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Abstract A novel approach of high-performance grinding is
proposed using developed diamond wheels, to obtain mini-
mally damaged surface layer in silicon wafers. For this reason,
resin bond diamond wheels are specifically developed with
lanthanum oxide (La,05), magnesium oxide (MgO), and ceria
(CeOy,) as additives, respectively. The wheels contain grains
with a mesh number of 20,000 and a volume fraction of dia-
mond grains of 37.5%. The diamond wheel with ceria addi-
tives demonstrates the best grinding performance in terms of
surface integrity and roughness. It allows to generate an amor-
phous surface layer of 43 nm in thickness, without grinding
damage beneath in a silicon wafer. This is different from pre-
vious reports, in which an amorphous layer is at the top,
followed by a damaged crystalline layer underneath induced
by a diamond wheel. Below the amorphous layer is the pris-
tine crystalline lattice, which is confirmed using the high-
resolution transmission electron microscopy (HRTEM). The
ceria wheel results in a surface roughness R, of 0.88 nm and a
peak-to-valley (PV) value of 8.3 nm over an area of
70 x 50 um? on a Si wafer at a feed rate of 15 pm/min.
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1 Introduction

Silicon (Si) wafers are employed to manufacture more than
90% of the semiconductor devices and have become the foun-
dation of the electronics industry, which is the largest industry
in the world [1, 2]. Because of its intrinsic properties and
abundance, Si has dominated the semiconductor industry
[3]. Nonetheless, Si has hard and brittle nature, compared to
those materials with soft and brittle characteristics [4, 5], mak-
ing it become a hard-to-machine material. Grinding is widely
used in the ultraprecision machining of Si wafers due to its
advantages in efficiency and form accuracies [6—10]. A strin-
gent requirement is to reduce the manufacturing cost of the Si
wafers in a yearly basis. Meanwhile, there is also a machining
requirement for a damage-free surface layer with surface
roughness of 1-nm level or better. This is a challenge for
ultraprecision grinding of Si wafers.

To develop a novel approach of high-performance grinding
with minimally damaged surface layer, researchers worldwide
have investigated the fundamental material removal mecha-
nisms in precision and ultraprecision grinding of Si wafers
using a diamond tip [11-15]. For instance, indentation with
a diamond tip is often used to simulate the grinding process in
which surface layer damage is unavoidable, although it is
merely a quasi-static process. Scratching with a single-point
diamond is also used to simulate the grinding process, which
is much better than indentation in terms of its dynamic load-
ing. In the nanoscratching process, scratching speed is at the
level of micrometer per second. The scratched surface layer is
formed with an amorphous layer at the top, followed by a
crystalline damaged layer beneath, which is identified in
nanoindentation [11, 12], nanoscratch [13—15], and ultrapre-
cision grinding [6, 16, 17]. In addition, high-pressure phases
of Si-III (a BC8 phase with the body-centered cubic lattice
structure) and Si-XII (an R8 phase with the rhombohedral
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lattice structure) [14, 15] are reported in nanoindentation [11,
12] and nanoscratch [14, 15]. Therefore, it is intriguing to
obtain solely amorphous layer in Si wafers without damaged
crystalline layer for the perfect grinding performance, which is
not reported by a diamond wheel.

Grinding is used as a machining tool to obtain minimally
damaged surface layer in Si wafers, which is significant to
save the cost for the subsequent chemical mechanical
polishing, as well as for the semiconductor and microelectron-
ics industries. In this study, a novel approach of high-
performance grinding is proposed for acquiring such a surface
using ultraprecision grinding. This refers to the high-
performance grinding, compared to grinding with convention-
al diamond wheels. The study also investigates grinding
mechanisms and characterizes the ground Si wafers using
the high-resolution transmission electron microscopy
(HRTEM).

2 Experimental details

The Si wafers used in this study were commercial prod-
ucts (GRINM Advanced Materials Co., Ltd.) of the
(100) crystalline plane. The wafers were subjected to
chemical mechanical polishing with surface roughness
R, and peak-to-valley (PV) values of 0.37 £ 0.04 nm
and 3.6 + 0.3 nm, respectively, over a measurement area
of 70 x 50 um? Three kinds of diamond wheels were
developed using additives of lanthanum oxide (La,O3),
magnesium oxide (MgO), and ceria (CeO,), which are
designated as samples L1, M2, and C3, respectively, as
listed in Table 1. The volume percentage of the addi-
tives varied from 12.5 to 13.5%. The mesh size of all
the three diamond wheels was 20,000, equivalent to an
equivalent grain diameter of 760 nm. The grain diame-
ter was consistent with the radius of the single-point
diamond tips varying from 744 to 786 nm in the
high-speed scratching [7, 8], in which a solely amor-
phous layer was reported. The concentration of diamond
grains in each wheel was 150, equivalent to a volume
fraction of 37.5%. Phenolic resin was used as the bond
material. Firstly, diamond grains, phenolic resin, and
additives were mixed uniformly and then pressed at
the room temperature in dies into blocks with

Table 1  Details of developed diamond wheels and their feed rates

Sample Additive (Wt%) Additive Resin bond Feed rate

(vol%) (vol%) (pm/min)
L1 La,05 25.1 La,0O5 13.5 49 3,5,8,10
M2 MgO 13 MgO 12.5 50 3,5,8,10, 15,20
C3 Ce0, 25.5 CeO, 125 50 3,5,8,10, 15,20
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dimensions of 18 x 3 x 8 mm>. The blocks were

sintered at a temperature ranging from 200 to 240 °C.
A diamond wheel was composed of 48 blocks, distrib-
uting uniformly in the groove of an aluminum alloy
wheel with a diameter of 350 mm, as shown in
Fig. 1. The blocks were glued in the groove with a
depth of 3 mm and a width of 3.5 mm, resulting in a
height of 5 mm exposed outside. Hence, a diamond
wheel was fabricated and fixed on the air spindle of
an ultraprecision grinder (Okamoto, VG401 MKII,
Japan) with a face runout of 50 nm, as illustrated in
Fig. 1b. Prior to grinding, truing was employed to flat-
ten the diamond wheel and make it perpendicular to the
axis of the air spindle. Silicon carbide (SiC) powders
with mesh size of 400 were used for truing, equivalent
to an average grain diameter of 38 um (Fig. 2a). The
SiC powders were characterized using the field emission
environmental scanning electron microscopy (SEM, FEI,
Quanta 200 FEG, Netherlands), equipped with energy-
dispersive spectroscopy (EDS). Deionized water was
used to prepare the SiC paste for truing the diamond
wheel, as illustrated in Fig. 2b. After truing, a Si wafer
was fixed on the vacuum chuck, as displayed in
Fig. 1b. During grinding, the diamond wheel and table
speeds were set at 43.94 m/s and 120 rpm, respectively.
The coolant was deionized water to decrease the grind-
ing temperature for both the diamond wheels and Si
wafers. Additionally, the air spindle fed only vertically,
guaranteeing the grinding accuracy. After grinding, the
surface roughness R, and PV of Si wafers were mea-
sured using the precision noncontact surface
profilometry (Zygo, NewView 5022, USA). Cross sec-
tions of the Si wafers were characterized using the high-
resolution transmission electron microscopy (TEM, FEI,
Tecnai F20, Netherlands) and ultrahigh resolution TEM
(JEOL, JEM-ARM200F, Japan). The TEM samples were
prepared using the focused ion beam technique (FEI,
Helios 600i, Netherlands) and then thinned by a Gatan
Model 691 precision ion polishing system. The elastic
modulus and hardness of sample C3 were measured
using a nanomechanical test instrument (TI 950,
Tribolndenter®, Hysitron, Minneapolis), at a peak load
of 4 N by a developed Berkovich indenter with a tip
radius of 398 nm [7, 8]. During indentation, loading,
dwelling, and unloading time were 5, 2, and 5 s,
respectively.

3 Results

Figure 3 shows the optical and SEM images of sample
L1; its EDS spectrum; optical and SEM images on a
ground Si wafer; and surface roughness, arithmetic
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Fig. 1 Optical images of a sample C3 fixed on b an ultraprecision grinder

average value (R,), and PV as a function of feed rate on
the Si wafers ground by sample L1. The weight per-
centage of lanthanum oxide (La,O3) in sample L1 is
25.1% (Table 1), which is confirmed in Fig. 3c.
Consequently, La,O3 is observed in Fig. 3b marked by
black arrows. The La,O3; powders agglomerated, indicat-
ing nonuniform microstructure of sample L1. A bright
surface is shown in Fig. 3d, indicating the absence of
burn. Smearing is obvious in Fig. 3e, and several grind-
ing grooves are present, except the subtle grinding
marks. When the feed rate reached 10 um/min, grinding
burn happened, as illustrated in Fig. 3f. The surface
roughness R, was 1.1 nm at a feed rate of 5 pm/min,
then decreasing to 0.7 nm with an increasing feed rate
to 8 pm/min, indicating the instability of grinding per-
formance produced by sample L1.

Figure 4 shows the optical and SEM images of sample M2,
its EDS spectrum, optical and SEM images on a ground Si
wafer, and surface roughness R, and PV values as a function
of feed rate on the Si wafers ground by sample M2. The
weight percentage of magnesium oxide (MgO) is 13%
(Table 1), which agrees well with the EDS spectrum in

N iy

Fig. 2 SEM of SiC powders (a) and its paste (b) for truing a developed diamond wheel

Fig. 4c, leading to the difficulty to identify the MgO powders
in Fig. 4b. A bright surface is shown on the ground Si surface
by sample M2 at a feed rate of 15 um/min (Fig. 4d). The
ground surface is clear in Fig. 4e, absent from smears ob-
served in Fig. 3e, and subtle grinding marks are found, indi-
cating the effectiveness of diamond grains in sample M2.
Bright surfaces are obtained with increasing feed rates from
5 to 15 um/min. Surface roughness R, fluctuates from 1.3 to
1.7 nm, with increasing feed rates from 5 to 15 pm/min, cor-
responding to the PV values increasing from 11 to 15 nm.
Table 2 lists the surface roughness R, changes from 0.85 to
0.97 nm, with increasing feed rates from 5 to 15 pum/min
induced by sample C3, corresponding to the PV fluctuating
from 8.3 to 11.38 nm. In this range, the ground surfaces of the
Si wafers are bright, meaning the absence of burn. Sample C3
has the best grinding performance among three kinds of de-
veloped diamond wheels. Hereby, the grinding characteristics
of sample C3 are investigated in a more detailed manner.
Figure 5 shows the surface roughness and morphology on
the Si wafers ground by sample C3. Subtle grinding marks are
illustrated on both the Si wafers, indicating the grinding effec-
tiveness of diamond grains in sample C3. Surface roughness

i
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Fig. 3 a Optical and b SEM
images of sample L1, ¢ its EDS
spectrum in b, d optical and e
SEM images on a ground Si wafer
at a feed rate of 8 um/min, and f
surface roughness R, and PV as a
function of feed rate on the Si
wafers ground by sample L1
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R, and PVare 0.81 and 10.6 nm, respectively, at a feed rate of
8 pm/min, corresponding to those of 0.73 and 7.5 nm at a feed
rate of 15 um/min.

Figure 6 shows the surface roughness R, and PV as a func-
tion of feed rate of sample C3. Surface roughness R, and PV
fluctuated in narrow ranges of 0.12 and 3.08 nm on the bright
Si wafers, respectively, with increasing feed rates from 5 to
15 um/min, except the burnt surfaces. These are the smallest
fluctuation ranges and the most stable grinding performance
among the three samples L1, M2, and C3. Surface roughness
R, and PV are 0.85 and 9.0 nm, respectively, at a feed rate of
8 pm/min, corresponding to those of 0.88 and 8.3 nm at a feed
rate of 15 pm/min. Surface roughness R, is less than 1 nm
produced by sample C3, with increasing feed rates from 5 to
15 pm/min.

@ Springer

Figure 7 shows the SEM images of surface morphology
and the corresponding EDS spectrum of sample C3.
Phenolic resin was the bond material, and the microstructure
was compact, as displayed in Fig. 7a, b. The weight percent-
age of ceria (CeO,) was 25.5%, which is also identified in the
EDS spectrum in Fig. 7c. CeO, powders are found in Fig. 7b
with sizes varying from 100 to 200 nm, dispersing individu-
ally, which is different from the agglomerating of La,O5; pow-
ders in sample L1 (Fig. 3b). This is significant in achieving
stabilized grinding performance.

Figure 8 shows the optical image and its EDS spectrum of a
Si wafer ground by sample C3. The ground Si wafer was
bright, showing a mirror surface finish, as illustrated in
Fig. 8a. Si element is determined by the EDS spectrum on
the Si wafer (Fig. 8b), free of oxygen element.
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Fig. 4 a Optical and b SEM
images of sample M2, ¢ its EDS
spectrum in b, d optical and e
SEM images on a ground Si wafer
at a feed rate of 8 um/min, and f
surface roughness R, and PV as a
function of feed rate on the Si
wafers ground sample M2
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Figure 9 shows the SEM images of Si wafers at
different feed rates formed by sample C3. All the
SEM images reveal subtle grinding marks and crack-

free surfaces, indicating the ductile grinding on the Si
surfaces induced by sample C3. Smears were absent
from the Si wafers ground by sample C3 as depicted

Table 2 Surface roughness and calculated undeformed chip thickness of sample C3
Sample Feed rate of Surface roughness (nm) Calculated undeformed
wheel (um/min) chip thickness (nm)
R, PV
C3 3 0.41 +0.03 4.89 +0.39 0.47
5 0.88 +0.15 11.38 £2.33 0.61
8 0.85 +0.07 9.02 + 1.35 0.77
10 0.97 + 0.08 10.10 + 1.34 0.86
15 0.88 £ 0.11 8.30 £ 091 1.05
20 0.64 £ 0.02 8.85+1.25 1.21
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Fig. 5 Surface roughness and morphology on Si wafers ground by sample C3 at feed rates of a 8 and b 15 um/min, respectively

in the SEM images, which were different from those
generated by sample L1.

Figure 10 shows the cross-sectional TEM images of a
Si wafer at a feed rate of 8 um/min ground by sample
C3. A uniform amorphous phase is at the top with
thickness of 43 nm, as observed in Fig. 10a, followed
by pristine crystalline lattice beneath (Fig. 10b—d). This
is different from previous reports consisting of nanoin-
dentation [11, 12], nanoscratch [13—15], and ultrapreci-
sion grinding [6, 16, 17], in which there are an amor-
phous top layer and a crystalline damaged layer under-
neath. Accordingly, a solely amorphous layer is
achieved on the Si wafers using a developed diamond
wheel. This is consistent with the results from the high-
speed scratching studies using the diamond tips [7, 8].
In addition, selected area electron diffraction (SAED)
pattern exhibits perfect Si-I phase, as illustrated in the
inset of Fig. 10a, indicating an absence of high-pressure
phases. This is in a good agreement with the findings
from the high-speed scratching studies using the

12 T T T T T T T T | 3 T 14
104 ——Ry k12
N
10
0.8 /\
N L8
g 0.6 Burn =
- 6 £
1
>
0.4 ] a
Burn -4
0.2 L,
00 T T T T T T T T T T 0
0 2 4 6 8 10 12 14 16 18 20 22

Feed rate (um/min)

Fig. 6 Surface roughness R, and PV as a function of feed rate of sample
C3
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diamond tips [2, 3], but different from the previous
reports of nanoindentation [11, 12] and nanoscratch
[14, 15].

Figure 11 shows the cross-sectional TEM images of a
Si wafer at a feed rate of 15 um/min induced by sample
C3. The solely amorphous layer was 47 nm in thickness
at the top (Fig. 9a), and the pristine crystalline lattice
was at the bottom (Fig. 9b—f). There was no crystalline
damaged layer beneath the amorphous phase, which is
different from what has been reported in the previous
literatures, in which an amorphous phase was at the top,
followed by a crystalline damaged layer underneath [6,
11-17]. Additionally, SAED pattern shows the perfect
Si-1 phase in the inset of Fig. 1la, which is different
from the high-pressure phases found in nanoindentation
[11, 12] and nanoscratch [14, 15], such as Si-IIl and Si-
XII phases. Thus, a novel approach of high-performance
grinding is proposed to grind Si wafers with the pres-
ence of the solely amorphous layer using diamond
wheels, which agrees well with the prediction of
single-point diamond scratching at a high speed.

4 Discussion

The volume ratios of the diamond grains, additive, and
phenolic resin were 37.5, 12.5-13.5, and 49-50%, re-
spectively, in each developed diamond wheel, as listed
in Table 1. For the grinding performance, the sequence
is samples L1, M2, and C3 from the worst to the best,
as shown in Figs. 1, 2, and 4, respectively. Sample C3
achieved the best grinding performance with CeO,,
whereas sample L1 obtained the worst with La,O3. To
analyze the fundamental mechanisms, schematic dia-
grams of grinding for sample C3 are illustrated in
Fig. 12. For a comparison, grinding with a ceramic



Int J Adv Manuf Technol (2017) 91:3315-3326

3321

Fig. 7 SEM images of surface
morphology at low (a) and high
(b) magnifications and its
corresponding EDS spectrum in b
of sample C3
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bond diamond wheel is presented in Fig. 12d. Phenolic
resin is soft and acts like springs during grinding
(Fig. 12c). The diamond grains act moderately when
exerted a vertical grinding force at the feed of grinding
wheels. This relieves the aggression of the diamond
grains on the Si surfaces, benefiting for achieving the
solely amorphous layer. Even that, the diamond grains
perform the grinding, which is confirmed by the grind-
ing marks induced by samples L1, M2, and C3 in
Figs. 3, 4, and 11, respectively. On the other hand,
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the ceramic bond is hard and provides a rigid support
(Fig. 12d). During grinding, the diamond grains pene-
trate downwards, forming an amorphous layer top and a
crystalline damaged layer beneath in a ground Si wafer,
as found in the case of ultraprecision grinding [6, 16,
17].

CeO, has unique mechanical and chemical character-
istics, compared with those of La,O3; and MgO [18-20].
It is widely used in the SiO, polishing and achieves the
highest polishing rate [21, 22] among La,0O;, Al,O3,
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Fig. 8 Optical image (a) and its EDS spectrum (b) of a Si wafer ground by sample C3 at a feed rate of 15 um/min
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Fig. 9 SEM images on Si wafers
ground by sample C3 at feed rates
ofa,b8andc, d 15 um/min at
low (a, ¢) and high (b, d)
magnifications

Fig. 10 Cross-sectional TEM
images of a Si wafer ground by
sample C3 at a feed rate of 8 um/
min at low (a) and high (b—d)
magnifications. /nset in a
showing its corresponding SAED
pattern

@ Springer
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Fig. 11 Cross-sectional TEM
images of a Si wafer ground by
sample C3 at a feed rate of 15 pm/
min in bright (a, ¢, e) and dark (b,
d, f) fields at low (a) and high (b—
f) magnifications. /nset in a
showing its corresponding SAED
pattern

Y,03, TiO,, ZrO,, Cr,0O5, and SnO, abrasives [21].
CeO, (melting point of 2400 °C) is softer than SiO,,
inflicting less damage on the Si surfaces than other
abrasives mentioned previously [21, 22]. Si wafers are
exposed in air, and the following equation takes place:

Therefore, there is an ultrathin layer of SiO, on the
Si surfaces. CeO, is soft and achieves high polishing
rate, which is attributed to the reduction reaction from
Ce* to trivalent Ce** activated under mechanical force
and thermodynamics effects induced by grinding [20,

Amorphous layer
10 nm

Amorphous layer
S nm

Amorphous layer

21]. At the elevated temperature generated by grinding,
CeO, reacts with deionized water used for coolant [19],

4Ce0, + 6H,0—4Ce(OH), + O, (2)

Under mechanical force produced by grinding, Si-O—Ce
bonding forms at the interface between CeO, and SiO, [18,
19]. Si reacts with oxygen and CeO, at elevated temperature
and mechanical force [18],

2Si + 02 + 4C602—>2C6203 + 28102 (3)

@ Springer
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Fig. 12 Schematic diagrams of a face grinding on a Si wafer, b a diamond block of sample C3, ¢ grinding using sample C3, and d grinding by a ceramic

bond diamond wheel with CeO,

During grinding, the mechanical force results in the
breaking of O bonds in SiO, [20] and accelerates the
chemical reaction at the Ce0,-SiO, interface. This leads
to transferring of the electrons from the p-orbital of O
atoms to the f-orbital of Ce atoms, resulting in the
bonding of Si—-O—Ce among dangling bonds of O atoms
[20]. This accompanies the reduction reaction of Ce
elements from Ce** to Ce** valent states. After the
bonding, the SiO, lump is pulled out from the SiO,
layer, leading to a high feed rate of a diamond wheel
without burn on the Si surfaces. On the other hand, deionized
water is present, and ionic reaction happens [19],

4Ce*t + Si—4ce’ + sitt (4)

Si** ions are easy to eliminate in the form of silicates.

Compared to CeO,, the other two additives of La,0;
and MgO have no variation in chemical valent states
during grinding, leading to the relatively worse grinding
performance. La,0O; has hexagonal layer structure, pro-
viding lubrication function [23, 24]. This alleviates the
rubbing of resin bond during grinding. La,O; powders
agglomerate in sample L1 (Fig. 3b), and they are
crushed into debris with lubrication effect on the Si
wafers under grinding force [23], resulting in the smears
found in Fig. 3e. This contaminates the Si surfaces,
increasing the cost and time of subsequent cleaning,
because the lubrication effect of La,O; dominates dur-
ing grinding, leading to the unstable grinding perfor-
mance (Fig. 3f) and smears left on the Si wafers
(Fig. 3e). The hardness of MgO is 5.5 in Mohs

@ Springer

hardness, which is less than 7 of SiO, [25].
Consequently, MgO is softer than SiO,. For this reason,
chemical reaction is dominant between the MgO and
Si0,, and otherwise, sample L1 would burn the Si wa-
fers or give rise to a low feed rate. Accordingly, the
reaction between MgO and SiO, is expressed at an el-
evated temperature induced by grinding,

MgO + Si0,—MgSiO; (5)

Thus, SiO, turns into silicate, and it is soluble and
easy to eliminate in deionized water. The chemical re-
action of MgO is not effective as the reduction reaction
of CeO, forms Ce** to Ce3*, forming the higher surface
roughness of the former than the latter (Figs. 4f and 6).

The maximum undeformed chip thickness, #4,,, is re-
lated to the grinding energy and used to characterize the
effect of grinding conditions, as well as grinding perfor-
mance [6, 16, 17]. The volume percentage of diamond
grains in a diamond wheel, v, is 37.5% and calculated
[16, 17]

4 (dN\2 7O\
y="C(2) (= (6)
3\ 2 f
where C is the amount of surface active grains per unit area

and fis 0.5 [13, 14], defining a ratio of active grains to the total
grains on the surface. Then, Eq. (6) recasts

4f
" 7
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d, is 760 nm calculated according to Eq. (8) [26]

152

= ®)

dg(mm)
where d,, is the equivalent grain diameter and M is the mesh
size of a diamond wheel.

The Ay, is expressed [16, 17],

m E2 rcl.S Vs

where E| and E, are the elastic moduli of the diamond
wheel and workpiece, respectively, » is the ratio of the
width to thickness of an undeformed chip, vy is the feed
rate of a diamond wheel, and v, is the wheel speed. 7 is
1.49 [17]. The hardness and elastic modulus of sample
C3 are 1.26 = 0.1 and 31 + 1 GPa, respectively, mea-
sured by a TI 950 nanomechanical instrument. The elas-
tic modulus of Si (100) is 150.2 = 15.3 GPa [27]. The
calculated maximum undeformed chip thickness of sam-
ple C3, h,,, increases monotonically from 0.47 to
1.21 nm with increasing feed rates from 3 to 20 pum/
min, as listed in Table 2. The A, is 0.77 nm at a feed
rate of 8 pwm/min, which is smaller than 1.05 nm at
15 pwm/min, resulting in the lower thickness of the sole-
ly amorphous layer of the former (43 nm) than the latter
(47 nm), as confirmed in Figs. 10 and 11, respectively.
The undeformed chip thickness is at the level of ang-
strom, except for a feed rate of 15 wm/min, contributing
greatly for achieving the solely amorphous layer
(Figs. 10 and 11). Moreover, when h,;, decreases to a
critical value, such as 0.47 nm, the grinding energy
increases sharply, causing burn on the Si wafers pro-
duced by sample C3 (Fig. 6). When &, reaches
1.21 nm, the synergistic effect between reduction reac-
tion and mechanical removal could not satisfy the high
feed rate of 20 um/min induced by sample C3, rubbing
dominating and causing burn on the Si wafers (Fig. 6).

5 Conclusions

In summary, the additives of La,O3;, MgO, and CeO, are
used to develop samples L1, M2, and C3, respectively.
From the best to the worst, a sequence of grinding perfor-
mance is samples C3, M2, and L1. The CeO, powders
disperse individually in sample C3, contributing to the best
grinding performance, which is different from the agglom-
eration of La,O3 powders in sample L1. Smears are present
and the surface roughness is unstable on the ground Si
wafers produced by sample L1. By using sample M2,
bright surfaces are obtained and their surface roughness
R, varies from 1.3 to 1.7 nm, with increasing feed rates

from 5 to 15 um/min. Surface roughness R, varies from
0.85 to 0.97 nm, and PV changes from 8.3 to 11.38 nm on
the bright Si wafers, with increasing feed rates from 5 to
15 um/min ground by sample C3. The solely amorphous
layer is achieved in thickness of 43 nm, at a feed rate of
8 um/min of sample C3.
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