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(57) Abstract: A method and apparatus for forming a porous layer on the surface of a semiconductor material wherein an electrolyte
& is provided and is placed in contact with one or more surfaces of a layer of semiconductor material. The electrolyte is heated and
& a bias is introduced across said electrolyte and the semiconductor material causing current to flow between the electrolyte and the
semiconductor material. The current forms a porous layer on the one or more surfaces of the semiconductor material in contact
with the electrolyte. The semiconductor material with its porous layer can serve as a substrate for a light emitter. A semiconductor
emission region can be formed on the substrate. The emission region is capable of emitting light omnidirectionally in response to a
bias, with the porous layer enhancing extraction of the emitting region light passing through the substrate.
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LIGHT EMITTING DIODE WITH POROUS SiC SUBSTRATE AND METHOD
FOR FABRICATING

This invention was made with Government support
under the Department of Energy (NETL) Contract No. DE-
FC26-00NT40985. The Government has certain rights in this

invention

BACKGROUND OF THE INVENTION

Field of the Invention

This invention relates to semiconductor based light
emitters, and more particularly to light emitting diodes

comprising an emission region formed on a substrate.

Description of the Related Art

Light emitting diodes (LEDg) are an important class
of solid sfate devices that convert electric energy to
light and generally comprise an active layer of
semiconductor material sandwiched between two oppositely
doped layers. When a bias is applied across the doped
layerg, holes and electrons are injected into the active
layer where they recombine to generate light. Light is
emitted omnidirectionally from the active layer and from
all surfaces of the LED.

There has been a great deal of recent interest in
LEDs formed of Group-III nitride based material systems

because of their unique combination of material
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characteristics including high breakdown fields, wide
bandgaps (3.36 eV for GaN at room temperature), large
conduction band offset, and high saturated electron drift
velocity. The doped and active layers are typically
formed on a substrate that can be made of different
materials such as silicon (Si), silicon carbide (8iC),
and sapphire (Al,0;). 8iC wafers are often preferred
because they have a much closer crystal lattice match to
Group-III nitrides, which results 311 Group III nitride
films of higher quality. 8iC also has a very high thermal
conductivity so that the total output power of Group III
nitride devices on SiC is not 1limited by the thermal
registance of the wafer (as is the case with some devices
formed on sapphire or Si). Also, the availability of semi
insulating SiC wafers provides the capacity for device
isolation and reduced parasitic capacitance that ﬁake
commercial devices possible. SiC substrates are available
from Cree Inc., of Durham, North Carolina and methods for
producing them are set forth in the scientific literature
as well as in U.S. Patents, Nos. Re. 34,861; 4,946,547;
and 5,200,022.

The efficient extraction of light from LEDs 1s a
major concern in the fabrication of high efficiency LEDs.
For conventional LEDs with a single out-coupling surface,
the external quantum efficiency is limited by total
internal reflection (TIR) of 1light from the ©LED's
emission region that passes through the substrate. TIR
can be caused by the large difference in the refractive
index between the LED’s semiconductor and surrounding
ambient. LEDs with SiC substrates have relatively low
light extraction efficiencies because the high index of

refraction of 8iC (approximately 2.7) compared to the
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index of refraction for the surrounding material, such as
epoxy (approximately 1.5). This difference results in a
small escape cone from which light rays from the active
area can transmit from the SiC substrate into.the epoxy
and ultimately escape from the LED package.

Different approaches have been developed to reduce
TIR and improve overall light extraction, with one of the
more popular being surface texturing. Surface texturing
increases the light’s escape probability by providing a
varying surface that allows photons multiple
opportunities to find an escape cone. Light that does not
find an escape cone continues to experience TIR, and
reflects off the textured surface at different angles
until it finds an escape cone. The benefits of surface
texturing have been discussed in several articles. [See

Windisch et al., Impact of Texture-Enhanced Transmission

on High-Efficiency Surface Textured Light Emitting

-Diodes, Appl. Phys. Lett., Vol. 79, No. 15, Oct. 2001,

Pgs. 2316-2317; Schnitzer et al. 30% External Quantum

Efficiency From Surface Textured, Thin Film Light

Emitting Diodes, Appl. Phys. Lett., Vol 64, No. 16, Oct.

1993, Pgs. 2174-2176; Windisch et al. Light Extraction

Mechanisms in High-Efficiency Surface Textured Light

Emitting Diodes, IEEE Journal on Selected Topics in

Quantum Electronics, Vol. 8, No. 2, March/April 2002,
Pgs. 248-255; Streubel et al. High Brightness AlGaNInP

Light Emitting Diodes, IEEE Journal on Selected Topics in
Quantum Electronics, Vol. 8, No. March/April 2002].

It has proven difficult to create a useful roughened
surface on SiC and it is believed that these difficulties
are caused by the chemically inert nature of gicC.

Accordingly, a LED formed of an emission region on a 8icC
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substrate can not include useful roughened surfaces on
the siC substrate to enhance 1light extraction. The
backside surfaces of SiC substrates have been lapped to.
in an attempt to provide a useful level of roughness, but
these attempts have met with limited success and did not
result in a LED with significantly enhanced 1light
extraction.

Porous SiC has been fabricated on n-type 6H-SiC by
anodizing the material in HF under UV illumination. [Sﬁor

et al. Direct Observation of Porous SiC Formed by

Anodization in HF, Appl. Phys. Lett., Vol. 62, No. 22,

May 1993, Pgs. 2636-2638]. A blue emitting LED has also
been demonstrated having porous SiC as its luminescent

layer. [Mimura et al. Blue Electroluminescence From

Porous Silicon Carbide, Appl. Phys. Lett., Vol. 65, No.

26, Dec. 1994, Pgs. 3350-3352]. The microstructural and

optical properties of porous SiC have also been

investigated using electron microscopy and Sprectroscopy

ellipsometry. [Zangooie et al. Surface, Pore Morphology,

and Optical Properties of 4H-8icC, Journal of

Electrochemical Society, Vol. 148, No. 6, Pgs. G297-
G302] .

SUMMARY OF THE INVENTION

The present invention seeks to provide a method and
apparatus for forming a porous layer on the surface of a
semiconductor material, with the semiconductor material
then being used as a substrate for an LED. The porous
layer is arranged to improve extraction of the LED light
that passes through the substrate.

An apparatus for forming a porous layer on the

surface of a semiconductor according to the present
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invention comprises an HF based electrolyte held in a
reservoir. The reservoir is arranged to allow the
electrolyte to contact one or more surfaces of a layer of
semiconductor material. The apparatus further comprises a
heater for heating the electrolyte, and a power source
for applying a bias across the electrolyte and the layer
of semiconductor material. The bias causes a current to
run between the electrolyte and the layer of
semiconductor material forming a porous layer on the one
or more surfaces in contact with said electrolyte.

A method for forming a porous layer on the surface
of a semiconductor according to the present invention
comprises providing an electrolyte and placing the
electrolyte in contact with one or more surfaces of a
layer of semiconductor material. The electrolyte is
heated and a bias is introduced across the electrolyte
and the semiconductor material causing a current to' flow

between the electrolyte and the semiconductor material,

‘forming a porous layer on the one or more surfaces of the

semiconductor material in contact with the electrolyte.

A light emitter according to the present invention
comprises a substrate having a porous layer and a
semiconductor) emission region formed on the substrate.
The emission region 1is capable of emitting light
omnidirectionally in response to a bias, with the porous
layer enhancing extraction of the emission region lighf
passing through the subsﬁrate.

A light emitting diode (LED) package according to
the present invention comprises an LED having a substrate
with a porous layer on one or more surfaces and an
emission region formed on a surface of the substrate not

having a porous layer. The package further comprises a
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metal layer with the LED flip-chip mounted to the metal
layer such that the substrate becomes the primary
emission surface of said LED. At least two contactsg are
included for applying a bias across the emission region,
causing the emission region to emit light
omnidirectionally. The porous layer enhances light
extraction of emission region light passing through the
substrate.

These and other further features and advantages of
the invention would be apparent to those skilled in the
art from the following detailed description, taking

together with the accompanying drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1is a sectional view of an embodiment of
apparatus according to the preseht invention for forming
a porous layer on the surface of a semiconductor;

FIG. 2 is a flow diagram for an embodiment of a
method according to the present invention for forming a
porous layer on the surface of a semiconductor;

FIG. 3 is a sectional view of one embodiment of an
LED according to the present invention having a substrate
with a porous layer;

FIG; 4 is a table illustiating the improved 1light
extraction for an LED according to the invention compared
to a conventional LED;

FIG. 5 is a sectional view of another embodiment of
an LED according to the present invention having a
substrate with a sawtooth pattern;

FIG. 6 is a sectional view of another embodiment of
an LED according to the present invention having a

substrate with a trench pattern; and
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FIG. 7 1is a sectional view of gtill another
embodiment of an LED according to the present invention

having a substrate with a post pattern.

DETAILED DESCRIPTION OF THE INVENTION

Aparatus and Method for Forming Porous Layer

FIG. 1 shows one embodiment on an apparatus 10
according to the present invention for forming a porous
layer on the surface of a gsemiconductor material 12, with
the apparatus 10 preferably used to form a porous layer
on the surface of silicon carbide (SiC). The apparatus 10
includes a cup shaped reservoir/housing 14 holding a

liquid HF-based electrolyte 16 that can comprise

" different solutions in different concentrations. A

suitable solution for the electrolyte 16 comprises
ethanol (C,Hs0H) and water, with ethanol in a
concentration range of a 10 to 50%. Another suitable
solution couwprises a buffered HF-based electrolyté that
provides for a more constant Ph value over time and
provides for a solution that is less volatile and less
dangerous to work with. A preferred buffered HF-based
electrolyte comprises ammonium fluoride (NH,F) and water,
with the NHLF haviﬁg different concentrations such as 20%
per volume.

The semiconductor 12 is arranged adjacent to the
bottom surface 17 of the reservoir 14 and the bottom of
the reservoir 14 has an opening/hole 18 to allow the HF-
based solution to pass out the reservoir 14. A watertight
seal is provided between the semiconductor 12 and the
reservoir’s bottom surface 17 around the opening 18 and

near the bottom surface’s outside edge. The seal is
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preferably provided by an O-ring 20, although other
sealing components can be used such as gaskets or
sealants such as silicone.

As the reservoir 14 is filled with the HF-based
electrolyte 16, some of the electrolyte passes through
the hole 18 and £fills the space between the housing 14
and the semiconductor 12. The O-ring 20 retains the
electrolyte 16 in contact with the top surface of the
semiconductor 12 and prevents the electrolyte 16 from
leaking past the O-ring 20.

The apparatus 10 also comprises a cathode 22 that is
immersed within the electrolyte 16 from the top of the
housing 12. The cathode 22 can be made of many different
materials that conduct a charge to the electrolyte 16
while at the same time not reacting with or dissolving in
the electrolyte 16. A preferred material for the cathode
22 is platinum (Pt).

A first conductor 24 is coupled between the negative
terminal of a power source 25 and the cathode 22 so that
an electrical signal at the negative terminal pasgses to
the cathode 22. A second conductor 26 is coupled between
the positive terminal of the power source 25 and the
semiconductor 12 so that an electrical signal at the
positive terminal passes into the semiconductor 12. The
power source 25 provides a bias at its positive and
negative terminal that is conducted to the cathode 22 and
gsemiconductor material 12. The bias then causes a current
to run between the cathode 22 and the semiconductor
material 12. The reservoir opening 18 should be large
enough to allow current to flow between the cathode 22

and the semiconductor 12, with the current passing into
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the semiconductor 12 across most of its surface that is
contact with the electrolyte 16.

The second conductor 26 should be coupled to the
semiconductor 12 in a location that is not in contact
with the electrolyte 16 to be sure that the current runs
through the semiconductor and not only Dbetween the
cathode 22 and the second conductor 26. Many different
power sources can be used in the apparatus 10, with a
preferred power source being a precision current-voltage
source meter having a computer controlled interface that
can provide a pre-set constant current or constant
voltage. Commercially available bower sources can be used
such as the Keithley 2400 Source Meter, provided by
Keithley Instruments Inc.

The power source 25 can be set to many different
current 1limits, but the porous layer formation process
can be difficult to control if the current limit is set
too high, and the process being time consuming if the
current limit is set too low. A suitable range for the
current limits is 0.1 to 100 milli-amps/cm®. The power
source can also be set to many different voltages, with a
suitable voltage being 2-3 volts. A voltage upper limit
can be gset to 5 volts to allow for better control of the
pore formation process. The power source 25 preferably
provides a constant current drive density, such as in the
range of 0.1 to 100 mA/cm?, and allows the voltage to vary
to meet that current, with the voltage remaining below
the set upper limit.

Heating of the electrolyte 16 during formation of
the porous layer results in a semiconductor surface
having superior light extraction characteristics when

used as the substrate of an LED, compared to an LED
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having a substrate with a porous layer formed without
electrolyte heating. Many different heating mechanisms
can be used to heat the electrolyte, such as a
commercially available immersion heater 28 or a
commercially available hot-plate. The electrolyte can be
heated to different temperatures during the porous layer
formation process, with a suitable temperature range
being 40 to 90°C.

In another embodiment of an apparatus for forming a
porous layer on the surface of a semiconductor according
to the present invention, the electrolyte 16 can be
illuminated by UV 1light during the pore formation
process, with a suitable UV light source (lamp) providing
broadband UV illumination. The lamp can be arranged above
the electrolyte and directed down to provide the
illumination. Alternatively, a steering mirror can be
arranged above the electrolyte to redirect the lamp light
down on the electrolyte 16.

FIG. 2 shows a flow diagram for one embodiment of a
method 30 according to the present invention for forming
a porous layér on the surface of a semiconductor
material. The method 30 can utilize apparatus 10 in the
formation process, although other pore formation
appératus can be used. In step 32 a HF based electrolyte
is provided that can be a HF based electrolyte or
buffered HF Dbased electrolyte described above ag
electrolyte 16. In step 34, the electrolyte is heated,
with suitable methods for heating being an immersion
heater or a hot plate. In step 36, the electrolyte is
placed in contact with the semiconductor material, such
as by providing the electrolyte in a reservoir that has a

hole for the electrolyte to pass through and contact the
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semiconductor. A sealant or other retaining means is
provided to hold the electrolyte in contact with the
semiconductor while not allowing all of the electrolyte
to pass out of the reservoir. As described above, the
gsemiconductor can ‘be placed adjacent to the reservoir
hole and an O-ring can be included between the reservoir
and semiconductor, around the hole.

In step 38, a bias is applied across the electrolyte
and the semiconductor, which causes a current to flow
between the electrolyte and the semiconductor. The
current forms a porous  layer on the surface(s) of the
semiconductor in contact with the electrolyte and the
bias is applied until the pores reach the desired depth
in. the semiconductor. The +volume of semiconductor
material that becomes porous is proportional to the time
integrated current applied through the electrolytg; i.e.
the total wvolume of semiconductor material having pores
is proportional to the total charge applied to the
material through the electrolyte. Using a current density
of 0.1 to 100 mA/cm® through the electrolyte, a typical
time for applying the bias is in the range of 500-1,500
seconds, although the bias could be applied for more or
less time. This typically forms a porous layer that is
approximately three (3) microns deep.

In step 40, the bias is removed from the electrolyte
and the semiconductor at the end of the formation time
and in step 42, the semiconductor is removed from contact
with the electrolyte. After the method 40 is complete,
the semiconductor can be used further processed as part
of an LED. The semiconductor can serve as a substrate,
with an LED emission region formed on the surface of the

semiconductor opposite the porous layer. In one
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embodiment ©of a method according to the present
invention, the porous layer is formed in SiC which can
then be used as the substrate for an LED.

The method 30 can also include the optional step 44
that provides for UV illumination electrolyte during

formation of the porous layer.

Light Emitting Diodes

FIG. 3 shows one embodiment of an LED package 50
according to the present invention, which includes an LED
52 comprising a substrate 54 having a porous layer 55 to
improve light extraction of LED light passing through the
gubstrate 54. The substrate 54 can be made of many
materials and can be many different thicknesses, with a
suitable material being SiC with a thickness range of
125-500 microns. The LED 52 comprises a standard emission
region 56 formed on the substrate 54 wusing known
processes such as metal-organic chemical vapor deposition
(MOCVD) . The operational details of conventional LEDs are
known and are only briefly discussed. The LED’'s emission
region 56 can include an active layer sandwiched between
two oppositely doped layers, with the layers having
standard thicknesses and the active layer emitting light
omnidirectionally when a bias is applied across the
oppositely doped layers. The layers of the emission
region can be made of many different semiconductor
material systeme such as the Group-III Nitride based
material system. The LED 52 is arranged in the package 50
in a flip—chip orientation with the substrate 54 being
the LED’s primary emission surface.

The LED 52 is flip-chip mounted on first and second
metal layer 58a, 58b. A first contact 60 is coupled
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between the first metal layer 658a and one of the
oppositely doped layers in the emission region 56 and a
second contact 62 is coupled between the second metal
layer 58b and the emission region’s other doped layer. A
bias can be applied to the contacts 60, 62 through the
first and second metal layers 58a, 58b, and the bias is
then conducted through the contact 60, 62 to the
oppositely doped layers in the emission region, causing
the active layer to emit light.

In other LED embodiments having a substrate that is
conductive enough to transmit a charge, a substrate
contact 64 can be used to apply a bias to one of the
oppositely doped layers. The other doped layer is
contacted to one of the contacts 60, 62 arranged between
the metal layers 58a, 58b and the LED. A bias is applied
to the LED through contact 64 and one of the metal layers
58a, 58b, and the bias can be conducted to the substrate
contact 64 from the other of the metal layers 58a, 58D,
through a conductive wire (not shown) that runs from the
metal layer 58 to the contact 64.

The top surface of the metal layers 58a, 58b can
also be reflective so that 1light emitted £rom the
emission region toward the metal layers 58a, 58b 1is
reflected back to contribute to the overall emission of
the LED package 50. The LED 52 and its contacts can be
encased in a clear protective material 66, which is
typically a transparent epoxy covering the LED 52 and the
top surface of the metal layers 58a, 58b.

Alternatively, the LED 52 can be mounted on the
horizontal base of a “metal cup” that typically has
conductive paths (not shown) for applying a bias across

the contacts on the emission regions oppositely doped
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layers. The top surface of the metal cup can also be
reflective to reflect light from the emission region such
that the light contributes to the light' emission of the
LED package.

The substrate 54 comprises a porous layer 55 that,
in the flip—éhip arrangement of the LED 52 is the top and
primary emission surface of the LED 52. The porous layer
55 is arranged to enhance the light emission of the LED
52. The efficiency of conventional LEDs is limited by
their inability to emit all of the 1light that 1is
generated by the active layer. When the flip-chip
arranged LED is emitting, 1light reaches the primary
emitting substrate surface at many different angles.
Typical substrate semiconductor materials have a high
index of refraction compared to ambient air or
encapsulating epoxy. Light traveling from a region having
a high index of refraction to a region with a low index
of refraction that is within a certain critical angle
(relative to the surface normal direction) will cross to
the lower index.region. Light that reaches the surface
beyond the critical angle will mnot cross but will
experience total internal reflection (TIR). In the case
of an LED, the TIR light can continue to be reflected
within the LED until it is absorbed. Because of this
phenomenoh, much of the light generated by conventional
LEDs does not emit, degrading its efficiency.

The porous layerASS improves light extraction of the
LED 52 by providing a varying surface that allows light
that would otherwise be trapped in the LED 52, by total
internal reflection (TIR), to escape from the substrate
to contribute to light emission. The variations in the

porous layer increases the chances that the TIR 1light
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will reach the substrate surface within the critical
angle and will be emitted. For light that does not escape
the substrate through the porous layer, the variations of
the porous layer reflect thehlight at different angles,
increasing the chances that the light will escape on the
next pass.

The ability of the porous layer to enhance light
extraction will ‘ initially increase as its depth
increases. However, a point ié reached where increases in
the depth does not improve light extraction, but may
actually reduce it. For substrate 54 made of SiC and
having a porous layer formed using method 30 described
above in FIG. 2, a suitable porous layer depth 1is
approximately three (3) microns. Different porous layer
formation processes using different electrolytes can
result in different suitable porous layer dgpths.

FIG. 4 is a table 80 comparing the performance of a
standard LED package and the performance of an LED
package with a porous layer according to the present
invention. The table 80 plots the current 82 applied to
the LEDs verses the light output flux 84 of the LEDs. The
first plot 86 is for the standard LED and shows that as
the current 82 increases the light output £flux 84
increases. The second plot 88 is for the LED with a
porous layer according to the present invention which
also shows that as the current 82 increases, the output
flux 84 also increases. However, the output flux for the
poroug layer LED at the same current as a standard LED is
generally greater, particularly as the current applied to
the LEDs increases past approximately 50 mA.

Many different types of LEDs can utilize a porous

layer according to the present invention to increase
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light extraction. FIG. 5 shows another embodiment of an
LED package 100 according to the present invention that
jneludes LED 102 that comprises a substrate 104 with a
semiconductor emission region 106 formed on one of its
surfaces. The emission region 106 is similar to emission
region 56 in FIG. 3. The LED 102 is mounted on first and
second wetal layers 108a, 108b having contacts 110, 112
to contact the oppositely doped layers in the emission
region 106. A bias applied to the metal layers 108a, 108b
can be applied to the oppositely doped layers through the
contacts 110, 112. The LED 102 is flip-chip mounted in
such that the substrate’s bottom surface is the primary
emitting surface of the LED 102. The LED 102 can also be
encased in a protective transparent epoxy 114.

The emitting surface of the LED 102 (surface of
substrate 104) is not flat, but instead has a sawtooth
pattérn 105. The sawtooth pattern 105 is formed on the
substrate 104 using known processes such as etching, and
a porous layer 116 is formed in the sawtooth pattern 105.
The porous layer can be forméd uging the apparatus 10 and
method 30 described above and shown in FIGs. 1 and 2. The
sawtooth pattern 105 enhances light extraction by
providing a varying surface to allow TIR light to escape
from the LED. The porous layer 116 in combination with
the sawtooth pattern 105 can provide even a greater
degree of light extraction compared to a flat substrate
gurface with the porous layer.

FIG. 6 shows another embodiment of a LED package 130
according to the present invention also having a flip-
chip mounted LED 132 comprising a substrate 134 and an
emission region 136. The LED 132 is wmounted to metal

layers 138a, 138b with contacts 140, 142 to apply a bias
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to the emission region 136. The LED 132 is also encased
in a protective transparent epoxy 139. The emitting
surface of the substrate 134 has a  trench pattern 135
with each of the trenches having vertical sidewalls 144
and a horizontal bottom surface 146. After formation of
the trench pattern 135 on the substrate 134 a porous
layer 148 is formed on the trench 'pattern. The trench
pattern 135 and porous layer 148 combination provides
enhanced light extraction from the LED 132.

FIG. 7 shows still another embodiment of an LED
package 160 according to the present invention also
having a flip-chip mounted LED 162 comprising a substrate
164 and an emission region 166. The LED 162 is mounted to
metal layers 168a, 168b with two contacts 170, 172 to
apply a bias to the emission region 166. The LED 162 is
also encased in a protective transparent epoxy 169. The
emitting surface of the substrate 164 has a post pattern
165 that is siwmilar to the trench pattern 135 in FIG. 6.
Each post has vertical sidewalls 174 but the Dbottom
surface 176 between posts ig V-shaped. After formation of
the post pattern 165 on the substrate 164 a porous layer
178 is formed and the post pattern 165 and porous layer
178 combination provides enhanced light extraction from
the LED 162.

Although the present invention has been described in
considerable detail with reference to certain preferred
configurations thereof, other versions are possible. Each
of the embodiments LED packages described above can have
different components, such as a metal cup instead of a
metal layer. Different embodiments of LED packages
according to the present invention can have a porous

layer in different locations in its LED. The substrate
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can also have many different patterns Dbeyond those
described above. Therefore, the spirit and scope of the

invention should not be limited to the preferred versions

of the invention described above.
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We Claim:

1. A light emittef, comprising:

a substrate having a porous layer; and

a semiconductor emission region formed on said
substrate, said emission region capable of emitting light
omnidirectionally in response to a bias,  said porous
layer enhancing extraction of said emission region light

passing through said substrate.

2. The emitter of claim 1, wherein said emission region
comprises an active layer sandwiched between two
oppositely doped layers, said active layer emitting light
omnidirectionally when a bias is applied across said

oppositely doped layers.

3. The emitter of claim 1, wherein said porous layer is
on the surface of said substrate opposite said emission
region.

4. The emitter of claim 3, wherein said substrate and
its emission region are mounted in a flip-chip
orientation with said surface of said substrate having
said porous layer as the primary emitting surface of said

emitter.

5. The emitter of claim 4, wherein said substrate and
its emitting region are mounted on metal layers, said
bias applied to said emitting region through said metal

layers.:
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6. The emitter of claim 1, wherein said substrate and

its emitting region are encased in a protective epoxy.

7. The emitter of claim 1, wherein said emission region
is formed on a surface of said substrate, the surface of
gaid substrate opposite said emission region being
patterned, said porous layer on said patterned surface of

said substrate.

8. The emitter of claim 1, wherein said emission region
ig formed on a surface of said substrate, the surface of
said substrate opposite said emission region having a
sawtooth pattern, said porous layer formed on said

‘sawtooth patterned surface of said substrate.

9. The emitter of claim 1, wherein said emission region
ig formed on a surface of said substrate, the surface of
said substrate opposite said emission region having a
trench pattern, said porous layer formed on said surface

of said trench patterned surface of said substrate.

10. The emitter of claim 1, wherein said ewmission region
is formed on a surface of said substrate, the surface of
said substrate opposite said emission region having a
post pattern, said porous layer on said post patterned

surface of said substrate.

11. The emitter of claim 1, wherein said substrate 1is

made of gilicon carbide (8iC).

12. An apparatus for forming a porous layer on the

surface of a semiconductor, comprising:
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an electrolyte held in a reservoir, said reservoir
arranged to allow said electrolyte to contact one or more
surfaces of a layer of semiconductor material;

a heater for heating said electrolyte; and

a power source for applying a bias across said
electrolyte and said layer of semiconductor material,
said Dbias causing a current to run between said
electrolyte and said layer of semiconductor material
forming a porous layer on said one or more surfaces of
said semiconductor material in contact with said

electrolyte.

13. The apparatus of claim 12, wherein said power source
comprises a negative and positive terminal, said negative
terminal contacting said electrolyte and said positive

terminal contacting said layer of semiconductor material.

14. The apparatus of claim 12, further comprising a
cathode immersed in said electrolyte, the power source
bias applied across said cathode and said semiconductor

material.

15. The apparatus of c¢laim 12, wherein said reservoir
comprises a cup, said semiconductor material arranged
adjacent to the bottom of said cup, said cup having one
or more holes to allow some of said electrolyte to run
out of said cup and contact one or more surfaces of said

semiconductor material.

16. The apparatugs of claim 15, further comprising a
sealant Dbetween the bottom of said cup and said

semiconductor material, around said one or more holes.
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17. The apparatus of claim 12, wherein said heater

comprises an immersion heater.

18. The apparatus of claim 12, further comprising a lamp
to illuminate said electrolyte with ultra wviolet (UV)

light.

19. The apparatus of claim 12, wherein said electrolyte

comprises an HF based or buffered HF based electrolyte.

20. The apparatus of claim 12, wherein said electrolyte

comprises ammonium fluoride (NH,F) and water.

21. The apparatus of claim 12, wherein said electrolyte

comprises ethanol (C,HsOH) and water.

22. A method for forming a porous layer on the surface
of a semiconductor, comprising:
providing an electrolyte;
placing said electrolyte in contact with one or more
surfaces of a layer of semiconductor material;
' heating said electrolyte;
introducing a bias across said electrolyte and said
semiconductor material causing a current to flow between
said electrolyte to saild semiconductor material, forming
a porous layer on sald one or more surfaces of said

gsemiconductor in contact with said electrolyte.

23. The method of claim 22, further comprising providing
ultra violet (UV) illumination to said electrolyte during

the introduction of said bias.
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24. The method of claim 22, further comprising removing
said Dbias from across said electrolyte and said
semiconductor after formation of said porous layer and
removing said electrolyte from contact with said

semiconductor.

25. A light emitting diode (LED) package, comprising:
an LED comprising;
a substrate with a porous layer on one
surface; |
an emission region formed on said substrate on
a surface opposite said porous layer;
one or more metal layers, said LED f£lip-chip mounted
to said metal layers with said substrate being the
primary emission surface of said LED; and
two contacts for applying a bias across said
emission region causing said emission region to emit
light omnidirectionally, said porous layer enhancing
light extraction of emission region light passing through

said substrate.

26. The LED package of claim 25, wherein said emission
region comprises an active layer sandwiched between two
oppositely doped layers, said bias applied across said
oppositely doped layers causing said active layer to emit

light omnidirectionally.

27. The LED package of claim 25, wherein said LED isg

encased in a protective epoxy.

28. A light emitter, comprising:
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a semiconductor emitter having a plurality of
layers, said emitter capable of emitting light
omnidirectionally in fesponse to a bias;

one oOr more poroué layers on one or more of said
plurality of layers, said porous layers enhancing

extraction of said emitter light from said semiconductor

emitter.
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