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In a particular embodiment, the coarse abrasive includes an amount of bond material within a range of between
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Tabl e!: Wheel speed=2223 rpm Step 1 Step 2 Step 3 Dwell Lift Material
renoved (urn) 40 55 25 rev 10 Feed rate (ums) 3 1 1 1 Chuck speed
(rpm 105 105 105 105 105 After the coarse grinding process,

t he waf er svac@sssdoject to a fine grinding process. The HOmes2grigessng
process also utilizes a self-dressing wheel, such as an IRI'S type
wheel Fine #4-24-XL073, manufactured by 20Saj nt - Gobai n Abrasi v

Inc., which s hyraysRacsiss %49&““@‘1“?‘1“ W&W‘i‘fﬁgm%?ﬁat%\‘}reﬁ"%{&%“d?rﬂﬂs the

size wit dmam:-sla:nﬂangml vgfich the wafer, substrate, or boule fits. Accordingly, to the extent that such components

have a flat or plurality of flats, such flats do not affect the diameter of the component.

Various embodiments have well controlled nTTV, such as not greater than about 0,037 pm/cm”.

5 Particular embodiments have even superior aTTV, such as not greater than 0,035 pm/cm?, or even not greater
than 0.032 pm/cm®. Such controlled nTTV has been particularly achieved with large substrates, such as those
having a diameter not less than about 9.0 cm, or even not less than about 10.0 cm, Wafer size may also be
specified in terms of surface area, and the foregoing nTTV values may be associated with substrates having a

surface area not less than about 90 ¢m? not less than about 100 cm?, not less than about 115 cm’.

10 Referring to the total thickness variation values of the sapphire substrate, TTV is the absolute difference
between the largest thickness and smallest thickness of the sapphire substrate (omitting an edge exclusion zone
which typically includes a 3.0 mm ring extending from the wafer edge around the circumference of the wafer),
and nTTV is that value (TTV) northalized to the surface area of the sapphire substrate. A method for measuring

total thickness variation is given inr ASTM standard F1530-02.

15 Generally, the nTTV value, as well as all other normalized characteristics disclosed herein, are
nermalized for a sapphire substrate having a generally planar surface and substantially circular perimeter which
can include a flat for identifying the orientation of the substrate. According to one embodiment, the sapphire
substrate has a surface area of not less than about 25 cm?, such as not less than about 30 cm?, not less than 35
cm? or even not less than about 40 cm®, Still, the substrate can have a greater surface area such that the

20  generally planar surface has a surface area not less than about 50 cm®, or still not less than about 60 cm”’, or not
less than about 70 cm® The sapphife substrates may have a diameter greater than about 5.0 cm (2.0 inches),
such as not less than about 6.0 cm (2.5 inches). However, generally the sapphire substrates have a diameter of

7.5 cm ( 3.0 inches) or greater, speéiﬁcally including 10 cm (4.0 inches) wafers.

In further reference to chardcteristics of the sapphire substrate, according to one embodiment, the
25  generally planar surface of the sapphire substrate has a surface roughness Ra of not greater than about 100.0 A,
such as not greater than about 75.0‘A, or about 50.0 A, or even not greater than about 30.0 A. Even superior
surface roughness can be achieved, such as not greater than about 20.0 A, such as not greater than about 10.0 A,

or not greater than about 5.0 A.

The generally planar surface of the sapphire substrate processed in accordance with the methods
30  described above can have superior flatness as well. The flatness of a surface is typically understood to be the
maximum deviation of a surface from a best-fit reference plane (see ASTM F 1530-02). In this regard,
normalized flatness is a measure of the flatmess of the surface normalized by the surface area on the generally
planar surface. According to cne ei.nbodiment, the normalized flatness (nFlatness) of the generally planar
surface is greater than about 0,100 pm/cm?, such as not greater than about 0.080 um/cm®, or even not greater
35  than about 0.070 pm/em?. Still, the normalized flamess of the generally planar surface can be less, such as not

eater than about 0,060 pm/cm?, or not greater than about 0.050 pr/cm’,
gr
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about 10-25 microns. Again, for the purposes of this exanple, the
fine grinding of the wafers is conpleted using a Strasbaugh 7AF ultra
precision grinder. As with the coarse grinding process, the fine

gri ndi ng pwvoces®sxabj ect the wafers to particul ar procm?m@oms&seﬂs
and paraneters which are provided in Table 2 bel ow.

2008/ 083073P /USZ Q7/ 08855 .Table 2 e eed 2633 rpm.St e Ste
2 Step 3 DwePiPPiEfs S‘Wﬁipé?cesé %??Bﬂ@%"a“’ttw%"dﬁ%" %edéw%‘g C?negh"%t al'—‘%dg%f&r at ep
(um' s) 1w@pifg 9 cithract€yiz&l mqulmmhe('mm n'W&p.Shhe §&p 6% s@Brate is generally

understood to be the deviation of the median surface of the substrate from a best-fit reference plane (see ASTM
F 697-92(99). Inregards to the nWarp measurement, the warp is normalized to account for the surface area of

5  the sapphire substrate. According to one embodiment, the nWarp is not greater than about 0.190 pm/cm’, such
as not greater than about 0.170 um/em?, or even not greater than about 0.150 pm/cm?,

The generally planar surface can also exhibit reduced bow. As is typically understood, the bow of a
surface is the absolute value measure of the concavity or deformation of the surface, or a portion of the surface,
as measured from the substrate centerline independent of any thickness variation present. The generally planar

10 surface of substrates processed according to methods provided herein exhibit a reduced normalized bow (nBow)
which is 2 bow measurement normalized to account for the surface area of the generally planar surface. As
such, in one embodiment the nBow of the generally planar surface is not greater than about 0.100 pm/cm?, such
as not greater than about 0.080 pm/cm’, or even not greater than about 0.070 um/cm®. According to another
embodiment, the nBow of the substrate is within a range of between about 0.030 pm/em? and about 0.100

15  pm/em® and particularly within a range of between about 0.040 pm/cm? and about 0.090 pm/cm®.

In reference to the orientation of the sapphire substrate, as described above, the generally planar surface
has z c-plane orientation. C-plane orientation can include a manufactured or intentional tilt angle of the
generally planar surface from the c-plane in a varisty of directions, In this regard, according to one
embodiment, the generally planar surface of the sapphire substrate can have a tilt angle of not greater than about

20 2.0° such as not greater than about 1.0°. Typically, the tilt angle is not less than about 0.10°, or not less than

0.15° Tilt angle is the angle formed between the normal to the surface of the substrate and the c-plane.

According to embodiments Ehare:in, processing of sapphire wafers desirably results in well controlled
wafer-to-wafer precision, More specifically, with respect to c-plane oriented wafers the precise orientation of
the wafer surface relative to the c-plane of the sapphire crystal is fixed precisely, particularly as quantified by

25  wafer-to-wafer crystallographic variance. With reference to FIG. 5, Z is a unit normal to the polished surface of
the sapphire, and 8, , 8y and 8¢ are orthonormal vectors normal to an a-plane, an m-plane and a c-plane
respectively. A and M are projections of 84 , Oy respectively on the plane defined by the sapphire surface (A =

—Z(0,.Z2), M=0y—Z( 0y .Z)). The misorientation angle in the a-direction is the angle between 8, and its
projection on the plane containing A and M, and the misorientation angle in the m-direction is the angle between

30 By and its projection on the plane containing A and M. Misorientation angle standard deviation ¢ is the standard

deviation of misorientation angle across a wafer lot, typically at least 20 wafers.

According to embodimenits, processing is carried out as described herein, particularly incorperating the
grinding process described in detail above, and a lot of sapphire wafers are provided that has precise
crystallographic orfentation, Substrate lots typically have not fewer than 20 wafers, oftentimes 30 or more

35  wafers, and each lot may have wafers from different sapphire cores or boules. It is noted that a lot may be
several sub-lots packaged in separate containers. The wafer lots may have a standard deviation oy of Oy across

a wafer lot not greater than about 0.0130 degrees, such as not greater than 0.0110 degrees, or not greater than
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After the coarse and fine grinding processes, the sapphire wafers are
subjected to a stress relief process as described above. After stress
relief; the sapphire wafers are subjected to a final polishing.
Several povOMBiHZEOT urries were 5 prepared to investi gRCa/USh@7H08HsE0 of
pH and phosphates as well as the role of alkali and cal cium Reported
bel ow, Tabl e 3 shows hancenents tq a bhaseljine slurr Sl yr l .

Pol i shi rip oS BEsy Tie Q@b tt PHOF IS FHE € BT e oA BRITFE M1 RL U0 dpepe.

di anet ersuchpehdt greated the .03 1 Biseres.or nEGENENap. 038 degtrer . Pol i shi ng was done
on a 112 pad (avail able from Rohm and Haas Conpany of Phil adel phi a,
PA) with a Shusnipyrishd W pritin@theds ofantithohifihgiwaAdrs/sBbspita e DES/DD @bsifafes, 408t

rpm car rm'ri%gcﬁme%{% %%%d%ﬁ% %/w!nB s.afgr &mg@w&%giﬁ efvcﬁg eftbbiments AARoSord
Slurlr:é/1 unpber u“Pn 1 V' 'm tarting A @@ at 60 mn - Center
(A orrsEripging gbresiye (ORKAtigeR aacIf gugssipgrout figyy prpyyahipeonivmeionethe aylf-destpeg 42
17826 44%he 3@Qing fhragivel & well as particular CMP polishing technigues and chemistries, facilitate production of

precision finished sapphire wafers having superior geometric qualities {i.e., nTTV, nWarp, nBow, and

nFlatness). In addition to the control of geometric qualities, the processes provided above in conjunction with

precision wire sawing facilitates precision oriented crystal wafers having superior control of the tilt angle

10 variation across substrates. In these respects, the improved geometric qualities and precise control of surface

orientation from substrate to substrate, facilitates production of consistent LED/LD devices having more

uniform light emitting qualities.

Following the various procéssing steps described herein, the surface of the sapphire subsirate subjected
to treatment generally has a suitable crystal structure for use in LED/LD devices. For example, embodiments

15  have a dislocation density less than 1E6/cm® as measured by X-ray topographic analysis.

It is particularly noteworthy that dimensional and/or crystallographic orientation control is achieved by
embodiments of the invention in connection with large sized substrates and substrates having controlled
thickness. In these respect, according to the state of the art, dimensional and crystallographic controls degrade
rapidly with increase in wafer size (surface area) for a givea thickness. Accordingly, state of the art processing

20  has typically relied on increasing thickness in an atternpt to at least partially maintain dimensional and
crystallographic control. In contrast, embodiments herein can provide suck controls largely independent of

thickness and less dependent on wafer or substrate size.
EXAMPLES

The following exanples provide methods for processing wafers according to several embodiments, and
25  particularly describe processing parameters for praduction of high surface area wafers having improved
dimensional qualities and orientations. In the following examples, c-plane sapphire wafers having diameters of

2 inches, 3 inches, and 4 inches were processed and formed in accordance with embodiments provided herein.

Processing initiates with a Boule that is sectioned or sliced, as described above. The boule is sectioned
using a wire sawing technique, wherein the boule is placed and rotated over wires coated with cutting elements,
30  such as diamond particles. The boiile is rotated at a high rate of speed, within a range of between about 2000
rpm and 5000 rpm. While the boule is rotating it is in contact with multiple lengths of wiresaw, which are
typically reciprocated at a high speed in a direction tangential to the surface of the boule, to facilitate slicing.
The lengths of wiresaw are reciprocated at a speed of about 100 cycles/minute. Other liquids can be
incorporated, such as a shurry to facilitate slicing. In this instance, the wire sawing precess lasts a few hours,

35  within a range of between about 4 to 8 hours. It will be appreciated that the duration of the wire sawing process
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is at least partially dependent upon the diameter of the boule being sectioned and thus may last longer than 8

hours.

Afier wire sawing, the waférs have an average thickness of about 1.0 mm or less, Generally, the wafers
have an average surface roughness (Ra) of less than about 1.0 micron, an average total thickness variation of

about 30 microns, and an average bow of about 30 microns.

After wire sawing the boule to produce wafers, the wafers are subjected to a grinding process. The
grinding process includes at least a first coarse grinding process and a second fine grinding process. In regards
to the coarse grinding process, a self-dressing coarse grinding wheel is used, such as a PICO type wheel, Coarse
#3-17-XL.040, manufactured by Saint-Gobain Abrasives, Inc., which incorperates diamond grit having an
average grit size within a range of about 60 to 80 microns. For this example, coarse grinding of the wafers is
completed using a Strasbaugh 7AF ultra precision grinder. The cycles and parameters of the coarse grinding

process are provided in Table I below.

In the Tables I and 2 below, material is successively removed through a series of iterative grinding steps.
Steps 1-3 represent active grinding steps at the indicated wheel and chuck speeds and feed rate. Dwell is carried
out with no bias, that is, a feed rate of zero. Further, lift is carried out at a feed rate in the opposite direction, the

wheel being lifted from the surface of the substrate at the indicated feed rate.

Table 1:
Wheel speed=2223 rpm Step 1 Step 2 Step 3 Dwell Lift
Material removed (um) 40 5 5 25 rev 10
Feed rate (um/s) 3 1 1 1
Chuck speed {rpm) 105 105 105 105 105

After the coarse grinding process, the wafers are subject to a fine grinding process. The fine grinding
process also utilizes a self-dressing wheel, such as an IRIS type wheel Fine #4-24-X1.073, manufactured by
Saint-Gobain Abrasives, Inc., which utilizes diamond abrasive grit having an average grit size within a range of
about 10-25 microns. Again, for the purposes of this example, the fine grinding of the wafers is completed
using a Strasbaugh 7AF ultra precision grinder. As with the coarse grinding process, the fine grinding process

subject the wafers to particular processing cycles and parameters which are provided in Table 2 below.

-14-
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Table 2

Wheel speed=2633 rpm Step 1 Step 2 Step 3 Dwell Lift

Material removed {um) 10 3 2 55 rev 5

Feed rate (umy/s) 1 0.1 0.1 0.3

Chuck speed (rpm) 55 55 55 55 55

After the coarse and fine grinding processes, the sapphire wafers are subjected to a stress relief process

as described above.

After stress relief, the sapphire wafers are subjected to a final polishing. Several polishing shrrries were

prepared to investigate the role of pH and phosphates as well as the role of alkali and calcium. Reported below,

Table 3 shows enhancements to a baseline slurry, Slurry 1. Polishing was carried out utilizing C-plane sapphire
pucks, 27 in diameter, polished on a Buehler ECOMET 4 polisher. Polishing was done on a H2 pad (available

from Rohm and Haas Company of Philadelphia, PA) with a slurry flow rate of 40 ml/min at a platen speed of

400 rpm, carrier speed of 200 rpm at a downforce of 3.8psi.

Table 3
Slurry pH MRR Starting Ra | Ra at 60 min - | Ra at 60 minutes - | Ra at 60 minutes -
Number {A/min) A) Center (A) Middle (A) Edge (A)

1 9 842 7826 443 100 26

2 10 800 7686 481 27 35

3 11 1600 7572 150 10 7

4 12 1692 7598 27 6 3

5 11 1558 6845 26 32 18

6 11 1742 8179 9 13 9

7 11 1700 5127 10 9 10

3 1] 1600 7572 150 10 7

9 11 1267 7598 43 51 148

10 11 1442

11 11 158 7572 504 1206 475
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Table 4 Slurry Nunber Chemstry 1 Alumna Slurry at 10% solids with

NaOH 9 Alum na slurry at 10% solids with NaOH 3 Alum na slurry at 10%

sol i ds w tWONRBHSZ7Al um na slurry at 10% sol i ds wi t h Na@H/G2680710R858E
slurry at 10% solids with NaOH pl us 1% Sodi um Pyrophosphate 6

10

15

Table 4
Slurry Number Chemistry

1 Alumina slurry at 10% solids with NaOH
2 Alumina slurry at 10% solids with NaOH
3 Alumina slurry at 10% solids with NaOH
4 Alumina silurry at 10% solids with NaCH
5 Alumina slurry at 10% solids with NaOH plus 1% Sodium Pyrophosphate
6 Alumina shurry at 10% solids with NaOH plus 1% Dequest 2066
7 Alumina slnrry at 10% solids with NaOH plus 1% Dequest 2054
8 [Alumina slurry at 10% solids with NaOH
9 Alumina slurry at 10% solids with KOH
10 Alumina siurry at 10% solids with ammonium hydroxide
1 Alumina slurry at 10% solids with NaOH and 1% caloium chloride

With respect to the polishing data, as can be seen above in Tables 3 and 4, notable improvements in
polishing were found shifting the pH from 9 to 11 as indicated by Slurries 3 and 4. In addition, better surface
finishes were found, indicating better productivity. Organic phosphonic acids (Slurries 6 and 7) and inorganic

phosphates (Slurry 5) show additional enhancements to surface finish and material removal rate,

Higher alkaline pHs enhance removal rates and finish, and sodium hydroxide shows a suitable route for
increased pH (Slurry8) as compared to potassium hydroxide (Slurry 9) and ammonium hydroxide (Slurry 10).
Slurry 11 shows a notable affect on moderation of material removal in combination with use of alumina for the

abrasive loose abrasive component.

After subjecting the sapphire wafers to processing procedures provided above, characterization of
dimensional geometry of the wafers was carried out. Comparative data were generated by comparing the
dimensional geometry of sapphire wafers processed according to procedures provided herein and wafers
processed using a conventional method, which relies upon lapping with a free abrasive shurry rather than
grinding. The comparative data is provided below in Table 5, units for TTV and Warp are microns, while the
units for nTTV and nWarp are microns/cm’ and diameter (d) and thickness (t) are provided in inches and

microns, respectively.

Table 5
Comparative Examples | Examples
d=2", =430pm 3", 550um 4", 650pm 2" 3", 470 um 4", 470pm
TTV 1.77 1.452 3.125 0.95 1.7 1.25
nTTV  |0.087 0.032 0.039 0.05 0.04 0.015
Warp 4.2 8.0 n/a 3.58 5.00 8.70
nWarp [0.207 0.175 0.18 0.11 0.11

For all wafer diameters, the normal to the ground surface was less than 1 degree from the c-axis of the

wafer.
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hydroxide (Slurry 10). Slurry Il shows a notable affect on noderation
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abr asi ve | oose abrasive conponent. 10After subjecting the sapphire
waf ers tosppom@ssi ng procedures quoovizded above33kharacteri zation of
di nensi onal geonetry of the wafers was carried out. Conparative data
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provi ded} Rek &We'unTa-Eﬁ@k@re éleasMEH dcdss vaousm}‘ér BQ@OMESI@ m@&e@n Rk dedabaSith b1 | e
the 15units, for nTT

ter, (d),. and
L i modtreine Bpe sy ories T8 Sransel itheRs o St et BTt e gl o
5  Conparatss \Meetably dirpdixemples Eyve iyphosei dimensional geometry as quantified by the TTV and Warp
values, typically achieved at wafer thicknesses less than those employed by conventional processing.

15 Embediments also provide improved control and consistency of dimensional geometry across each wafer, and
crystaliographic control over wafer lots. Moreover, the Examples provide improved scalability evidenced by

the improved dimensional geometries as the diameter of the wafers increases.

While fixed abrasive grinding has been utilized in the context of finishing applications in general, the
inventors have discovered that sapphire wafer processing with tight dimensional control was supported by
20  particular process features. Conventional processing methods rely upon feed rates that are low and chuck
speeds that are high for improved dimensional geometry. However, it was discovered that such low feed rates
{e.g. 0.5 microns/s) and high chucks chuck speeds (e.g. 590 rpm) produce wafers having excessive nBow,
nWarp, and/or nTTV. The reasons for the success of unconventional process conditions utilized hereinto
increase dimensional control are not entirely understood but appear to be related particularly to machining of

25  sapphire subsirates and particularly to larger substrates, e.g., 3 inch and 4 inch sapphire substrates.

According to embodiments herein, high surface area, high quality, substrates are produced that support
active device processing with notaBly high yield and productivity. The processing procedures provided herein
present wafers with repeatable, highly dimensionally precise geometric crystailographic parameters. Moreover,
embodiments provided herein provide a unique combination of processing techniques, parameters, chemistries,

30 and apparatuses, that exhibit a deviation from the state of the art and conventional procedures to provide wafers

having dramatically improved dimensicnal geometries and crystallographic accuracy.

The above-disclosed subject matter is to be considered illustrative, and nat restrictive, and the appended
claims are intended to cover all such modifications, enhancements, and other embodiments, which fall within

the true scope of the present invention. Thus, to the maximum extent allowed by law, the scope of the present
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invention is to be determined by the broadest permissible interpretation of the following claims and their

equivalents, and shail not be restricted or limited by the foregoing detailed description.
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machi ni ng of sapphir Icularly to larger
substrates, e g, 3 inch and 4 inch sapphire substrates.

According to e i ments herein, .high.,surface,area i.gh | it
Subet ratgs ar oot SuireBATE el s S 4o oS FaBalR R e &b b bt
notably high ygehter aas OHDO?LWEm%’,M%reiI'ﬂW%%ﬁﬁ@id‘f@h&h@ﬁ?ﬁére_S

provi ded herein present wafers with repeatabl e, highly dinmensionally

preci se geonetRarmabzsdsion suréase 4paiof thragenerllypdanansiréasoer , enbodi ment s
provi ded herein provide a uni que conbi nati on of processing

techni ques, paraneters, chem stries, 30and apparatuses, that exhibit
a devi ation fronmThheapphige substrateieé claim lawlersonthe tyistallagraphig osigutatien t o

provide waf er Sis selected from the group consisting of c- and r-plane orientations.

7. The sapphire substrate of claim 6, wherein the crystallographic orientation

is the c-plane orientation.

8. The sapphire substrate of claim 7, wherein the generally planar surface of
the sapphire substrate is tilted away from the c-plane at a tilt angle of not

greater than about 2.0°.
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19. The sapphire substrate of claim 18, wherein the crystall ographic
orientation is the c-plane orientation and the generally planar
surface of the sapphire substrate is tilted away fromthe c-plane at
atilt angle of not greater than about 2.00 . 20. The sapphire

substrate of cigi ThdpphhesisRaiedt® cRaReD alvhdtchl tBbafysaibfaggcof the
sapphire substrate has a dislocation density of not greater than

1E8/ cn2 as nea@ugnsations selecigd fropdhe srshp consisting e~ sabphlaneoderationat e
of claim 12, wherein the generally planar surface has a surface area
of not |ess than about 40 cnR2. 22. The sapphire substrate of claim
12, wherei n t h9.sTixssapphise $rbstratedif alain 4B, wherpintth¢ exystatlbgmplabout 7. 5

cm 23. A sapphire.substrate, conprising., a generall | anar .surface
having a cryst@?efné%}ogdﬁﬁbe CéPIP%%?%‘%}F%}Wnsaélﬁ&ff% efﬁlgrﬂl?%légﬁ?aﬁﬁﬁfﬁle
consi sting of @pphiddubstratlisfiRed 4vH} ROA thddlPlabic b AR an@Bdf RaVdrfderd
NTTV of not greater than about 0.025 unficnR, wherein nTTV is total

t hi ckness var i &enepou@rial i zed for surface area of the generally

pl anar surface. 24. The sapphire substrate of claim 23, wherein the
NTTV is not greater than about 0.020. 25. The sapphire substrate of
cl ai m 23, \/\/r\erzla(i.n’l“lnmﬂppﬂ‘l‘fc_\/sﬁbstratetof glaimtl’e,rwhéraim thd:)gmierzﬂly(}nl&ar s@aceThe
sapphire substeate of gl ol 23 oS it B S o e AT b §O!

as measured by x-ray topography.

21. The sapphire substrate of claim 12, wherein the generally planar surface

has a surface area of not less than about 40 cm?.

22. The sapphire substrate of claim 12, wherein the substrate has a diameter

of not less than about 7.5 cm.

23. A sapphire substrate, comprising:

a generally planar surface having a crystallographic orientation selected from
the group consisting of a-plane, r-plane, m-plane, and c-plane, and having a
nTTV of not greater than about 0.025 pm/cm?, wherein nTTYV is total

thickness variation normalized for surface area of the generally planar surface.

24. The sapphire substrate of claim 23, wherein the nTTV is not greater than
about 0.020.

25. The sapphire substrate of claim 23, wherein the nTTV is not greater than
about 0.018.

26. The sapphire substrate of claim 23, wherein substrate has a diameter not

less than about 9.0 cm.
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