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CLAIMS

We claim:

1. A method for processing a silicon substrate, comprising:

applying an anisotropic etchant to a surface of the silicon substrate, the gllicon substrate
having a Si(1,0,0) lattice orientation at the surface;

forming an indentation on the surface of the silicon substrate with jie applied anisotropic
etchant, the indentation being defined by at least one plade with a Si(1,1,1) lattice
orientation; and

forming a light emitting diode structure on the at least ong/plane with the Si(1,1,1) lattice

orientation of the indentation.

2. The method of claim 1 wherein

the method further includes:
depositing a mask material on the Zurface of the silicon substrate; and

patterning the mask material to form gp/plurality of openings to the surface of the silicon
substrate;

applying an anisotropic etchany/includes applying a solution containing at least one of
tetra-methyl-ammonigin  hydroxide (TMAH), potassium hydroxide (KOH),
ammonium hydropidc (NH4OH), and cthylenediamine pyrocatechol (EDP) to the
surface of the g#icon substrate via the openings;

forming an indentajfon includes forming a plurality of indentations individually having a
first Si(}f1,1) plane and a second Si(1,1,1)} plane both extending toward the
silicopf substrate from the surface to a depth, the first and second Si(1,1,1) planes
fopning a zigzag pattcrn;

the method further includes adjusting at least one of a concentration of the anisotropic
ctchant, an etching temperature, and an etching period to achieve a value of the
depth that is greater than about 100 microns; and

forming a light emitting diode structure includes depositing an N-type gallium nitride
(GaN) material, an indium gallium nitride (InGaN) material, and a P-type GaN

material on the first and second Si(1,1,1) planes in sequence via metal organic
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chemical vapor deposition (MOCVD), the N-type GaN, InGaN, and P-type GaN
materials having surfaces generally conforming to the zigzag pattern of the fj/5t

and second Si(1,1,1) planes.

3. The method of claim 1 wherein
the method further includes:
depositing a mask material on the surface of the silicon substragt; and
patterning the mask material to form a plurality of openings to theAurface of the silicon
substrate;
applying an anisotropic ctchant includes applying a solutioff containing at least onc of
tetra-methyl-ammonium hydroxide (TMAH), pOtassium hydroxide (KOH),
ammonium hydroxide (NH;OH), and ethylenegfamine pyrocatechol (EDP) to the
surface of the silicon substrate via the openipgs;
forming an indentation includes forming a plurafty of indentations individually having a
first Si(1,1,1) plane and a second $¥i(1,1,1) plane both extending toward the
silicon substratc from the surface $6 a depth, the first and sccond Si(1,1,1) plancs
forming a zigzag pattern;
the method further includes adjustjfig at least one of a concentration of the anisotropic
etchant, an etching temp#rature, and an etching period to achieve a value of the
depth that is less than About 1 micron; and
forming a light emitting djéde structure includes:
depositing an WW-type gallium nitride (GaN) material, an indium gallium nitride
(InGAN) material, and a P-type GaN material on the first and second
Si{1,1,1) planes in sequence via metal organic chemical vapor deposition
(MOCVD); and
coglescing at least one of the N-type GaN, InGaN, and P-type GaN materials
during the MOCVD operation.

The method of claim 1 wherein
applying an anisotropic etchant includes applying a solution containing at least one of

tetra-methyl-ammonium hydroxide (TMAH), potassium hydroxide (KOH),
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ammonium hydroxide (NH,OH), and ethylenediamine pyrocatechol (EDP) to the
surface of the siiicon substrate; and

forming a light emitting diode structure includes depositing an N-type gallium piride
(GaN) material, an indium gallium nitride (InGaN) material, and a P-type GaN

material on the first and second Si(1,1,1) planes in sequence.

5. The method of claim 1 wherein forming an indentation ingfudes forming an
indentation having a first Si(1,1,1) plane, a second Si(1,1,1) plane, gdd a Si(1,0,0) piane
extending between the first and second Si(1,1,1) planes.

6. The method of claim I wherein forming an indentation includes forming an
indentation having a first Si(1,1,1) plane and a second Si(#,1,1) plane intercepting the first

Si(1,1,1) plane at a junction.

7. The method of claim 1 wherein formphg a light emitting diode structure includes
depositing an N-type GaN material, an InGaN paterial, and a P-type GaN material on the at

least one plane of the indentation in sequence he plane having the Si(1,1,1) lattice orientation.

8. The method of claim 1 wherein:

forming an indentation inclydes forming an indentation extending toward the silicon
substrate from the Aurface to a depth; and

the method further ingfudes adjusting at least one of a concentration of the anisotropic
etchant, an gfching temperature, and an etching period to achieve a desired value

of the degfth.

9. A paethod for processing a silicon substrate, comprising:
reacting a surface of a silicon substrate with an anisotropic etchant, at least a portion of
the silicon substratc having a Si(1,0,0) lattice orientation at the surface;
moving stlicon material from the surface of the silicon substrate along a Si(1,0,0) plane
faster than along a Si(1,1,1) plane, thereby exposing the Si(1,1,1) plane; and
depositing an N-type GaN material, an InGaN material, and a P-type GaN material on

the exposed Si(1,1,1) plane in sequence via epitaxial growth.
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10.  The method of claim 9 wherein reacting a surface of a silicon substrate with an
anisotropic etchant includes reacting the surface of the silicon substrate with the anisotropic
etchant as follows:

Si+4(0OH ™) ~> Si(OH), + 4e”

11.  The method of claim 9 wherein reacting a surface of a silicon sybstrate with an
anisotropic etchant includes reacting the surface of the silicon substrate with of least one of tetra-
methyl-ammonium hydroxide (TMAH), potassium hydroxide (KOH), onium hydroxidc
(NH40OH), and ethylenediamine pyrocatechol (EDP).

[2. The method of claim 9 wherein
reacting a surface of a silicon substrate with an anisopfopic etchant includes reacting the
surface of the silicon substrate with the anigétropic etchant as follows:
Si+4(0H ) — Si(OH), +4e ;And
removing silicon matcrial includes preferenfally removing the silicon material along the

Si(1,0,0) plane while using the Sifl,1,1) plane as an etch stop.

13, The method of claim 9 whgfein

reacting a surface of a silicon gQibstrate with an anisotropic etchant includes reacting the
surface of the silicop/substrate with the anisotropic etchant as follows:

Si+ 4O ) — Si(OH), +4e”

removing silicon magérial includes preferentially removing the silicon material along the
Si(1,0,0) pfane while using the Si(1,1,1) plane as an etch stop; and

depositing an N-type GaN material, an InGaN material, and a P-type GaN material
incldes generally conforming the N-type GaN, InGaN, and P-type GaN

aterials to the Si(1,1,1) planc.

14/ The method of claim 9 wherein
reacting a surface of a silicon substrate with an anisotropic etchant includes reacting the

surface of the silicon substrate with the anisotropic etchant as follows:

Si+4(0OH ) — Si(OH), +4e”
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removing silicon material includes preferentially removing the silicon material along the
Si(1,0,0) plane while using the Si(1,1,1) plane as an etch stop; and
depositing an N-type GaN material, an InGaN material, and a P-type GaN mpferial
includes depositing the N-type GaN, InGaN, and P-type GaN materialf on the
exposed Si(1,1,1) plane, the N-type GaN, InGaN, and P-type GaX materials

individuaily forming a zigzag pattern.

15.  The method of claim 9 wherein
reacting a surface of a silicon substrate with an anisotropic etchdnt includes reacting the

surface of the silicon substrate with the anisotropic ctghant as follows:

Si +4(0H ) — Si(OH), +4e”
removing silicon material includes preferentially remgAing the silicon material along the
Si(1,0,0) plane while using the Si(1,1,1) plagde as an etch stop; and
depositing an N-type GaN material, an InGa}{ material, and a P-type GaN material
includes coalescing at least one of the N-type GaN material, the InGaN material,
and a P-type GaN material to the $(1,1,1) plane.
16.  The method of claim 9 whepin
reacting a surface of a silicon syfbstrate with an anisotropic etchant includes reacting the

surface of the silicon dubstrate with the anisotropic etchant as follows:

eyposed Si(1,1,1} plane, at least one of the N-type GaN, InGaN, and P-type GaN

materials having a generally planar surface.

7. Alight emitting diode, comprising:

an N-type gallium nitride (GaN) material;
a P-type GaN material spaced apart from the N-type GaN material; and
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an indium gallium nitride (InGaN) material directly between the N-type GaN material
and the P-type GaN material;

wherein at least one of the N-type GaN, InGaN, and P-type GaN materials has
planar surface.

18.  The light emitting diode of claim 17 wherein non-planar surfagé has a zigzag

pattern.

19.  The light emitting diode of claim 17 wherein non-planargurface has a plurality of
indentations formed by a first plane and a second plane joined togetlf€r at a junction.
20.  The light emitting diode of claim 17 wherein ngn-planar surface has a plurality of
indentations formed by a first planc and a sccond planc jbinced together at a junction, the first
and second planes forming an angle of about 72°.

21.  'The light emitting diode of claim ¥7 wherein non-planar surface has a plurality of
indentations formed by a first plane, a secopd plane, and a third plane extending between the
first and second planes, the first and second planes forming an angle of about 54° and 126° with

the third plane, respectively.

23. e light emitting diode of claim 17 wherein at Icast onc of the N-type GaN,
InGaN, and P-type f5aN materials have a first surface and a second surface opposite the first
surface, the first #irface being non-planar and the second surface being generally planar,
24 The light emitting diode of claim 17 wherein at least one of the N-type GaN,
InGaN, /and P-type GaN materials have a first surface and a second surface opposite the first

surfyle, the first surface having a zigzag pattern and the second surface being generally planar.
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CLAIMS

We claim:

1. A method for processing a silicon substrate, comprising:

applying an anisotropic etchant to a surface of the silicon substrate, the silicon substrate
having a $i(1,0,0) lattice orientation at the surface;

forming an indentation on the surface of the silicon substrate with the applied anisotropic
etchant, the indentation being defined by at least one plane with a 8i(1,1,1) lattice
orientation; and

forming a light emitting diode structure on the at least one plane with the Si(1,1,1) lattice
orientation of the indentation, wherein forming the light emitting diode structure
includes depositing an N-type gallium nitride (GaN) material, an indium gallium
nitride (InGaN) material, and a P-type GaN material on the first and second
Si(1,1,1) planes in sequence and coalescing at least one of the N-type GaN,
InGaN, and P-type GaN materials during deposition, and wherein the coalescing
reduces a dislocation density in at least one of the N-type GaN, InGaN, and P-

type GaN materials.

2. The method of claim ! wherein

the method further includes:
depositing a mask material on the surface of the silicon substrate; and

patterning the mask material to form a plurality of openings to the surface of the silicon
substrate;

applying an anisotropic etchant includes applying a solution containing at least one of
tetra-methyl-ammonium hydroxide (TMAH), potassium hydroxide (KOH),
ammonium hydroxide (NH4OH), and ethylenediamine pyrocatechol (EDP} to the
surface of the silicon substrate via the openings;

forming an indentation includes forming a plurality of indentations individually having a
first Si(1,1,1) plane and a second Si(1,i,1) plane both extending toward the
silicon substrate from the surface to a depth, the first and second 8i(1,1,1) planes

forming a zigzag pattern;
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the method further includes adjusting at least one of a concentration of the anisotropic
etchant, an etching temperature, and an etching period to achieve a vaiue of the
depth that is greater than about 100 microns; and

forming a light emitting diode structure includes depositing an N-type gallium nitride
(GaN) material, an indimm gallium nitride (InGaN) material, and a P-type GaN
material on the first and second Si(1,1,1) planes in sequence via metal organic
chemical vapor deposition (MOCVD), the N-type GaN, InGaN, and P-type GaN
materials having surfaces generally confoﬁning to the zigzag pattern of the first

and second Si(1,1,1) planes.

3. The method of claim 1 wherein

the method further includes:
depositing a mask material on the surface of the silicon substrate; and

patierning the mask material to form a plurality of openings to the surface of the silicon
substrate;

applying an anisotropic etchant includes applying a solution containing at least one of
tetra-methyl-ammonium hydroxide (TMAH), potassium hydroxide (KOH),
ammonium hydroxide (NH,OH), and ethylenediamine pyrocatechol (EDP) to the
surface of the silicon substrate via the openings;

forming an indentation includes forming a plurality of indentations individually having a
first Si(1,1,1) plane and a second Si(l,1,1) plane both extending toward the
silicon substrate from the surface to a depth, the first and second Si(1,1,1) planes
forming a zigzag pattern;

the method further includes adjusting at least one of a concentration of the anisotropic
etchant, an etching temperature, and an etching period to achieve a value of the
depth that is less than about 1 micron; and

forming a light emitting diode structure includes:
depositing an N-type gallium nitride (GaN) material, an indium gallium nitride

(InGaN) material, and a P-type GaN material on the first and second
Si(1,1,1) planes in sequence via metal organic chemical vapor deposition

{(MOCVD); and
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coalescing at least one of the N-type GaN, InGaN, and P-type GaN materials
during the MOCVD operation.

4. The method of claim | wherein

applying an anisotropic etchant includes applying a solution containing at least one of
tetra-methyl-ammonium hydroxide (TMAH), potassium hydroxide (KOH),
ammonium hydroxide (NH4OH}, and ethylenediamine pyrocatechol (EDP) to the
surface of the silicon substrate; and

forming a light emitting diode structure includes depositing an N-type gallium nitride
(GaN) material, an indium gallium nitride (InGaN) material, and a P-type GaN

material on the first and second Si(1,1,1) planes in sequence.

5. The method of claim 1 wherein forming an indentation includes forming an
indentation having a first Si(1,1,1) plane, a second Si(1,1,1) plane, and a Si(1,0,0} plane

extending between the first and second Si(1,1,1) planes.

6. The method of claim | wherein forming an indentation includes forming an
indentation having a first Si(1,1,1) plane and a second 8i(1,1,1) plane intercepting the first

Si(1,1,1) plane at a junction.

7. The method of claim 1 wherein forming a light emitting diode structure includes
depositing an N-type GaN material, an InGaN material, and a P-type GaN material on the at

least one plane of the indentation in sequence, the plane having the Si(1,1,1) lattice orientation.

8. The method of claim 1 wherein:

forming an indentation includes forming an indentation extending toward the silicon
substrate from the surface to a depth; and

the method further includes adjusting at least one of a concentration of the anisotropic
etchant, an etching temperature, and an etching period to achieve a desired value

of the depth.




0. A method for processing a silicon substrate, comprising:

reacting a surface of a silicon substrate with an anisotropic etchant, at least a portion of
the silicon substrate having a Si(1,0,0) lattice orientation at the surface;

removing silicon material from the surface of the silicon substrate along a Si{1,0,0) plane
faster than along a Si(1,1,1) plane, thereby exposing the Si(1,1,1) plane; and

depositing an N-type GaN material, an InGaN material, and a P-type GaN malerial on
the exposed Si(1,1,1) plane in sequence via epitaxial growth and coalescing at
least one of the N-type GaN, InGaN, and P-type GaN materials during
deposition, wherein the coalescing reduces a dislocation density in at least one of

the N-type GaN, InGaN, and P-type GaN materials.

10.  The method of claim 9 wherein reacting a surface of a silicon substrate with an
anisotropic etchant includes reacting the surface of the silicon substrate with the anisotropic
etchant as follows:

Si + 4(OH") — Si(OH), + 4e”

11.  The method of claim 9 wherein reacting a surface of a silicon substrate with an
anisotropic etchant includes reacting the surface of the silicon substrate with at least one of tetra-
methyl-ammonium hydroxide (TMAIH), potassium hydroxide (KOII), ammonium hydroxide
(NH4OH), and ethylenediamine pyrocatechol (EDP).

12.  The method of claim 9 wherein
reacting a surface of a silicon substrate with an anisotropic elchant includes reacting the
surface of the silicon substrate with the anisotropic etchant as follows:
Si+4(0OH™) — Si(OH), +4e"; and
removing silicon material includes preferentially removing the silicon material along the

5i(1,0,0) plane while using the Si(1,1,1) plane as an etch stop.

13.  The method of claim 9 wherein
reacting a surface of a silicon substrate with an anisotropic etchant includes reacting the

surface of the silicon substrate with the anisotropic etchant as follows:

Si+4(OH") — Si(OH), +4¢”
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removing silicon material includes preferentially removing the silicon material along the
Si(1,0,0) plane while using the Si(1,1,1) plane as an etch stop; and

depositing an N-fype GaN material, an InGaN material, and a P-type GaN material
includes generally conforming the N-type GaN, InGaN, and P-type GaN

materials to the Si(1,1,1) plane.

14, The method of claim 9 wherein

reacting a surface of a silicon substrate with an anisotropic etchant includes reacting the
surface of the silicon substrate with the anisotropic etchant as follows:

Si+4(OH™) = Si(OH), +4e”

removing silicon material includes preferentially removing the silicon material along the
Si(1,0,0) plane while using the Si(1,1,1) plane as an etch stop; and

depositing an N-type GaN material, an InGaN material, and a P-type GaN material
includes depositing the N-type GaN, InGaN, and P-type GaN materials on the
exposed Si(1,1,1) plane, the N-type GaN, InGaN, and P-type GaN materials

individually forming a zigzag pattern.

I5.  The method of claim 9 wherein

reacting a surface of a silicon substrate with an anisotropic etchant includes reacting the
surface of the silicon substrate with the anisotropic etchant as follows:

Si+4(0OH™) = Si(OH), +4e”

removing silicon material includes preferentially removing the silicon material along the
Si(1,0,0) plane while using the Si(1,1,1) plane as an etch stop; and

depositing an N-type GaN material, an InGaN material, and a P-type GaN material
includes coalescing at least one of the N-type GaN malerial, the InGaN malerial,

and a P-type GaN material to the Si(1,1,1) plane.

16.  The method of claim 9 wherein
reacting a surface of a silicon substrate with an anisotropic etchant includes reacting the

surface of the silicon substrate with the anisotropic etchant as follows:

Si+4(OH™) ~> Si(OH), + 4e”
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removing silicon material includes preferentially removing the silicon material along the
Si(1,0,0) plane while using the Si{1,1,1) plane as an etch stop; and

depositing an N-type GaN material, an InGaN material, and a P-type GaN material
includes depositing the N-type GaN, InGaN, and P-type GaN materials on the
exposed Si(1,1,1) plane, at least one of the N-type GaN, InGaN, and P-type GaN

materials having a generally planar surface,




