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Abstract: The prediction of indentation depth of abrasive grain in hydrophilic fixed-abrasive (FA) lapping is crucial
for controlling material removal rate and surface quality of the work-piece being machined. By applying the theory
of contact mechanics, a theoretical model of the indentation depth of abrasive grain was developed and the relation-
ships between indentation depth and properties of contact pairs and abrasive back-off were studied. Also, the aver-
age surface roughness (Ra) of lapped wafer was approximately calculated according to the obtained indentation
depth. To verify the rationality of the proposed model, a series of lapping experiments on lithium niobate (LN)
wafers were carried out, whose average surface roughness Ra was measured by atomic force microscope (AFM).
The experimental results were coincided with the theoretical predictions, verifying the rationality of the proposed
model. It is concluded that the indentation depth of the fixed abrasive was primarily affected by the applied load,
wafer micro hardness and pad Young's modulus and so on. Moreover, the larger the applied load, the more signifi-
cant the back-off of the abrasive grain. The model established in this paper is helpful to the design of FA pad and
its machining parameters, and the prediction of Ra as well.
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Nomenclature (pm » mm*)
z Abrasive protrusion height (pm) N, Real abrasive number of protrusion height ranging
"8 Volume fraction from h to H (pm * mm*)
w Distance of adjacent abrasive layers (pm) A, Nominal contact area between pad and wafer (mm?*)
A, Total area of one cell (pm*) A’ Nominal area of wafer surface (mm?*)
A, Total abrasive area in one cell (pm®) D Diameter of abrasive (um)
V. Total volume of added abrasives (cm?*) h Mean separation between pad and wafer (pm)
M, Total mass of added abrasives (g) H The max imum projection height (pm)
V. Total volume of resin matrix (cm®) d Abrasive back-off (pm)
M, Total mass of resin matrix (g) a Semi-width of indentation (pm)
Axr  Area fraction F, Normal force on a single abrasive by the deforming
L, Line fraction wafer (N)
r Mean radius of abrasive (pm) A Cross-sectional area of single abrasive (pm®)
N, Equivalent abrasive number in simple layer pad H,  Vickers hardness of wafer surface (HV)

(pm » mm”*) € Contact stiffness

\% Volume of a single particle (pm®) E” Composite modulus (MPa)
N, Real number of abrasive protruded on pad surface A, Contact area between abrasive and pad (pm?)
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E, Young's modulus of pad (GPa)

E, Young's modulus of abrasive (GPa)

Ra, Theoretical surface roughness (nm)

Ra. Experimental surface roughness (nm)

F' Force on a single abrasive by the pad (N)
Greek letters

®(2) Height distribution function of abrasives

0 Introduction

As a kind of high efficient ultra-precision ma-
chining method, the hydrophilic FA lapping has a
good planarization ability and the pad has a unique
self-conditioning characteristic through the swell-
ing of its polymer network''. Self-conditioning
here means that the dulled abrasives drop and
fresh ones protrude automatically with the help of
the contact force between wafer and pad. In re-
cent years, material properties, manufacturing
processing and practical applications of the FA
lapping have been investigated. When processing
the tungsten blanket wafers, FA pad exhibits an
Ra of D2 die

steel (AISI standard) after lapping with FA pad
[3]

excellent planarization ability"?,
can reach 15. 1 nm It is well-known that sap-
phire removal rate of double-side polishing is
highly sensitive to the applied load. Increasing
the size of particles fixed in pad can significantly
influence the removal rate and surface roughness,
and the removal rate can even reach 1 pm/min at

U The hydrolysis of work-piece in FA lap-

most
ping was studied on CP-4,and the acoustic emis-
sion (AE) and coefficient of friction (COF) were
collected to analyze its effect on the material re-
moval rate (MRR) and surface quality™.

Most of researches related to FA lapping fo-
cus on its preparation or machining performance
evaluation, and few related to the design of FA
pad and its machining parameters. In addition,
studies on work-piece surface formation and sur-
face roughness in loose abrasive lapping/polishing
and grinding process were reported®®, while
similar ones in FA lapping lapping kept blank.

The purpose of this study is to develop a the-
oretical model to estimate the indentation depth

of abrasive grain into work-piece by utilizing the

0 Density of abrasive (g/cm®)
o Density of resin matrix (g/cm®)
o Mean indentation depth (nm)

o, Yield stress of wafer (MPa)
B Coefficient of contact stiffness

. Elastic-plastic critical deformation (pm)

theory of contact mechanics. Furthermore, based
on the obtained indentation depth, the average
surface roughness Ra was approximately predic-
ted. The above work is helpful in the design of

FA pad and its machining parameters.

1 Modeling of Indentation Depth in
FA Lapping

The indentation depth of FA lapping is af-
fected by various factors, such as the real abra-
sive number, abrasive distribution and protrusion
height, the effect of pad matrix property on abra-
sive "back-off”, and abrasives contact mechanics.

Follows are the discussion in sequence.
1.1 Real abrasive number N,

1.1.1 Height distribution function of abrasive
protrusion height @(z)

To facilitate calculation, the pad surface can
be approximated as an ideal plane (Fig. 1). It is
assumed that the location of the fixed particles is
random, and the distribution function ¢(z) of ab-
rasive protrusion height is uniformly distributed.

Based on the above assumptions, the distribution

function of height direction can be expressed as

D(2) :%

In term of an uniform distribution of spheri-

0<<z<<W @)

cal abrasives, there would be filled with cells sim-
ilar to Fig. 1 (b) everywhere in arbitrary cross

section. Thus, W can be given by

_mrt _ wr?
Wﬁ AJ\ - Vv <2)

where W is proportional to the particle size and

inversely proportional to the square root of V.
1.1.2 Real abrasive number N,
According to the fundamental in quantitative

metallography shown in Eq. (3)!%
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Fig. 1 Schematic illustration of FA pad

IlL :A‘r\ :Vv (3)
The area fraction A, is obtained as follow
M., /p.
Ay =V, =Ll 4
A M. /p. + M./ p.

In term of a uniform distribution of spherical
abrasives, the equivalent abrasive number in sim-
ple layer pad per unit volume N, was obtained
based on the uniform distribution of abrasives in
FA pad, the theoretical number of abrasive pro-
truded on pad surface per unit area N, is equal to
N,. Abrasives would fall off from resin if its pro-
trusion height exceeds a threshold H. Thus, the
range of protrusion height of abrasives is from A
to H, then the real abrasive number N, can be

expressed as

AV,
oA
T

3

where A, is the nominal area of contact between

H
N, :J Aof\/“@(z)dz:J

h

dz (5)

pad and wafer and A, N, the number of abrasives
in the contact zone. According to Eq. (5), N, is

mainly related to V, and particle size r.
1.2 Indentation depth in FA lapping

The schematic illustration of abrasive grain

ploughing in FA lapping is shown in Fig. 2.

l Wafer
-~ Softened

N\ layer
N\ Abrasive
~._ Matrix

Fig. 2 Schematic of contact between wafer and pad

In this study, it is assumed that the abra-
sives selected are spherical and rigid. The normal
load applied on the wafer P is totally undertaken
by abrasives. Typically, diamond is adopted as
the abrasive of FA pad. The Young's modulus
and hardness of diamond are far greater than
those of the pad and wafer. When contacts, only
plastic deformation is considered for the wafer,
while only elastic deformation for pad resin, espe-
cially for those soft pads. It is worth emphasizing
that the elastic deformation of soft pad for fine
lapping and the phenomenon of abrasive back-off
cannot be neglected. According to experience, the
abrasives will fall off when abrasive protrusion
height exceeds D/3M',
ventionally D/3.

1. 2.1

which means H is con-

Single abrasive contact mechanics and
"back-off"

The differences of components and properties
between fine lapping pad and rough lapping pad
are significant, as shown in Table. 1. The cured
resin for rough lapping is much harder than that
for fine lapping. The 50 wt% of copper is added
into rough lapping pad with a purpose of
strengthening resin, increasing the ability to sup-

port abrasive grains-'?!,

Moreover, the fixed par-
ticles in rough lapping pad are coated with nickel
to improve the bonding strength between particles
and resin matrix, and to decrease the abrasive
back-off as a result of enlarging the contacting ar-
ea. Considering the above reasons, the abrasive

back-off can be ignored.

Table 1 Components and properties of lapping pads

Component Fine lapping pad  Rough lapping pad

Matrix A (soft) B (hard)

Grit size W7-14 uncoated W14-28 Nickle-coated
Diamond Diamond

Additive 50 wt% copper

E/GPa 0.6 6

The geometry of contact in each lapping
stage is shown in Fig. 3. The black circle in
Fig. 3(a) stands for the initial position of abra-
sive,

The objective of this part is to establish the
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Fig.3 Geometry of the contact in lapping

relationship between abrasive back-off d and in-
dentation depth §.

During FA lapping, the cross-sectional area
of a single abrasive A described by the half yellow

area is related to semi-width of indentation a

A=’ (6)
When ¢ is small enough™®, we have
a* =0oD 7

Substituting Eq. (7) into Eq. (6), A would

be expressed as
A =mndr €))
Assuming plastic deformation appears on wa-
fer, the normal force on an abrasive F, can be cal-

culated by

F, =06,A=0, * wor 9
where o, means the yield stress of wafer, and usu-
ally o, is 10.58 times as much as the Vickers

hardness of wafer H,[M.

The force imposed on an abrasive results in

the back-offt**
F' =Cd (10)
where the contact stiffness C is affected by the
composite modulus E* and radius r of abrasive

grain, defined as [

c=2£° g8 A (1)
us

where A, is the contact area between abrasive and

pad, and B a coelficient closely related to its

shape. And g is equal to 1. 000 when the contact

profile is circular. Here E” is the contact com-
posite modulus given by!'*]

1 11— 1—y2

E - E a&

In this study, the contribution of abrasive E,

can be neglected since E, (1 100 GPa) is much

greater than E,. For most resin polymers, v, is

(12)

around 0.4, then E* can be written as

E" =1.2E, (13)
Substituting f=1. 0 into Eq. (11), we get
C=E"'D (14)
Considering a single abrasive
o. * wor =E" Dd (15)

There is a linear relationship between d and §.

Rearranging Eq. (15) can obtain

_ o.m0
d_ZEY (16)

As indicated in Fig. 3(a), 2, h, d and ¢ should be
satisfied with Eq. (17).

z=h+d5+d an
Combining Eq. (16) with Eq. (17), the direct

variables related to surface roughness ¢ can be ex-

pressed as
2E" (z—h)
=———"—"—" (18)
o+ 2E”7
1. 2. 2 Multi-abrasives contact mechanics and

average indentation depth
Fig. 2 indicates that as the load is applied on
wafer, large quantities of abrasives contact wafer
surface and penetrate into them, with an abrasive
protrusion height ranging from A to H. The total

normal force on contact abrasives F, can be writ-

ten as
T AV, 2E7 (2 —h)
FCZJ o z:J = «
L0 N, rod o irZ st 2E dz
3
(19
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The total normal force on wafer surface F is
easily calculated as

F=PA’ (20)

where A’ is the nominal area of wafer surface, P

the average load, and F. equal to F.

, VAL 2EC
PA _Jh”* T abaE s 2D
3

Considering the FA pad pattern, contact as-
perities are 4/9 of the total area. Substituting
A,=4A"/9" into Eq. (21), it can be simplified

as

4 (7 3V, 2E”
P:—J > ——————(x—h)d 22

9 /,U‘ 4r® o+ 2E” (z )dz (22)
For rough lapping without considering abra-

sive back-off, there can be seen that

Ao
P= 9Jhas = (z—h)dz (23)

This simplification reveals that the result of §
has nothing to do with the size of wafer. There is
only one unknown variable & in Eqgs. (22,23) if an
FA pad is chosen, since H is assumed as D/3.
Other variables § and d can be also calculated af-

ter h has been figured out.

2 Experiments

2.1 Verification method and prediction of average

surface roughness Ra

Small lapping debris within several nanome-
ters and plenty of agglomerates increase the
measurement difficulty of debris size simultane-
ously. Thus, an approximate Ra estimation is
adopted from Eq. (24), taking no account of
overlap factor™

Ra =0.3968 @y

The rationality of developed model could be
verified by comparing the experimental Ra with
the model prediction one. From the above model,
Ra depends essentially on indentation depth §.
While indentation depth is mainly affected by the
size and number of abrasives, the mechanical
properties of wafer and pad (the composite modu-
lus of the wafer and pad E~ , contact stiffness C,
wafer surface hardness H, , etc. ), abrasive prop-

erties and lapping conditions (applied load P).

2.2 Lapping experiments

To verify the developed model, a group of
lapping tests were conducted, and the lapping set-
ups are shown in Table 2. All lapping tests were
conducted on a CP-4 polisher.

An abrasive-free slurry was used in lapping,
and 0.2 wt% of OP-10 was added to improve the
wettability of slurry to pad. LN wafers (567HV)
with a thickness of 0. 5 mm and a diameter of
75 mm were chosen as work-piece. Before each
experiment, the FA pad was conditioned by oil-
stone for fresh pad surface. Each test lasted for
10 min, then the sample was cleaned with deion-
ized water in ultrasonic bath. The average surface
roughness Ra and topography of wafers were
measured by atomic force microscopy (AFM, Di-

mension Edge, Bruker, Germany).

Table 2 Parameters in lapping tests

Trial Applied load/ Pad property

Process

No. kPa E,/GPa V,/% v,
Fine lapping ! 6.9
2 10.5 0.6
(W7-14)
3 15.0 12.5 0.4
Rough 4 6.9
lapping 5 10.5 6
(W14-28) 6 15.0
3 Results

Table 3 presents the average measured re-
sults and Ra values in the rough lapping (tests
No. 4, No. 5 and No. 6) increase with the increase
of applied load. This reslut contrasts with A cal-
culated by Eq. (23) and is proportional to §.
While Ra tendency in the fine lapping appears
more complex. It will be discussed in detail in
Section 4. The measured & and calculated & are

listed, and the comparison results show that the

Table 3 Experimental values measured by AFM

No. 1 2 3 4 5 6
Ra/nm 4.41 3.94 5.18 31.93 38.14 50.45

Meas
casured 4y 14 9,95 13.08 80.63 96.31 127, 40
6/nm
Caleulated ¢ ‘o7 9,48 11.30 70.67 88.67 106.71
8 /nm

Error/ % 20.3 4.7 13.6 12.3 7.9 16.2
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errors are limited around 20%. The above model-
ing in Section 1 is effective. The morphology of
used lapping pad was shown in Fig. 4. The abra-
sives whose protrusion height were higher than
the protrusion threshold of D/3 fell off and left

holes on pad surface.

Fig.4 W7-14 pad surface morphology after lapping

4 Discussion

4.1 Assumption of pad elastic deformation

The elastic-plastic critical deformation §. of
pad asperities can be related to E* and H,, from
Eq. (25)0%

where the constant K. =0. 4 and R, is the simula-

)R,, (25)

ted radius of asperities on pad surface. When pad
asperities are in elastic contact, d < ¢. should be
satisfied. In contrast, the requirement for elastic-
plastic contact is obtained as d>¢.. Substituting
H, and E* =1. 2E, into Eq. (25), 8. can be calcu-
lated as
0. =0.08R, (26)
Under this lapping conditions, §. is about
0. 36 pm substituting fine lapping abrasive's mean
radius 4.5 pm. While d is lower than 200 nm, it
can be calculated by Egs. (16), (24). That is to
say, the assumption of pad elastic deformation is
reasonable since any d in the fine lapping test is

smaller than §..

4.2 Effect of applied load on indentation depth 6
and Ra

By the theoretical calculation, the greater the
applied load on wafer, the rougher the wafer sur-

face would be (Fig. 5). The experimental results

are well consistent with the theoretical ones. As
shown in Fig. 5(a), there is a tenuous range that
0 decreases with the increasing of the applied load
of 10—13 kPa. This phenomenon is consistent
with Tian's research!™. It is considered that the
effective abrasive grain number increases with the
applied load to a certain range, along with the ab-
rasive back-off. The synergism of the above two
factors results in the decrease of indentation
depth.

In this study, with the increase of the applied
load P, the abrasive back-off phenomenon be-
comes more significant.

Rough lapping prediction curve
Experimental values

Experimental values
Fine lapping prediction curve

(v

W W
(=]

Ra/nm

10 12 14 16
Applied load / kPa

(a) Average §

10 12 14
Applied load / kPa

(b) Back-off d prediction in fine lapping

Fig. 5 Effect of applied load on § and back-off

Fig. 3(a) and Eq. (22) indicate that abrasive
original protrusion height is divided into d and §
besides the gap h. Rearranging Eq. (16), the re-
lationship between d and § can be written as

d K1e Os

s 2.4 E,
From Eq. (27), the abrasive back-off d is
strictly proportional to the indentation depth §

@27
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once material hardness H, and Young's modulus
of pad E, are determined. When the applied load
P increases, the gap h decreases according to
Eq. (27), which results in the number of contact
abrasives growing rapidly, and the part of d and ¢
increases simultaneously. This is the mechanism

of increasing indentation depth § and abrasive

back-off d.
4.3 Effect of abrasive size on indentation depth 6

Two sizes of commonly used lapping dia-
mond particles were used in this study (Table 1).
These two pads used in the tests were embedded
with the same mass of abrasives. Thus the num-
ber of abrasive grain in the pad with a smaller size
is much more by Eq. (5). Each particle bears a
little load because of the greater number of con-
tacting particles. The indentation depth on LN

crystal surface of fine lapping pad decreased.

5 Conclusions

(1) The surface roughness Ra of soft-brittle
crystal LN can achieve several nanometer after
FA fine lapping with W14 diamond, applied load
of 15 kPa.

(2) Abrasive back-off which appears in FA
fine lapping is closely related to the Young' s
modulus of pad and the yield stress of walfer.
Higher applied load and softer pad make the abra-
sive back-off phenomenon more significant.

(3) The abrasive indentation depth into wa-
fer was significantly affected by applied load, ab-
rasive size and properties of contact pairs. With
the increase of the applied load and the particle
size, the indentation depth increases.

(4) There is a tenuous range that the ¢ de-
creases with the increasing of the applied load of
10—13 kPa in fine lapping because of the increas-
ing abrasive number and the decreasing back-off.

(5) The assumption of pad elastic deforma-
tion is reasonable. The theoretical prediction by
the developed model is coincided with the experi-
mental results. The developed model could be
used to guide the design of FA pad and processing

parameters.
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