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(57) Abstract: A method and resulting structures
are disclosed for fabricating a high efficiency high
extraction light emitting diode suitable for packaging.
The method includes the steps of adding a light emit-
ting active portion of wide-bandgap semiconductor
material to a conductive silicon carbide substrate,
joining the added active portion to a conductive
sub-mounting structure, and removing a portion of
the silicon carbide substrate opposite the added active
portion to thereby reduce the overall thickness of the
joined substrate, active portion and sub-mounting
structure. The resulting the sub-mounting structure
can be joined to a lead frame with the active portion

positioned between the silicon carbide substrate and the sub-mounting structure to thereby use the sub-mounting structure to
separate the active portion from the lead frame and avoid undesired electrical contact between the active portion and the lead frame.
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HIGH EFFICIENCY GROUP III NITRIDE-SILICON CARBIDE LIGHT
EMITTING DIODE

Background
[0001] The present invention relates to light emitting diodes (“LEDs”) and in

particular relates to high-brightness light emitting diodes formed from Group III
nitride active structures on silicon carbide substrates.

[0002] In general, light emitting diodes represent one class of photonic devices that
are commercially well-established for numerous applications. For the first few
decades of the semiconductor era, however, such light emitting diode applications
(although numerous and successful) were limited to relatively low-intensity
applications such as indicator lights or small displays (e.g., handheld calculators).
One reason for such limited application was based in the available semiconductor
materials, most typically silicon (Si) and gallium arsenide (GaAs). Basically, and as
well-understood in this art, a light emitting diode emits light based upon the
recombination of electrons and holes under the influence of an applied bias across a p-
n junction. Because the frequency (and thus the wavelength) of emitted light is
directly related to the energy of the transition leading to the recombination (E = hv),
the frequency of light emitted by a light emitting diode is based upon (and ultimately
limited by) the material’s bandgap.

[0003] In that regard, GaAs has a bandgap of 1.4 electron volts (eV). Accordingly,
the highest-energy transitions that GaAs can produce are in the red, orange and yellow
portions of the visible spectrum.

[0004] A number of commonly assigned patents and co-pending patent applications
likewise discuss the theory and nature of light emitting diodes, including but not
limited to U.S. Patent Nos. 6,459,100; 6,373,077; 6,201,262;-6,187,606; 5,912,477,
5,416,342; and 5,838,706; and Published U.S. Applications Nos. 20020022290;
20020093020; and 20020123164.

[0005] In order to further commercialize light emitting diode applications, however,
colors other than red, orange and yellow must be available. Specifically blue and
green light emitting diodes are required (along with red diodes) to create white light
or full color displays. Because these colors represent higher-energy portions of the

visible spectrum, they require larger transitions than the bandgaps of silicon or
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gallium arsenide can provide. Thus, in the last two decades, significant interest has
been developed—and progress generated—in a wider bandgap materials such as
silicon carbide (2.99 eV for the 6H polytype) and the Group III nitride’s (e.g., 3.36 eV
for gallium nitride). The Group III nitrides are particularly preferred because they are
<“direct” (and thus higher-efficiency) emitters.
[0006] In addition to providing blue, green, or white light (as well as emissions in the
ultraviolet range), the Group III nitride light emitting diodes have the potential to
provide replacement for long-standing illumination technologies such as incandescent
and fluorescent lighting. In comparison to such mature technologies, light emitting
diodes (“solid-state lighting”) are longer-lasting, physically more rugged, use less
power, and are more efficient. Historically, however, LEDs have lacked brightness
comparable to incandescent, fluorescent or vapor-discharge lights and thus these older
technologies have continued to occupy the field. Only recently, have white LEDs (or
LED-based white-emitting devices) begun to make inroads into commercial lighting
applications, with most of these being in smaller applications such as flashlights and
related items.
[0007] It will be understood of course that a single diode will not produce a white
emission because white light is a combination of non-white frequencies. In some
LED applications, however, a blue or UV-emitting LED can be used in conjunction
with a phosphor to produce white light from a single diode source.
[0008] In commercial embodiments of light emitting diodes (e.g., the XBRIGHT™
diodes offered by the assignee herein; Cree, Inc.; Durham, North Carolina) recent
advances have included an inverted device design. U.S. Patent No. 6,740,906
discusses aspects of this design as does U.S. Patent Application Publication No.
20020123164. In this type of design, the Group III active layers are grown (typically
epitaxially) on a silicon carbide substrate. Light emitting diodes of this type are then
mounted with their epitaxial layers (“epilayers”) “down” rather than “up”; i.e., the
silicon carbide portions forms the display face of the mounted device while the
epitaxial layers are mounted to and face a circuit or wiring most typically referred to
as a “lead frame” that provides the electrical connection to the diode. The silicon
carbide-up orientation increases light extraction from the device as set forth in the

‘906 patent and the ‘164 publication.
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[0009] Silicon carbide can also be conductively doped. This provides advantages in
comparison to sapphire based Group III nitride diodes. Because sapphire is an
insulator, two top ‘wire bonds are typically required to mount a working sapphire-
based diode. In comparison, silicon carbide devices can be “vertically” oriented; i.e.,
with ohmic contacts on opposite ends of the device. Such vertical orientation is
directly analogous to diodes formed in other conductive semiconductor materials such
as gallium arsenid e (GaAs), and thus the same mounting orientations and techniques
can be used.

[0010] Although these “inverted” devices have successfully provided significant
practical and commercial improvements, their “epilayer-down” orientation requires
different, and to some extent more sophisticated, mounting on lead frames. In
particular, because the active portion (p-n junction, multiple quantum well, etc.) is
positioned closely adjacent to the lead frame, avoiding short circuits or other
undesired interactions between the active portion and lead frame becomes more
difficult.

[0011] For example, conventional LEDs (including Group III nitride on SiC devices)
are often mounted on the lead frame using conductive silver epoxy. Silver epoxy is a
mixture of more than about 50 percent by weight of microscopic silver particles with
epoxy resin precursors. When used to connect electronic devices to circuits (or circuit
boards) the silver epoxy provides flexibility, relative ease of handling, conductivity
and good heat transfer properties. Because silver epoxy is (purposely) applied as a
viscous liquid, it can and will flow accordingly and, unless other steps are taken, will
tend to surround lower portions of any diode mounted with it. As noted above, if the
active portions are adjacent the lead frame, the flowing silver epoxy can contact the
active portion and cause short circuiting or other undesired interactions.

[0012] As a result, many conventional light emitting diode mounting techniques are
either too difficult, too unreliable or simply unavailable for inverted Group III nitride
silicon carbide devices. Other specific techniques should or must be incorporated to
avoid these problems.

[0013] As another potential solution, the inverted device can be positioned on some
sort of sub-structure, with the sub-structure being attached to the lead frame.
Examples include U.S. Patent Application Publication No. 20030213965. The sub-
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structure is included to add sufficient thickness to remove the active portions farther
from the lead frame and its silver epoxy or related materials. As set forth in No.
20030213965, however, soldering the device to a substructure can undesirably tilt the
device with respect to the sub-structure and thereby exacerbate the short-circuiting
problem.
[0014] As another problem, the extra thickness resulting from the presence of the
substructure is also a disadvantage, because manufacturers of end-use products

2

frequently demand smaller and smaaller—including “thinner’

light emitting diodes.
Such demand includes, for example, flat-panel displays on small devices such as
cellular phones and personal digital assistants (“PDAs”).

[0015] Accordingly, it remains a continuing goal to increase the current capacity,
light output (power) and light extraction (geometry) capabilities of inverted light
emitting diodes while concurrentl'y reducing their size and particularly reducing their
thickness. It remains a similar goal to produce such diodes in designs that can be
conveniently incorporated into lead frames, packages and circuits in a manner similar

or identical to related diodes.

Summary
[0016] In one aspect, the invention is a wafer structure for high-efficiency inverted

chip light emitting diode precursors. The wafer structure comprises a conductive
silicon carbide substrate wafer, at least one light-emitting active layer on the substrate,
at least one metal contact layer on the light emitting layer, a conductive sub-mounting
structure on the metal contact layer, a plurality of ohmic contacts on the surface of the
conductive silicon carbide substrate that is opposite from the light emitting active
layer, and with the ohmic contacts defining a plurality of light emitting diode
precursors.

[0017] In another aspect the invention is a method of fabricating and mounting a light
emitting diode for high efficiency and extraction. In this aspect, the method
comprises adding a light emitting active portion of wide-bandgap semiconductor
material to a conductive silicon carbide substrate, joining the added active portion to a
conductive sub-mounting structuxe, and removing a portion of the silicon carbide

substrate opposite the added active portion to thereby reduce the overall thickness of
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the joined substrate, active portion and sub-mounting structure. The resulting sub-
mounting structure can be joined to a lead frame with the active portion positioned
between the silicon carbide substrate and the sub-mounting structure to thereby use
the sub-mounting structure to separate the active portion from the lead frame and
avoid undesired electrical contact between the active portion and the lead frame.
[0018] In yet another aspect the method comprises adding a light emitting active layer
of wide-bandgap semiconductor material to a conductive silicon carbide substrate
wafer, adding at least one metal contact layer to the added active layers, joining the
metal contact layer to a conductive sub-mounting wafer, removing a portion of the
silicon carbide substrate wafer opposite the added active layers to thereby reduce the
overall thickness of the joined wafers, adding ohmic contacts to the reduced silicon
carbide substrate wafer and to the sub-mounting wafer to thereby define a plurality of
individual diode precursors, separating the diode precursors into individual diodes,
and joining the sub-mounting portion of the separated diodes to respective lead frames
with the active layers positioned between the silicon carbide substrate and the sub-
mounting structure to thereby use the sub-mounting structure to separate the active
layers from the lead frame and avoid undesired electrical contact between the active
layers and the lead frame.
[0019] In yet another aspect, the method comprises adding a light emitting active
layer of wide-bandgap semiconductor material to a conductive silicon carbide
substrate wafer, joining the added active layer to a conductive sub-mounting wafer,
adding ohmic contacts to the reduced silicon carbide substrate wafer and to the sub-
mounting wafer to thereby define a plurality of individual diode precursors, separating
the diode precursors into individual diodes, and joining the sub-mounting portion of
the separated diodes to respective lead frames with the active layers positioned
between the silicon carbide substrate and the sub-mounting structure to thereby use
the sub-mounting structure to separate the active layers from the lead frame and avoid
undesired electrical contact between the active layers and the lead frame.
[0020] The foregoing and other objects and advantages of the invention and the
manner in which the same are accomplished will become clearer based on the

followed detailed description taken in conjunction with the accompanying drawings.
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Brief Description of the Drawings

[0021] Figures 1 through 19 are schematic cross-sectional illustrations of the method
steps of the invention and the resulting structures.

[0022] Figure 20 is an emission plot taken from a current commercially-available
diode in which the silicon carbide substrate forms the emission face.

[0023] Figures 21 through 24 are corresponding emission plots taken from diodes
according to the present invention.

[0024] Figures 25-29 and 31-33 are scanning electron microscope (SEM)
photographs of diode portions illustrating aspects of the present invention.

[0025] Figure 30 is an x-ray spectrum corresponding to an analysis of portions of the
diode illustrated in Figure 29.

Detailed Description

[0026] In a broad sense the invention is an aluminum indium gallium nitride based
light emitting region sandwiched between a semiconducting or conducting substrate
and a thin silicon carbide layer. When mounted, the conducting substrate forms the
bottom of the device and this bottom portion has a thickness adequate to allow the use
of epoxy pastes for chip attachment into a package. The upper silicon carbide layer is
thin enough to limit the final device thickness to less than about 1 50 pm, which is
adequate for most surface mount light emitting diode applications. This results in a
thin, high-brightness light emitting diode chip with low forward v-oltage that can be
attached by the manufacturer with standard electrically conductin g epoxy pastes and
that has a single wire bond on top. The design results in a more Larhbertian emitting
pattern. As a result, coupling to a phosphor for conversion to white light is expected
to be more efficient over the use of currently available silicon carbide-based chips.
The invention also allows for increasing size without the loss of efficiency.

[0027] The invention has application for light emitting diode displays, indicators,
light conversion, small and large chips, and any other light emitting diode
applications.

[0028] Certain method aspects of the invention are illustrated in Figures 1 through 19.
Although Figures 1-19 do not illustrate every conceivable step, and although the
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method can be described in fewer steps then illustrated in Figures 1-19, it will be
understood that Figures 1-19 provide the skiiled person with the information
necessary to practice the information without undue experimentation. Similarly,
Figures 1-19 are schematic, and not to scale.
[0029] Figure 1 illustrates that the method can be described as starting with a
conductive silicon carbide wafer 20, preferably n-type, upon which the desired or
necessary active layers are then fabricated. As will be described further herein,
Figure 1 illustrates a “thick” silicon carbide wafer 20 which will later be trimmed for
purposes to be described herein. As used herein, the term “thick” refers to a wafer
with a thickness on the order of about 250-500 um. Alternatively, the method could
start with a “thinner” wafer having a thickness of about 75- 125 pm. A thicker wafer
provides greater structural strength during a number of the steps described herein.
Alternatively, the use of a thinner wafer, although less mechanically robust, can
eliminate the steps described herein in which the substrate thickness is reduced.
[0030] Figure 2 illustrates two epitaxial active layers 21 and 22 as added to the
substrate 20. In preferred embodiments these layers are n-type (21) and p-type (22)
respectively. It will be understood, of course, that a number of different arrangements
of one or more active layers (i.e., those layers in which the light-generating transitioras
occur) can be incorporated in devices of this type and that the illustrated active layer
structure, although exemplary, is not limiting of the invention and that additional
layers or and combinations of layers can be incorporated. Such layers and
combinations can include buffer layers (usually adjacent the silicon carbide substrate),
contact layers (e.g. p-GaN layers that enhance ohmic behavior at p-side contacts), an.d
more complex active structures such as multiple quantum wells and superlattice
structures. As used herein, the term “active layer structure” refers to a semiconductor
structure that emits light when a current is applied. Typically, but not exclusively,
some form of p-n junction structure is included. Figure 2 illustrates two layers (one p-
type and one n-type) as being a basic junction structure for an LED.
[0031] Figure 3 illustrates the addition of one or more respective metal layers to the
junction (epitaxial) side of the device. Two metal layers 23 and 24 are illustrated and
it will be understood that these can be selected as desired or necessary from among

those metals (or alloys or layered combinations of metals) that are best for light
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reflection and ohmic contact purposes in conjunction with the Group III nitride
active layers 21 and 22. It will be understood that although two metal layers 23, 24
are illustrated, such is exemplary rather than limiting of the invention and the number
of layers can be increased for various purposes as desired or necessary consistent with
the other objects of the invention. In this regard, Figures 15-19 expand upon the
description of the metal layers. As another example, and as will be described with
respect to Figure 8, this metal-deposition step can include the step of adding an etch-
stop metal.
[0032] Figure 4 is inverted with respect to Figure 3 in order to illustrate the next step
in which the device side of the structure is mounted to a second conductive wafer 26
or an equivalent multi-layer or composite structure. The second conductive wafer 26
is preferably attached to the metal layers 23 and 24 using a solder bond illustrated at
25 using pressure and heat with a solder layer 25 being first deposited on either the
original wafer 20 (adjacent the metal layers 23 and 24) or on the second wafer 26 or
both (e.g. Figures 16-19). The purpose of the second substrate wafer 26 is to support
the structure for later mounting and grinding and to form a portion of the final device
structure. Thus the wafer 26 must be sufficiently thick to serve this purpose, with
presently preferred thicknesses being on the order of about 250 pm. It will be
understood, however, that in a manner analogous to the original silicon carbide wafer
20, the second substrate wafer 26 can also be a thin wafer to start with, for example,
on the order of 75 to 100 pm.
[0033] If both the original conductive wafer 20 and the second substrate wafer 26 are
“thin” to start with, it will be understood that neither will need to be trimmed any
further in the following steps described herein. Thinner substrates are, however,
weaker in accordance with well understood principles of mechanical strengths of
objects with respect to their geometric sizes and proportions. Thus, the use of
“thicker” wafers combined with thinning steps is presently preferred.
[0034] Figure 5 illustrates the structure after the original silicon carbide substrate 20
has been mechanically thinned to a desired thickness, which is presently on the order
of about 10-50 um. As just noted, the process (e.g., Figures 1-4) can start with a thin

substrate that acquires no further reduction. In preferred embodiments, however, the
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original silicon carbide wafer 20 has a thickness sufficient to ease the fabrication
steps illustrated in Figures 1 through 4.
[0035] Figure 6 illustrates an optional embodiment of the device in which the thinned
silicon carbide substrate 20 is shaped or textured to produce a lenticular surface 27 for
desired light extraction purposes. A number of texturing options are set forth in U.S.
Patent Application Publication No. 20020123164 and thus will not be described in
further detail herein. These can, however, be practiced by those of skill in this art
without undue experimentation.
[0036] As illustrated in Figure 7, in the next step a plurality of ohmic contacts 30
representing a plurality of device precursors are added to the side of the silicon
carbide substrate 20 opposite the epilayers 21 and 22. It will be understood that if the
original substrate 20 carries a textured surface 27, then the portion of the substrate 20
underneath the ohmic contacts 30 need not carry such texturing.
[0037] Figure 8 schematically illustrates (with the vertical dotted lines) the step of
dividing the original silicon carbide substrate wafer 20 into individual device
precursors that are broadly designated at 31. The dividing step can be carried out by
any appropriate technique that otherwise avoids interfering with the remaining
process steps or with the resulting precursors or the finished devices. Exemplary
methods include mechanical sawing, laser cutting, etching and water-jet cutting. Each
of these is generally well-understood and can be practiced without undue
experimentation by those of ordinary skill in this art. Figure 8 also illustrates that, if
desired, an etch stop layer can be included when the metal layers 23 and 24 are
originally added (Figure 3) to help control the depth and distance to which the etch is
carried in the step illustrated in Figure 8. Such an etch stop layer is conductive and
can be formed from an appropriate conductive oxide such as indium tin oxide
(typically InyO3/Sn0O,). Although the scale and schematic nature of Figure 8 do not
illustrate an etch-stop layer per se, one exemplary position would be between the
layers illustrated at 24 and 25 in Figure 8.
[0038] Additionally, although not illustrated in these schematic Figures, the divided
edges of the device precursors 31 that result from the etching, can be passivated
(typically with silicon oxide or silicon nitride) to isolate and protect the junctions or

other necessary portions of the active layers 21 and 22.
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[0039] As another option that is not illustrated at this point in these drawings, the
ohmic contact that is later illustrated as 33 in Figure 11 can be added at this step
provided that no subsequent thinning of the second substrate wafer 26 is required or
carried out.

[0040] Figure 9 illustrates the next step in which the original substrate 20 side of the
composite structure is attached to a temporary carrier 32. The temporary carrier 32
can be any structure that serves the intended purpose without otherwise interfering
with the other method steps or with the resulting device precursors or devices.
Typically, the temporary carrier 32 comprises a planar support that is sufficiently
rigid for the task and that carries a temporary (i.e., releasable) bonding media. The
temporary carrier 32 can comprise another substrate or grinding tape, both of which
are widely available and well understood in this art and can be practiced without
undue experimentation.

[0041] Figure 10 illustrates that the purpose of adding the temporary carrier is to
provide the opportunity for thinning the second conductive wafer 26 (or an equivalent
composite structure) to the desired thickness of between about 75 and 125 pm.
Although the Figures are schematic, a comparison between Figure 4 and Figure 10
also illustrates a significant reduction in the overall thickness of the structure formed
by and between the substrates 20 and 26.

[0042] Figure 11 illustrates the step of forming an ohmic contact 33 to the second
substrate 26 (or its equivalent structure). The selection of metals for the ohmic
contact and the method of forming the ohmic contact are generally well understood in
this art and can be selected as desired provided that they are functionally consistent
with the remainder of the method steps described herein.

[0043] Figure 12 illustrates the composite structure and the device precursors 31 after
they have been removed from the temporary carrier 32. When the composite structure
is in the stage of manufacture illustrated in Figure 12, the individual devices are
tested, typically by probing in a manner well understood in this art to either confirm
their operation or to identify those that (for whatever reason) were not formed
correctly and will not operate. Those of ordinary skill in this art are well aware, of

course, that on a typical wafer that can include dozens, hundreds, or even thousands
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of device precursors, the failure of a small percentage is entirely normal and
expected under typical manufacturing conditions.
[0044] Figure 13 illustrates the last step in which the devices are separated into
individual diode structures one of which is broadly designated as 31.
[0045] In another aspect, the invention is a wafer structure for high-efficiency
inverted chip light emitting diode precursors. In this aspect, the invention comprises
the conductive silicon carbide substrate wafer 20, with at least one light-emitting
active layer on the substrate wafer. Figure 2 illustrates two such layers at 21 and 22.
At least one metal contact layer is on the light emitting layer and Figure 3 illustrates
an embodiment with two metal layers 23 and 24 on the epitaxial layer 22. A
conductive sub-mounting structure 26 (Figure 4) is on the metal contact layer, and is
typically selected from the group consisting of metals and semiconductors, with
silicon carbide being preferred.
[0046] In preferred embodiments the sub-mounting structure includes yet another
metal solder layer 25 for attaching the sub-mounting structure to the silicon carbide
wafer 20 and its epitaxial and metal layers. The metal layers can also be or include a
mirror layer (i.e., a highly reflective metal) and can include etch stop metals for the
purposes described with respect to the method aspects of the invention.
[0047] A plurality of ohmic contacts 30 are on the surface of the conductive silicon
carbide substrate that is opposite from the light emitting active layers 21 and 22, with
the ohmic contacts defining a plurality of light emitting diode precursors broadly
designated at 31. Similarly, and as illustrated in Figures 11 and 12, the conductive
sub-mounting structure carries another ohmic contact 33 opposite from the metal
contact layers 23 and 24.
[0048] In a related embodiment that is schematically illustrated in Figures 8-12, the
conductive silicon carbide substrate wafer 20 , the light-emitting active layers 21 and
22 and the metal contact layers 23 and 24 are physically separated into individual
device precursors while the sub-mounting wafer 26 remains intact. This permits a
passivation composition (not shown in Figures 8-12) to be added along the edges of
the separated individual device precursors
[0049] In preferred embodiments, the conductive silicon carbide substrate wafer 20 is

a single crystal and has a polytype selected from the group consisting of the 3C, 4H,
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6H and 15R polytypes of silicon carbide. Similarly, the light-emitting active layers
are Group III nitrides, with aluminum indium gallium nitride (AlInyGa;.xyN, where 0
<X,y < 1) being particularly preferred, and indium gallium nitride (InyGa;.yN,
exclusive of y = 0) being most preferred.
[0050] In the preferred embodiments the silicon carbide single crystal wafer 20 is no
more than 25 microns thick between the ohmic contacts 30 and the active layers 21
and 22 active portion, and in the most preferred embodiments, the total dimension
between and including the ohmic contacts 30 and 33 is no more than 100 microns.
[0051] Figure 14 is a schematic cross-sectional view of an individual diode 31 formed
according to the method of the invention as just described and mounted for use. As
with the other illustrations, it will be understood that Figure 14 is a schematic
illustration and is not to scale. Furthermore, those of ordinary skill in this art will
understand the more specific aspects of such a device and its mounting. In Figure 14,
the diode 31 is mounted on an appropriate lead frame 34 which is formed of a
conductive material, usually a silver-coated metal, and which provides the initial
electrical connection to an appropriate circuit. As discussed in the Background, the
diode 31 is typically held in place, at least partially, by a conductive epoxy 35 which
includes conductive particles, often of (or coated with) silver (Ag). As Figure 14
illustrates, the active layers 21, 22 are positioned sufficiently above the lead frame 34
to minimize or eliminate the possibility that the silver epoxy 35 will contact the active
layers 21, 22 during or after mounting, thus preventing the possibility of undesired
current paths or short circuiting.
[0052] In order to illustrate the sequence of the method aspects of the invention,
Figure 4 omits certain details and options that can be included. Some of these details
and options are illustrated in Figures 15-19.
[0053] First, Figure 15 illustrates details about the metal layers 23 and 24. For
purposes of comparison to the other Figures herein, Figure 15 broadly indicates the
layers 23 and 24 using dashed lines and the position of the semiconductor layer 22 by
the curved line. As Figure 15 illustrates, in preferred embodiments metal layer 23 is a
three layer structure formed by a layer of platinum (Pt) that forms an ohmic contact
40. The platinum ohmic contact layer 40 is preferably thin enough to be transparent;
i.e. it transmits at least fifty percent (50%) of incident light. A silver (Ag) mirror
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layer 41 for light reflection is on the ohmic contact 40, and a barrier layer 42 not
only covers, but also surrounds the ohmic contact and mirror layers 40, 41. As
persons skilled in the metallurgy and semiconductor arts are well aware, silver tends
to migrate among and between, and then react relatively quickly with, certain other
metals and semiconductor materials. In the present invention, such migration is
highly undesirable and thus the tin layer 42 is included to prevent silver from
migrating beyond the mirror layer 41 and to similarly prevent the metal layer 24 from
reacting with the silver mirror layer 41.
[0054] Other metals can be included in this portion of the structure, either in place of
or in addition to those already described. For example, the barrier layer 42 can be
formed of multiple layers, each of which can be a single metal or combination or alloy
of two or more metals. In preferred embodiments, the barrier layer 42 is formed of
such combinations or alloys of titanium, tungsten and platinum. The metals described
with respect to Figure 15 are thus exemplary rather than limiting of the invention.
[0055] With the ohmic contact layer 40 and the mirror layer 41 in place and
encapsulated by the barrier layer 42, Figure 15 further illustrates that the other metal
layer 24 is on the barrier layer 42. In preferred embodiments the metal layer 24 is an
alloy of gold (Au) and tin (Sn) for providing both excellent electrical conductivity and
a secure bond when the original substrate and device (e.g. Figure 3) are brought
together with the second substrate 26 and its metal layer 25 (e.g. Figure 4).
[0056] Figures 16-19 are included to illustrate that the entirely planar structure
illustrated in Figure 4 is only one option and that diode precursors 31 can be formed
as mesas before the first and second substrates 20, 26 and their respective structures,
are joined to one another.
[0057] In Figure 16, the diode precursors 31 are mesas formed of the metal layers 23
and 24 and the semiconductor layers 21 and 22. In a similar manner, the metal layer
25 on the second substrate 26 can be formed as a plurality of mesas that correspond
to, and can be aligned with, the diode precursors 31 on the first substrate 20. Partially
or completely separating the device precursors 31 can, in certain circumstances, help
prevent the later full separating step (e.g. Figure 13) from adversely affecting the
metal layers 23 and 24 and the semiconductor layers 21 and 22. For example, if

mechanical sawing is the desired separation technique, creating the mesas first will
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help prevent the sawing action from mechanically affecting the metals and
semiconductor layers in a fashion that damages or destroys their resulting end
structure and function. As a more specific example, mechanical sawing can, in
certain circumstances, carry the metals into undesired contact with the semiconductor
materials creating inadvertent and undesired Schottky contacts (e.g. Figure 29).
[0058] In Figure 17, the precursors are again formed as mesas, but the metal layer 25
on the second substrate 26 remains as a full planar layer.
[0059] In Figure 18, only the metal layer 24 forms the mesa on the first substrate 20
while the metal layer 25 on the second substrate 26 is again formed as mesa.
[00607] Finally, in Figure 19, all of the layers are planer except for metal layer 24
which again forms mesas as in Figure 18.
[0061] As further noted elsewhere, the vertical structure of the resulting device
(ohmic contacts at opposite ends rather than facing the same direction) permits the use
of a single wire contact 36 for completing the electrical connections to the diode 31.
[0062] Figures 20 through 24 illustrate additional advantages of the invention. Each
of these represents intensity measured in microwatts per square centimeter (WW/ cm?)
plotted on a radial graph against the angle of measurement, with 0° representing the
measurement from directly above the center of the diode. All of the measurements
were taken using the mini-goniophotometer of an MAS 40 LED Station from
Instrument Systems Optische Messtechnik (with North American offices at
Instrument Systems Canada, 1960 Scott St., Suite 302 K1Z 8L38, Ottawa, Ontario,
Canada) and with the results plotted using the IS-SPECWIN™ software from the
same company.
[0063] Figure 20 illustrates an emission pattern representative of existing inverted
chip designs and in particular represents the emission pattern of an XBRIGHT™ chip
from Cree, Inc. of Durham, NC, the assignee of the present invention. Although the
intensity is excellent in some directions, Figure 20 illustrates that the flux density is
non-uniform (and not Lambertian) and thus highly dependent upon the direction of
emission or (in complementary fashion) of observation. The diode measured and
plotted in Figure 20 had a peak omission of 459 nm with a dominant wavelength of
464 nm with a full width at half maximum (FWHM) of 20 nm.
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[0064] In comparison, Figures 21 through 24 illustrate emission patterns of several
light emitting diodes according to the present invention. Each of Figures 21 through
24 illustrates a significant improvement in the uniformity of flux density as compared
with the existing devices (Figure 20).

[0065] Figure 21 illustrates the emission pattern of a diode according to the present
invention with a conventional straight cut, with a planar rather than a lenticular
surface and without any bevels. The measured diode had 2 peak omission at 456
nanometers with a dominant portion at 461 nm and a FWHM of 19 nm.

[0066] Figure 22 illustrates the emission pattern of a diode according to the present
invention with a beveled edge cut and a planar, rather than lenticular, surface. The
measured diode had a peak output of 457 nm, a dominant wavelength of 462 nm, and
a FWHM of 19 nm.

[0067] Figure 23 illustrates the emission pattern of a diode with a lenticular surface
and straight cut edges. The measured diode had a peak wavelength of 455 nm, a
dominant wavelength of 460 nm, and a FWHM of 19 nm.

[0068] Figure 24 illustrates the emission pattern of a diode according to the present
invention with a lenticular surface and beveled edges. The measured diode had a
peak wavelength of 457 nm, a dominant wavelength of 462 nm, and a FWHM of 19.6
nm.

[0069] Figures 25 through 33 are scanning electron microscope (SEM) photographs
of a diode according to the present invention and certain of its portions.

[0070] The SEM photograph of Figure 25 illustrates a diode (at 300X magnification)
corresponding to the schematic structure broadly designated at 31 in Figure 13, but
with the thickness of the second substrate 26 not having been reduced. For reference
purposes, the original substrate 20 is labeled as such in Figure 25 as is the ohmic
contact 30. The diode includes a lenticular surface 27 and beveled edges 44, both for
desired light-extraction purposes. The active layers 21 and 22 and the metal layers
23,24 and 25 are not entirely visible in Figure 25 because they form a mesa (e.g.
Figures 16 and 17) thee edges of which are underneath the substrate 20.

[0071] Figures 26 and 27 are illustrations, taken at different magnifications, of one
type of lenticular surface (27 in Figure 6) of the diode illustrated in Figure 25. A
portion of the ohmic contact 30 also appears in Figure 27.
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[0072] Figure 28 is a larger magnification (4000X) of an upper right hand edge
portion of the diode of Figure 25. The original substrate 20 forms the top portion of
Figure 28 and the mesa formed of the active layers 21 and 22 is visible immediately
below the original substrate 20. Portions of the metal and solder layers 23, 24 and 25
are shown extending towards the edge of the diode.

[0073] Figure 29 is yet another SEM photograph of a diode according to the present
invention and shows the lenticular surface 27, the original substrate 20, the second
substrate 26, and the solder layer 25. Figure 29 also illustrates that if the metal layers
are not joined properly, portionis of gold and tin illustrated at 45 may migrate (or be
forced) from their intended loc ations and come into direct contact with the substrate
20 to thus form undesired Schottky contacts. This can be confirmed with an x-ray
spectrum such as illustrated in Figure 30 which is taken generally in the position
circled at 46 in Figure 27. The x-ray spectrum confirms the presence of both gold and
tin at this undesired position.

[0074] Figures 31, 32 and 33 illustrate alternative versions of the lenticular surface 27
of the diode 31. InFigure 31 the lenticular surface has a positive elliptical shape, in
Figure 32 a positive pyramid shape, and in Figure 33 an off-center positive pyramid
shape. The lenticular surface can be formed using techniques otherwise well
understood in the art such as masking and patterning with photoresist, lasers,
inductive coupling plasmas, or reactive ion etching, or can be embossed with a mask
pattern and then selectively patterned with reactive ion etching.

[0075] In the drawings and specification there has been set forth a preferred
embodiment of the invention, and although specific terms have been employed, they
are used in a generic and descriptive sense only and not for purposes of limitation, the

scope of the invention being defined in the claims.
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Claims

1. A wafer structure for high-efficiency inverted chip light emitting diode
precursors, said wafer structure comprising:

a conductive silicon carbide substrate wafer;

at least one light-emitting active layer on said substrate;

at least one metal contact layer on said light emitting layer;

a conductive sub-mounting structure on said metal contact layer;

a plurality of ohmic contacts on the surface of said conductive silicon carbide
substrate wafer that is opposite from said light emitting active layer, said ohmic

contacts defining a plurality of light emitting diode precursors.

2. A wafer structure according to Clainy 1 wherein:

said conductive silicon carbide substrate wafer, said light-emitting active layer
and said metal contact layer are physically separated into individual device
precursors; and

said sub-mounting wafer remains undivided.

3. A wafer structure according to Claim 2 and further comprising a
passivation composition along the separated edges of said separated individual device

precursors

4. A wafer structure according to Claim 1 wherein said conductive silicon
carbide substrate wafer is a single crystal and has a polytype selected from the group
consisting of the 3C, 4H, 6H and 15R polytypes of silicon carbide and said light-

emitting active layer is a Group III nitride.

5. A wafer structure according to Claim 1 wherein said light-emitting active

layer is indium gallium nitride.

6. A wafer structure according to Claim 1 comprising a plurality of metal

contact layers.
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7. A wafer structure according to Claim 6 wherein said plurality of metal
contact layers comprises:

a solder layer for joining said conductive silicon carbide substrate wafer to
said conductive sub-mounting structure;

a silver layer for providing a mirror that enhances light extraction; and

a barrier layer on and surrounding said silver layer for preventing silver from

said silver layer from migrating beyond said silver layer.

8. A wafer structure according to Claim 7 wherein said barrier layer is
selected from the group consisting of platinum, tungsten and titanium and layers and

alloys thereof.

9. A wafer structure according to Claim 6 wherein at least one metal contact

layer is a mirror.

10. A wafer structure according to Claim 6 comprising at least one conducting

etch-stop layer.

11. A wafer structure according to Claim 1 wherein said conductive sub-
mounting structure is selected from the group consisting of silicon carbide, metals,

and semiconductors.

12. A wafer structure according to Claim 1 wherein said conductive sub-

mounting structure comprises a composite of at least two different materials.

13. A wafer structure according to Claim 1 comprising an ohmic contact on

said conductive sub-mounting structure opposite from said metal contact layer.

14. A wafer structure according to Claim 13 having a total dimension between

and including said ohmic contacts of no more than 100 microns
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15. A wafer structure according to Claim 1 wherein said silicon carbide
single crystal wafer is no more than 25 microns thick between said ohmic contacts to

said wafer and said active layer on said wafer.

16. A wafer structure according to Claim 1 wherein said conductive silicon
carbide wafer has a lenticular surface for increasing the light extraction from diodes

separated from said wafer structure.

17. A method of fabricating a high efficiency high extraction light emitting
diode suitable for packaging, the method comprising:

adding a light emitting active portion of wide-bandgap semiconductor material
to a conductive silicon carbide substrate;

joining the added active portion to a conductive sub-mounting structure; and

removing a portion of the silicon carbide substrate opposite the added active
portion to thereby reduce the overall thickness of the joined substrate, active portioxy

and sub-mounting structure.

18. A fabricating method according to Claim 17 comprising joining the sub-
mounting structure to a lead frame with the active portion positioned between the
silicon carbide substrate and the sub-mounting structure to thereby use the sub-
mounting structure to separate the active portion from the lead frame and avoid

undesired electrical contact between the active portion and the lead frame.
19. A fabricating method according to Claim 17 wherein the step of adding
the light emitting active portion comprises adding a Group III nitride semiconductor

structure.

20. A fabricating method according to Claim 19 comprising adding at least

one layer of indium gallium nitride.

21. A fabricating method according to Claim 17 further comprising:
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adding at least one metal layer to the added active portion prior to the step of
joining the active portion to the sub-mounting structure; and

joining the metal layer to the sub-mounting structure.

22. A fabricating method according to Claim 17 wherein the step of joining
the added active portion to a sub-mounting structure comprises joining the active

portion to a metal or a conductive semiconductor.

23. A fabricating method according to Claim 17 comprising passivating the

light emitting active portion.

24. A fabricating method according to Claim 17 comprising reducing the
thickness of the sub-mounting structure following the step of joining the active

structure to the sub-mounting structure.

25. A fabricating method according to Claim 24 comprising positioning the
conductive silicon carbide substrate on a temporary carrier prior to the step of

reducing the thickness of the sub-mounting structure.

26. A fabricating method according to Claim 17 comprising forming a

lenticular surface on the reduced silicon carbide substrate.

27. A method of fabricating a high efficiency high extraction light emitting
diode according to Claim 17 comprising:

adding an active layer of the wide-bandgap semiconductor material to a
conductive silicon carbide wafer;

adding at least one metal contact layer to the added active layers;

joining the metal contact layer to a conductive sub-mounting wafer;

removing a portion of the silicon carbide substrate wafer opposite the added
active layers to thereby reduce the overall thickness of the joined wafers;

adding ohmic contacts to the reduced silicon carbide substrate wafer and to the

sub-mounting wafer to thereby define a plurality of individual diode precursors; and
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separating the diode precursors into individual diodes.

28. A fabricating method according to Claim 27 comprising joining the sub-
mounting portion of the separated diodes to respective lead frames with the active
layers positioned between the silicon carbide substrate and the sub-mounting structure
to thereby use the sub-mounting structure to separate the active layers from the lead
frame and avoid undesired electrical contact between the active layers and the lead

frame.

29. A fabricating method according to Claim 27 comprising forming a mesa
structure that includes at least the metal contact wafer prior to the step of joining the

substrate wafer to the sub-mounting wafer.

30. A fabricating method according to Claim 29 comprising forming a mesa

structure that includes at least a portion of the light emitting active layer.

31. A fabricating method according to Claim 27 comprising forming a metal
solder layer on the sub-mounting wafer prior to joining the silicon carbide substrate
wafer to the sub-mounting wafer; and

thereafter joining the metal contact layer on the silicon carbide substrate to the

solder layer on the sub-mounting wafer.

32. A fabricating method according to Claim 27 comprising partially
separating portions of the diode precursors from one another while maintaining the

sub-mounting wafer intact.

33. A fabricating method according to Claim 32 wherein the step of partially
separating the diode precursors is selected from the group consisting of etching,
sawing, laser cutting, and water jet cutting.

34. A fabricating method according to Claim 32 comprising implant isolating

the partially separated diode precursors.
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35. A fabricating method according to Claim 32 comprising passivating the

edges of the partially separated diode precursors.

36. A fabricating method according to Claim 32 comprising testing the

partially separated diode precursors.

37. A fabricating method according to Claim 27 comprising:

positioning the joined conductive silicon carbide substrate wafer and the sub-
mounting wafer on a temporary carrier with the side of the conductive silicon carbide
wafer opposite the active layer being the side on the temporary carrier;

reducing the thickness of the sub-mounting layer while the joined wafers are
on the temporary carrier; and

removing the joined wafers from the temporary carrier.

38. A method of fabricating a high efficiency high extraction light emitting
diode suitable for packaging, the method comprising:

adding a light emitting active layer of wide-bandgap semiconductor material
to a conductive silicon carbide substrate wafer;

joining the added active layer to a conductive sub-mounting wafer;

adding ohmic contacts to the silicon carbide substrate wafer and to the sub-
mounting wafer to thereby define a plurality of individual diode precursors; and

separating the diode precursors into individual diodes.

39. A fabricating method according to Claim 38 comprising joining the sub-
mounting portion of the separated diodes to respective lead frames with the active
layers positioned between the silicon carbide substrate and the sub-mounting structure
to thereby use the sub-mounting structure to separate the active layers from the lead
frame and avoid undesired electrical contact between the active layers and the lead

frame.

40. A fabricating method according to Claim 48 wherein the step of adding a

light emitting active layer comprises adding a Group III nitride layer.
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41. A fabricating method according to Claim 48 comprising partially
separating portions of the diode precursors from one another while maintaining the

sub-mounting wafer intact.

42. A fabricating method according to Claim 52 comprising implant isolating

the partially separated diode precursors.

43. A fabricating method according to Claim 52 comprising passivating the

edges of the partially separated diode precursors.

44. A fabricating method according to Claim 52 comprising testing the

partially separated diode precursors.
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