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Abstract

The size of abrasive particle has a great impact on the fundamental friction behavior and mechanical properties of the abrasive
during ultra-precision polishing performance. Here, the size effect of the tribological behavior and mechanical properties
of CeO, single abrasive were studied. Experimental results show that the size effect plays a role on coefficient of friction
(COF) of each regime in single-asperity sliding friction, especially in ploughing and cutting regimes. The residual depth of
the scratch and COF both decrease with the increase of the CeO, tip radius. These results relate to the mechanical properties
of CeO, nanoparticles. We found that the effective modulus increases with the decrease of abrasive size, which corresponds
to the size effect of the single-asperity sliding friction experiment.
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1 Introduction

The particle size of the abrasive has an obvious effect on
the friction behavior and wear characteristics in two-body
and three-body abrasive wear [1-8, 14, 32]. The study of
size effect of abrasive in friction will be not only benefit for
tribology innovation, but also referenced by the industry.
For example, chemical mechanical polishing (CMP) is an
important step in semiconductor manufacturing, where the
size of the abrasive in the slurry can significantly affect the
material removal rate (MRR) [9]. Zhou et al. [10, 11] studied
the polishing properties of silicon oxide abrasives at 10 nm
and 100 nm on silicon carbide and sapphire wafers, respec-
tively, and found that large particle size was more beneficial
to the MRR of silicon carbide wafers. However, when sap-
phire was polished, particle size had little effect on MRR,
but small particles formed a lower surface roughness. At the
same time, it also pointed out that the mechanical properties
of abrasives can affect the polishing results. And Shen et al.
[12] investigated the impact between coefficient of friction
(COF) and material removal threshold. It is clear that the
abrasive size has a significant influence on the predominant
wear mechanisms, but there is no consensus on the effect of
abrasives size on the wear process and mechanical proper-
ties of abrasive particles, especially at the micro-nano scale.
Up to now, there have been some interesting studies on the
tribological mechanism of abrasive wear. Chen et al. [13]
used molecular dynamics to simulate the friction behavior
of abrasive, silicon substrate and pad under different loads,
revealing the change of contact state of the three under high
loads. Qin et al. [14] showed that the difference in load on
non-uniform particles in an abrasive particle environment is
the cause of seal workpiece failure. But there is less research
on the tribology mechanism of single abrasive wear at the
micro-scale [15—-19], which hinders the research progress of
the abrasive size effect on friction behavior and the abrasive
mechanical properties insufficient. The influence of abra-
sives size on the abrasive friction behavior and mechani-
cal properties have attracted broad research interests [6, 15,
32]. The abrasive wear by performing single-asperity scratch
with AFM silicon dioxide or tungsten tips were performed to
study the influence of the abrasive size on the abrasive wear
at the micro-scale [2]. It was found that the smaller tip radius
causes more wear damage. Zhang et al. [32] used an AFM to
discuss the nano-abrasion of the hydrogen-terminated silicon
surface in water with spherical SiO, tips. It was found that
the radius of the tip would seriously affect the removal of
silicon surface material, and the large radius of the tip would
cause a lot of wear and high friction. Chen et al. [20] found
that small-size particles helped improve surface roughness
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after polishing experiments, and both small-size and large-
size particles could achieve higher removal rate. An et al.
[21] inferred that under normal circumstances, as the size
decreases, NPA (nanoparticle abrasive) became harder and
tougher. In addition to experimental research, both theoretic
analysis and molecular dynamic simulations [22, 23] were
also employed to explore the relationship between the coef-
ficient of friction and tip radius. In general, smaller particles
not only improve the mechanical properties of the abrasive
particles [24] and increase the effective contact area, but
also increase the number of effective particles during the
polishing, which is critical in elevating the MRR [25-27].
Many researchers have studied the mechanism of CMP.
Molecular dynamics (MD) is used to simulate the CMP
process, Si et al. [28] have shown that the rolling removal
of abrasives in CMP also has considerable removal effi-
ciency. Chen et al. [13] found that the pressure parameters
during the CMP process change the contact state between
the abrasive and the pad from elastic to plastic. Song et al.
[29] applied molecular dynamics to explore the relationship
between friction mechanism of polishing slurry and pres-
sure and slurry flow rate. In the polishing experiment, it was
found that abrasives play a very important role in chemical
mechanical polishing. Kim et al. [30] believe that Ce** in
CeO, abrasives can improve material removal efficiency.
Hu et al. [31] studied the polishing performance of cerium-
based abrasives with different morphologies. Many research-
ers [10, 32, 33] have studied the influence of abrasive size on
material removal rate and surface defects during polishing.
However, a macroscopic research of CMP usually assumes
that each abrasive particle will produce the same effect, but
in the actual CMP process, the size of the abrasive particle
and the force of each particle on the wafer surface are vary
randomly. The mechanical properties and friction behavior
are usually affected by the chemical environment. During
two-body wear, it is difficult to capture the actual size effect
of a single abrasive particle and its deformation process at
the micro-scale. However, studying the effect of abrasive
size on atomic scale removal of silicon surface material can
help reveal the microscopic removal mechanism of CMP
[32]. A general cognition of wear performance can also help
control the degree of wear and provide theoretical reference
for ultra-precision surface machining and low damage defect
production [29]. At the same time, since material removal
is closely related to the mechanical properties of the abra-
sive particle, it is also necessary to discuss the influence of
abrasive particle size on mechanical properties. In this study,
through the nanoscratch method, the basic mechanism of
single abrasive wear was realized by combining the home-
made CeO, tips with different radii with the TriboIndenter
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system (TT 950) and the 2D transducer. Then, the Hysitron
Picolndenter85 (PI8S) test system was used to mechanically
test CeO, abrasive particles of different sizes in commer-
cial polishing slurry, which proved that the size effect of
the abrasives can significantly affect the actual mechanical
properties of the abrasive particles.

2 Experimental Section
2.1 Nanoscratch Experiment of CeO, Tips

The experimental setup of nanoscratch is displayed in
Fig. la. Using TI 950 in a humid environment and a dry
atmosphere with a humidity of less than 5% (drying with
silica gel desiccant for 12 h) for scratching behavior experi-
ments, more accurate displacement and mechanical data

can be obtained in two dimensions (normal and lateral). In
this test, a 1.5 pm thick copper and TEOS (Si0O,) film was
deposited on a commercial silicon wafer. The load function
of the nanoscratch experiment can be divided into ramp and
constant mode, as shown in Fig. 1b. The ramp mode refers
to the change of the normal force from point O to a preset
point over time (such as 300 pN in Fig. 1b), while the con-
stant mode means that normal force remains constant (such
as 150 pN in Fig. 1b) during the scratch process. And the
CeO, abrasive is used as a model system due to its high
removal rate [34] and superior selectivity, which is widely
used in the CMP industry [35, 36]. In order to prepare the
nano-sized CeO, tips, a bulk sample of CeO, ceramic was
prepared by sintering the CeO, nanoparticle synthesized by
the hydrothermal method. The grain size of CeO, ceramics
is in the range of 2-3 pm, which is big enough for mill-
ing single crystalline nano-sized tips. Then CeO, ceramic

(@)

Nanoscratch System

CeO, homemade
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I Silicon substrate

(b) 300 | Nano scratch mode:
Ramp mode

250 Constant mode
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Fig.1 Schematic diagrams of nanoscratch system and SEM image
of homemade CeO, tips. a The setup of the nanoscratch experiment
with the homemade CeO, tip; b the load function of the two nanos-
cratch modes (constant mode and ramp mode); ¢ the SEM image of

the rectangular pyramid shape of the homemade CeO, tip; d—f the
typical SEM images of the front of the CeO, tips with different tip
radii
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samples processed into curvature for ~ 30 pm is similar to the
shape of needle tip (Fig. 1c) by a focused ion beam (FIB).
The dark hole in the tip body is the porosity of the CeO,
ceramic. Finally, the nano-sized CeO, tip with a rectangular
pyramid and cone angle of 60° was made by milling the tip
of the needle CeO, rod using FIB with a fine beam. For more
details, see our earlier work [37]. The SEM photos of the
partial enlarged area of single side of the rectangular pyra-
mid CeO, tip with different tip radii are shown in Fig. 1d—f.
The tip can be considered as a spherical-like rigid particle
represented as the white dashed circles due to the scratch
depth much less than the equivalent radius of the tip and
the high hardness ratio of the CeO, to copper in this work.
And the radius of homemade CeO, tips were calculated as
120 nm, 180 nm, and 270 nm, which are similar to abrasive
particles used in the CMP industry [38]. And the nanos-
cratch length and scratch speed in the experiment were set as
8 pm and 0.5 pm/s, respectively. More details can be found
in our previous work [37]. In order to decrease the experi-
mental errors, we repeated the experiment five times on all
the data. Under the well-controlled situation, the friction
force, scratch depth, residue depth after the scratch step, the
COF during the nanoscratch test can be measured. Here the

residue depth refers to the depth left in the copper film after
the nanoscratch test. And the COF represents for the ratio of
the normal and lateral forces.

2.2 Mechanical Performance of Commercial CeO,
Abrasives

The CeO, particles in the polishing slurry after centrifugal
washing and ultrasonic dispersion are dispersed on a clean
silicon wafer to test the mechanical properties of CeO, single
particles. The morphology of CeO, particles was examined
using a JEM-2100F high resolution transmission electron
microscope (HR-TEM). Figure 2 is a schematic diagram of
the nanomechanical test of CeO, particles and the nano-
compressed morphology of commercially available CeO,
particles. Figure 2a is an experimental schematic diagram
of the PI85 test system for mechanical testing of CeO, par-
ticles adsorbed on the surface of monocrystalline silicon,
and Fig. 2b shows a schematic diagram of the relationship
between the CeO, particles dispersed on a single crystal sili-
con wafer and the diamond indenter system during the nano-
compression experiment. We used TEM to perform imaging
and diffraction analysis of the CeO, particles. The inset in
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Fig.2 Schematic diagrams of the nanomechanical testing system
and the nanocompressed morphology of CeO, particles. a Schematic
diagram of the compression experiment of the PI85 system on CeO,
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particles; b schematic diagram of nanocompression of the equivalent
CeO, particle and TEM image of CeO, particles; ¢, d CeO, particles
before and after the compression test
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Fig. 2b is the TEM image of commercial CeO, particles
and their diffraction spots, showing that CeO, particles are
almost spherical particles and single crystal nanoparticles.
To make the compressed data easier to understand and cal-
culate, we equated it to a sphere and assumed that the diam-
eter of the sphere is the diameter of the circumscribed circle
of the largest cross-section perpendicular to the compression
direction (Fig. 2b). Therefore, according to the Hertz contact
model, the relationship between the stress and strain of the
particle during compression can be calculated. The stress at
this time is defined as the area of the circumscribed circle
of the largest cross-section, and the strain is defined as the
amount of compression. And Fig. 2c and d shows the mor-
phology before and after nanocompression. It is shown that
nanoparticles undergo severe plastic deformation during the
positive nanocompression process.

3 Results and Discussion

3.1 Nano-scratch Behavior of the CeO, Tip
on Copper Film

The residue depth as a function relation of the force with
different radius of CeO, tips scratching on copper film with
constant mode is shown in Fig. 3a. It can be seen that in
all cases in this work, the residual depth increases with the
increase of the normal force. The curves rise slowly when
the normal force below 20 pN (within in the elastic stage)
and then linear increase when the normal force after that.
This variation trend of the residue depth comfortably with
our early work [37] and the residue depth is near zero in the
elastic regime and near linearly increase of residue depth
during the changing elastic—plastic regime and steady elas-
tic—plastic regime. Furthermore, there is an obvious size
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effect of the residue depth curve after the normal force of
20 uN. And then this size effect becomes more and more
obvious with the increasing of the normal force. The residue
depth decreased with the increase of the tip radius under
the same normal force. That is the smaller particle size of
the CeO, abrasive resulted in a greater scratch depth in the
copper film under the same normal load. From the previous
work [37], we know that the microscopic deformation of
the copper surface transformed from the pure elastic, the
variable elastic—plastic stages and pure plastic deforma-
tion as increasing the normal force during the nanoscratch
process. Therefore, in the same situation, after the scratch
test, the smaller the particle size, the greater the residual
depth, which leads to the more serious plastic deformation
of the copper surface. This can be attributed to the fact that
smaller particles will cause higher compressive stress in the
substrate under the same normal force. As we know, the
removal rate of the chemical mechanical polishing almost
in proportion to the normal force as reported by Cook in
1990 [39]. The experimental results demonstrate that in
the micro-nano-scale wear process, under the same normal
force, smaller abrasive particles can achieve higher removal
rates.

At the same time, the variation of COF calculated with
different tip radii on the normal force of copper film under
the constant mode is shown in Fig. 3b. It can be clearly seen
that COF has a functional relationship with the change of
normal force, and it can be divided into three stages, which
are the adhesion, the ploughing, and the cutting regime as
we reported previously [37]. Obviously, in the first regime,
the three COF curves almost overlap each other. However,
we should note that the first critical point of the COF curve
doesn’t across at one normal force. The black, red, and blue
solid points indicate the first critical point of the COF curves
of the tip radius of 120 nm, 180 nm, and 270 nm as marked

Tip radius: —&— 120 nm
—#— 180 nm
—4— 270 nm

0.0 1 1 1 L 1 1 L
0 20 40 60 80 100 120 140

Normal force (uN)

Fig.3 The residue depth (a) and the coefficient of friction (b) measured during scratching on copper film as a function of normal force with dif-
ferent size (=120 nm, 180 nm, 270 nm) of CeO, tip under constant mode
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in Fig. 3b, respectively. And we found that this trend also
appeared at the second critical point of the COF curves,
which is marked by the black, red, and blue hollow circles.
And as shown in the hatched section in Fig. 3b, we can see
that the transformation of the critical point from the adhe-
sion to the ploughing friction and from the ploughing to the
cutting friction regime shift to the higher normal force with
the increase of the tip radius. That is the size effect appears
at the end of the adhesion regime and gets more significant
after the adhesion regime and stable in the cutting regime
in the COF plot. The COF has the potential to down with
increasing of the tip radius.

In the previous study [37], two formulas in terms of the
COF obtained via theory calculation and confirmed by
our experimental data well. In the adhesion and plough-
ing regimes, the COF can be expressed by Egs. (1) and (2),
respectively.

T 2/3a7—1/3
K2/3 T N (1)

T 4 [2h  (h)\?
F=-2" /22 _(2
o o, 3n r (r) @

p

COF =

where 7,, 7, and o, are the shear stress of in the adhesion
regime, the shear stress and the yield stress of the ploughing
regime, » and h are the tip radius and the scratch depth, the
N is the normal force and the K is a constant that depends
on Poisson's ratio and Young's model of the object material.

As we can see from Eq. (1), the COF goes to infinity by
making the normal force () in the infinitely small. In the
adhesion regime, the normal force slowly increases from
zero and has a great impact on the COF, i.e., the particle size
(r) seems to have no effect on the COF in this regime. That
is the reason why there is no significant size effect in the first
regime, which is consistent with the experimental results as
shown in the overlap of the COF curve in Fig. 3b. And the
relationship between the COF and particle size () can be
expressed by Eq. (2) when the nanoscratch moving into the
second regime (the ploughing regime). From the experimen-
tal results, the COF strongly depends on the particle radius
(r) during the ploughing regime in the nanoscratch. And we
can see that the COF decreases with increasing the particle
size when the scratch depth (%) less than the particle radius
(r) and increases with increasing the particle size when the
scratch depth (&) greater than the particle radius (r) by theo-
retical analysis of the Eq. (2). The scratch depth less than
the tip radius used in this work, therefore the experimental
results show that the COF decreases with the increase of the
particle size in the ploughing regime as expected, i.e., the
Eq. (2) obtained from theoretical simulation is only suitable
for the case of the scratch depth less than the particle radius
and no longer adaptable when the scratch depth increase
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further. When the nanoscratch goes into the last regime (the
cutting regime), the COF is also influenced by the particle
radius, but not by the normal force. And the COF in the
cutting regime also shows the character of size effect and
decreases with the increase of the particle radius.

3.2 Scratches on the TEOS Film with CeO, Tips

In order to confirm that the observed size effect of the COF
is a general phenomenon rather than an accidental phe-
nomenon, we conducted the nanoscratch experiment with a
homemade CeO, tip on the TEOS film. We know the hard-
ness of the CeO, tip and TEOS film are 7.35 GPa and 6.0
GPa as measured by TI 950. However, because the hardness
of the tip is similar to that of the SiO, film, the CeO, tip is
no longer suitable for use as a rigid particle in this system,
i.e., the CeO, tip will inevitably be worn when scratched on
the TEOS film. That is the size of the CeO, tip radius will
become lager and lager with the progress of the nanoscratch
procedure. However, that is good news for us, since the size
of the tip radius can be regarded as increasing continuously
in the nanoscratch test. As shown in Fig. 4, COF is a func-
tion of the normal force with CeO, tip scratches the silicon
dioxide film under the ramp mode. The CeO, tip was worn
after the nanoscratch test, and the morphology before and
after the wear is shown in Fig. 4. It is considered that there
are four different sizes of tips (160 nm, x nm, y nm, and
1000 nm, 160 nm < x <y < 1000 nm) scratched the TEOS
film in turns under the ramp mode, respectively. As shown
in Fig. 4, the three friction regimes between the four curves
of TEOS film and the COF curve on copper film are in good
agreement. We can see that as the tip radius increases, the
critical point between the three regimes, especially the

141 Tip radius:::—_1)€(5(r)“:m
X<Y _ Y nm
1.2 —— 1000 nm
1.0F A1 .
T8 /
O 08} -
O ,
06 i
I d d

0.4}

0.2} W
0.0 L
0 500

1000 1500 2000 2500

Normal Force (uN)

3000

Fig.4 The coefficient of the friction force measured during scratch-
ing on silicon dioxide as a function of the normal force for different
size of CeO, tip under ramp force mode
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critical point between the ploughing and cutting regime,
shifts to a higher normal force. An obvious size effect of
the COF appears at the beginning of the ploughing regime.
At the same time, the ploughing regime (between the first
and second critical points) expanded with increasing the tip
radius. As shown in Fig. 4, for the tip radius of 160 nm, the
second critical point is 350 pN, and for the 1000 nm, the
second critical point is 2500 pN. And when the tip radius
increases from 160 to 1000 nm, the range of the ploughing
regime expands from 250 to 2250 pN.

From our previous work [37], we pointed out that the
ploughing regime is a key stage to CMP due to the tunable
material removal rate and the gentle scratching. From this
work, it can be concluded that by increasing the size of abra-
sive particles within the restricted range, the range in which
the normal force affects the material removal efficiency can
be expanded. In the past few decades, many scholars have
studied the response of COF to the material removal rate
by the in-situ CMP process monitor [40, 41], and there is a
good correlation between COF and material removal rate.
It can be concluded that the removal rate of CMP could be
controlled by adjusting the COF between the abrasive and
wafer. And we can change the COF by adjusting the size
of the abrasive particles and the normal force of the nano-
scratch experiment.

3.3 Mechanical Properties of CeO, Single Particle

We believe that the size effect of abrasive mechanical
properties could be related to the results of nanoscratch
experiments. Therefore, the mechanical performance
of abrasives were tested using the displacement control
method of the PI85 test system, i.e., the displacement of
the indenter during the in-situ compression experiment
was set to half of the particle’s equivalent diameter, and
then the abrasive was loaded and unloaded to obtain the
corresponding loading and unloading curves. Figure 5
shows the positive force-compression displacement curves
of CeO, particles with particle sizes of 80.8 nm, 90.0 nm,
and 94.6 nm during the nanoindentation process. When
the compression depth is about 10 nm, these three curves
basically coincide. At this time, the particle size has no
effect on the mechanical curve. And when the indentation
depth further increases, the curve begins to diverge, show-
ing a certain size effect, and this tendency becomes more
and more obvious as the compression progresses. Finally,
after unloading, all three particles have some degree of
plastic deformation. The slope of the force—displace-
ment curve shows a downward trend as the particle size
increases, meaning that as the abrasive size decreases, the
force required during compression also increases. By cal-
culating the slope of the unloading section of the effective
stress—strain curve, we can obtain the effective modulus

70
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60F . D:90.0 nm
50 *+ D:94.6 nm

40
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Fig.5 Compression force-compression displacement curves of

cerium oxide nanoparticles with different particle sizes

15

D: 80.8 nm
E*:68.7 GPa

Effective Stress/GPa

0.0 0.2 04 06
Effective Strain

Fig.6 The effective stress—strain curve of CeO, particles with an
equivalent particle size of 80.8 nm

of the particles. Figure 6 shows the effective stress—strain
curve for particles with an equivalent diameter of 80.8 nm.
The black line segment in the figure is obtained by fitting
the unloading section of the curve, and the slope of the
black line segment is the effective modulus of the particle.
For the particle sizes of 80.0 nm, 90.0 nm, and 94.6 nm,
the effective modulus of particles are 68.71 GPa, 56.11
GPa, and 54.67 GPa, respectively. The mechanical proper-
ties of nanoparticles exhibit a certain size effect and follow
the "The smaller the stronger" principle [41].

The experimental results show that the size effect does
exist and affects the mechanical properties of the abrasive,
which will guide the improvement of the material removal
rate.
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4 Conclusion

In this work, the tribology character of nanoscale between
the single-asperity and a flat surface was used to study the
mechanical process of CeO, abrasive particles in the CMP
by our original method, and the mechanical properties of
CeO, nanoparticles were tested using in-situ compression
experiments. The results show that the residual depth of
scratches and COF both decreases with the increase of the
CeO, tip radius. In particular, the size effect appears at the
end of the adhesion regime and gets more significant after
the adhesion regime and stable in the cutting regime. The
experimental results also indicate that reducing the size
of particle radius helps to improve the removal rate dur-
ing nanowear, but it might narrow the choice of the normal
force due to the narrowing of ploughing regime, which may
be related to the mechanical properties of the particles. It
is concluded that smaller particles have a larger effective
modulus, reflecting that the mechanical properties of abra-
sive particles are also affected by size effect. This is a study
of the effect of particle size on tribological behavior and
mechanical properties. Many other factors (e.g., the mov-
ing speed of the abrasive [42], the chemical condition) may
affect the result of CMP, and our next research direction will
focus on these aspects.
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