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Tabl e 1: Wheel speed---2223 rpm Step 1 Step 2 Step 3 Dwell Lift
Material renoved (unm) 40 55 25 rev 10 Feed rate (ums) 311 1
Chuck speed (rpm 105 105 105 105 105 After the coarse grinding
process, tWR2WPIEPE. are subject to a fine grinding proBeb¥520§HEFH6ne
grindi ng process also utilizes a self-dressing wheel, such as an IRI'S

t ype wheel Fft{slgotfdzi a th t?a(rl.r'nQ«zl meterrr%p ct,cﬁr? ED ‘é‘tﬁl Q%h »%Qe?‘@ﬁb@&at QQJIJLme denotes the
d ab

Abr asi ves, I anon rasive grit having
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Tablp eS 2 %}cﬂ%erﬁbodsments havegeven superaor nT rvjs ch as not greater%nan\,\@(l)?g pmﬁ col, O E.fgl\ﬁlot grea erl n

than 0.032 um/em®. 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 crnz, not less than about 100 ¢m’, not less than about 113 e’

10 Referring to the total thickness variation vaiues of the sapphire substrate, TTV is the absolute difference
between the larpest 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 n'FTV is that value (TTV) normalized to the surface area of the sapphire substrate. A method for measuring

total thickness variation is given in ASTM standard F13530-02.

15 Generally, the nTTV value, as well as all other normalized characteristics disclosed herein, are
normalized 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 arca of not less than about 25 ¢m?®, 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 o, or still not less than about 60 em’, or not
less than about 70 cm® The sapphire 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 em (3.0 inches) or greater, specifically including 10 cm (4.0 inches) wafers.

In further reference to characteristics 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 subsirate processed in accordance with the methods
30  described above can have superior flatness as well. The flamess 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 flatness of the surface normalized by the surface area on the generally
planar surface. According to one embodirnent, the normalized flatness (nFlatness) of the generally planar
surface is greater than about 0.160 wm/cm?, such as not greater than about 0.080 um/em?, or even not greater
35  than about 0.070 pm/cm®. Still, the normalized flatess of the generally planar surface can be less, such as not
greater than about 0.060 um/em?, or not greater than about 0.050 umfem?,
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WD 20081083081PCT/ US2007/ 088576 Table 2 Wheel speed=2633 rpm Step 1
Step 2 Step 3 Dwell Lift Material renoved (urn) 10 3 2 55 rev 5 Feed
rate (ums) 1 0.1 0.1 0.5 Chuck speed (rpn) 55 55 55 55

After theVeOMI®BHA fine grinding processes, the sapp%?%s%wyf“@?sgare
subjected to a stress relief process as described above.

Sapphire substrates processed in accordance with methods provided herein can exhibit a reduced
warping as characterized by normalized warp, hereinafter nWarp. The warp of a substrate 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). In regards 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 um/cm?, such
as not greater than about (.170 pm/cm?, or even not greater than about 0.150 pm/cm®,

The generally planar surface can also exhibit reduced bow. As is typically understoed, 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 a bow measurement normalized to account for the surface area of the generally pianar surface. As
such, in one embodiment the nBow of the generally planar surface is not greater than about 0.100 um/cm?, such
as not greater than about 0.080 pm/cm’, or even not greater than about 0.070 pm/cm’. According to another
embodiment, the nBow of the substrate is within a range of between about 0.030 um/cm” and about 0.100

15 pm/em’, and particularly within a range of between about 0.040 pm/cm”* and zbout 0.090 pm/em?,

In reference to the orientation of the sapphire substrate, as described above, the generally planar surface
has a 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 variety 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 herein, processing of sapphire wafers desirably results in well conirolled
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 8, , 8y respectively on the plane defined by the sapphire surface (A =
Ba—Z (04.2), M =0y —Z ( &y .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 embodiments, 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 orientation. 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 Gy across

a wafer lot not greater than about 0.0130 degrees, such as not greater than 0.01 10 degrees, or not greater than
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After stress relief, the sapphire wafers are subjected to a final
pol i shing. Several polishing slurries were 5 prepared to investigate
the role of pH and phosphates as well as the role of alkali and

cal ci um REHIOHEIMe| ow, Tabl e 3 shows enhancenents t oPal/BERERYISHIS
slurry, Slurry 1. Polishing was carried out utilizing C plane

sapphire cks "o I aneter | i sh n
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(A) Ra at 6_n1nutes - E&ge %ﬁp 1.9 842 7§ 6 443 100 26 2 10 _.800. 7686
4871 Py coarse grinding abrasive (oftentimes a Self-dressing coarse fixed abrasive) in conjunction with a self~dressing
fine grinding abrasive, as well as particular CMP polishing techniques 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 processing 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, dimensjonal and erystallographic controls degrade
rapidly with increase in wafer size (surface area) for a given thickness. Accordingly, state of the art processing

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

thickness and less dependent on wafer or substrate size.

EXAMPLES

The following examples provide methods for processing wafers according to several embodiments, and
25  particularly describe processing parameters for preduction 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 boule 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 cycies/minute. Other liquids can be
incorporated, such as a slurty to facilitate slicing. In this instance, the wire sawing process 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.

After wire sawing, the wafers 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 af 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-X1L040, manufactured by Saint-Gobain Abrasives, Inc., which incorporates diamond grit having an
average grit size within a range of about 60 to 80 micrans. 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 1 below.

In the Tables 1 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 mo 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

Afier 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.
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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 (um/s) 1 0.1 0.1 0.5
Chuck speed (rpm) 53 55 35 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 sluries were

5  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 shury, Slurcy I, Polishing was carried out utilizing C-plane sapphire

pucks, 2 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.

10 Table3
Slurry MRR Starting Ra| Raat 60 min- | Ra at 60 minutes - | Ra at 60 minutes -
Number | P2 | (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 1652 7598 27 6 8

5 11 1558 6845 26 32 18

6 11 1742 8179 9 13 9

7 11 1700 5127 i0 9 10

8 11 1600 7572 150 10 7

9 il 1267 7598 43 51 148

10 11 1442

11 11 158 7572 904 1206 475
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Slurry
Al um na
wi th Na
at 10%
at 10%
sol i ds
wi th Na

10

15

7572 904 1206 475 WD 2008/ 083081PCT1US2007/ 088576 Table 4
Nunber Chem stry |I Alumna slurry at 10% solids with NaCH ')
slurry at 10% solids with NaOH 3 Alum na slurry at 10% solids
OHWO 200888388 sl urry at 10% solids with NaOH 5 APGRUB0EISEFy
solids with NaOH plus 1% Sodi um Pyrophosphate 6 Al um na slurry
solids with NaOH plus 1% Dequest 2066 7 Alumina slurry at 10%
gq%lg NaCH pl us 1% Dequest 2054 8 Alum na slurry at 10% sol i ds

Alumina slurry at 10%solids with KOH
Slurry Number |[Chemistry
1 Alumina slurry at 109 solids with NaOH
2 Alumina slurry at 10% solids with NaOH
3 Alumina slurry at 10% solids with NaOH
4 Alumina slurry at 10% solids with NaOH
5 Alumina slurry at 10% solids with NaOH plus 1% Sodium Pyrophosphate
6 Alumina shurry at 10% solids with NaQH plus 1% Dequest 2066
7 Alumina slurry at 10% solids with NaOH plus 1% Dequest 2054
8 Alumina slury at 10% solids with NaOH
S Alimina slurry at 10% solids with KOH
10 Alumina slurry at 10% solids with ammonium hydroxide
11 Alumina slurry at 10% solids with NaOH and 1% calcium chloride

With respect to the polishing data, as can be sezn 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 rounte for
increased pH (Slurry8) as compared to potassium hydroxide (Slurry 9) and ammonium hydroxide (Sturry 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 slurry rather than
grinding. The comparative data is provided below in Table 5, units for TTV and Warp are microns, while the
units for n'TTV 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" =430um 3", 550pm 4", 650um A 3" 470 um 4", 470um

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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gm 3", férZ&mg gl]oé;s’ﬂov% Zlg.l HEhdd ﬁ-]gllr-l\éor;]venziZnal]pr&éging that utilize a lapping for the entire grinding
process. Notably, the Examples have improved dimensional geometry as quantified by the TTV and Warp
values, typically achieved at wafer thicknesses less than those employed by conventional processing.
15  Embodiments also provide improved control and consistency of dimensional geometry across each wafer, and
crystallographic 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 thai 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 n'TTV. 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 substrates and particularly to larger substrates, e.g,, 3 inch and 4 inch sapphire substrates.

According to embodiments herein, high surface area, high quality, substrates arc 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 crystallographic parameters. Mareover,
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 dimensional geometries and crystallographic accuracy.

The above-disclosed subject matter is to be considered illustrative, and not restrictive, and the appended
claims are intended to cover all such modifications, enhancements, and other embodiments, which fail 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 shall not be restricted or limited by the foregoing detailed description.
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9. A sapphire substrate lot, comprising at least 20 sapphire substrates, each sapphire substrate having a

first surface that has (i) a c-plane orientation, (ii) a crystallographic m-plane miserientation angle
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c-plane orientation, wherein the sapphire substrate |ot contains at
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of claim1l, wherein the nmethod further conprises pollshlng t he
surface of the3slbstrhagebstrgtlepfcaim @ftherin grsinpidieniq thertrpeousH3 ffdegseenf t he
sapphire substrate using the fine-grained abrasive. 8. The nethod of
claim?7, wherein polishing the first surface of the substrate
conprises polishing the surface using an abrasive slurry. 30 9. A
sapphire substrate lot, conprising at |east 20 sapphire substrates,
each sapphire substrate having a first surface that has (i) a c-plane
orientation, (ii) a crystallographic mplane m sorientation angle
defined as an angl e between an orthonormal vector (On) to the
crystal l ographic mplane and a in-plane projection (M defined as a
projection of O on a plane defined by the first surface of the
sapphire substrate, and (iii) a crystall ographic a-pl ane

m sorientation angle defined as an angl e between an orthonor mal
vector (Qa) to the crystallographic a-plane and a a-pl ane projection
(A) defined as a 5 projection of Oa on the plane defined by the first
surface of the sapphire substrate, wherein at | east one of (a) a
standard devi ation am of the crystallographic mplane m sorientation
angle is not greater than about 0.0130 degrees of all substrates in
the ot and (b) a standard deviation aa of the crystall ographic
a-plane msorientation angle is not greater than about 0.0325 degrees
of all substrates in the lot. 10. The sapphire substrate |lot of claim
9, wherein an, is not greater than about 0.0110 degrees. 1011. The
sapphire substrate |lot of claim10, wherein amis not greater than
about 0.0080 degrees. 12. The sapphire substrate | ot of claim?9,
wherein a a is not greater than about 0.0325 degrees. 13. The
sapphire substrate lot of claim12, wherein (fa is not greater than
about 0.0310 degrees.
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