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Abstract The chemical mechanical polishing (CMP) is wide-
ly used to polish hard and brittle materials. However, it is
difficult for conventional CMP to achieve high material re-
moval rate (MRR) and high surface quality while polishing
of hard and brittle materials such as monocrystalline silicon.
Therefore, ultrasonic elliptical vibration (UEV) is employed to
aid conventional CMP in our research, which combines the
functions of conventional CMP and ultrasonic machining. In
the ultrasonic elliptical vibration-aided chemical mechanical
polishing (UEV-CMP) experimental setup developed by us,
the workpiece attached on the ultrasonic vibrator can vibrate
simultaneously in both horizontal and vertical directions dur-
ing CMP. It is found that the ultrasonic elliptical vibration can
effectively increase the MRR while maintaining surface qual-
ity in conventional CMP. The possible mechanism in UEV-
CMP is firstly analyzed chemically to establish a reasonable
material removal rate model. The effects of the ultrasonic el-
liptical vibration on the interaction among the abrasive parti-
cles, polishing pad, and workpiece are investigated to explain
why the MRR of UEV-CMP is higher than that of the conven-
tional CMP. A mathematic model, which includes polishing
variables such as morphology and material properties of
polishing pad; abrasive size; and material properties of parti-
cles, frequency, and amplitude of the ultrasonic vibration as
well as polishing process parameters, is set up to interpret the
increase in MRR for UEV-CMP. The results from the MRR
model show that the ultrasonic elliptical vibration can improve
material removal by increasing both the chemical reaction

efficiency of polishing solution and mechanical impact effi-
ciency of the abrasive particles on the workpiece surface and
also by increasing vibration amplitude in vertical direction as
the horizontal vibration contributes less towards the increment
of MRR. Experiments are conducted for model verification,
which should be that the experimental results agree well with
model predictions.

Keywords Ultrasonic elliptical vibration (UEV) . Chemical
mechanical polishing (CMP) .Material removal rate (MRR) .

Hard and brittle materials

1 Introduction

Chemical mechanical polishing (CMP) is a popular process
for smoothing and planarization of uniform surfaces by using
a combination of chemical reactions and mechanical forces
[1–2]. CMP is widely used for finishing of materials with
great hardness, high wear resistance, and chemical inertness
including silicon wafer [3], sapphire substrate [4], silica glass
[5–6], gallium nitride (GaN) [7], and silicon carbide (SiC) [8],
which are employed frequently in integrated optoelectronic
and semiconductor devices. With the rapid development of
integrated optoelectronic and semiconductor industries,
higher polishing quality and machining efficiency of CMP
are requested.

However, the present research results show that the con-
ventional CMP technology is hard to obtain high material
removal rate (MRR) and perfect finished surface at the same
time due to the material’s properties [9–10]. As a promising
finishing technique for hard and brittle materials, ultrasonic
vibration-assisted machining may enhance the machining ef-
ficiency and improve the surface integrity due to a fundamen-
tal alternation in process kinematics [11–12]. To acquire high

* Defu Liu
liudefu@csu.edu.cn

1 College of Mechanical and Electrical Engineering, Central South
University, Changsha, Hunan Province 410083, China

Int J Adv Manuf Technol (2017) 92:81–99
DOI 10.1007/s00170-017-0081-z

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-017-0081-z&domain=pdf


MRR and great polished surface quality simultaneously, ultra-
sonic vibration is introduced into chemical mechanical
polishing process, which has been proven to be very useful
in improving the polishing quality and efficiency for the hard-
machining materials, such as sapphire substrate [13–14], cop-
per substrate [15], monocrystalline silicon wafer [16], SiC
[17], and fused silica [18].

Lu et al. [13–14] developed an ultrasonic flexural
vibration-assisted chemical mechanical polishing (UFV-
CMP) system to improve both MRR and surface quality of
sapphire substrates. The MRR of UFV-CMP was 2.5 times
larger than that of conventional CMP. The roughness and flat-
ness of the sapphire surfaces polished by UFV-CMP were
0.83 Å and 0.12 μm, respectively, which were much better
than that of conventional CMP. Tsai et al. [15] introduced an
ultrasonic vibration-assisted chemical mechanical polishing
(UV-CMP) method to finish copper substrates. It was found
that material removal rate of the copper substrates increased
by approximately 50–90% relative to that of conventional
CMP, and the roughness of the substrate surfaces was also
improved dramatically. Li et al. [16] applied ultrasonic travel-
ing wave with the frequency of 27.99 kHz to the CMP of
wafer. According to the large amounts of experiments on the
chemical mechanical polishing assisted by ultrasonic vibra-
tion, it was found that morphologies of silicon wafers polished
by UV-CMP were superior to that of conventional CMP. A
novel model of UV-CMP for silicon wafer was proposed,
which could be used to explain the experimental results. Li
et al. [18] combined ultrasonic elliptical vibration with fixed
abrasive polishing to finish fused silica substrates, which was
devoted to the understanding of the increase of MRR in ultra-
sonic vibration-assisted, fixed-abrasive polishing. It was
known from the physical model proposed in the paper that
the material removal rate increase was contributed to the ver-
tical vibration while horizontal vibration could hardly influ-
ence the material removal rate due to the difference from
chemical bonding between coria and glass in conjunction with
mechanical abrasion of glass.

Ultrasonic elliptical vibration-assisted chemical mechani-
cal polishing (UEV-CMP) has been proven to be an efficient
finishing process; however, at present, the effects of the ultra-
sonic vibration on the chemical mechanical polishing process
are still being discussed on the basis of the experimental re-
searches and the material removal mechanism [18–22]. Only
few researching paper discussed the material removal rate
model of ultrasonic vibration-assisted chemical mechanical
polishing on hard and brittle materials, and there is no perfect
theory to analyze the roles played by the ultrasonic elliptical
vibration in the chemical mechanical polishing so far. In this
paper, a kind of experimental setup for “ultrasonic elliptical
vibration-assisted chemical mechanical polishing” is de-
signed, which can make workpiece vibrate simultaneously in
two orthogonal directions with the same ultrasonic frequency.

To investigate the material removal mechanism of UEV-CMP,
the experiments about the effects of ultrasonic vibration on
chemical reaction occurred between polishing slurry and
workpiece, and mechanical impact of abrasive particles is
conducted, respectively. Numerous variables are involved in
the material removal process, such as abrasive particles,
polishing pressure, polishing slurry chemistry, polishing pad,
and ultrasonic vibration characteristics. The modeling of the
MRR is crucial to understand the complexity of CMP process,
and considerable research efforts have concentrated on this
topic. A novel material removal rate model is proposed, which
includes most polishing process factors, such as the morphol-
ogy of the polishing pad, the distribution of abrasive particles,
the chemical reaction between workpiece and polishing slurry,
the polishing process parameters, the material properties of
workpiece, and the parameters of ultrasonic vibration.

This paper is organized into six sections. Following Sect. 1,
Sect. 2 describes the ultrasonic elliptical vibration-assisted
chemical mechanical polishing experimental setup. In Sect.
3, the effects of ultrasonic vibration on chemical reaction oc-
curred between reagent and workpiece, and mechanical im-
pact wear of abrasive particles on workpiece surface is stud-
ied, respectively. In Sect. 4, a novel material removal model of
UEV-CMP is developed step by step. Section 5 provides the
material removal model verification by design of experiments.
Conclusions are contained in Sect. 6.

2 Experimental setup of UEV-CMP

The ultrasonic elliptical vibration can be synthesized by two
ultrasonic vibrations in orthogonal directions with the same
frequency [20–21]. A schematic of the ultrasonic elliptical
vibration transducer combined by a longitudinal vibrator and
a bending vibrator is illustrated in Fig. 1. The transducer con-
sists of one end cap, two ring-disk-shaped piezo-electric actu-
ators, one middle cap, two pairs of half ring-disk-shaped ac-
tuators with anti-polarity, and one front cap, which are bonded
together by a bolt. The exciting alternating current with high
frequency generated by an ultrasonic generator is transported
to the ring-disk-shaped piezoelectric ceramic transducer
(PZT) actuators and the half ring-disk-shaped PZT actuators,
which generate longitudinal vibration and bending vibration,
respectively, under the converse piezoelectric effect. The di-
rection of longitudinal vibration and the direction of bending
vibration are orthogonal. The longitudinal ultrasonic vibration
wave signals generated by the ring-disk-shaped actuators and
the bending ultrasonic vibration wave signals generated by the
half ring-disk-shaped actuators with anti-polarity can be trans-
ferred to the workpiece by the ultrasonic horn. When two
alternating current voltages with a phase difference are applied
to the PZT at the same frequency that is close to the resonant
frequency of the longitudinal mode and bending mode of
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vibrator, two ultrasonic vibrations are generated simultaneous-
ly, and synthesis of the two vibrations results in an elliptical
motion on the end face of the vibrator. Therefore, the work-
piece attached on an elliptical vibrator can also vibrate simul-
taneously in two directions with composite of longitudinal
ultrasonic vibration and bending ultrasonic vibration. At the
same time, the vibration amplitude of the workpiece fixed at
the end of the horn is amplified by the horn. Then, high ma-
terial removal rate and high surface quality in polishing are
expected because two different vibrations are synthesized and
rubbing directions of the polishing particles appear random at
the micro-scale of the workpiece surface [20–21].

Ultrasonic elliptical vibration-assisted chemical mechani-
cal polishing experiments are performed on a UEV-CMP ma-
chine designed by ourselves. The schematic of the UEV-CMP
setup designed for the polishing experiments is illustrated in
Fig. 2. The experimental setupmainly consists of an ultrasonic
elliptical vibration device and a polishing machine. The
polishing pressure can be adjusted by changing the weight
on the node point of horn, because the node point does not
vibrate at all; the loads applied to this point have no influence
on the ultrasonic vibration amplitude of workpiece fixed at the
end of the horn, which has been testified by ANSYS analysis.
The polishing slurry can be provided to the interface between
polishing pad and workpiece; then, the surface material of
workpiece is removed by the combined actions of ultrasonic
vibration and conventional CMP. This experimental setup is
convenient to work as ultrasonic vibration-assisted CMP or
conventional CMP governed by the operation of the two
switches to control the ultrasonic generator. As shown in
Fig. 2, when both the switch 1 and the switch 2 are turned
off, the workpiece does not vibrate; this polishing process is
called conventional CMP (C-CMP). When the switch 1 is
turned on and the switch 2 is turned off, the workpiece just
vibrates ultrasonically along horizontal direction; this
polishing process is called ultrasonic horizontal vibration-
assisted CMP (UHV-CMP). When the switch 1 is turned off
and the switch 2 is turned on, the workpiece just vibrates
ultrasonically along vertical direction; this polishing process
is called ultrasonic vertical vibration-assisted CMP (UVV-
CMP). When both the switch 1 and the switch 2 are turned

on, the workpiece vibrates ultrasonically along an elliptical
trajectory; this polishing process is called UEV-CMP. The
ultrasonic generator converts 50-Hz electrical supply to
high-frequency (20∼50 kHz) AC output. Under the circum-
stances, the workpiece fixed at the end of horn also vibrates at
the same frequency. In general, the vibration amplitude corre-
lates roughly linearly to input voltages manifested by experi-
ments [18]. When the output power of the ultrasonic generator
is 180W, the amplitudes of the workpiece are 3 and 2.5 μm in
horizontal direction and vertical direction, respectively, mea-
sured by laser Doppler vibration meter (LK-G5001V by
KEYENCE Corp.) equipped with respective sensors. The
phase difference between the horizontal vibration and the ver-
tical vibration keeps a constant of π/2, so the synthesis of the
two vibrations yields nearly an elliptical vibration trajectory,
as shown in Fig. 3.

3 Pilot experiments

3.1 Polishing performance confirmation
of the experimental setup of UEV-CMP

A series of designed polishing experiments are conducted to
evaluate the performances of the ultrasonic elliptical
vibration-assisted chemical mechanical polishing machine de-
veloped by us. The experimental conditions of the pilot
polishing experiments are listed in Table 1. The workpiece
material used in the pilot experiments is monocrystalline sili-
con. The workpiece size is 10 × 10-mm area, and its initial
surface roughness is about Ra 0.2 μm. The material employed
in the pilot experiments is made up of abrasive particles of
silica (SiO2), and the abrasive size of silica particle is about
50 nm. Its polishing slurry contains 2% silica particles, and the
pH value is about 9. Diethanolamine and ethylenediamine are
used as pH value regulator and dispersant, respectively. The
slurry feed rate is about 15 mL/min. The polishing pad is
porous polyurethane pad, and its thickness is about 1.5 mm.
The polishing experiments are divided into four different
groups. Twenty workpieces are polished in each experiment
of conventional CMP, UHV-CMP, UVV-CMP, and UEV-
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Fig. 1 A schematic of ultrasonic
elliptical vibration device
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CMP by the operation of the two switches to control the out-
put signals of the ultrasonic generator shown in Fig. 2. The
silicon specimens are cleaned by ultrasonic vibration with
acetone and dried by N2-blown flow. The MRR is determined
on the basis of weight loss of workpieces before and after
polishing. The surface roughness values and morphologies
of the polished silicon workpieces are measured and observed
by Veeco profilometer equipment.

The MRRs of the workpieces polished by conventional
CMP, UHV-CMP, UVV-CMP, and UEV-CMP are 320.1,
565.2, 469.7, and 693.6 nm/min, respectively, as shown in
Fig. 4. It can be known that the material removal rate is indeed
increased by introducing ultrasonic vibration into convention-
al CMP; especially, the MRR of UEV-CMP increases signif-
icantly compared to that of conventional CMP. In addition, the
relation between surface roughness and polishing process is

also plotted in Fig. 4. The average surface roughness Ra values
of 20 workpieces polished by conventional CMP, UHV-CMP,
UVV-CMP, and UEV-CMP are 27.61, 19.94, 16.14, and
10.61 nm, respectively. It can be seen from Fig. 4 that the
surface roughness of the workpieces polished by conventional
CMP, UHV-CMP, UVV-CMP, and UEV-CMP, respectively,
decrease significantly. Hence, ultrasonic vibration has signif-
icant effect on the MRR and surface roughness of workpiece
polished by CMP. Especially, both the MRR and surface qual-
ity are improved greatly when the workpieces are polished by
UEV-CMP. The surface morphology of a workpiece polished
by UEV-CMP is shown in Fig. 5. It can be seen from Fig. 5
that there is nearly no scratches and bulges on the surface
polished by UEV-CMP. Therefore, it is obvious from the ex-
periments that UEV-CMP is effective to improve the polishing
quality and polishing efficiency to the greatest extent than

(a) The vibration amplitude of horizontal direction (b) The vibration amplitude of vertical direction

(c) The trajectory of ultrasonic vibration of workpiece
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trajectory of ultrasonic vibration
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other kinds of polishing methods. It indicates that the com-
bined actions of ultrasonic elliptical vibration and convention-
al CMP can facilitate better polished surface and higher MRR.
So, it is essential to investigate the effects of ultrasonic vibra-
tion on chemical reaction of polishing solution and mechani-
cal impact of abrasive particles during UEV-CMP in order to
explain how UEV-CMP improves MRR and quality com-
pared to the conventional CMP.

3.2 The effects of ultrasonic vibration on chemical reaction
between reagent and workpiece

To clearly analyze the roles of the ultrasonic elliptical vibra-
tion in chemical mechanical polishing process, the effects of
ultrasonic vibration on chemical reaction of polishing solution
and mechanical wear of abrasive particles are studied in Sects.
3.2 and 3.3, respectively, by design of experiments.

Hard and brittle materials such as monocrystalline silicon
have very high chemical stability in natural environment.
However, in alkaline or acidic polishing solution, it plays a
very important role in revealing the material mechanism to
investigate whether chemical reaction is occurring in the ma-
terial surface or not. Experiments of ultrasonic vibration-
assisted chemical reaction are conducted to evaluate the ef-
fects of ultrasonic vibration on chemical reaction occurring
between polishing solution and monocrystalline silicon spec-
imens. The size of the specimens used in the chemical reaction
experiments is same with that of the workpiece used in the
above UEV-CMP experiments. The original specimens are
cleaned by ultrasonic vibration in absolute ethyl alcohol and
deionized water, respectively. The chemical reagent used in
the experiment is NaOH alkaline solution with concentration
of 2 mol/L. The specimens are fixed at the end of the horn of
the ultrasonic elliptical vibration device as shown in Fig. 1,
and they are immersed in the NaOH solution. The experiments
are performed for 30 min of ultrasonic elliptical vibration,
respectively, to compare the effects. The frequency of the ul-
trasonic elliptical vibration is 35.3 kHz. Figure 6 shows the
experimental process of chemical reaction that occurred be-
tween reagent and silicon specimen with or without assistant
of ultrasonic vibration.

The surface morphologies of the original specimen, the
specimen corroded by NaOH solution without assistance of

ultrasonic vibration, and the specimen corroded by NaOH
solution with assistance of ultrasonic vibration are shown in
Fig. 7. The roughness value of the original surface is only
8.62 nm. There is nearly no pits on the surface of specimen.
However, the roughness value of the specimen surface corrod-
ed by NaOH solution without assistant of ultrasonic vibration
is 20.28 nm with obvious sags and crests, while the roughness
value of the specimen surface corroded by NaOH solution
with assistant of ultrasonic elliptical vibration increases to
191.66 nmwith extreme wrinkles, which indicates that violent
chemical reaction has occurred. The results indicate that the
ultrasonic elliptical vibration can increase the speed of chem-
ical reaction significantly. Therefore, the material removal
during UEV-CMP process could be depicted as the continu-
ous formation and removal of the soft layer with relative lower
hardness than silicon.

During the process of ultrasonic vibration-assisted chemi-
cal reaction that occurred between polishing solution and
specimen, the energy (Eu) imposed on the unit amount sub-
stance of the chemical erosion layer on the specimen surface
by ultrasonic vibration can be expressed by the following
equation:

Eu ¼ W
n

¼ mv2

2n
¼ ρSΔhω2A2sin2 ωt−φð Þ

2000ρSΔh
.
M

¼ 2� 10−3Mω2A2sin2 ωt−φð Þ ð1Þ

where

Table 1 Experimental conditions
of CMP Polishing variables Value Polishing variables Value

Polishing time/min 30 Rotation speed of pad/(r min−1) 3

Abrasive size of particles/nm 50 Revolution speed of pad/(r min−1) 30

Slurry density/(g cm−3) 0.96 Polishing pressure/kPa 51.43

Concentration of abrasive particles 2% Ultrasonic vibration frequency/kHz 35.3

pH value of slurry 9 Horizontal ultrasonic amplitude/μm 3

Slurry feed rate/(mL min−1) 15 Vertical ultrasonic amplitude/μm 2.5
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W is the kinetic energy of ultrasonic vibration of the
workpiece (J);

n is the amount of substance of the reaction layer (mol);
S is the area of surface corroded under assistant of

ultrasonic vibration (m2);
휌 is the density of specimen (kg/m3);
휔 is the angular frequency of ultrasonic vibration,휔 = 2휋f

(rad/s);
A is the amplitude of ultrasonic vibration (m);
Δh is the thickness of the chemical reaction layer; and
M is the molar mass of reactants (g/mol).

According to the theory of chemical reaction thermody-
namics and ultrasonic chemistry, the energy of the surface
atoms of the polished specimen increased by ultrasonic vibra-
tion and additives can improve the chemical reaction speed.
Therefore, the chemical reaction rate kc can be expressed by
the following Arrhenius-type relation [23]:

kc ¼ k0e−
Ea−Eu−Es

RT
ð2Þ

where

k0 is a frequency factor;
Ea is the original activation energy (J/mol);
Es is the activation energy by oxidant, erosion inhibitor,

chelating agent, and other additives, (J/mol);
R is the Boltzmann constant, R = 8.314 J/(mol K); and
T is the absolute temperature (K).

It can be seen from Eq. (2) that the chemical reaction rate kc
increases with ultrasonic vibration energy Eu.

3.3 The effects of ultrasonic vibration on mechanical
abrasive wear of particles

In chemical mechanical polishing, the abrasive particles are
mixed with the polishing solution to be supplied to the pro-
cess. Since the abrasive particles are suspended in the fluid, in
principal, they are able to roll freely between workpiece and
the polishing pad or to penetrate into the asperities of the
polishing pad losing the freedom of rotation. The abrasive
particle motion between the workpiece surface and the
polishing pad determines the main wear mechanism, whereas
the different wear mechanisms lead to different distinct sur-
face morphologies. The wear mechanism of the workpiece
during UEV-CMP should be classified as abrasive wears.

X Profile

Y Profile

Fig. 5 Morphology of a monocrystalline silicon polished by UEV-CMP

(b)(a)

Silicon Ultrasonic vibration

NaOH

Fig. 6 Chemical reaction experiments a without assistant of ultrasonic
vibration and b with assistant of ultrasonic vibration
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(a)  Ra=8.62nm 

Fig. 7 a The original surface of
specimen, b the surface corroded
by NaOH solution without
assistant of ultrasonic vibration,
and c the surface corroded by
NaOH solution with assistant of
ultrasonic elliptical vibration
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Abrasive wear includes the two-body abrasive wear and three-
body abrasive wear. The two-body abrasive wear refers to the
micro-cutting or micro-plowing produced by the embedded
abrasive particles between interaction surfaces, while the
three-body abrasive wear refers to the micro-indentation or
micro-cracking caused by the free rolling abrasive particles
in the contact zone. The wear coefficient decreases when the
ultrasonic vibration is introduced, which contributes to the
transition from two-body abrasion to three-body abrasion
[17]. Therefore, only a few abrasive particles fixed in the
asperities of the polishing pad emerge micro-plowing behav-
ior, while most of other abrasive particles rolling between the
polishing pad and workpiece surface exhibit micro-
indentation behavior. Thus, the three-body abrasive wear can
be formed among the workpiece, the polishing pad, and the
abrasive particles. In this case, the low impact will lead the
abrasive particles to produce only rolling extrusion or squeez-
ing on the workpiece surface instead of micro-plowing or
micro-cutting. The two-body abrasive wear mechanism can
be converted to the three-body abrasive wear mechanism
when the ultrasonic vibration is introduced into the conven-
tional CMP process. Moreover, with the increasing of ampli-
tude and frequency of the ultrasonic vibration, the three-body
abrasive wear will take a bigger proportion over two-body
abrasive wear [17].

Therefore, while the ultrasonic vibration energy is transmit-
ted to the numerous abrasive particles in the polishing slurry,
the suspended particles may impact on the workpiece surface
in an isotropic manner, and the material of the workpiece
surface is removed by these numerous repetitive three-body
abrasive wear caused by impact at very high frequency. For
the purpose of confirming the mechanical abrasive wear of
particles to the workpiece surface during UEV-CMP, the ex-
periments of impact wear of abrasive particles on specimen
are designed. The material of specimens is monocrystalline
silicon, and the size of the specimen is also 10 × 10-mm
length. The specimens are put into the deionized water
polishing slurry with SiO2 nanoparticles for 30 min, as shown
in Fig. 8. Ultrasonic vibration is imposed on the specimen

through the ultrasonic vibration device shown in Fig. 1. The
frequency of the ultrasonic vibration is also 35.3 kHz.

The surface morphology of a specimen impacted by SiO2

particles in deionized water with assistant of ultrasonic vibra-
tion is shown in Fig. 9. The experimental results indicate that
the SiO2 particles cause obvious pits on the specimen surface,
which meets well with the impact abrasive wear theory [24].
Therefore, the three-body abrasive wear mechanism (micro-
indentation) exists in the UEV-CMP process besides the two-
body abrasive wear mechanism (micro-plowing).

4 Development of material removal rate model

It can be seen from above pilot experiments that a soft layer on
workpiece surface formed by the chemical action of the
polishing slurry is removed not only by the mechanical action
of conventional CMP but also by the ultrasonic vibration of
UEV-CMP. The MRR increases significantly when the UEV-
CMP is used to polishing monocrystalline silicon workpieces
due to the combined actions of ultrasonic vibration and con-
ventional CMP. The UEV-CMP is a complex process with a
large number of input variables, as shown in Fig. 10. In order
to describe the effects of ultrasonic elliptical vibration on
MRR, a novel material removal rate model of UEV-CMP is
developed. To develop the model, the following approaches
are carried out step by step:

(1) Develop a morphology model to depict the characteris-
tics of the polishing pad surface;

(2) Obtain the number of the abrasive particles actually tak-
ing part in polishing;

(3) Estimate Vi, the actual material volume removed by one
particle in a single ultrasonic vibration cycle in horizontal
direction and vertical direction respectively, which com-
bine an ultrasonic elliptical vibration;

Fig. 9 Surface morphology of specimen impacted by SiO2 particles in
deionized water with assistant of ultrasonic vibration, Ra = 12.68 nm, ×40

Ultrasonic vibration

Silicon

Particle

Fig. 8 The effects of ultrasonic vibration on mechanical impact wear of
abrasive particles
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(4) Develop the material removal model under horizontal
and vertical direction vibration by aggregating the effects
of all active abrasive particles;

(5) Establish the overall material removal model of UEV-
CMP based on the material removal models of the ultra-
sonic elliptical vibration.

The contact among workpiece, polishing pad, and abrasive
particles during the UEV-CMP process is illustrated in Fig. 11.
The workpiece can vibrate ultrasonically with the velocity of
v1 and v2 in horizontal and vertical directions, respectively. At
the same time, the polishing pad is driven by the polishing

machine at the centrifugal rotary velocity of v0. In addition,
there is an assumption that the abrasive particles distribute
uniformly in the polishing slurry.

4.1 Contact between polishing pad and workpiece

Themicro-morphology of a polishing pad should be described
accurately to evaluate the mechanism of CMP. The mainly
models reported for describing the morphology of a polishing
pad include hemisphere model with equal radius [25], rough
peak model of equal radius of curvature [25], and hemisphere
contact model [26], which can partly explain the contact in
CMP process. However, it is hard for them simultaneously to
explain the effect of polishing pressure on the real contact area
between pad and workpiece and to depict properly the contact
between a single particle and workpiece. The material of the
polishing pad used in this paper is polyurethane. Themorphol-
ogies of the polishing pad observed by SEM and laser scan-
ning confocal microscope are shown in Figs. 12 and 13, re-
spectively. It can be seen from the two figures that the height
and the span of the micro-concave and convex bodies are not
equal. It is unreasonable to simplify the concave to sphere.
Therefore, a more reasonable model is proposed to describe
the morphology of the polishing pad surface, in which the
height of the sine-shaped micro-concave and convex bodies
obey normal distribution and the diameters of them obey γ
distribution.

The size distribution of projection circle of concave and
convex bodies of the polishing pad is shown in Fig. 14. It
can be seen from the Fig. 14 that the diameter distribution is
not normal distribution but approximately γ distribution.

•Polishing pressure, P
•Polishing speed, v0

•Polishing time, t
•Abrasive concentration, C
•Abrasive diameter, d

Polishing process variables

•Elastic modulus, E
•Poisson’s ratio, υ
•Hardness, H

Properties of materials
workpiece, abrasive, 

polishing pad)

•Amplitude, A
•Frequency, f
•Vibration velocities in 
horizontal and vertical 
direction, v1 and v2

Ultrasonic vibration variables

Fig. 10 Input variables in development of material removal rate model
for UEV-CMP

Vertical 
vibration (Z)

Horizontal 
vibration (X)

Workpiece

Pad surface

workpiece

x

z

h

F
p

Particle

v
1

v
2

v
0

X

Z

Y
X

Z

Y

Fig. 11 The contact among
workpiece, polishing pad, and
abrasive particles

Int J Adv Manuf Technol (2017) 92:81–99 89



Therefore, the diameter distribution φ(dp) of projection circle
of concave and convex bodies on average plane of contact
region can be described by the following equation:

φ dp
� � ¼ λγdγ−1p

Γ γð Þ e−γdp ð3Þ

Based on probability statistical theory, the overall distribu-
tion can be estimated according to the distribution of a
polishing pad sample selected randomly. Then, parameter es-
timation can be performed based on the data of the sample and
γ distribution function; therefore, the diameter distribution
φ(dp) can be obtained by the following equation:

φ dp
� � ¼ 0:02752:8d1:8p

Γ 2:8ð Þ e−2:8dp ð4Þ

Sample Kolmogorov-Smirnov test is a stable and widely
applicable method of hypothesis tests. The hypothesis test

results of the above parameter estimation are listed in
Table 2, which are obtained by MATLAB software.

It is known from the hypothesis test results in the Table 2
that the parameter estimation expressed by Eq. (4) is very
reasonable. The integral distribution curves of the estimating
result and the sample are shown in Fig. 14b. According to the
γdistribution, the average diameter E(dp) of projection circle
can be described by the following equation:

E dp
� � ¼ λ

γ
ð5Þ

The roughness of the polishing pad surface is generally at
micrometer scale, while the roughness of the workpiece sur-
face is at nanometer scale. Therefore, the contact between
polishing pad and workpiece can be equivalent to a kind of
contact between a rough surface and an ideal smooth surface.
To simplify the contact between the polishing pad and work-
piece, there are two hypotheses for the polishing pad listed as
the following:

Fig. 12 Surface morphology of
the polishing pad observed by
SEM

Fig. 13 The cross section of the
polishing pad observed by laser
scanning confocal microscope
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1. The polishing pad surface contains micro-concave and
convex bodies with the sine shape in xoz plane, as shown
in Fig. 15;

2. The height of the sine-shaped micro-concave and convex
bodies obeys normal distribution.

The height of single sine-shaped body zi(x) can be de-
scribed by the following equation:

zi xð Þ ¼ zimsin
π
Di

xþ Li−1

� �
; x∈ 0; Dið Þ ð6Þ

where

zim is the height of a convex body when zim > 0 or the pit
when zim < 0,

Li − 1 is the distance between a convex body i and origin
point, and

Di is the diameter of the projection circle of a convex
body on average plane.

The radius of the contact area is the radius of curvature Rpi,
which is given by the following equation:

Rpi ¼
1þ z

02
i xð Þ� �3.2

z″2i xð Þj j x ¼ 0:5di ¼
D2

i

π2 zimj j
���� ð7Þ

The height of the sine-shaped micro-concave and convex
bodies obeys vertical distribution N(m,σ),

p zimð Þ ¼ 1

σ
ffiffiffiffiffiffi
2π

p exp −
zim−mð Þ2
2σ2

" #
ð8Þ

where

p is the frequency function of height amplitude of micro-
body of the pad,

m is the average plane which is 0 plane in this model, and
σ is the standard deviation of height amplitude.

If there is an assumption that the number of convex bodies
is equal to the number of pit, σ can be expressed for Gauss
surface as [18]

σ≈
ffiffiffiffiffiffiffiffiffi
π
2
Ra

r
ð9Þ

Therefore, the vertical distribution N(m,σ) can be obtained
from surface roughness Ra.

The pressure produced by the polishing fluid flow on the
polishing pad can be neglected because it is relatively small
during CMP; therefore, the contact rough peaks of the
polishing pad support all the working pressure [27]. When
the bottom surface of workpiece reaches to the position where
h is far away from the average plane under polishing static
pressure, it contacts with the micro-convex bodywhose height
is larger than h as shown in Fig. 15. Then, the possibility Pc for
micro-convex body to contact with workpiece can be calcu-
lated by the following equation:

Pc z > hð Þ ¼ ∫∞h p zð Þdz ð10Þ

The number of contacted micro-convex body can be calcu-
lated by the following equation:
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d/μm

(a)
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0

0.2

0.4

0.6
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1

d/μm

(b)
Sample

γ distribution

Fig. 14 a Histogram and b
integral distribution curves of
projection circle of concave and
convex bodies

Table 2 Kolmogorov-Smirnov test results

Variable Description Explanation Test result

h Hypothesis test result 0 Accept the original
hypothesis

1 Refuse the original
hypothesis

0

p The probability of the
occurrence of the null
hypothesis

Accept the original
hypothesis when
p > 0.05

0.5721

α Significance level of
the hypothesis test

0.05

ks Test statistic of the
hypothesis test

Accept the original
hypothesis when
cv > ks

0.0461

cv Critical value 0.0804
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nc ¼ N ∫∞h p zð Þdz ¼ 4A0

πE2 dp
� � ∫∞h p zð Þdz ð11Þ

where

N is the total number of micro-convex bodies,
A0 is the area of bottom surface of workpiece, and
E(dp) is the average diameter of projection circle of concave

and convex bodies on average plane.

Owing to δ = z − h, the real contacted area Are can be
described by the following equation:

Are ¼ πN ∫∞h ∫
þ∞
0 Rp z−hð Þp zð Þp Rp

� �
dz dRp ð12Þ

Therefore, the total load F supported by the polishing pad
can be described by the following equation:

F ¼ 4

3
NEpw∫

þ∞
h ∫þ∞

0 R
1
2
p z−hð Þ32p zð Þp Rp

� �
dz dRp ð13Þ

where Epw ¼ 1−v2p
Ep

þ 1−v2w
Ew


 �−1
is the equivalent Young’s

modulus of the polishing pad and workpiece; Ep and Ew are
the Young’s modulus of the polishing pad and workpiece,
respectively; and 휈p and휈w are the Poisson’s ratio of the
polishing pad and workpiece, respectively.

Therefore, the pressure imposed on by the polishing pad
can be calculated by the following equation:

P ¼ F
A0

¼ 4

3A0
NEpw∫

þ∞
h ∫þ∞

0 R
1
2
p z−hð Þ32p zð Þp Rp

� �
dz dRp ð14Þ

The polishing pad deformation δasp can be determined by
the following equation:

δasp ¼ h0−h ð15Þ

where h0 is the height of the highest peak of the polishing pad,
which is approximately 3σ.

The relationship between polishing pressure P and the rel-
ative position of bottom surface of the workpiece and
polishing pad deformation δasp can be obtained based on
Eq. (14) according to the parameters listed in Table 3, as
shown in Fig. 16. When the polishing pressure is 50 kPa and

the roughness of pad is 6 μm, it is observed from Fig. 16 that
the position of workpiece relative to the polishing pad is
5.95 μm and the pad deformation δasp is 16.61 μm.

4.2 Number of active particles taking part in polishing

Thematerial of workpiece is removed by the abrasive particles
in the contact region of pad/particle/workpiece. The number
of particles actually taking part in polishing and grain size of
the particles are the two key factors that affect the material
removal rate in CMP [28].

The number of total particles Nr in the contact region be-
tween workpiece and polishing pad can be obtained by the
following equation proposed by Jeng [29]:

Nr ¼ 6A0 3σ−hð Þρsc
πρaD

3 ð16Þ

where

A0 is the nominal contact area (area of bottom surface of
workpiece),

ρs is the density of the polishing slurry,
c is the quality concentration of abrasive particles,
ρa is the density of particle, and
D is the average grain size of particles.

The number Na of particles in three-body contact region
can be determined by the following equation:

Normal

distribution Pad surface

Bottom surface of workpiece

Average plane m

x

z

zim

DiLi-1

h

F

Rpi

Fig. 15 The simplified model of
the polishing pad

Table 3 Material properties of the polishing pad and workpiece

Variable Description Value Unit

A0 Area of bottom surface of workpiece 6.25 mm2

Ep Young’s modulus of pad 0.01 GPa

υp Poisson ratio of pad 0.5 –

Ra Roughness of pad 6 μm

E(dp) The average diameter of projection circle 36.35 μm

Ew Young’s modulus of workpiece 190 GPa

υw Poisson ratio of workpiece 0.28 –

E* Effective Young’s modulus 1.33 × 107 Pa
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Na ¼ nrAre ¼ Nr

A0
Are ¼ 6 3σ−hð Þρsc

πρaD
3 Are ð17Þ

where

nr is the number of particles in unit area and
Are is the real contact area.

4.3 Material removal rate model of UEV-CMP

When the ultrasonic vibration is introduced in the convention-
al chemical mechanical polishing, the material is removed by
the complicated combined effects of the chemical reaction, the
two-body micro-plowing, and three-body micro-indentation
assisted by ultrasonic vibration. Ultrasonic elliptical vibration
is synthesized by horizontal vibration and vertical vibration
with the same frequency, which is described in Sect. 2.
Therefore, several major reasonable assumptions and simpli-
fications are made for the material removal model, which are
as follows:

(1) The material removed by UEV-CMP can be treated as
the combined effects of UHV-CMP and UVV-CMP.

(2) The material of workpiece is removed by micro-plowing
of the particles assisted by the chemical reaction during
the conventional CMP and the UHV-CMP.

(3) The material of workpiece is removed by micro-
indentation of abrasive particles assisted by the chemical
reaction during UVV-CMP.

(4) The material of workpiece is removed by both micro-
plowing and micro-indentation with the assistance of
chemical reaction during UEV-CMP.

4.3.1 The material removal rate model of particle’s
micro-plowing under ultrasonic horizontal vibration

When the workpiece vibrates ultrasonically in horizontal di-
rection, the schematic of micro-plowing on workpiece surface
caused by the spherical particles in contact region is illustrated
in Fig. 17. Under this circumstance, the relative velocity u
between workpiece and particle, which is synthesized by slur-
ry flow velocity v0 and ultrasonic vibration velocity v1, is
described by the following equation:

u ¼ v0 þ v1 ¼ v0−2AHπf cos 2πft−φð Þ ð18Þ

where

AH is the ultrasonic vibration amplitude in horizontal
direction and

f is the ultrasonic vibration frequency.

When a particle scratches on workpiece surface, the scratch
depth and width are 훿wi and 2ai, respectively, as shown in
Fig. 17. The contact load between a single particle and work-
piece Fswi can be determined by the following equation [30]:

Fswi ¼ 1

2
πa2i Hw ð19Þ

where Hw is the hardness of the workpiece.
The contact load between a single particle and polishing

pad Fspi can be described by the following equation [26]:

Fspi ¼ 4

3
EspR

1=2
si δ3=2pi ð20Þ
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Fig. 16 The relationship between polishing pressure P and a the
workpiece position h and b polishing pad deformation δasp
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Fig. 17 Micro-plowing model of
particles under ultrasonic
horizontal vibration
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where

Esp ¼ 1−ν2s
Es

þ 1−ν2p
Ep


 �−1
is the equivalent Young’s elastic
modulus of the pad and particle,

Es is the Young’s modulus of the
particle,

Ep is the Young’s modulus of the pad,
휈s is the Poisson’s ratio of the particle,

and
휈p is the Poisson’s ratio of the particle.

The material volume VHi removed by a single particle can
be calculated by the following equation:

VHi ¼ 2kskcaiδwix ð21Þ

Therefore, the total volume VH removed by all of the par-
ticles actually taking part in polishing can be calculated by
integrating Eq. (21) as

VH ¼ ∫þ∞
0 2kskcaδwxNap Rð ÞdR ð22Þ

Then, the material removal rate MRRH in the X direction of
workpiece under ultrasonic horizontal vibration can be deter-
mined by

MRRH ¼ dVH

A0dt
¼ 1

A0
∫þ∞
0 2kskcaδwuNap Rð ÞdR ð23Þ

where ks is the wear coefficient of the particle and kc is the
frequency factor under chemical effects.

4.3.2 The material removal rate model of particle’s
micro-indentation under ultrasonic vertical vibration

When the workpiece vibrates ultrasonically in vertical direc-
tion, the micro-indentation model formed on the workpiece
surface caused by particles is illustrated in Fig. 18. Based on
Hutchings’ theory, it can be assumed that the mass and shape
of the particles in polishing slurry remain unchanged. From
the contact moment (t = 0), the particle with themass ofmi and
the initial speed of v crashes into the workpiece surface to the

depth of z (t = t0). The cross section area of impact pit is S(z).
Therefore, the movement function of a single particle is deter-
mined by the following equation:

−HS zð Þ ¼ mi
d2z

dt2
ð24Þ

The particle stops after moving for t0 to a depth of d; then,

∫d0HS zð Þdz ¼ 1

2
miv22 ð25Þ

The material volume VVi removed by the indentation pit of
abrasive particle into silicon surface can be calculated by the
following equation:

VVi ¼ ks
miv22
2H

¼ kskc
2πρaR

3
i v

2
2

3H
ð26Þ

Therefore, the total indentation volume VV removed by all
of the particles taking actually part in polishing can be calcu-
lated by the following equation:

VV ¼ ∫þ∞
0 kskc

2πρaR
3v22

3H
Nrp Rð ÞdR ð27Þ

Then, the material removal rate VVT of a unit period of
vertical ultrasonic vibration can be obtained by the following
equation:

VVT ¼ 1

T
∫T0VVdt ¼ ∫þ∞

0 kskc
2πρaR

3A2
Vω

2

3H
Nrp Rð ÞdR ð28Þ

where AV is the ultrasonic vibration amplitude in vertical
direction.

Then, the material removal rate MRRV in the Z direction of
workpiece under ultrasonic vertical vibration can be described
as follows:

MRRV ¼ VVT

A0
¼ 1

A0
∫þ∞
0 kskc

2πρaR
3A2

Vω
2

3H
Nrp Rð ÞdR ð29Þ

z

v
0

d
v

2

R
i

Workpiece

Particle

Slurry

t=0tt=t0

Fig. 18 Micro-indentation model
of particles under ultrasonic
vertical vibration
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4.3.3 Material removal rate model synthesized by MRRH

and MRRV

As the ultrasonic elliptical vibration is decomposed into a
horizontal vibration component and a vertical vibration com-
ponent with the same frequency, therefore, the total material
removal rate of the UEV-CMP can be synthesized by Eq. (23)
MRRH and Eq. (24) MRRV according to the achievement of
elliptical trajectory,

MRR ¼ k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MRR2

H þMRR2
V

q
¼

kkskc
A0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∫þ∞
0 2aδwuNap Rð ÞdR


 �2
þ ∫þ∞

0

2πρaR
3A2

Vω
2

3H
Nrp Rð ÞdR

� �s ð30Þ

Equation (30) represents the material removal rate model of
UEV-CMP, and it should be pointed that the equation can also
be used to compute the material removal rate of conventional
CMP, UHV-CMP, or UVV-CMP through controlling input
variables of ultrasonic vibration. Furthermore, it is obvious
that Eq. (30) together with Eqs. (1), (14), (17), (23), and (29)
could expound the roles played by the polishing variables in
the UEV-CMP such as polishing pressure, vibration ampli-
tude, and vibration frequency.

5 Experimental verification of theoretical model

To verify this MRR model, a series of experiments are con-
ducted to compare the predicted and experimentally deter-
mined trends regarding effects of input variables (polishing
pressure, ultrasonic vibration amplitude, and ultrasonic vibra-
tion frequency) on MRR.

5.1 Design of experiments

The theoretical model for material removal rate developed in
above section is verified through a series of simulations and
chemical mechanical polishing experiments. A simulation pro-
gram is purposely developed by the authors for the implemen-
tation of the model using the MATLAB software package. In
order to confirm the viability of the developed model, three sets
of experiments are performed to verify the roles of polishing
pressure, vibration amplitude, and vibration frequency.

The common experimental parameters of the polishing var-
iables are listed in Table 4; these variables are held constant
during all test runs. The workpiece material used in the
polishing experiments is monocrystalline silicon. The work-
piece size is 10 × 10-mm length, and its initial surface rough-
ness is about Ra 0.2 μm. The material of the abrasive particles
employed in the pilot experiments is silica (SiO2), and the size
of abrasive silica particles is about 50 nm. The polishing slurry
contains 2% silica particles, and the pH value is about 9. The
diethanolamine and ethylenediamine are used as pH value
regulator and dispersant, respectively. The slurry feed rate is
about 15 mL/min. The polishing pad is porous polyurethane
pad, and its thickness is about 1.5 mm. The silicon specimens
are cleaned by ultrasonic vibration in the acetone and dried by
N2-blown flow. The MRR is determined on the basis of
weight loss of workpieces before and after polishing.

In order to verify the relation between MRR and polishing
pressure, the experimental design undertaken is shown in
Table 5. The polishing experiments involve four groups of input
variables according to ultrasonic vibration type, including con-
ventional CMP, UVV-CMP, UHV-CMP, and UEV-CMP. The
polishing pressure varies from 22.85 to 80.01 kPa in each group.

In order to verify the relation between MRR and ultrasonic
vibration, the experimental design followed is listed in

Table 5 Experimental conditions for model verification (MRR versus polishing pressure)

Experiment Polishing type Polishing pressure/kPa Horizontal ultrasonic
amplitude/μm

Vertical ultrasonic
amplitude/μm

Ultrasonic vibration
frequency/kHz

First group C-CMP 22.85, 37.14, 51.43,
65.72, 80.01

35.3
Second group UVV-CMP 2.5

Third group UHV-CMP 3

Fourth group UEV-CMP 3 2.5

Table 4 Common experimental
parameters of polishing variables
for model verification

Polishing variables Value Polishing variables Value

Slurry density/(/g cm−3) 0.96 Polishing slurry feed rate/(mL/min) 15

Abrasive size of particles/nm 50 Rotation speed of pad/(r/min) 3

pH value of slurry 9 Revolution speed of pad/(r/min) 30

Concentration of abrasive particles 2% Polishing time/min 30
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Table 6. The polishing involves six groups of input variables
according to ultrasonic vibration amplitude and frequency.
The first three groups aim to verify the relation between
MRR and vibration amplitude. The ultrasonic vibration am-
plitude varies from 1 to 4 μm by adjusting the output power of
the ultrasonic generator. In the first three groups, the ultrasonic
vibration frequency is kept constant at 35.3 kHz. The last three
groups aim to verify the relation between MRR and vibration
frequency. The ultrasonic vibration frequency varies from
20.5 to 39.9 kHz by designing different ultrasonic vibration
devices as shown in Fig. 1 with different natural frequencies.

5.2 The relation between material removal rate
and polishing pressure

Investigations are carried out for the comparison of conven-
tional CMP with ultrasonic vibration-assisted CMP. The pre-
dicted relations between MRR and polishing pressure in the
conventional CMP, UVV-CMP, UHV-CMP, and UEV-CMP
processes are plotted in Fig. 19, respectively. It is known from
these figures that MRR of conventional CMP increases ap-
proximately linearly with polishing pressure, and MRR of
UHV-CMP, UVV-CMP, and UEV-CMP increases nonlinearly

(a) Conventional-CMP (b) UVV-CMP

(c) UHV-CMP (d) UEV-CMP
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Fig. 19 The effect of polishing
pressure on MRR. a
Conventional-CMP, b UVV-
CMP, c UHV-CMP, and d UEV-
CMP

Table 6 Experimental conditions for model verification (MRR versus ultrasonic vibration)

Experiment Polishing type Polishing
pressure/kPa

Horizontal ultrasonic
amplitude/μm

Vertical ultrasonic
amplitude/μm

Ultrasonic vibration
frequency/kHz

First group UVV-CMP 51.43 1, 2, 3, 4 35.3
Second group UHV-CMP 1, 2, 3, 4

Third group UEV-CMP 1, 2, 3, 4 1, 2, 3, 4

Fourth group UVV-CMP 3 20.5, 25.1, 29.8 35.3, 39.9
Fifth group UHV-CMP 3

Sixth group UEV-CMP 3 3
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with polishing pressure increases. However, one can observe
that MRR of UVV-CMP varies slightly as polishing pressure
when ultrasonic vibration characteristics are kept constant,
andMRR of UHV-CMP varies significantly as polishing pres-
sure when ultrasonic vibration characteristics keep constant.
Hence, polishing pressure has significant effects on MRR in
UVV-CMP of hard and brittle materials, while polishing pres-
sure has less significant effects on MRR in UHV-CMP.
Because UEV-CMP is combined by UHV-CMP and UVV-
CMP, polishing pressure has significant effects on MRR in
UEV-CMP of hard and brittle materials. The predicted
MRRs from the model proposed in this paper and the exper-
imental MRRs are also compared in Fig. 19. It can be seen
from Fig. 19 that the predicted influences of input variable
(polishing pressure) agree well with the trends determined
experimentally. This set of experiments indicates that the
polishing pressure is one of the main parameters affecting
the MRR.

5.3 The relations between material removal rate
and ultrasonic vibration

The effects of ultrasonic vibration amplitude and frequency on
MRR are studied. As shown in Figs. 20 and 21, MRR in
UHV-CMP, UVV-CMP, and UEV-CMP is influenced by the
ultrasonic vibration amplitude and frequency. It can be seen
from Figs. 20 and 21 that the MRR in UHV-CMP or UVV-
CMP increases as the vibration amplitude and frequency in-
crease. However, MRR increase in UVV-CMP due to the
larger ultrasonic vibration amplitude and frequency is larger
than that of UHV-CMP. The reasons for the efficient material
removal in UVV-CMP lie in that abrasive indentation volume,
which is significantly increased by ultrasonic vibration in ver-
tical direction. Compared with the experimental MRR values,
it can be seen that the trends of predicted influences of vibra-
tion amplitude and frequency agree well with the trends de-
termined experimentally. The results from the material
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Fig. 20 The effect of ultrasonic
vibration amplitude on MRR. a
UHV-CMP, b UVV-CMP, and c
UEV-CMP
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removal rate model and experiments show that the ultrasonic
elliptical vibration can improve material removal by increas-
ing vibration amplitude and frequency in vertical direction,
while the horizontal vibration contributes less in increasing
material removal rate.

6 Conclusions

The ultrasonic elliptical vibration is employed in combination
with chemical mechanical polishing to finish hard and brittle
materials, such as monocrystalline silicon. The material re-
moval mechanism and the material removal rate model of
ultrasonic elliptical vibration-assisted chemical mechanical
polishing are proposed in order to interpret the probable rea-
sons for the high polishing efficiency in material removal rate
after the ultrasonic elliptical vibration is employed.
Conclusions can be summarized as follows:

(1) UEV-CMP is able to improve the MRR and polished
surface quality of hard and brittle material greatly com-
pared with conventional CMP. The MRR of silicon sam-
ples polished by UEV-CMP is 693.6 nm/min, which is

twice larger than that obtained by conventional CMP.
The polished surface roughness value of UEV-CMP is
10.61 nm, which is much better than 27.61 nm obtained
by conventional CMP. For UEV-CMP, a soft layer on
workpiece surface formed by the chemical reaction of
the slurry will be removed not only by the mechanical
action of conventional CMP but also by the ultrasonic
vibration action of UEV-CMP. The combined actions of
ultrasonic elliptical vibration and conventional CMP can
facilitate better polished surface and higher MRR.

(2) A physics-based material removal rate model for
ultrasonic elliptical vibration-assisted chemical me-
chanical polishing of hard and brittle materials is
developed. The model is used to predict the influ-
ences of input variables on MRR. These predicted
influences are compared with those determined ex-
perimentally. The trends of predicted influences of
input variables on MRR agree well with the trends
determined experimentally.

(3) The MRR model shows that the actions of the ultrasonic
elliptical vibration and the abrasive particles are the prin-
cipal functions to remove the workpiece surface material.
The effects of the ultrasonic elliptical vibration on the
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Fig. 21 The effect of ultrasonic
vibration frequency on MRR. a
UHV-CMP, b UVV-CMP, and c
UEV-CMP
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interactions among the abrasive particles, polishing pad,
and the workpiece are able to improve the MRR of UEV-
CMP. The material of workpiece is removed by both of
the micro-plowing and micro-indentation with the assis-
tant of chemical effects during UEV-CMP. It indicates
that such functions improved the material removal rate:
the enhancement of the contact force between the abra-
sive particles and the workpiece surface, the impact of
the abrasive particles to the workpiece surface, and the
increase of the amplitude and frequency of the ultrasonic
vibration.
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