below, the growth substrate 120 may be present
in the finished product. In other embodiments, the growth
substrate 120 may be removed.

[0041] Continuing with the description of FIG. 1, an anode
contact 130, also referred to as a “p-contact”, ohmically con-
tacts the p-type layer 114 and extends on the first face 110a of
the diode region 110. The anode contact 130 may extend to a
greater or less extent on the p-type layer 114 than illustrated
in FIG. 1. A transparent insulating layer 140 also extends on
the first face 110a outside the anode contact 130. A reflective
cathode contact 150, also referred to as an “n-contact” elec-
trically contacts the n-type layer 112 and extends through the
transparent insulating layer 140 and onto the transparent insu-
lating layer 140 that is outside the anode contact 130. In some
embodiments, the reflective cathode contact 150 may directly
and ohmically contact the n-type layer 112. In other embodi-
ments, however, a thin ohmic contact layer, such as a layer of
titanium, may provide the actual ohmic contact to the n-type
layer 112. The transparent insulating layer 140 and the reflec-
tive cathode contact 150 can provide a hybrid reflective struc-
ture or “hybrid mirror”, wherein the underlying transparent
insulating layer 140 provides an index refraction mismatch or
index step to enhance the total internal reflection (TIR) from
the reflective layer 150 compared to absence of the underly-
ing transparent insulating layer 140. It will also be understood
that, in other embodiments, the transparent insulating layer
140 may comprise multiple sublayers, such as oxide and
nitride sublayers to provide, for example, a distributed Bragg
reflector. Moreover, the reflective cathode contact 150 may
also include a plurality of sublayers.

[0042] As also shown in FIG. 1, in some embodiments, a
via 118 extends into the first face 110a to expose the n-type
layer 112, and the transparent insulating layer 140 extends
into the via 118. Moreover, the reflective cathode contact 150
also extends on the transparent insulating layer 140 into the
via 118, to electrically, and in some embodiments ohmically,
contact the n-type layer 112 that is exposed in the via 118.
[0043] Ananodepad160 alsois provided thatis electrically
connected to the anode contact 130. A cathode pad 170 is also
provided that is electrically connected to the reflective cath-
ode contact 150. As shown, the anode and contact pads 160
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and 170 extend on the first face 110q in closely spaced apart
relation to one another, to define a gap 172 therebetween. The
gap may be filled with an insulator as described below. In any
embodiments illustrated herein, the gap 172 may occur at any
desired position and is not limited to the position illustrated
herein. In some embodiments, the cathode pad 170 may be
made as large as possible, so that it can be directly coupled to
a grounded heat sink for enhanced thermal dissipation in a
flip-chip mounting configuration, without the need for an
intervening electrically insulating layer that could reduce
thermal efficiency.

[0044] As also shown in FIG. 1, a transparent substrate,
such as a transparent silicon carbide growth substrate 120,
may be included on the second face 1105 of the diode region
110. The transparent substrate 120 may include beveled side-
walls 120a and may also include an outer face 1205 that is
remote from the diode region 110. As shown, the outer face
1205 may be textured. The thickness of the substrate 120, the
resistivity of the substrate, geometry of the sidewalls 120a
and/or the texturing of the remote face 1205 may be config-
ured to enhance the far field emission of radiation from the
diode region 110 through the substrate 120. The emission
from the diode region 110 may take place directly from the
diode region 110 through the substrate 120 and may also take
place by reflection from the reflective cathode contact 150
back through the diode region 110 and through the substrate
120. In some embodiments, reflection may also take place
from the anode contact 130, as will be described in detail
below.

[0045] As also shown in FIG. 1, in some embodiments,
when the transparent substrate 120 is sapphire, Patterned
Sapphire Substrate (PSS) technology may be used to texture
the interface between the sapphire substrate 120 and the diode
region 110, as shown by the jagged interface between the
substrate 120 and the second face 1105 of the diode region
110. As is well known, PSS technology may provide texture
features that may be, for example, about 3 pum in size on an
about 5 um pitch. The use of PSS technology can enhance the
extraction efficiency between the gallium nitride-based diode
region 110 and the index mismatched sapphire substrate 120.
[0046] Accordingly, some embodiments of the invention
can provide an LED that is suitable for flip-chip mounting
(i.e., mounting opposite the orientation of FIG. 1), wherein
the anode pad 160 and the cathode pad 170 are mounted on a
supporting substrate, such as a printed circuit board or other
wiring board, and emission of light takes place through the
substrate 120 remote from the anode pad 160 and the cathode
pad 170. Thus, a lateral LED may be provided wherein both
the anode contact 130 and the cathode contact 150 extend on
a given face of the diode region (i.e., the first face 1104a), and
emission takes place remote from the anode and cathode
contacts 130 and 150, respectively, through the second face
1104 of the diode region, and through the substrate 120. In
other embodiments, the substrate may be removed so that
emission takes place directly from the second face 11056 of the
diode region 110.

[0047] As was noted above, the geometry of the substrate
120 may be configured to provide a desired far field emission
pattern, such as Lambertian emission. Moreover, texturing
may take place on the sidewalls 120a and/or on the face 1205
of'the substrate 120. Many different configurations of textur-
ing may be used including random texturing, microlenses,
microarrays, scattering regions and/or other optical regions.
According to some embodiments, the outer face 1205 may be
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differently textured in a first portion 120c thereof than a
second portion 120d thereof, so as to provide an orientation
indicator for the light emitting diode. Thus, as shown in FIG.
1, an array of microlenses 1204 may be provided except at a
given area adjacent the transparent cathode contact, wherein
asmall bar 120c or other indicator, such as a “+” sign, may be
provided. The different texturing on the remote face 1206 of
the substrate can provide an orientation indicator that can
allow pick-and-place equipment to correctly orient the LED
for packaging, even ifthe structure ofthe LED is not “visible”
to the pick-and-place equipment through the textured sub-
strate.

[0048] Insome embodiments, the anode contact and/or the
cathode contact can provide a reflective structure on the first
face 110aq that is configured to reflect substantially all light
that emerges from the first face 110a back into the first face
110a. The reflective structure further includes the transparent
insulating layer 140 beneath the cathode contact 150 and
extensions thereof 150a. In particular, in some embodiments,
the reflective structure reflects the light that emerges from at
least 90% of an area of the first face 110a. The reflective
structure may comprise reflective materials that themselves
reflect at least 90% of the light that impinges thereon. In some
embodiments, the anode contact 130 may be a reflective
anode contact that ohmically contacts the p-type layer 114. In
these embodiments, the reflective structure may be provided
by areflective surface of the anode contact 130 that ohmically
contacts the p-type layer 114, a reflective surface of the cath-
ode contact 150 that ohmically contacts the n-type layer 112
and a reflective surface of extensions of the cathode contact,
identified as 150a in FIG. 1, that extend onto the first face
110a between the via 118 and the anode contact 130, in
combination with the transparent insulating layer 140. In
other embodiments, the anode contact 130, may be transpar-
ent, and the reflective cathode contact 150, specifically the
extensions 150a of the reflective cathode contact 150, may
extend onto the transparent anode contact 130 to provide a
reflective structure in combination with the transparent insu-
lating layer 140. Thus, in some embodiments, the reflective
cathode contact can extend to cover substantially all of the
first face that is outside the anode contact with the reflective
cathode contact. In other embodiments, the reflective cathode
contact can cover substantially all of the first face that is
outside the anode contact with the reflective cathode contact,
and also can cover at least a portion of the anode contact with
the reflective cathode contact. More detailed embodiments
will be described below.

[0049] Accordingly, some embodiments may provide
LEDs with a lateral flip-chip configuration. Some embodi-
ments may provide dual mirrors on the p-type and n-type
layers. Moreover, the n-type mirror may be an integrated
n-contact mirror that can make electrical contact with at least
one n-type layer of the LED epi, and can also extend over at
least one p-type contact of the LED epi. The integrated n-con-
tact mirror may include a material, such as aluminum, that is
optically reflective to wavelengths generated by the LED epi.
The transparent insulating layer and the reflective layer can
provide a hybrid reflective structure or “hybrid mirror”,
wherein the underlying transparent insulating layer provides
an index of refraction mismatch or index step to enhance the
TIR from the diode region compared to absence of the under-
lying transparent insulating layer. Moreover, the light emit-
ting face of the LED chip, opposite the mirror(s), may include
a growth substrate. The growth substrate may further include
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a shaped surface, such as tapered sidewalls and/or texturing,
for light extraction purposes. The amount of tapering and/or
texturing may be related to the total thickness of the LED,
including the growth substrate. The geometry of the substrate
(e.g., thickness/sidewall bevels) and/or the texturing thereof
may be adjusted to achieve desired far-field emission pat-
terns. Moreover, since the substrate need not conduct current,
it can have high resistivity so that it can be transparent.

[0050] LED chips according to various embodiments may
be more rugged or robust than conventional LED chips. In
particular, the only exposed surfaces of the LED chip may be
solid p- or n-contact portions on one side, and the growth
substrate on the other side. In contrast, conventional LED
chips may need fragile wire bonds and may include exposed
top and/or bottom portions of the LED epi.

[0051] Moreover, it has also been found, according to vari-
ous embodiments, that the provision of a transparent insulat-
ing layer between the diode region and the reflective cathode
contact may actually enhance the reflectivity from the diode
region by providing an index mismatch or index step. Accord-
ingly, as shown, for example, in FIG. 1, the transparent insu-
lating layer 140 can provide an integral optical element for the
reflective cathode contact 150, in addition to providing
desired electrical insulation for the LED. Moreover, the trans-
parent insulating layer 140 and the reflective cathode contact
150 can provide a hybrid mirror.

[0052] An explanation of the operation of the transparent
insulating layer 140 as part of a hybrid reflector will now be
provided. In particular, LEDs typically include multiple lay-
ers of different materials. As a result, light emitted from the
active region must typically pass through or across one or
more of such layers before exiting the LED. Snell’s law
dictates that the photons will be refracted as they pass from
one material to the next. The angles at which the photons will
be refracted will depend upon the difference between the
refractive indexes of the two materials and the angle of inci-
dence at which the light strikes the interface.

[0053] In an LED, although some reflected light will still
escape the LED at some other location, a certain percentage
will be totally internally reflected, never escape the LED, and
will thus functionally reduce the external efficiency of the
LED. Although the individual reduction in the percentage of
photons escaping may appear to be relatively small, the
cumulative effect can be significant, and LEDs that are oth-
erwise very similar can have distinctly diftferent performance
efficiencies resulting from even these small percentage
losses.

[0054] Snell’s law dictates that when light crosses an inter-
face into a medium with a higher refractive index, the light
bends towards the normal. Similarly, when light travels across
an interface from a medium with a high refractive index to a
medium with a lower refractive index, light bends away from
the normal. At an angle defined as the critical angle, light
traveling from a medium with a high refractive index to a
medium with a lower refractive index will be refracted at an
angle of 90°; i.e., parallel to the boundary. At any angle
greater than the critical angle, an incident ray undergoes total
internal reflection (TIR). The critical angle is thus a function
of the ratio of the refractive indexes. If the light hits the
interface at any angle larger than this critical angle, the light
will not pass through to the second medium at all. Instead, the
interface reflects the light back into the first medium, a pro-
cess known as total internal reflection. The loss of light due to
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this total internal reflection is known as the critical angle loss,
and is another factor that reduces the external efficiency of the
LED.

[0055] Embodiments of a hybrid mirror described herein
use index mismatching to enhance total internal reflection
(TIR) based on Snell’s law. In order to enhance TIR, it is
desired to provide a large index change to a lower refractive
index material relative to the GaN-based diode region. Thus,
any light outside the escape cone angle given by Snell’s law is
internally reflected back into the diode region, and can have
essentially no loss. The reflective cathode contact 150 and/or
a reflective anode contact can then be used to reflect the
fraction of the light impinging thereon from an omnidirec-
tional light source. Accordingly, both the transparent insulat-
ing layer 150 and the reflective cathode contact act as a hybrid
reflector according to various embodiments to enhance
reflection of light emerging from the diode region back into
the diode region.

[0056] Other embodiments of the invention can provide a
reflective layer for a vertical LED. Thus, light emitting diodes
according to various embodiments may also comprise a diode
region including therein an n-type layer and a p-type layer,
and a contact for one of the n-type layer or the p-type layer.
The contact may comprise a transparent insulating layer 140
on the one of the n-type layer or the p-type layer that has an
index of refraction that is less than the one of the n-type layer
or the p-type layer. A reflective layer 150 is provided that
electrically contacts the one of the n-type layer or the p-type
layer, and that extends on the transparent insulating layer.
Accordingly, the transparent insulating layer 140 can provide
an integral optical element for a reflective layer 150 so as to
provide ahybrid mirror that can improve the reflectivity of the
reflective layer 150 compared to absence of the transparent
insulating layer 140, because the transparent insulating layer
provides an index mismatch or index step to the diode region
110. In other embodiments, the reflective layer 150 can also
electrically contact, and in some embodiments ohmically
contact, the one of the n-type layer or the p-type layer, and
may extend through the transparent insulating layer 140 to
make this contact. In still other embodiments, a second con-
tact may be provided for the other of the n-type layer or the
p-type layer. The second contact may comprise a second
reflective layer that ohmically contacts the other of the n-type
layer or the p-type layer. In other embodiments, the second
contact may comprise a transparent conductive layer that
ohmically contacts the other of the n-type layer or the p-type
layer, and the transparent insulating layer 140 and the reflec-
tive layer 150 can both extend onto the transparent conductive
layer. These other embodiments will be described in detail
below, for example in connection with FIGS. 2 and 3.

[0057] Moreover, various embodiments as described
herein can also provide a diode region 110 having first and
second opposing faces 110a, 1105, and including therein an
n-type layer 112 and a p-type layer 114. A reflective anode
contact 130 ohmically contacts the p-type layer and extends
on the first face 110a. A reflective cathode contact 150 ohmi-
cally contacts the n-type layer and extends on the first face.
The reflective anode contact 130 and the reflective cathode
contact 150 are configured to reflect substantially all light that
emerges from the first face 1104 back into the first face 110a.
Stated differently, the reflective cathode contact 150 can
cover substantially all of the first face 110q that is outside the
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anode contact 130. Moreover, in other embodiments, the
reflective cathode contact 150 can also cover at least a portion
of the anode contact 130.

[0058] FIG. 2 is a cross-sectional view of an LED accord-
ing to other embodiments. In these embodiments, a reflective
anode contact is provided in addition to a reflective cathode
contact.

[0059] More specifically, in FIG. 2, a diode region 110 is
provided as was described in connection with FIG. 1. A
substrate 120 is also provided, although it need not be pro-
vided in other embodiments. The substrate 120 may be
thinned relative to the thickness of the growth substrate. A
reflective anode contact 130" is provided that ohmically con-
tacts the p-type layer 114 and extends on the first face 110a.
The reflective anode contact 130' may include a two-layer
structure including, for example, about 5 A of nickel (Ni)
directly on the p-type layer 114 and about 1000 A of silver
(Ag) on the nickel, to thereby provide an “NiAg mirror” 130".
The NiAg mirror 130" can reflect at least 90% of the visible
light from the diode region 110 that impinges thereon. Other
reflective layers that also provide an ohmic contact to p-type
gallium nitride may be used in other embodiments. It will be
understood that the reflectivity of the NiAg mirror is deter-
mined primarily by the Ag because only a very thin layer (in
some embodiments less than about 10 A) of Ni is used.
Moreover, when annealed, this nickel may convert to nickel
oxide to enhance the ohmic contact for the Ag to the p-type
gallium nitride. Thus, the NiAg mirror 130' can have about
the same reflectivity of Ag alone, but can provide a better
contact and lower voltage to the p-type layer. In other embodi-
ments, pure Ag may be used.

[0060] Surrounding the NiAg mirror 130' is a barrier layer
210 which may include sublayers comprising about 1000 A
of titanium tungsten (TiW), about 500 A of platinum (Pt) and
about 1000 A of titanium tungsten (TiW). The titanium tung-
sten/platinum sublayers may repeat in multiple repetitions to
provide a desired diffusion barrier. The diffusion barrier layer
210 generally is not reflective. Thus, the face of the NiAg
mirror 130' that is directly on the p-type layer 114 provides a
reflective structure, but the barrier layer 210 that is on the
sidewall of the NiAg mirror 130' may not provide a reflective
structure.

[0061] Continuing with the description of FIG. 2, a trans-
parent insulating layer 140 is provided on the sidewalls of the
via 118 and on the first face 110a outside the via 118. In some
embodiments, as shown, the transparent insulating layer 140
may also extend onto at least a portion of the NiAg mirror
130'. In some embodiments, the transparent insulating layer
140 may comprise about 0.5 um of silicon diode (SiO,). The
thickness of the SiO, may be configured to enhance the
reflectivity from the reflective cathode contact 150, based on
the operating wavelength of the LED and/or the index of
refraction of the insulating layer, using techniques known to
those skilled in the art. In particular, the silicon dioxide may
have an index of refraction of about 1.5, which is less than the
index of refraction of gallium nitride (about 2.5), so that an
index mismatch or index step is provided by the transparent
insulating layer 140, which can actually enhance TIR from
the diode region 110.

[0062] As also shown in FIG. 2, the reflective cathode con-
tact 150 can ohmically contact the n-type layer 112, for
example on the floor of the via 118 and can extend on the
transparent insulating layer 140 on the sidewall of the via 118,
and may also extend onto the transparent insulating layer 140
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that is outside the via 118 as indicated by 150q4. In some
embodiments, the reflective cathode contact 150 may com-
prise about 1500 A of aluminum. Thicker reflective cathode
contacts also may be used. The hybrid reflector that includes
the transparent insulating layer 140 and the aluminum reflec-
tive cathode contact 150 can reflect at least 90% of the visible
light from the diode region 110 that impinges thereon. In
other embodiments, a separate ohmic contact layer 250 may
be provided between the reflective cathode contact 150 and
the n-typelayer 112, to provide an ohmic contact to the n-type
layer 112. In some embodiments, the ohmic contact layer 250
may comprise titanium, for example annealed titanium, or
aluminum/titanium alloy It will be understood that the ohmic
contact layer 250 may be used in any and all of the embodi-
ments described herein between the reflective contact 150 and
the n-type or p-type layer.

[0063] Finally, an anode pad 160 and a cathode pad 170 are
provided. The anode pad 160 and the cathode pad 170 can
include a stack of about 500 A titanium (Ti), about 2000 A
nickel (Ni) and about 1-3 pm of 80/20 gold-tin (AuSn) alloy,
to provide “TiNiAuSn pads”. Other materials may be used,
and not all of these layers may be used. For example, pure tin
may be used as it has a lower melting point. Moreover, in
other embodiments, a plating seed layer may be provided on
the anode contact and on the reflective cathode contact, and at
least a portion of the anode and/or cathode pads are plated on
the seed layer. In still other embodiments, the reflective cath-
ode contact 150 and/or the barrier layer 140 may provide the
plating seed layer for plating the pads 160/170 thereon. The
plated anode and cathode pads can also provide mechanical
support and enhanced thermal efficiency.

[0064] Accordingly, embodiments of FIG. 2 may provide a
reflective structure on the first face 1104 that is configured to
reflect substantially all light, for example, at least 90% of the
light that emerges from the first face 110a back into the first
face 110a. In embodiments of FIG. 2, the reflective structure
comprises two different reflectors. More specifically, the
reflective structure comprises a reflective surface of the anode
contact 130' that ohmically contacts the p-type layer 114, a
reflective surface of the cathode contact 150 that ohmically
contacts the n-type layer 118 and a reflective surface of exten-
sions 150a of the cathode contact 150 that extend between the
reflective surface of the anode contact 130' that ohmically
contacts the p-type layer 114 and the reflective surface of the
cathode contact 150 that ohmically contacts the n-type layer
118, in combination with the transparent insulating layer 140.
When viewed from the perspective of the diode region 110, all
the light that emerges from the diode region 110 into the
anode and cathode contacts can be reflected back into the
diode region except for light that is absorbed by the barrier
layer 210 on the sidewalls of the anode contact 130. Since the
barrier layer 210 generally does not form an ohmic contact
with the p-type layer 114, little or no light is generated in this
region. Thus, there can be little or no light loss associated with
the barrier layer 210. Thus, from an area standpoint, the
reflective structure of FIG. 2 can reflect the light that emerges
from at least 85% of the area of the first face, and in some
embodiments, at least 90% of the area. In other words, at least
90% of the diode face can be covered by mirror. Moreover,
since the reflective structure can comprise nickel-silver (an-
ode contact 130") and aluminum (cathode contact 150), at
least 90% of the light that impinges on the reflective structure
may be reflected. In other words, the mirror may have at least
90% efficiency. Thus, in some embodiments, the only regions
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in the active light generating area on the p-type layer 114 not
covered by high reflectivity structures either have a dielectric
contact, and/or are reduced conductivity regions.

[0065] FIG. 3 is a cross-sectional view of other embodi-
ments that employ a transparent anode contact. In particular,
referring to FIG. 3, the anode contact is a transparent anode
contact 130" that ohmically contacts the p-type layer 114 and
extends on the first face 110q. It will be understood that the
transparent anode contact 130" may extend to a greater or
lesser extent than illustrated. In some embodiments, the trans-
parent ohmic contact for the p-type Group Ill-nitride layer
114 may be a transparent conductive oxide, such as indium tin
oxide (ITO) and, in some embodiments, may be about 2500 A
thick. The ITO may be at least 90% transparent in the wave-
lengths of interest. It will be understood that the ITO may
include other materials therein, such as nickel or aluminum. A
current spreading layer 330, also referred to as “current
spreading fingers”, may be provided on a portion of the trans-
parent anode contact 130". The current spreading layer 330
may comprise, for example, a sublayer of platinum (Pt) about
500 A thick, a sublayer of titanium (Ti) about 500 A thick and
a sublayer of gold (Au) about 0.5 um thick, to provide a
“Pt/Ti/Au” current spreading layer 330.

[0066] Inembodiments of FIG. 3, the transparent insulating
layer 140 extends onto the transparent anode contact 130" and
the reflective cathode contact 150 also extends onto the trans-
parent insulating layer 140 that is on the transparent anode
contact 130" as shown by 150a. In some embodiments, as also
shown in FIG. 3, the transparent insulating layer 140 extends
onto the transparent anode contact 130" that is outside the
portion on which the current spreading layer 330 is provided,
and the reflective cathode contact 150 also extends onto the
transparent insulating layer 140 that is on the transparent
anode contact 130" outside this portion. Thus, an integrated
n-contact hybrid mirror is provided that reflects light that
passes through the transparent anode contact 130" back into
the diode region 110. It will also be understood that in
embodiments of FIG. 3, the ohmic contact layer 250 has been
omitted, so that reflective cathode contact 150 makes direct
ohmic contact with the n-type layer 112.

[0067] Accordingly, embodiments of FIG. 3 can provide a
reflective structure that comprises a reflective surface of the
cathode contact 150 that ohmically contacts the n-type layer
112 and a reflective surface of an extension 150a of the
cathode contact 150 that extends onto the transparent anode
contact 130", in combination with the transparent insulating
layer 140. From a total internal reflection standpoint, since
the transparent anode contact 130" also has a lower index of
refraction than the diode region (index of refraction of about
1.94 for ITO), the index mismatch enhances TIR based on
Snell’s law. The transparent insulating layer 140 that is on the
transparent anode contact 130" can further enhance TIR by
providing an even lower index of refraction of about 1.5.
[0068] Thus, from the standpoint of reflection from the
diode region 110, only the current spreading layer 330 may
absorb light. Since the current spreading layer is a small
portion of the surface area of the first face, embodiments of
FIG. 3 may also provide a reflective structure that reflects
light that emerges from at least 90% of the area of the first
face, and in some embodiments, from at least 93% of'the area
of the first face. In other words, at least 90% of the diode face
is covered by mirror. Moreover, the mirror may have at least
90% efficiency. It will also be understood that the current
spreading layer 330 on the transparent anode contact 130"
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may be less absorbing than the current spreading layer 330
alone. In particular, due to the index of refraction change at
the ITO/GaN interface, the current spreading layer 330 may
be less absorbing on an angle average basis than the current
spreading layer 330 alone. This provides an additional benefit
to using I'TO as the N—GaN contact so that a metallic layer is
not directly on the semiconductor.

[0069] The potentially negative impact of the current
spreading layer may also be reduced by reducing the light
hitting the metal current spreading layer by quenching the
p-GaN under the current spreading layer 330 so that the light
hitting that area mostly comes from an angle that is outside
the region directly under the current spreading layer 330.
Thus, some embodiments can also incorporate a reduced
conductivity region in a p-type layer that are congruent with
nearby more opaque features, such as the current spreading
layer, as described in U.S. Patent Application Publication No.
2008/0217635, the disclosure of which is hereby incorpo-
rated by reference in its entirety as if set forth fully herein.
[0070] Still referring to FIG. 3, an insulating layer 340,
such as a second layer of silicon dioxide about 0.5 um thick,
may be provided on the reflective cathode contact 150. An
anode pad 160 and a cathode pad 170 may be provided to
electrically connect to the current spreading layer 330 and the
reflective cathode contact 150, respectively. In embodiments
of FIG. 3, the insulating layer 340 may prevent the anode and
cathode contact pads 160 and 170 from short circuiting one
another. In other embodiments, however, the anode 160 and
cathode 170 pads may be formed directly on the current
spreading layer 330 and directly on the reflective cathode
contact 150, and may be spaced apart so as to provide a gap
172 therebetween, as was illustrated in FIG. 2, and as will be
described below in embodiments of FIG. 10. Many other
configurations of anode pads 160 and cathode pads 170 may
be provided in other embodiments.

[0071] FIG. 4 is a cross-sectional view of LEDs according
to other embodiments. In particular, as was noted above,
various configurations of anode pads 160 and cathode pads
170 may be provided according to various embodiments. In
some of these configurations, a break in the reflective cathode
contact 150 may be desired, as shown in FIG. 4, so as to
prevent short circuiting of the anode pad to the contact pad
170, and leave a gap 172 therebetween. Unfortunately, due to
the absence of the reflective cathode contact 150 in the gap,
light in the gap may not be reflected back into the diode region
110. Embodiments of FIG. 4 can reduce or eliminate this
problem by providing a reflective layer 450 that is insulated
from the anode pad 160 and/or the cathode pad 170, and that
extends across the gap 172. An additional (second) insulating
layer 440 may be provided to also insulate this reflective layer
450 from the diode region 110, if needed. Accordingly, a
reflective layer 450 may be provided in the gap 172, even
though reflective cathode contact 150 has a break across the
gap 172.

[0072] FIGS. 5A and 5B are top views of anode pads 160
and cathode pads 170 according to various embodiments. It
will be understood, however, that many different configura-
tions of anode pads 160 and cathode pads 170 may be pro-
vided, depending on the desired external connections for the
lateral LED.

[0073] FIG. 6 is a flowchart of operations that may be
performed to fabricate light emitting diodes according to
various embodiments. In particular, at Block 610, a via, such
as via 118, is etched through a p-type layer, such as a p-type
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layer 114, at a first face of a diode region, such as a diode
region 110, to expose an n-type layer, such as an n-type layer
112, therein. At Block 620, an anode contact, such as an anode
contact 130, 130" and/or 130", is formed on the first face that
ohmically contacts the p-type layer. At Block 630, a transpar-
ent insulating layer, such as layer 140, is formed on the
sidewalls of the via and extending on to the first face outside
the via. At Block 640, a reflective cathode contact, such as a
reflective cathode contact 150, is formed, that ohmically con-
tacts the n-type layer on a floor of the via and extends on the
transparent layer that is on the sidewalls of the via, and on the
transparent layer that is on the first face outside the via. Pads,
such as anode pad 160 and cathode pad 170, may be formed
at Block 650. Finally, if desired, the substrate may be
removed or thinned at Block 660. The substrate and/or the
second face may be textured.

[0074] Embodiments of FIG. 6 may be generally used to
fabricate various embodiments described herein. Specific
techniques may also be provided to fabricate specific embodi-
ments. For example, embodiments of FIG. 3 may be fabri-
cated by etching the via 118 to expose the n-type layer 112 at
Block 610. A layer of indium tin oxide 130' and a current
spreading layer 330 may then be formed at Block 620. A layer
of'silicon dioxide, such as 0.5 pm of silicon dioxide, may be
blanket deposited to provide the transparent insulating layer
140 at Block 630. A via may be etched to expose the n-type
layer 112 and aluminum may be blanket deposited to provide
the reflective cathode contact 150, leaving a gap over the [TO
layer 130", at Block 640. TiNiAuSn pads 160 and 170 may be
deposited at Block 650. Other techniques may be used to
fabricate other structures according to various embodiments.
[0075] It should also be noted that in some alternate imple-
mentations, the functions/acts noted in the blocks may occur
out of the order noted in the flowcharts. For example, two
blocks shown in succession may in fact be executed substan-
tially concurrently or the blocks may sometimes be executed
in the reverse order, depending upon the functionality/acts
involved. Moreover, the functionality of a given block of the
flowcharts and/or block diagrams may be separated into mul-
tiple blocks and/or the functionality of two or more blocks of
the flowcharts and/or block diagrams may be at least partially
integrated. Finally, other blocks may be added/inserted
between the blocks that are illustrated.

[0076] FIGS. 7A and 7B are top and side cross-sectional
views, respectively, of LEDs according to still other embodi-
ments. These embodiments may be similar to embodiments
of FIG. 2, except that a reflective seed layer 750 is provided on
the barrier layer 210 and is used as a plating seed for plating
the anode pad 160 and the cathode pad 170 thereon. More-
over, the ohmic cathode contact may be provided by a portion
of the seed layer that directly contacts the diode region 110
according to any of the above-described embodiments. In
these embodiments, the reflective seed layer 750 may com-
prise successive layers of aluminum, titanium and copper,
while the pads 160 and 170 may comprise plated copper.
[0077] More specifically, embodiments of FIGS. 7A and
7B may be fabricated by fabricating the NiAg mirror 130' to
provide a p-type anode contact and by fabricating a barrier
region 210 on the NiAg mirror 130', as was described in
connection with FIG. 2. The diode region 110 is then etched
to reach the n-type layer 112 (not illustrated in FIG. 7A or
7B), and to also define the vias. A passivation layer 140 may
then be deposited and etched to expose the n-type region on
the floor of the via 118 and a portion of the barrier 210. A seed
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layer 750 may then be deposited, contacting the n-type region
and the barrier. The anode pad 160 and cathode pad 170 are
then plated on the seed layer 750 with a photo-lithographi-
cally defined gap 172 (for example about 75 pum wide)
between the anode and cathode pads. The portion of the seed
layer 750 in the gap 172 may then be etched such the extent of
the remaining seed layer is essentially the same as that of the
anode pad and cathode pad. The gap 172 may then be filled
with a gap filling layer 760, which may comprise polyimide,
for example. The silicon carbide substrate is then removed to
produce the final structure of FIG. 7B.

[0078] Accordingly, embodiments of FIGS. 7A and 7B can
provide an LED having reflective anode contacts 130, so that
the entire surface is reflective except for where the barriers
210 on are directly on the diode region 110. Thus, in embodi-
ments of FIG. 7A, the entire structure has a mirror, except for
the region immediately surrounding where the 16 vias 118
are. Moreover, in other embodiments, the seed layer 750 may
comprise a non-reflective metal (for example, to provide
improved ohmic contact to the n-type layer 112) with only a
small impact on the overall mirror reflectivity since the light
sees the seed layer only where the 16 vias 118 are.

[0079] FIGS. 8A-8C are cross-sectional views of opera-
tions that may be performed to remove the substrate 120
according to various embodiments. As shown in FIG. 8A,
operations to fabricate the LED as were described in connec-
tion with FIG. 7B may be performed on an LED epi 110 that
is on a growth substrate 120. As shown in FIG. 8B, a carrier
wafer 810, which may be semiconductor, glass and/or other
conventional carrier wafer, is bonded to the plated anode pad
160 and cathode pad 170 using a glue 820 or other bonding
material/technique. In FIG. 8C, the substrate 820 is removed,
and the outer face of the diode region 110 is textured to
provide the structure of FIG. 7B.

[0080] FIG. 9 is a cross-sectional view of a light emitting
diode according to yet other embodiments. In FIG. 9, a first
transparent anode contact 130" and a current spreading layer
330 are provided, as was described in connection with FIG. 3.
However, in embodiments of FIG. 9, a transparent cathode
contact 930 and current spreading layer 940 also may be
provided. The transparent cathode contact 930 ohmically
contacts the n-type layer 112 and extends on the first face
110a. The extent of the transparent anode contact 130' and the
transparent cathode contact 930 may be more or less than that
illustrated in FIG. 9. Moreover, the transparent cathode con-
tact 930 may comprise the same material as the transparent
anode contact 130". For example, indium tin oxide may be
used. In other embodiments, however, different transparent
materials may be used for the contacts 130" and 930. In still
other embodiments, the same material may be used but may
be deposited using different techniques and/or operating
parameters. Similarly, the two current spreading layers 330,
940, may be the same or different materials and may be
fabricated using the same or different processes.

[0081] Still referring to FIG. 9, a transparent insulating
layer 140 is provided that extends on the first face including
on the transparent anode contact 130" and on the transparent
cathode contact 930. A reflective layer 150 is provided on the
transparent insulating layer that substantially covers the first
face 110. The current spreading layer 330 may be provided
between the transparent anode contact 130" and the reflective
layer 150, and the current spreading layer 940 may be pro-
vided between the transparent cathode contact 930 and the
reflective layer 150. As was already described, the current
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spreading layers 330, 940 may be different portions of the
same layer. As also illustrated in FIG. 9, the reflective layer
150 may comprise first and second portions of a layer that are
connected to the respective current spreading layers 330, 940.
[0082] Embodiments of FIG. 9 may provide a reflective
layer 150 that substantially covers the first face. Moreover,
efficient light extraction may be provided because the trans-
parent anode contact 130" and the transparent cathode contact
930 may both comprise ITO that has an index of refraction of
about 1.9 and the transparent insulating layer 140 may com-
prise a material, such as silicon dioxide that has an index of
refraction of about 1.5, which is lower than ITO. Moreover,
when the diode region 110 is formed by Group Ill-nitrides,
such as gallium nitride, having an index of refraction of about
2.5, the transparent ITO layer 130", 940 and the transparent
insulating layer 140 may provide an index mismatch or index
step with the gallium nitride. Enhanced total internal reflec-
tion may thereby be provided by the stepped index hybrid
reflector compared to absence of the transparent insulating
layer 140 and the transparent ITO layers 130", 940. Further-
more, the transparent substrate 120 may comprise transparent
silicon carbide, which has an index of refraction of about 2.6.
Since the silicon carbide substrate 120 need not be conduct-
ing, it may be of high resistivity and be transparent. Moreover,
since the silicon carbide substrate 120 is index matched to the
gallium nitride diode region 110 (i.e., about the same index of
refraction), enhanced light extraction may be provided
through the beveled sidewalls 120a of the silicon carbide
substrate. Thus, the transparent silicon carbide substrate 120
can function as a light extractor, as well as a mechanical
and/or thermal substrate for the LED.

[0083] Finally, referring to FIG. 9, when the transparent
anode contact and the transparent cathode contact both com-
prise transparent conductive metal oxide, such as ITO, and
the reflective layer 150 comprises an elemental metal layer,
such as aluminum, the first face 110 can be free of direct
contact with elemental metal, whereas an elemental metal
reflector 150 can substantially cover the first face.

[0084] FIGS. 10A-10D and 10A'-10D' are cross-sectional
views and top plan views, respectively, of light emitting
diodes according to yet other embodiments during interme-
diate fabrication steps according to yet other embodiments.
These embodiments may only use one insulating layer, com-
pared to embodiments of FIG. 3.

[0085] Referring to FIGS. 10A and 10A', the diode region
110 including the n-type layer 112 and p-type layer 114 are
formed on a substrate 120. A p-type ohmic contact is then
formed. In FIGS. 10A and 10A', a transparent p-type ohmic
contact comprising ITO 130" is formed. In other embodi-
ments, a metal mirror/ohmic contact such as NiAg may be
formed. In this case, a barrier layer also may be formed, as
was described above, to reduce or prevent silver migration.
[0086] Referring now to FIGS. 10B and 10B', a p-current
spreading layer 330 is then formed when an ITO-type contact
is used.

[0087] Referring now to FIGS. 10C and 10C', silicon diox-
ide or another transparent insulating layer or combination of
layers 140 is blanket deposited, and then vias are opened to
the n-type layer 112 and to the current spreading layer 330.
[0088] Finally, referring to FIGS. 10D and 10D, a layer of
AU/Ti/N i/AuSn is deposited to form the anode and cathode
contacts 160 and 170, respectively. It will be understood that
it may be desirable for the titanium and nickel layers to be
appropriately thick to reduce or prevent mixing during reflow.
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Thicknesses of approximately 1000 A titanium and 1000 A
nickel may be used, in some embodiments. Moreover, gold
tin may not be needed. Rather, the contact stack may be
terminated by gold to facilitate other solder attachment.
[0089] It will also be understood that, although one
embodiment of a contact geometry illustrated in FIGS. 10D,
10D, other contact geometries may be provided, as shown in
FIG. 11. Yet other contact geometries may be provided based
on desired external connections.

[0090] FIG. 12 is a cross-sectional view of a light emitting
diode of FIG. 3 mounted on a mounting substrate in a flip-
chip configuration according to various embodiments. It will
also be understood that any of the other embodiments
described and/or illustrated herein may be mounted on a
mounting substrate in a flip-chip configuration.

[0091] Referring now to FIG. 12, a mounting substrate
1210, such as an insulating mounting substrate comprising,
for example, aluminum nitride (AIN), may be used to mount
the LED of FIG. 3 thereon in a flip-chip configuration, such
that the anode and cathode contacts 160 and 170 are adjacent
the mounting substrate 1210 and the diode region 110 is
remote from the mounting substrate 1210. Conductive traces
1216 and 1218 may be used to provide external connections
for the diode. The conductive traces 1216, 1218 may be
electrically and thermally connected to the contacts 160, 170
using solder or other die attach material 1220. Moreover, the
area occupied by the cathode contact 170 may be enlarged,
and in some embodiments maximized, whereas the area occu-
pied by the anode contact 160 may be reduced, and in some
embodiments minimized. By providing a large area for the
cathode contact 170, the cathode contact 170 may be directly
electrically coupled to a grounded copper slug 1214 or other
heat sink material, to provide enhanced thermal efficiency for
the package. An intervening electrically insulating layer that
could reduce thermal efficiency is not needed.

[0092] In flip-chip mounting an LED as illustrated in FIG.
12, the provision of a reflective structure, such as the reflec-
tive cathode contact 150 that covers substantially the entire
first face of the diode, and is configured to reflect substantially
all light that emerges from the first face back into the first face,
may be exceedingly beneficial. In particular, in a flip-chip
configuration, light that is not reflected back towards the first
face may be substantially lost, because the mounting sub-
strate 1210 may be substantially absorbing. Accordingly, to
enhance and/or maximize light emission through the sub-
strate 120 in a flip-chip configuration, it may be desirable to
increase or maximize the area of the first face that is covered
by the mirror using various embodiments described herein.
[0093] Itwill also be understood that other forms of mount-
ing substrates, such as metal core substrates, printed circuit
boards, lead frames and/or other conventional mounting sub-
strates, may be used to mount many of the embodiments
described herein in a flip-chip configuration.

[0094] Additional discussion of various embodiments of
the invention will now be provided. In particular, light emit-
ting diodes according to some embodiments can provide a
lateral flip-chip design. The substrate 120 can form the emit-
ting face of the diode, and may include light extraction
enhanced surfaces 1204 that include lenticular lenses or other
enhancement features. Moreover, the substrate 120 includes
beveled side edges 120a. A reflective contact 150 can sub-
stantially cover the p-type layer. The reflector 150 can include
multiple metal layers to increase the range of frequencies
reflected.
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[0095] Compared to conventional vertical LEDs, lateral
embodiments described herein can provide contacts on the
epitaxial layer that can be mated with metals that offer greater
reflectivity, such as aluminum. Moreover, when transparent
silicon carbide is used as a device substrate, its transparency
can be defined by the resistivity range of the silicon carbide.
Specifically, in most cases, silicon carbide crystals that con-
tain fewer dopant atoms, and thus have a higher resistivity,
will exhibit greater transparency than silicon carbide crystals
with more dopant atoms and higher conductivity. Vertical
devices generally use higher conductivity substrates. In ver-
tical designs, the desired higher conductivity substrates tend
to absorb more light and, thus, can reduce the external effi-
ciency of the LED. Accordingly, many vertical designs may
remove all or part of the silicon carbide substrate.

[0096] In sharp contrast, lateral designs according to vari-
ous embodiments, do not require conductive substrates. As a
result, these lateral designs can incorporate more transparent
(i.e., high resistivity) silicon carbide substrates, while still
demonstrating good forward voltage characteristics. For
example, the resistivity of greater than 0.5 Q-cm, and in some
embodiments greater than 1 Q-cm, may be provided. This
contrasts with vertical designs that may use a resistivity of
between about 0.08 Q-cm to about 0.2 Q-cm.

[0097] Various embodiments that were described herein
can provide a reflective structure that is configured to reflect
substantially all light that emerges from the diode region back
into the diode region. Such a reflective structure may be
extremely desirable for a flip-chip device, so as to reduce or
prevent absorption of the emitted radiation by the mounting
substrate. In particular, various technologies are known to
reduce absorption of light into a bond pad. For example, it is
known to provide reduced conductivity regions beneath a
bond pad to reduce light emission into a bond pad. It is also
known to reduce light emission into a bond pad by including
an insulating layer beneath a portion of a transparent conduc-
tive bond pad. It is also known to use reflective bond pads, as
described, for example, in U.S. Patent Application Publica-
tion 2007/0145380, to reflect light that strikes the bond pad.

[0098] Embodiments described herein can provide far
more than a reflective bond pad or reduced emission into a
bond pad. Rather, some embodiments described herein can
provide a reflective structure on the first face of the diode
region that can be configured to reflect substantially all light
that emerges from the first face back into the first face.
Accordingly, absorption by the mounting substrate can be
reduced or minimized. In fact, in some embodiments, bond
pad losses themselves may not be significant, because the
LED itself can have high extraction efficiency by reducing
multiple passes due to total internal reflection. Accordingly,
various embodiments described herein can do much more
than merely mitigate the insignificant light loss from the bond
pads.

[0099] Lateral designs can also provide more options for
positioning a desired mirror layer and the lateral design chips
can be mounted with the epitaxial layers up or down. Specifi-
cally, the epitaxial layer can be mounted closest to the mount-
ing structure with respect to the substrate or further from the
mounting structure with respect to the substrate. In circum-
stances where the epitaxial layers are placed on the mounting
structure (down), the mirror can be positioned on the epitaxial
side of the overall device. Moreover, through-silicon via
(TSV) technology, that is widely used with large scale inte-
grated circuit devices, can be used in various embodiments
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herein to bond a wafer with light emitting diodes to a silicon
wafer if desired. The silicon wafer can provide the supporting
structure when the silicon carbide substrate is ground to be
very thin (for example, less than about 50 um of silicon
carbide) or where the silicon carbide growth substrate is
completely removed. Bonding pads may then be provided on
the back ofthe TSV silicon wafer, substantially aligned to the
contacts pads ofthe LED to provide a mounting interface. The
TSVs can connect the pads on the LED with the pads on the
back of the silicon wafer.

[0100] Moreover, some embodiments as described herein
can provide an integrated contact stack that includes Al/Ti/
Ni/AuSn, with thicknesses of these layers according to some
embodiments having been described above. As also described
herein, the Al reflective layer can be separated from the Ti/Ni/
AuSn. Moreover, the actual bonding metal, for example
AuSn, may only need to be thick enough to provide a good
bond to whatever substrate the LED will be mounted to. Thus,
for metal deposition processes, the AuSn alloy may be sput-
tered, or sputtering and/or e-beam deposition may be used to
sputter individual AuSn layers. Some embodiments may use
athickness of between about 1 um to about 3 um but, in other
embodiments, thicker layers may be used. Moreover, in some
embodiments described above, copper may be thickly plated,
for example between about 20 pm and about 30 pm or even
thicker, to provide mechanical support.

[0101] Accordingly, some embodiments can provide bond
pad metal integration, to thereby allow for large area bonding
with relatively small gaps between the pads. For example,
gaps as small as about 30 pum or less between the AuSn anode
and cathode layers may be used without undue concern about
bridging. Ifthe termination uses Au rather than AuSn, solders,
pastes, preforms, etc. may be used, in which case it may be
desirable to provide either larger gaps between the contacts or
reduced pad areas to be bonded. However, in some embodi-
ments described herein, only flux may be needed, and the
alignment for dispensing may not be critical.

[0102] Accordingly, in some embodiments described
herein, gaps between the die attach surfaces may be reduced
in size to the size of the gap between the anode and cathode
contacts. In some embodiments, a gap of less than about 75
um may be provided and, in other embodiments, a gap of less
than about 50 um may be provided, which can provide excel-
lent mechanical integrity and efficient heat dissipation.
Accordingly, some embodiments described herein can pro-
vide an integrated reflective contact and heat sink, while
allowing a small gap between the die attach surfaces. The
LED can then be flip-chip mounted to a submount, such as
silicon, copper, aluminum and/or aluminum nitride with
traces (for a lead frame-based package), directly onto a lead
frame, or lead frame slug or onto a ceramic submount. Such
mounting schemes can provide efficient thermal conduction
paths away from the active layer.

[0103] Although some embodiments can provide advan-
tages with respect to lateral LEDs, other embodiments can
also enhance the external efficiency of vertical LEDs. More-
over, the light enhancement designs of various embodiments
can offer additional advantages based upon the refractive
index of silicon carbide. Specifically, the difference between
the refractive index of silicon carbide and air, and between
silicon carbide and most common encapsulants, is usually
greater than the difference between the refractive index of
other substrate materials (such as sapphire) and air or encap-
sulants. As a result, silicon carbide tends to retract and inter-
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nally reflect more light than do some other substrate materi-
als. Because of that, enhancing the light output characteristics
of the surfaces of silicon carbide-based diodes can have a
proportionally greater positive effect on the external quantum
efficiency of these devices.

[0104] Accordingly, some embodiments may use transpar-
ent silicon carbide (index of refraction of about 2.6) to extract
light from the GaN-based diode region (index of refraction of
about 2.5). Moreover, some embodiments may use ITO (in-
dex of refraction of about 1.9) and silicon dioxide (index of
refraction of about 1.5) to couple between the GaN (index of
refraction of about 2.5) and the reflective layer (such as alu-
minum). Accordingly, robust electrical, thermal and optical
properties may be provided.

[0105] Many different embodiments have been disclosed
herein, in connection with the above description and the
drawings. It will be understood that it would be unduly rep-
etitious and obfuscating to literally describe and illustrate
every combination and subcombination of these embodi-
ments. Accordingly, the present specification, including the
drawings, shall be construed to constitute a complete written
description of all combinations and subcombinations of the
embodiments described herein, and of the manner and pro-
cess of making and using them, and shall support claims to
any such combination or subcombination.

[0106] In the drawings and specification, there have been
disclosed embodiments of the invention and, although spe-
cific terms are employed, they are used in a generic and
descriptive sense only and not for purposes of limitation, the
scope of the invention being set forth in the following claims.

What is claimed is:

1. A light emitting diode comprising:

a diode region having first and second opposing faces and

including therein an n-type layer and a p-type layer;

an anode contact that ohmically contacts the p-type layer

and extends on the first face;

a transparent insulating layer that extends on the first face

outside the anode contact; and

a reflective cathode contact that electrically contacts the

n-type layer and that extends through the transparent
insulating layer and onto the transparent insulating layer
that is outside the anode contact, to cover substantially
all of the first face that is outside the anode contact with
the reflective cathode contact.

2. A light emitting diode according to claim 1 wherein the
transparent insulating layer also extends onto the anode con-
tact and wherein the reflective cathode contact also extends
onto the transparent insulating layer that is on the anode
contact, to cover substantially all of the first face that is
outside the anode contact with the reflective cathode contact,
and to also cover at least a portion of the anode contact with
the reflective cathode contact.

3. A light emitting diode according to claim 1 further
comprising a via that extends into the first face to expose the
n-type layer, wherein the transparent insulating layer extends
into the via and wherein the reflective cathode contact also
extends on the transparent insulating layer into the via to
electrically contact the n-type layer that is exposed in the via.

4. A light emitting diode according to claim 1 wherein the
anode contact comprises a reflective anode contact that ohmi-
cally contacts the p-type layer and extends on the first face.

5. A light emitting diode according to claim 4 wherein the
reflective anode contact includes sidewalls, the light emitting
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diode further comprising a barrier layer on the reflective
anode contact including on the sidewalls thereof.

6. A light emitting diode according to claim 1 wherein the
anode contact comprises a transparent anode contact that
ohmically contacts the p-type layer and extends on the first
face.

7. A light emitting diode according to claim 6 further
comprising a current spreading layer on a portion of the
transparent anode contact.

8. A light emitting diode according to claim 6 wherein the
transparent insulating layer extends onto the transparent
anode contact and wherein the reflective cathode contact also
extends onto the transparent insulating layer that is on the
transparent anode contact, to cover at least a portion of the
transparent anode contact with the reflective cathode contact.

9. A light emitting diode according to claim 7 wherein the
transparent insulating layer extends onto the transparent
anode contact that is outside the portion and wherein the
reflective cathode contact also extends onto the transparent
insulating layer that is on the transparent anode contact out-
side the portion, to cover the transparent anode contact that is
outside the portion with the reflective cathode contact.

10. A light emitting diode according to claim 1 further
comprising:

an anode pad that is electrically connected to the anode

contact; and

a cathode pad that is electrically connected to the reflective

cathode contact;

the anode and cathode pads extending on the first face in

closely spaced apart relation to one another to define a
gap therebetween.

11. A light emitting diode according to claim 10 wherein
the anode pad and the cathode pad both extend on the reflec-
tive anode contact and wherein the reflective anode contact
includes a break therein corresponding to the gap;

the light emitting diode further comprising a reflective

layer that is insulated from the anode pad and/or the
cathode pad and that extends across the break.

12. A light emitting diode according to claim 10 further
comprising a mounting substrate and wherein the light emit-
ting diode is flip-chip mounted on the mounting substrate
such that the anode and cathode pads are adjacent the mount-
ing substrate and the diode region is remote from the mount-
ing substrate.

13. A light emitting diode according to claim 1 further
comprising a transparent substrate on the second face.

14. A light emitting diode according to claim 13 wherein
the transparent substrate includes an outer face that is remote
from the diode region, the outer face being differently tex-
tured in a first portion thereof than a second portion thereof so
as to provide an orientation indicator for the light emitting
diode.

15. A light emitting diode according to claim 1:

wherein the diode region comprises a Group IlI-nitride;

wherein the transparent insulating layer comprises silicon

dioxide; and

wherein the reflective cathode contact comprises alumi-

num.

16. A light emitting diode according to claim 4:

wherein the diode region comprises a Group IlI-nitride;

wherein the transparent insulating layer comprises silicon

dioxide;

wherein the reflective cathode contact comprises alumi-

num; and
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wherein the reflective anode contact comprises nickel and

silver.

17. A light emitting diode according to claim 6:

wherein the diode region comprises a Group I1I-nitride;

wherein the transparent insulating layer comprises silicon

dioxide;

wherein the reflective cathode contact comprises alumi-

num; and

wherein the transparent anode contact comprises indium

tin oxide.

18. A light emitting diode according to claim 12:

wherein the diode region comprises a Group I1I-nitride;

wherein the transparent insulating layer comprises silicon

dioxide;

wherein the reflective cathode contact comprises alumi-

num; and

wherein the transparent substrate comprises silicon car-

bide.

19. A light emitting diode according to claim 10 wherein
the reflective cathode contact also provides a plating seed
layer for the anode and cathode pads and wherein the anode
and cathode pads are plated anode and cathode pads on the
seed layer.

20. A light emitting diode according to claim 1 wherein the
reflective cathode contact directly ohmically contacts the
n-type layer.

21. A light emitting diode according to claim 1 further
comprising an ohmic contact that directly ohmically contacts
the n-type layer, wherein the reflective cathode contact is on
the ohmic contact.

22. A light emitting diode according to claim 21:

wherein the diode region comprises Group I1l-nitride;

wherein the transparent insulating layer comprises silicon

dioxide;

wherein the ohmic contact comprises titanium; and

wherein the reflective anode contact comprises nickel and

silver.

23. A light emitting diode according to claim 16 further
comprising a transparent substrate that comprises silicon car-
bide on the second face.

24. A light emitting diode according to claim 1 wherein the
transparent insulating layer comprises a plurality of transpar-
ent sublayers.

25. A light emitting diode comprising:

a diode region having first and second opposing faces and

including therein an n-type layer and a p-type layer;

an anode contact that ohmically contacts the p-type layer

and extends on the first face; and

a cathode contact that ohmically contacts the n-type layer

and also extends on the first face;

wherein the anode contact and/or the cathode contact fur-

ther comprise a reflective structure on the first face that
is configured to reflect substantially all light that
emerges from the first face back into the first face.

26. A light emitting diode according to claim 25 wherein
the reflective structure reflects the light that emerges from at
least 90% of an area of the first face back into the first face.

27. A light emitting diode according to claim 26 wherein
the reflective structure is configured to reflect at least 90% of
the light that impinges thereon back into the first face.

28. A light emitting diode according to claim 25 wherein
the reflective structure comprises a reflective surface of the
anode contact that ohmically contacts the p-type layer, a
reflective surface of the cathode contact and a reflective sur-

Nov. 19, 2009

face of an extension of the cathode contact that extends
between the reflective surface of the anode contact that ohmi-
cally contacts the p-type layer and the reflective surface of the
cathode contact.

29. A light emitting diode according to claim 28 further
comprising a barrier layer on the anode contact including on
sidewalls thereof, wherein the reflective structure reflects
substantially all the light that emerges from the first face back
into the first face except for light that is absorbed by the
barrier layer on the sidewalls of the anode contact.

30. A light emitting diode according to claim 25 wherein
the anode contact is transparent and wherein the reflective
structure comprises a reflective surface of the cathode contact
that ohmically contacts the n-type layer and a reflective sur-
face of an extension of the cathode contact that extends onto
the transparent anode contact.

31. A light emitting diode according to claim 30 further
comprising a current spreading layer on the transparent anode
contact, wherein the reflective structure reflects all the light
that emerges from the first face back into the first face except
for light that is absorbed by the current spreading layer on the
transparent anode contact.

32. A light emitting diode according to claim 25 further
comprising:

an anode pad that is electrically connected to the anode

contact; and

a cathode pad that is electrically connected to the reflective

cathode contact;

the anode and cathode pads extending on the first face in

closely spaced apart relation to one another to define a
gap therebetween.

33. A light emitting diode according to claim 32 further
comprising a mounting substrate and wherein the light emit-
ting diode is flip-chip mounted on the mounting substrate
such that the anode and cathode pads are adjacent the mount-
ing substrate and the diode region is remote from the mount-
ing substrate.

34. A light emitting diode comprising:

a diode region having first and second opposing faces and

including therein an n-type layer and a p-type layer;

a reflective anode contact that ohmically contacts the

p-type layer and extends on the first face; and

a reflective cathode contact that ohmically contacts the

n-type layer and that extends on the first face, wherein
the reflective anode contact and the reflective cathode
contact are configured to collectively reflect substan-
tially all light that emerges from the first face back into
the first face.

35. A light emitting diode according to claim 34 wherein
the reflective anode contact comprises a reflective layer that
ohmically contacts the p-type layer and extends on the first
face, and a barrier layer on the reflective layer including on
the sidewalls thereof.

36. A light emitting diode according to claim 34 wherein
the reflective cathode contact comprises:

a transparent insulating layer that extends on the first face

outside the anode contact; and

a reflective layer that electrically contacts the n-type layer

and that extends through the transparent insulating layer
and onto the transparent insulating layer that is outside
the anode contact.

37. A light emitting diode according to claim 36 wherein
the transparent insulating layer also extends onto the anode
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contact and wherein the reflective layer also extends onto the
transparent insulating layer that is on the anode contact.

38. A light emitting diode according to claim 36 further
comprising a via that extends into the first face to expose the
n-type layer, wherein the transparent insulating layer extends
into the via and wherein the reflective layer also extends on
the transparent insulating layer into the via to electrically
contact the n-type layer that is exposed in the via.

39. A light emitting diode comprising:

a diode region having first and second opposing faces and

including therein an n-type layer and a p-type layer;

a transparent anode contact that ohmically contacts the
p-type layer and extends on the first face;

a transparent cathode contact that ohmically contacts the
n-type layer and that extends on the first face;

a transparent insulating layer that extends on the first face
including on the transparent anode contact and the trans-
parent cathode contact; and

a reflective layer that is on the transparent insulating layer
and that substantially covers the first face.

40. A light emitting diode according to claim 39 further
comprising a current spreading layer between the transparent
anode contact and the reflective layer and between the trans-
parent cathode contact and the reflective layer.

41. A light emitting diode according to claim 40 wherein
the reflective layer comprises first and second portions,
wherein the current spreading layer between the transparent
anode contact and the reflective layer electrically connects the
transparent anode contact to the first portion and wherein the
current spreading layer between the transparent cathode con-
tact and the reflective layer electrically connects the transpar-
ent cathode contact to the second portion.

42. A light emitting diode according to claim 39 wherein
the transparent anode contact and the transparent cathode
contact both comprise indium tin oxide and wherein the trans-
parent insulating layer comprises material that has an index of
refraction lower than indium tin oxide.

43. A light emitting diode according to claim 39 further
comprising a transparent substrate on the second face that has
an index of refraction that is about the same as the diode
region.

44. A light emitting diode according to claim 39 wherein
the transparent anode contact and the transparent cathode
contact both comprise transparent conductive metal oxide

Nov. 19, 2009

and wherein the reflective layer comprises an elemental metal
layer that is spaced apart from the first face such that the first
face is free of direct contact with elemental metal.

45. A method of fabricating a light emitting diode compris-
ing:

etching a via through a p-type layer at a first face of a diode

region to expose an n-type layer therein;

forming an anode contact on the first face that ohmically

contacts the p-type layer;
forming a transparent insulating layer on sidewalls of the
via and extending onto the first face outside the via; and

forming a reflective cathode contact that ohmically con-
tacts the n-type layer on a floor of the via and that extends
on the transparent layer that is on the sidewalls of the via
and on the transparent layer that is on the first face
outside the via, to cover substantially all of the first face
that is outside the anode contact with the reflective cath-
ode contact.

46. A method according to claim 45 wherein forming an
anode contact comprises forming a transparent anode contact
that ohmically contacts the p-type layer and extends on the
first face.

47. A method according to claim 46 wherein forming a
transparent anode contact is followed by forming a current
spreading layer on a portion of the transparent anode contact.

48. A method according to claim 46 wherein forming a
transparent insulating layer father comprises forming the
transparent insulating layer to extend on the transparent
anode contact and wherein forming the reflective contact
comprises forming the reflective contact to extend on the
transparent insulating layer that is on the transparent anode
contact.

49. A method according to claim 45 wherein forming an
anode contact comprises forming a reflective layer that ohmi-
cally contacts the p-type layer and extends on the first face,
and forming a barrier layer on the reflective layer including on
the sidewalls thereof.

50. A method according to claim 45 wherein forming a
transparent insulating layer comprises blanket forming a
transparent insulating layer, and opening vias in the transpar-
ent insulating layer that extend to the n-type layer and to the

p-type layer.
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