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Abstract: Ultrasonic-assisted chemical mechanical polishing (UA-CMP) can greatly improve the sapphire
material removal and surface quality, but its polishing mechanism is still unclear. This paper proposed a novel
model of material removal rate (MRR) to explore the mechanism of sapphire UA-CMP. It contains two modes,
namely two-body wear and abrasive-impact. Furthermore, the atomic force microscopy (AFM) in-situ study,
computational fluid dynamics (CFD) simulation, and polishing experiments were conducted to verify the
model and reveal the polishing mechanism. In the AFM in-situ studies, the tip scratched the reaction layer on
the sapphire surface. The pit with a 0.22 nm depth is the evidence of two-body wear. The CFD simulation
showed that abrasives could be driven by the ultrasonic vibration to impact the sapphire surface at high
frequencies. The maximum total velocity and the air volume fraction (AVF) in the central area increased from
0.26 to 0.55 m/s and 20% to 49%, respectively, with the rising amplitudes of 1-3 um. However, the maximum
total velocity rose slightly from 0.33 to 0.42 m/s, and the AVF was nearly unchanged under 40-80 r/min. It
indicated that the ultrasonic energy has great effects on the abrasive-impact mode. The UA-CMP experimental
results exhibited that there was 63.7% improvement in MRR when the polishing velocities rose from 40 to 80 r/min.
The roughness of the polished sapphire surface was R, = 0.07 nm. It identified that the higher speed achieved
greater MRR mainly through the two-body wear mode. This study is beneficial to further understanding the
UA-CMP mechanism and promoting the development of UA-CMP technology.

Keywords: sapphire; ultrasonic-assisted chemical mechanical polishing (UA-CMP); material removal rate
(MRR) predictive model; atomic force microscopy (AFM) in-situ studies; computational fluid
dynamics (CFD)

1 Introduction technology in semiconductor manufacturing [4, 5]. It

is popular and mature in sapphire polishing [6, 7]. CMP

Sapphire is a transparent solid with high hardness,
corrosion resistance, wear resistance, etc. [1, 2].
Therefore, sapphire materials are widely used in
semiconductor lighting, chips, aerospace, and medical
fields [3]. In all applications of sapphire, strict
requirements on the surface morphology are set.
Moreover, the chemical inertness and hard brittleness
of sapphire also raise higher requirements for the
surface polishing technique.

Chemical mechanical polishing (CMP) is a core
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can produce an atomically smooth and undamaged
surface [8-10]. However, traditional CMP usually
employs toxic and polluted ingredients, leading to
the pollution of environment. To overcome this
challenge, Zhang et al. [11-14] have developed
various new green slurries. These studies have
reduced environmental pollution and significantly
contributed to the improvement of CMP performance.
Other scholars have also applied themselves to
improve the sapphire CMP productivity and surface
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profile. References [7, 15-20] have chosen to achieve
better sapphire CMP effects by changing the size,
material, and structure of the abrasive. References
[21-23] have also been conducted to boost the CMP’s
performance by investigating factors such as the pH,
catalyst, and dispersant of slurry. Parameters of the
rotational speed, pressure, and time are investigated
to guide the optimization of the sapphire polishing
process in practical production [24-26]. Although the
sapphire CMP has been continuously upgraded, the
time cost is still high, and surface quality is hard to
be improved [20, 27]. Thus, the development of new
sapphire polishing techniques remains a priority.

In 1991 and 1992, Moriwaki et al. [28, 29] proposed
the concept combining of ultrasonic vibration and
ultra-precision machining techniques, which opened
up new possibilities for the preparation of smooth
surfaces [30-32]. Ultrasonic vibrations are well
directed, causing the propagating mass to vibrate
at high frequencies with large acceleration. At the
same time, ultrasonic composite polishing has no
dependence on the thermophysical action and
electrical conductivity of the materials. This gives it
a great advantage in processing stiff and fragile
materials as sapphire [33-35]. After that, the sapphire
ultrasonic-assisted chemical mechanical polishing
(UA-CMP) system was reported [36, 37]. The material
removal rate (MRR) of UA-CMP was twice as high
as that of CMP. The surface roughness after UA-CMP
was as low as 0.83 A (root mean square (RMS)).
Zhong et al. [38] found that compared with diamond
and alumina, SiO, particles have the best polishing
performance in sapphire ultrasonic polishing. Deng
et al. [39] reported that 0.2% polyethylene glycol of
slurry led to better results for UA-CMP. Sapphire
UA-CMP has been proven to be feasible. However,
the material removal mechanism has still not been
fully revealed.

In order to clarify the CMP mechanism, Preston
[40] firstly proposed an empirical equation for the
material removal model. Su et al. [41] believed that
solid-solid contact mode and hydro-dynamic mode
coexist in silicon polishing under the condition of
semi-contact lubrication. The two-body wear model
of Luo and Dornfeld [42] took into account the
plastic microcontact among the silicon wafer, abrasive

particle, and pad. Chen et al. [43-47] adopted molecular
dynamics theory to explore the abrasive-impact and
novel three-body wear processes in silicon CMP. In
the ultrasonic machining process, Zarepour and Yeo
[48] developed an ultrasonic machining model based
on the indentation fracture theory. The model considers
that a single sharp abrasive particle removes the
material by impacting the brittle silicon wafer. However,
there are few MRR models available for sapphire
polishing. The MRR model of sapphire UA-CMP that
considers both two-body wear and abrasive-impact
theory has not been reported. In this paper, the
two-body wear and abrasive-impact material removal
model of UA-CMP will be established by considering
parameters such as the velocity, amplitude, and
polishing load. Meanwhile, the two-body wear and
abrasive-impact were investigated by the atomic force
microscopy (AFM; Dimension edge, Bruker, USA)
in-situ studies, computational fluid dynamics (CFD)
simulations, and sapphire polishing experiments.
It is meaningful to explore the sapphire UA-CMP
mechanism and promote the development of UA-CMP
technology.

2 Modeling

In this study, the pad material of UA-CMP is damping
cloth. Abundant asperities and hollows can be found
on the pad surface (Fig. 1(a)). The heights of asperities
follow a normal distribution function. The pad surface
roughness (S,) is 24.8 um. Figure 1(b) exhibits the
scanning electron microscope (SEM; Phenom Star,
Phenom-World, the Netherlands) morphology of
abrasive particles, and they are spherical SiO, particles
of approximately 60 nm. The workpiece is the sapphire
wafer, which can be assumed to be a smooth plane
compared to the pad surface.

During UA-CMP, the pad cannot completely touch
sapphire due to the rough pad surface [49]. The gap
between pad and sapphire will be filled with slurry.
Therefore, the solid—solid and hydro-dynamic contact
will coexist in UA-CMP, as shown in Fig. 2. In the
solid—solid contact pattern, SiO, particles are inserted
into the wafer—pad contact region, and form the
two-body wear condition (Figs. 2(a) and 2(c)). Thus the
reactive film on the sapphire surface is continuously
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Fig.1 Microstructures of pad, abrasive, and AFM tip: (a) three-
dimensional (3D) topography of the pad surface; (b) SEM image
of abrasive particles; and (c) SEM image of the AFM probe.

removed. The reactive layer is regarded as plastic
deformation during the process. This material removal
model is also the dominant idea in the current CMP
contact model [50, 51]. The process can also be called
as the ductile/plastic removal [52-54]. For the same
reaction layer, brittle removal can be achieved when
the indentation depth (/) of the abrasive exceeds the
critical value. The critical indentation depth (I.) can

2
be solved as I =%(gj [54, 55], where K is the

dynamic fracture toughness, and E and H are the
elastic modulus and hardness, respectively.

In the hydro-dynamic contact mode, the slurry
film in the wafer—pad gap flows continuously under
the influences of the polishing speed and ultrasonic.
Abrasives in the gap are named inactive abrasives [42].
The flowing slurry energizes inactive abrasives
impacting/adhering to the reaction layer. The differences
exist in sapphire UA-CMP and CMP. Some studies
have pointed out the inactive abrasives in CMP
contribute less to the MRR [42]. In UA-CMP, effects
of ultrasonic energy enhance the role of inactive
abrasives in MRR. Besides, ultrasonic vibration drives
the inactive abrasives in the slurry to impact the
reaction film at a high frequency and acceleration.
The ultrasonic can also trigger cavitation, which

can release transient local high temperature and
pressure [56]. It accelerates the chemical reaction rate
and increases the thickness of the reaction layer. The [
of abrasive may exceed the critical condition because
of the above factors. The abrasive-impact sparks the
brittle removal of the material. Then, the reaction
layer forms transverse and radial cracks, and the
material will be removed, as depicted in Fig. 2(b). Liu
et al. [57] immersed silicon wafers in the solution
with SiO, particles, and the wafers were driven by
ultrasonic. Significant pits are observed on the
sample surface after the test. Reference [58] placed
sapphire wafers into the silica slurry and applied
ultrasonic vibration. Irregular pits were also found on
the sapphire surface. The above researches prove that

Fig.2 Schematic diagram of the material removal principle of
UA-CMP: (a) abrasives and pad asperity contact with reactive film
in solid—solid contact pattern; (b) abrasive-impact model; and (c)
two-body wear model of a single particle. Note: 7, represents the
single asperity’s radius, 8, (= y—h,, where y is the height of
the asperity, and A, indicates the distance from the asperities’ mean
height to sapphire) is its deformation, e is the difference between
the average of asperity height and average of pad surface height,
F,,_, is the interaction force, F,_, is the force between the single
particle and sapphire, / is the indentation depth, € is half of the
central angle about the diameter of the contact region between the
single particle and reactive film, R, is the radius of the contact region
between the single particle and film, S, is the cross-sectional
area, R is the particle’s radius, 4 is the indentation, F, | is the
contact force, n is the maximum contact radius of the particle and
pad, m is the contact radius at a certain location within the contact
profile, and f{m) is the profile function of the abrasive particle
embedded into the pad..

www.Springer.com/journal/40544 | Fricﬁon
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ultrasonic energy can achieve material removal by the
mode of abrasive-impact (brittle removal).

2.1 Solid-solid contact mode

During UA-CMP, the wafer essentially contact with
the asperities on the pad, so the real contact area
(S,., ) is less than that of the wafer surface. The contact
region between an individual asperity and the wafer
must be analyzed to calculate the S

real *

2.1.1 Contact analysis of pad and wafer

Figure 2(a) depicts a schematic diagram of the contact
region between the single asperity and reactive film on
the wafer surface. Based on Hertz contact theory [59],
the contact area can be expressed as

Sm—s = T(rm5m (1)

where S, . is the actual contact area between the
single asperity and reaction film, »_ represents the
single asperity’s radius, and & (= y—h,, where y is the
height of the asperity, and /i  indicates the distance
from the asperities’” mean height to sapphire) is its
deformation.

The interaction force (F,,_,) between a single asperity
and the wafer is

E, =2 s @)

m-s S— m
3 P

where E__ represents the composite elastic modulus
of sapphire and pad, and can be given as

®)

where v, and v, are the Poisson’s ratios of the pad
and wafer, respectively, and E_ and E_ are the elastic
moduli of the sapphire and pad, respectively.

From the height distribution function of
asperities on the pad, which can be expressed as

oly) = ﬁexr{—(ﬁj J [60] (o is the pad’s RMS

roughness), and the number of asperities (N) in the
nominal contact area is

N =55, o(y)dy 4)

where f is the density of the pad, and S_ indicates
the nominal contact zone of sapphire-pad. Therefore,
the real contact region (S,_,) can be written as

Sreal = NJ‘;:O Smfsw(y)dy (5)

Then, the real interaction force (F_, ) and the S

can be obtained according to Eqgs. (1)-(5).

real

+

52 p(y)dy ©6)

s-pm ),

_4 1/2
Fun =3 PS.E1* |

1/2 W o,o(y)dy
— 3TU/‘m Freal Iha (7)

4y [T p(y)dy

real

[ snpydy
The integral term —

[, 5oy

and the real contact pressure

can be reduced to

a constant C, [61]. S

real

(P..,) can be shown as
1/2
S _ C—l h_a Fteal (8)
real I E
o —p
o 1/2
Preal = CI (E) Es—p (9)

where R is the particle’s radius.
2.1.2  Analysis of contact between particle and wafer

During the sapphire UA-CMP using the SiO, slurry,
Reactions (10)—(12) generally occur on the sapphire
surface [16, 62-65].

Al1,0, +2H,0 — AIO(OH)+ AI(OH), (10)
25i0, + AI(OH), + AIO(OH) - A1,Si,0, -2H,0 (11)
25i0, +2H,0+ AL O, — A1,5i,0,-2H,0  (12)

These reactions prove that the sapphire of high
hardness (Mohs 9) will react to produce AIO(OH)
(Mohs 3-4), Al(OH); (Mohs 2.5-3.5), and A1,Si,0,2H,0O
(Mohs 1.2-2) [66—69]. Under the action of load,
5i0O, particles (Mohs 7) tend to be pressed into the
reactive film with lower hardness [67, 68, 70-72].
The process is considered as plastic deformation [73].
Figure 2(c) depicts the material removal mode as
the two-body wear model. The [ of abrasives in the

o S
ri (EZS ;é i @ Springer | https://mc03.manuscriptcentral.com/friction

Tsinghua University Press



Friction 11(11): 2073-2090 (2023) 2077
o . _ 3
reactive film can be given by Eq. (13) [73]: 1H(R+n) o[, : (19)
r R-n R 3R
=2 (13)
2nHR Then,
where F_, is the force between the single particle and
s—a F _ / —
sapphire, and H is the hardness of the reactive film. = 26+ DI+ 12{’:/2 3 (20)
Meanwhile, the radius of the contact region between E, R V2(9+12¢ -3)
the single particle and film (R.) can be expressed by p)
Eq. (14): where ¢ =R

2mtHR

R =R*—(R-1y =\/R2—(R— b j (14)

2.1.3 Analysis of contact between particle and pad

The pad is soft, and the load will likewise press the
abrasive into it. According to the hyper-elastic contact
theory, the indentation (1) can be calculated by
Egs. (15) and (16) [74]:

Lf'(y)dy
A= 144 (15)
J.O '1_12
2R=1+21 (16)

where y =—, n is the maximum contact radius of the
n

particle and pad, and m is the contact radius at a
certain location within the contact profile. The contact
force (F,_,) can be obtained by Eq. (17):

L f(x)dy

0 /1_12

F,, =2E, nf

a-p

(17)

1 1-02 1-u; .
where = 4 £ | represents the composite
E,_, E, E,

elastic modulus considering abrasives and pads, v,
and E  are the particles” Poisson’s ratio and elastic
modulus, respectively, and its profile function of

the abrasive particle embedded into the pad is
f(1)=R—\JR* = 70 [74].

Hence,

ﬂzzln(R+”j (18)
2 R-n

Since the condition of ES 1 is satisfied, it can be

derived by Taylor expansion.

According to the force balance condition of the
abrasive particle,

F_ =L (21)
Equation (22) can be calculated as

H 2 +(¢-1)(/9+12¢ -3)
E ., 2V2n(/9+12¢ -3)?

a-p

(22)

It shows that ¢ can be obtained from Hand E,_.
Besides,

R_=Ry1-(£ -1y (23)

6 =arcsin(2-¢) (24)
where 6 is displayed in Fig. 2(c).
2.14 MRR model of two-body wear

The cross-sectional area (S_) of the abrasive particle
in the reaction layer is shown in Fig. 2(c). It can be
expressed as

S.=0R® R (R-I)
= R%arcsin(2—¢)—R*J2¢ -2 (¢ -1) (25)

The material removal volume (AU) by a single
abrasive particle is

AU =kS.v, t (26)

where k is the wear coefficient, v, . represents the

p—S
pad—wafer relative speed, and ¢ is the polishing time.
The effective number of abrasives embedded in

asperities can be given as

3¢ V"
NI = Sreal [47_(R3 ) (27)

www.Springer.com/journal/40544 | Friction
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where «a is the abrasive volume concentration of the
slurry.

Thus, the MRR model of two-body wear in sapphire
UA-CMP can be represented as

AUN, - |arcsin(2-¢) 20 - (¢ - D) |

TBW — St

1
2/3 0 2
. i C{l E LU _ga:‘}Pn
47 o) E_, P

=Ca*Po, (28)

MRR

where P, represents the nominal contact pressure, and

23 172
C,= [arcsin(Z -¢)- \/ﬁ(g B D}(ﬁj Cfl (gJ

s—p
2.2 Hydro-dynamic contact mode

Hydro-dynamic contact is a mode, which uses the
hydro-dynamic effects to process the wafer surface
[41]. Under the influences of multiple potential
energies, the multiple physical fields of the slurry
will change significantly. Thus, the inactive abrasive
particles in the slurry are able to impact/adhere to the
chemical reaction layer, and achieve the material
removal. Then, the MRR model can be established by
the abrasive-impact theory.

In the UA-CMP process, ultrasonic vibration has
strong effects on the flow behavior of the slurry.
When the ultrasonic vibrates along the Z-axis, the
Z-directional velocity (v, ), acceleration (4, ), and
impact force (F,, ) of the abrasive on the sapphire

ultra

surface can be expressed as

v, = wAcoswt (29)
a, = —w’ Asinwt (30)
E,.. =-w'mAsinwt (31)

where w=27f, and f and A are the frequency and
amplitude of ultrasonic, respectively. The pressure of a

single particle on the wafer (P, ) can be calculated as

FU ra
Pu]tra = ﬂ;léf (32)

According to the theory of indentation fracture,

the impact of abrasives will cause lateral crack (L)
and median crack (L ) in the workpiece, as depicted
in Fig. 2(b) [33, 75]. The dimensions of cracks can be
obtained by Egs. (33) and (34) [76, 77]

3
4
L G ultra \J (33)
[ KId

o =Gy (P /H? (34

ultra

where G, and G, are scale factors, K, is the fracture
toughness, and H is the hardness of the passivation layer.
For a single abrasive particle, the volume of removed

material in a vibration cycle can be derived as [77]

ultra

T — T
AV, =< LL, o, +0 5

_T {4nmf2Asin27'cft f {4nmf2Asin27'cft T
LR C-OKG | L CR-OH

T

2

'|vp_w +v

lta (35)
where T is the period of ultrasonic vibration, and %j
and v, are the slurry velocity components in the
XOY plane caused by the polishing speed and
ultrasonic vibration, respectively.

The total material removal volume and MRR by
the particle impact at the polishing time (T,) can be
written as

T (7T
AV, = mNHAVTdt (36)
AV,
MRR,, = snn “Ts. j N, AV,dt (37)
V. 3
where NH[ l‘; Sia (h +e+AcosZ7tft)J [33] is the

effective number of abrasive particles, 7 is the effective
abrasive particle utilization, e is the difference between
the average of asperity height and average of pad
surface height, V_is the volume of slurry in the
contact area, and V, is the volume of the individual
abrasive particle.

By considering the effects of two-body wear,
abrasive-impact, chemical action, cavitation, and other

factors [74], the final MRR ; can be written as

MRR , = K, MRR,, + x,MRR (38)
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where x, and «, are correction factors.

Throughout the two material removal models,
they involve the influences of the process parameters
including the polishing load, ultrasonic amplitude,
and polishing speed. Subsequently, the AFM in-situ
studies were applied to observe two-body wear
processes. The CFD method was conducted to visualize
the slurry behavior affecting the abrasive-impact
because the slurry flow pattern is complex in UA-CMP.
Polishing experiments were performed to evaluate
the macro polishing effects.

3 AFM in-situ studies of two-body wear

To prove the feasibility of the two-body wear model,
an in-situ study was carried out by the AFM. The
difference in size and hardness between the AFM
tip (Si) and the SiO, particle (Fig. 1) is not significant
[62, 78, 79]. Therefore, it is feasible to simulate the
chemical product removal process by controlling the
tip to scratch the sapphire. It also enables the in-situ
observation of the material removal process.

Before the in-situ study was performed, the
sapphire roughness (R, = 0.10 nm) was immersed in
SiO, slurry for 24 h to generate the reaction layer.
Figure 1(c) displays the SEM image of the AFM Si
tip, and its size is approximately 100 nm. Then,
in-situ studies of two-body wear were implemented
in the liquid environment, which is ethanol with a
99.9% purity. It can prevent chemical reactions in the

sapphire during in-situ studies [65]. The sapphire
surface was scratched in the 1 um x 1 um range using
the contact mode of the AFM, and the setpoint value
is 7 V. The tapping mode of the AFM was used to image
the original and scratched surfaces (6 um x 6 um),
and the setpoint value is 2.8 V.

The results of the AFM in-situ study on two-body
wear are given in Fig. 3. Comparing Figs. 3(a) and
3(c), the sapphire surface shows an obvious pit after
the tip scribes the central area. Figure 3(b) shows the
sapphire surface topography at 0 min. The atomic
step structure is not completely exposed due to the
presence of chemically reactive film [65]. The atomic
step structure is prominent after 30 min of tip
scratching due to the removal of the reaction layer. Its
average thickness is about 0.22 nm (Fig. 3(d)), which
is similar with the atomic step height (~0.22 nm) [65]
on the sapphire surface. Hence, the atomic step
structure is fuzzy on the sapphire surface at 0 min
(Fig. 3(b)). However, few differences are found
comparing the surface morphologies after 30 and
60 min processing (Fig. 3(b)). This indicates that the
soft reaction layer has been completely removed, and
the tip contacts the substrate, but it is hardly to damage
the sapphire, which is much harder than the tip.
Thus the surface morphology is basically unchanged.
Figure 3(d) exhibits the height distribution profile of
I-1 cross-section in Fig. 3(c). Obviously, the touched
region with the tip is significantly lower than the
untouched region. The tip scribed the wafer surface

700 pm

(a) R,=0.10nm

@ _ |

Height (nm
e
Llh (=]

=
=]
1

—600 pm [

|
=
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Fig. 3 Characterization of the AFM in-situ studies: (a) sapphire surface before scratching; (b) sapphire surface morphology changes
during in-situ studies at different time; (c) sapphire surface after 60 min scratching; and (d) height distribution of I-I cross sectional

profile.
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in I-I direction, and the removed sapphire material
from the contact area was accumulated on both the
left and right sides (Figs. 3(c) and 3(d)). A similar
phenomenon was also found in the study of Sheng
et al. [80]. This in-situ study demonstrates the feasibility
of the two-body wear in sapphire polishing.

4 Visualization of hydro-dynamic contact
mode

This paper investigates the flow field variation
patterns in UA-CMP by means of the CFD simulation
methods. The aim is to test the feasibility of the
hydro-dynamic contact mode and gain further insight
into the UA-CMP mechanism. In the CFD simulation
studies, the effects of ultrasonic amplitudes and
polishing speeds on the slurry were studied. The
pad’s and wafer’s speeds are the same in terms of
values and direction. Table 1 exhibits the simulation
schemes and parameters. The relevant parameter
setup in the simulation model have been described
in Ref. [58]. The UA-CMP process and location of the
computational domain for the CFD simulations are
depicted in Fig. 4.

Table 1 CFD simulation schemes and parameters of sapphire
UA-CMP.

No Frequency Amplitude Rotation speed
’ (kHz) (um) (r/min)
1 50 1 60
2 50 2 60
3 50 3 60
4 50 2 40
5 50 2 80
Wy
&S,
_— Ultrasonic transducer
40— Holder
N—s&"_ ST

Fig.4 Schematic diagram of the principle of UA-CMP and
location of the CFD calculation domain. Note: w; is the angular
velocity of the pad, and w;, is the angular velocity of the sapphire
wafer.

4.1 Effects of ultrasonic amplitudes on slurry fields
4.1.1 Velocity field

Figure 5 illustrates the total speed fields of the slurry
on sapphire with 1 um ultrasonic amplitude (A)
along Z-axis. The black dotted circle shows the edge
of the sapphire wafer. The contours indicate that the
total velocity is distributed in a similar concentric
trend at different time in one cycle. The total velocity
at the edge location is greater than that in the central
region. The crescent-shaped region of minimum
velocity is located near the outlet. And the velocity
distribution varies with time.

Figure 6 plots the total velocity distribution curves
at the line segment of A-A (Fig. 5) under different
amplitude conditions. It implies that higher ultrasonic
amplitudes will result in greater velocities in the central
region. Nevertheless, the fluid velocities at the edge
have little change. Thus only fluid velocities in the
central area were discussed and drew the following
conclusions. At A =1 um, the maximum total velocity
is approximately 0.26 m/s. As the amplitude increases
to A =2 and 3 um, the maximum total velocity
increases to roughly 0.37 and 0.55 m/s, respectively.
Moreover, bigger ultrasonic amplitudes expand the
variation range of total velocity within a single period,
as presented in the insets of Fig. 6. The average total
velocity of the slurry is enhanced, and the area of
uniform distribution of total velocity is widened,
displayed in the red rectangles. Therefore, the speeds
of abrasive particles driven by the slurry rise and
the shear abilities of the fluid and particle on the
sapphire surface are strengthened. The hydro-dynamic
contact pattern in UA-CMP is enhanced combining
Eq. (35), which can get a higher MRR. In addition,
the uniformity of sapphire polishing is also improved
due to more uniform velocity distribution.

As demonstrated in Fig. 7(a), the distribution of
v, is nonuniform over the wafer surface with the
ultrasonic vibration. In agreement with Eq. (29),
higher values of ultrasonic amplitudes increase the
peak of the slurry v, and v, has a wider zone of uniform
distribution, as shown in Figs. 7(a)-7(c). Comparing
the three enlarged images (Figs. 7(a—a), 7(b-b), and
7(c—)), the v, difference among adjacent positions
becomes larger owing to the higher amplitude. This
potentially indicates a more complex flow behavior of

i .
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Fig. 5 Slurry velocity contours in one vibration period (7) with 1 pm amplitude, 50 kHz frequency, and 60 r/min rotating speed.
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Fig. 6 Total velocity distribution curves of slurry under different amplitudes: (a) 1 pm; (b) 2 um; and (c) 3 pm.

the fluid. Combined with Egs. (29)—(34), the amplitude
will affect the force, which is generated by the impact
of particles on the sapphire surface. The force rises
with the increasing amplitudes. It promotes the

production of larger L, and L_. Meantime, more
abrasives moving towards the wafer mean further
gains in the abrasive utilization. This is a positive
effect on the sapphire MRR.
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4.1.2  Pressure field and air volume fraction (AVF)

Relative pressure contours of the slurry at different
amplitudes are displayed in Fig. 8. The slurry pressure
varies periodically with time. It implies that a larger
amplitude facilitates the acquisition of higher pressures
at the same moment. As the amplitudes increase (1, 2,
and 3 um), the relative pressures in the central region
are —68,892, 37,659, and 11,870 Pa, respectively. The
pressure at the edge of the wafer is much higher.
As observed from Egs. (31) and (33), the stronger
pressure means that the abrasive will initiate more
cracks after impacting on the wafer surface. This is
beneficial to improving the MRR.

Cavitation is helpful to increase chemical reaction
rate and MRR. The AVF characterizes the cavitation

@
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intensity. Figure 9 provides the AVF contours at
different ultrasonic amplitudes. The AVF is obviously
higher in the central area, and it is 20%, 37%, and
49% under 1, 2, and 3 pm amplitudes, respectively.
Moreover, the maximum AVF (the red region in Fig. 9)
is mainly in the center, which can improve the MRR
in the center. It helps to balance the bigger MRR effects
of higher polishing velocity (Fig. 5) and pressure
(Fig. 8) on the sapphire edge, thus obtaining the
flatter polished surface.

The above studies show that altering the ultrasonic
amplitude leads to significant modifications in slurry
physical fields including the velocity, pressure, and
AVF. The bigger ultrasonic amplitude is capable
of achieving a higher MRR and a smoother surface
through an enhanced hydro-dynamic contact mode.
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This has been confirmed by Ref. [58] on ultrasonic
amplitudes.

4.2 Effects of rotation speeds on slurry fields

4.2.1 Velocity field

Total velocity distribution curves of the slurry under
different polishing speeds are shown in Fig. 10. The
total velocity distribution is rotated at a speed of
40 r/min (Fig. 10(a)). The minimum and maximum
velocities of the slurry at the center are 0.14 and
0.33 m/s in one cycle, respectively. The velocity
variation is 0.19 m/s. The maximum velocity reaches
0.37 and 0.42 m/s under 60 and 80 r/min, respectively
(Figs. 10(b) and 10(c), respectively). The velocity
variations are reduced to 0.15 and 0.13 m/s, respectively.
Furthermore, the higher the polishing speed is, the
higher the average velocities of the slurry will be, as
shown in Figs. 10(a)-10(c). Higher average velocities
and lower velocity variations of the slurry can improve
both the MRR and surface uniformity.

4.2.2  Pressure field and AVF

The curves of the average relative pressure in the

slurry as a function of time are presented in Fig. 11.
The curves of fluid pressures over time are highly
overlapping at different speeds. This indicates that
changes in rotational speeds hardly affect the slurry
pressure. Again, it shows that it is the ultrasonic
vibration that causes the periodic changes in the slurry
pressure.

Figure 12 exhibits the AVF distribution curves
of the fluid on the A-A line at different polishing
speeds. In general, there is no perceptible effects of
polishing speed variations on the AVF comparing
Figs. 12(a)-12(c). This indicates that ultrasonic
vibrations are also the main influences on the growth
of AVF.

The CFD studies on rotational speeds have proven
that changes in polishing speeds have effects on the
slurry velocity field. The improvement in rotational
speeds facilitates the increase in kinetic energy of
abrasives and MRR. Nevertheless, its effects on the
pressure and AVF are small. Material removal cannot
be promoted by increasing !/ and cavitation with
rising polishing speeds.

As far as hydro-dynamic contact mode is considered,
the effects of ultrasonic amplitudes on the slurry
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Fig. 10 Total velocity distribution curves of slurry on the A—A line (Fig. 5) under various rotating speeds: (a) 40 r/min; (b) 60 r/min;

and (c) 80 r/min.

physical fields, including the velocity, pressure, and
AVF, are stronger than those of the rotational
speeds. In Section 5, sapphire polishing experiments
were conducted to further explore the UA-CMP
mechanism combining the AFM in-situ studies and
CFD simulations.
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Fig. 11 Average relative pressure curves of slurry with time
under various polishing speeds.
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5 Sapphire UA-CMP experiments

The sapphire UA-CMP equipment was upgraded
from a polisher (CMP Tribo, Bruker, USA) [58].
The experimental samples are two-inch ¢(0001)
sapphire wafers. The 15% SiO, slurry was chosen for
the experiments, and its diameter is about 60 nm
(Fig. 1(b)). The material of the pad is damping fabric.
The polishing speeds are 40, 60, and 80 r/min. The
ultrasonic vibration frequency is 50 kHz, and the
amplitude is 2 pm. They are consistent with the
parameters in the CFD simulations. The polishing time
and pressure are 1 h and 4 psi for each condition,
respectively. The slurry flow rate is 80 mL/min.
Sapphire was cleaned and dried after the procedure.
The AFM was used to characterize the surface
morphology and roughness after polishing. An
electronic balance (0.01 mg) was applied to measure
the sapphire mass. Then, MRR
obtained by Eq. (39):

(in pm/h) can be

exp

4
MRR = 10°AM
exp psn tl

(39)
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where AM (in mg) is the loss of wafer mass, and ¢, is
the polishing time (1 h).

In sapphire UA-CMP, one part of the removed
material flows away with the slurry, while the other
part may remain on the pad. In this paper, the pad
surface composition is characterized by the energy
dispersive spectroscopy (EDS; AZtec X-Max 80, Oxford
Instruments, UK). It is confirmed that the material is
indeed stripped from the sapphire surface in UA-CMP.
Figures 13(a) and 13(b) present the SEM images and

EDS energy spectra of the original pad (named
pad (a)) and pad after polishing (named pad (b)),
respectively. The EDS data show that the pad (a) does
not contain Al element, but it exists in the pad (b).
This indicates that the Al-containing compounds on
the sapphire surface are adhered to the pad. The Al
content is not high as a few materials are removed
from the wafer surface. The highest Si content in the
pad (b) suggests that a large amount of SiO, abrasives
are imbedded in the pads. This provides a favorable
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Fig. 12 AVF distribution curves of slurry on the A—A line (Fig. 5) under various polishing velocities: (a) 40 t/min; (b) 60 r/min; and (c) 80 r/min.
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Fig. 13 SEM images and EDS results of polishing pad: (a) before polishing; (b) after UA-CMP.

www.Springer.com/journal/40544 | Friction



2086

Friction 11(11): 2073-2090 (2023)

evidence for the two-body wear. Further, there is only
slight wear on the polishing pad surface in UA-CMP
comparing Fig. 13(a) with Fig. 13(b). The pad (b)
structure is intact and still able to transport slurry well.

Figure 14 displays the histograms of MRR at different
polishing speeds. The MRR of sapphire UA-CMP is
around 1.24 um/h when the polishing speed is 40 r/min.
As the speed increased to 60 and 80 r/min, the MRR
was approximately 1.55 and 2.03 um/h, respectively.
The experimental results reveal that the rotating
speed plays a vital role in the MRR. In the UA-CMP
device, the pad’s diameter is much bigger than that of
the wafer. When the rotating speed increases, it means
that the v, , also becomes larger. Combined with
Eq. (28), MRR
to v, . Thus the removed sapphire by two-body wear

of two-body wear is proportional

obviously rises. The CFD simulations indicate that
rotating speeds have small influences on the material
removal of hydro-dynamic contact mode. The ultrasonic
vibration intensely changes the slurry fields/abrasives
and thus to affect the sapphire MRR. In this way,
higher rotating speeds can achieve greater MRRs by
mainly influencing the solid—solid contact mode.
Figure 15 presents the AFM images of the sapphire
surface morphology. Figure 15(a) is the original
sapphire surface before polishing, and its R, was
around 31 nm. When the polishing speed is 40 r/min,
the surface geometry of the polished sapphire is
displayed in Fig. 15(b). The sapphire surface is not flat
and has some pits, and its R, is 0.10 nm. At 60 r/min,
R, drops to 0.08 nm, and the polished surface is flatter,
but there is still visible surface damage, as shown in
Fig. 15(c). At 80 r/min (Fig. 15(d)), the wafer surface

2.5

0.0 | . I [
40 60 80

Rotation speed (r/min)

MRR (um/h)
= & &

=
wn

Fig. 14 Sapphire MRRs under various rotation speeds in
UA-CMP.

Fig. 15 AFM images of sapphire surface topography: (a) original
sapphire surface; (b—d) after polishing at 40, 60, and 80 r/min.

quality is the best without pits and scratches, and its
R,is0.07 nm.

The MRR is closely related to the surface quality
in UA-CMP. For the same polishing time, the lower
MRR means that the thickness of the removed material
is thinner. Thus it is possible that smaller asperities
on the wafer surface are not completely removed. It
is also likely that there is residual surface damage,
such as scratches, caused during the cutting of the
sapphire. As the removed material thickness increases,
the asperity and damage on the surface gradually
disappear. Ultimately, a smoother and non-destructive
sapphire surface is obtained [81].

6 Conclusions

The aim of this article is exploring the sapphire
UA-CMP mechanism. Here, a material removal
model was developed combining the solid—-solid and
hydro-dynamic contact modes. The feasibility of
the two-body wear theory was verified by the AFM
in-situ studies. The AFM tip was used to simulate an
abrasive particle scribing on sapphire, achieve material
removal, and observe the atomic step structure.

The CFD method visualized the effects of ultrasonic
amplitudes and rotational speeds on the fluid flow
behavior. These help to understand the influences of
the process parameters on the hydro-dynamic contact
mode during UA-CMP. Ultrasonic amplitudes have
significant influences on the fluid fields. An enlarged
amplitude is capable of apparently increasing the fluid
flow velocity, pressure, and AVF. These enhancements
of physical fields contribute to the MRR of the hydro-
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dynamic contact mode. By contrast, the polishing speed
variation has fewer effects on the hydro-dynamic
contact pattern.

The sapphire UA-CMP experiments illustrate that
higher rotational speeds achieve larger MRRs and
better surface quality. The synthesis of experimental
and simulation results implies that the rising rotational
speed enables the efficient material removal mainly
through two-body wear. From 40 to 80 r/min, the MRR
increased around 63%. The surface roughness after
polishing was reduced from 0.10 to 0.07 nm. The
sapphire surface was smooth and undamaged.
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