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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 • icon substrate 

having a Si(1,0,0) lattice orientation at the surface; 

forming an indentation on the surface of the silicon substrate with 	e applied anisotropic 

etchant, the indentation being defined by at least one pl. 	e with a Si(1,1,1) lattice 

orientation; and 

forming a light emitting diode structure on the at least on• 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 urface of the silicon substrate; and 

patterning the mask material to form . plurality of openings to the surface of the silicon 

substrate; 

applying an anisotropic etchan includes applying a solution containing at least one of 

tetra-methyl-ammoni m hydroxide (TMAH), potassium hydroxide 	(KOH), 

ammonium hydro de (NEIGH), and ethylenediamine pyrocatechol (EDP) to the 

surface of the 	' icon substrate via the openings; 

forming an indenta on includes forming a plurality of indentations individually having a 

first Si( ,1,1) plane and a second Si(1,1,1) plane both extending toward the 

silico 	substrate from the surface to a depth, the first and second Si(1,1,1) planes 

fo 	ing a zigzag pattern; 

the m- 

	

	od 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 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 f st 

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

3. 	The method of claim I wherein 

the method further includes: 

depositing a mask material on the surface of the silicon substra 	; and 

patterning the mask material to form a plurality of openings to the urface of the silicon 

substrate; 

applying an anisotropic etchant includes applying a solutio• containing at least one of 

tetra-methyl-ammonium hydroxide (TMAH), 	, • assium hydroxide (KOH), 

ammonium hydroxide (NH4OH), and ethylene. amine pyrocatechol (EDP) to the 

surface of the silicon substrate via the openi gs; 

forming an indentation includes forming a plu . ty of indentations individually having a 

first Si(1,1,1) plane and a second ` (1,1,1) plane both extending toward the 

silicon substrate from the surface 	. a depth, the first and second Si(1,1,1) planes 

forming a zigzag pattern; 

the method further includes adjust' g at least one of a concentration of the anisotropic 

etchant, an etching terns rature, and an etching period to achieve a value of the 

depth that is less than 4 $ out 1 micron; and 

forming a light emitting d" • de structure includes: 

depositing an $ -type gallium nitride (GaN) material, an indium gallium nitride 

(InG 	) material, and a P-type GaN material on the first and second 

S 	1,1,1) planes in sequence via metal organic chemical vapor deposition 

(MOCVD); and 

co• escing at least one of the N-type GaN, InGaN, and P-type GaN materials 

during the MOCVD operation. 

4 	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 (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 , tride 

(GaN) material, an indium gallium nitride (InGaN) material, and a P-., pe GaN 

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

5. The method of claim I wherein forming an indentation in,  udes forming an 

indentation having a first Si(1,1,1) plane, a second Si(1,1,1) plane, 	. 	d a Si(1,0,0) plane 

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

6. The method of claim I wherein forming an i 4 entation includes forming an 

indentation having a first Si(1,1,1) plane and a second Si 	,I,1) plane intercepting the first 

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

7. The method of claim I wherein fo 	g a light emitting diode structure includes 

depositing an N-type GaN material, an InGaN 	a erial, and a P-type GaN material on the at 

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

8. The method of claim 1 	r erein: 

forming an indentation incl des forming an indentation extending toward the silicon 

substrate from the .urface to a depth; and 

the method further in 	des adjusting at least one of a concentration of the anisotropic 

etchant, an - ching temperature, and an etching period to achieve a desired value 

of the death. 

9. A 	ethod for processing a silicon substrate, comprising: 

react 	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; 

moving 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 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 anisotro • c 

etchant as follows: 

Si + 4(OH-) —> Si(OH)4  + 4e- 

11. The method of claim 9 wherein reacting a surface of a silicon s 	strate with an 

anisotropic etchant includes reacting the surface of the silicon substrate with • least one of tetra- 

methyl-ammonium hydroxide (TMAH), potassium hydroxide (KOH), 	onium hydroxidc 

(NH4OH), and ethylenediamine pyrocatechol (EDP). 

12. The method of claim 9 wherein 

reacting a surface of a silicon substrate with an aniso opic etchant includes reacting the 

surface of the silicon substrate with the ani •tropic etchant as follows: 

Si + 4(OH-  ) —> Si(OH)4  + 4e-  ; • nd 

removing silicon material includes prcferc 	ally removing the silicon material along the 

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

13. The method of claim 9 wh,  ein 

reacting a surface of a silicon • bstrate with an anisotropic etchant includes reacting the 

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

Si + 4(0 	)—> Si(OH)4 + 4e- 

removing silicon ma 	rial includes preferentially removing the silicon material along the 

Si(1,0,0) p ane while using the Si(1,1,1) plane as an etch stop; and 

depositing an 	-type GaN material, an InGaN material, and a P-type GaN material 

incl des generally conforming the N-type GaN, InGaN, and P-type GaN 

aterials 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)4  + 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 m erial 

includes depositing the N-type GaN, InGaN, and P-type GaN materia . on the 

exposed Si(1,1,1) plane, the N-type GaN, InGaN, and P-type G. ' 4  materials 

individually forming a zigzag pattern. 

15. The method of claim 9 wherein 

reacting a surface of a silicon substrate with an anisotropic etc 	nt includes reacting the 

surface of the silicon substrate with the anisotropic et' ant as follows: 

Si + 4(OH-  )—> Si(OH)4  + 4e- 

removing silicon material includes preferentially rem. ing the silicon material along the 

Si(1,0,0) plane while using the Si(1,1,1) ph e 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 oft 	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 whe • 'n 

reacting a surface of a silicon s 	strate with an anisotropic etchant includes reacting the 

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

Si + 4(0 	)—> Si(OH)4  + 4e- 

removing silicon mat,  ial includes preferentially removing the silicon material along the 

Si(1,0,0) p .ne while using the Si(1,1,1) plane as an etch stop; and 

depositing an „-type GaN material, an InGaN material, and a P-type GaN material 

incl ies depositing the N-type GaN, InGaN, and P-type GaN materials on the 

e,' .osed 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. 	A light 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 • non 

planar surface. 

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

pattern. 

19. The light emitting diode of claim 17 wherein non-planar urface has a plurality of 

indentations formed by a first plane and a second plane joined toget I • r at a junction. 

20. The light emitting diode of claim 17 wherein 	-planar surface has a plurality of 

indentations formed by a first plane and a second plane 	.fined together at a junction, the first 

and second planes forming an angle of about 72°. 

21. The light emitting diode of claim 	wherein non-planar surface has a plurality of 

indentations formed by a first plane, a seco 	plane, and a third plane extending between the 

first and second planes, the first and seco , planes forming an angle of about 54° and 126° with 

the third plane, respectively. 

22. The light emittin• 4 'ode of claim 17 wherein the N-type GaN, InGaN, and P-type 

GaN materials individually h. e a surface with a zigzag pattern. 

23. The lig 	emitting diode of claim 17 wherein at least one of the N-type GaN, 

InGaN, and P-type 	aN materials have a first surface and a second surface opposite the first 

surface, the first 	rface 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 . nd P-type GaN materials have a first surface and a second surface opposite the first 

surf 	e, 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 Si(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 Si(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 1 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 (N1-1.40H), 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(1,1,1) 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 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 

chemical vapor deposition (MOCVD), the N-type GaN, InGaN, and P-type GaN 

materials having surfaces generally conforming 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 

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(1,1,1) 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 1 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 1 wherein forming an indentation includes forming an 

indentation having a first Si(1,1,1) plane and a second Si(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. 
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9. 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 material 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)4  + 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 (TMAH), potassium hydroxide (KOH), ammonium hydroxide 

(NH4OH), and ethylenediamine pyrocatechol (EDP). 

12. 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  +4e ; and 

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. 

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  + 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 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)4  + 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. 

15. 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(0H1—> Si(OH)4 + 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 material, the InGaN material, 

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)4  + 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. 
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