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CeO2 nanoparticles based slurries are widely used for chemical mechanical polishing in integrated circuit
manufacturing. However, the fundamental processes of material removal and planarization remain
elusive. By combining a nanoindenter system with a homemade CeO2 tip, we investigated the nano-
scratching behavior of copper film quantitatively under both constant load and ramp load modes. Based
on the evolution of the coefficient of friction, the nanoscratching behavior can be divided into three
regimes. For regime I, the coefficient of friction decreases sharply along with the increasing normal load
and the copper undergoes mainly elastic deformation. The friction wear begins to enter regime II once
the normal load reaches a critical value from where both the coefficient of friction and scratch damage
begin to exhibit a changing elastic-plastic characteristic with the increasing of normal load. In regime III,
the coefficient of friction reaches a steady value and becomes independent of the normal load and the
deformation of copper film enters a steady elastic-plastic state. The coefficient of friction in regime I and
II can be well modeled by Hertz contact theory and the classical friction models, respectively. Detailed
analysis demonstrates the transition between the two models occurs when the stress concentration
approaches the yield strength of copper and the material removal rate can be predicted by adjusting the
parameter of the normal force and the abrasive particle size.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Chemical-mechanical polishing (CMP) is a standard and ubiq-
uitous method to get local or global planarization on wafers and
thin films in IC manufacturing [1e5], such as in the fabrication of
the ultra large scale integrated (ULSI) involving shallow trench
isolation (STI), inter-level dielectrics (ILD), Cu interconnects, and so
on. During CMP, high material removal rates (MRR) and high
quality planarization are required in order to achieve a stress-free,
defect-free and atomically smooth surface on the wafer. The
continuous development of ULSI requires unprecedented surface
quality and planarity as the feature size of electronic devices reach
the level of nanometers. In order to realize the high MRR and high
quality surface planarization, nanoscale particles, such as SiO2 [6]
and CeO2 [7] are introduced as slurry abrasives. To figure out the
mechanism of material removal in CMP several studies have been
).
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carried out to investigate the influence of the intrinsic properties of
abrasive particles on the polishing effectiveness [8e10]. By
employing the fluorescence technology, Luo et al. [11] investigated
the real-time particle movement during the CMP. They found that
the fixed particles with steady velocity play a leading role for the
two body abrasion in CMP material removal. To some extent these
results help us understand better the material removal mechanism
in CMP. However, because of the wide range of control factors
influencing CMP, such as the type of abrasive particles, properties of
pad and wafer, chemical environment, down force and rotation
speed etc. [11e14], the fundamental mechanisms of the effects of
these control factors on polishing performance remains elusive,
even though CMP has been extensively adopted in the industry
[5,15]. The interaction between abrasive particles and the materials
being polished are considered to be one of the key factors con-
trolling the effectiveness of CMP [11e13]. In order to figure out the
key parameters that control the effectiveness of CMP while at the
same time without being puzzled by the many affecting factors,
pure tribology studies had been carried to mimic real CMP process.
In addition, the friction and wear introduced by a single particle at
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the micro- and nano-scale is interesting in its own right for
fundamental research of tribology [16,17].

The atomic force microscope (AFM) is the most widely used tool
for studying tribology at a fundamental level due to the single-
asperity contact between the nanoscale tip and sample [18e20].
It has been employed to study the mechanism of planarization and
removal of materials of the single abrasive particle in CMP through
nanoscratching [21e25]. In these studies, a nanoscale tip made of
silicawas used tomimic the friction behavior of single silica particle
on various surfaces. Due to high MRR and high selectivity (lager
difference of the MRR between two kinds of materials), the CeO2
nanoparticle based slurries are widely regarded as a typical abra-
sive [7] for the shallow trench isolation (STI). Methods with the aid
of AFM had been also developed to study the planarization and
removal of materials by CeO2 particles. Abiade et al. [26] used a
silica AFM tip to scratch the CeO2 film in order to study the inter-
action between CeO2 and silicon. Sokolov et al. [27] studied the
interaction behavior of CeO2 with silica by attaching some CeO2
nanoparticles to AFM tips. These works advanced the under-
standing of the mechanism of material removal on silica surface by
nanoscale CeO2 abrasive. However, because that the CeO2 film
cannot represent the properties of the CeO2 particle [26] and the
attached nanoparticles have a great randomness of themorphology
and size in polishing process [27], there is a pressing need to
develop improved method to reveal the mechanism of the friction
and wear by a single scratching particle in a quantitative manner.

In this work, by combining a homemade CeO2 tip and a Tri-
boIndenter with a 2D transducer, we are able to mimic the me-
chanical interaction of a single CeO2 particle with Cu and TEOS
(SiO2) film, respectively. We found that based on the evolution of
the coefficient of friction force, the nanoscratching behaviors dur-
ing the two systems (CeO2/Cu, CeO2/SiO2) both can be divided into
three regimes. Because copper is a model material with well-
established properties, in this work, we use the nanoscratching of
copper film to the homemade CeO2 tip to demonstrate our findings.
The m in regime I and regime II can be well modeled by Hertz
contact theory and the classical friction models, respectively.
Detailed analysis demonstrates the transition between the two
models occurs when the interior stress concentration approaches
the yield strength of copper. Our work is expected to improve the
understanding of the mechanism of planarization and removal of
material at nanoscale. In addition, the newly developed method in
this study can also be employed in exploring other material
systems.

2. Materials and experiment set-up

2.1. Preparation of the homemade CeO2 tip

Preparation process of the homemade CeO2 tip is shown in the
flow diagram of Fig. 1. In order to prepare the bulk sample, the
nanoscale CeO2 particles were synthesized by hydrothermal
method at 180 �C for 12 h with Ce(NO3)3 and KOH as rawmaterials.
From the TEM image (Fig. 1b), it can be seen that the CeO2 particles
with the mean size of 20 nm have polyhedron morphology. Then
the CeO2 nanoparticles were dried and mixed with Polyvinyl
Alcohol (PVA, 3%), pulverized and sieved with a 150 mmmesh. Next
the green compacts of CeO2 bulk sample with size of 10 mm in
diameter and 2 mm in thickness were formed through compacting
under 30 MPa for 10 min, and then the green compacts were sin-
tered at 1200 �C for 2 h in a stainless steel mold. X-ray diffraction
was used to confirm the CeO2 phase in the sintered sample. The
microstructure of sintered CeO2 ceramic was examined by a field
emission scanning electron microscope (FESEM, Model: S6600,
Hitachi, Japan). As shown in Fig. 1c, micrometer-sized grains are
formed in the bulk CeO2 ceramic. Then the TriboIndenter (TI950,
Hysitron, USA) was used tomeasure the Young's modulus, hardness
and roughness of the bulk CeO2 ceramic and copper film. The
hardness of CeO2 tip is about 7.4 GPa, which is much higher than
that of the copper film (1.2 GPa). The ratio of hardness between
CeO2 and copper, i.e., HCeO2/Hcu is about 6.2 which is much higher
than the critical value (0.7e1.3) [28e30] for generating scratch
damage on copper. Therefore, for limited scratching force and
distance, CeO2 tip can be regarded as a rigid particle during the
nanoscratching tests.

From Fig. 1a, the sintered sample was then cut into small slices
with size of 1 mm � 2 mm � 1 mm and then ground into rods with
~200 mm in diameter and ~1000 mm in length. After careful ex-
aminations, one rod was selected and further ground into needle
shape with front curvature of ~30 mm. Following this first step, the
larger end of the CeO2 needle was inserted into a metal tip base and
glued with organic metal glue manually. To ensure the CeO2 rod be
positioned in the central axis of the tip base, the entire manipula-
tion process was carried out under a stereo microscope. After the
glue was fully cured, the tip of the needle CeO2 was milled into a
rectangular pyramid by focused ion beam (FIB, 30 KeV, FEI, USA). By
using fine ion beam, the front curvature of the CeO2 tip can be
fabricated as small as ~100 nm. In our study, three different tip radii
(120, 180, 270 nm) have been used which are comparable to the
particle size used for real CMP process. And one typical example
with the tip radius of 180 nm is shown in Fig. 1d and e. Even though
the rod used are polycrystalline materials, the top end of the tip is
usually a single crystal because of its small size, comparing with the
larger average grain size of ~3 mm (Fig. 1c).

2.2. The nanoscratch experiment

The nanoscratch experiment setup is shown schematically in
Fig. 2a. The scratch tests were carried out in both ambient and dry
atmosphere (humidity less than 5%, dry by silica gel desiccant for
12 h) by using TI 950 TriboIndenter with a 2D transducer, which can
yield high precision displacement and force data in both normal
and lateral directions. The copper film used in this work was
deposited on a commercial blank siliconwafer with the stack of Cu/
Ta/TaN/SiO2/Si and the Cu thickness is 1.5 mm. For each data point,
five repeated experiments were performed to reduce the test er-
rors. A SEM was used to observe the scratch morphologies of
copper and the CeO2 tip after the scratch tests. Both ramp (the
normal force increases from 0 at a constant rate during the whole
scratch process) and constant (the normal force maintain constant
during the scratch process) load modes were used. The scratch
length was set to be 8 mm and the normal force ranged from 0 mN to
300 mN. As shown in Fig. 2b and c, each scratch experiment pro-
cedure of CeO2 tip on copper film surface is composed of 3 steps.
Firstly, a prescan with a constant normal force of 2 mN was per-
formed to get the initial surface information (height and rough-
ness) of the tested sample which will be used to correct the final
scratch depth and residual depth (named tilt correction). Then, the
tip turned back and scratched the copper film with 0.5 mm/s. The
normal load increased from 0 to 300 mN uniformly for ramp mode
and maintained a constant for constant mode. Finally, a postscan of
the tip with a normal force of 2 mN was carried out to get residual
depth information of the scratch.

3. Results

3.1. Variation of the scratch depth during the scratch experiment
under ramp force mode

Five scratch tests were carried out in total under ramp load



Fig. 1. The synthesis of CeO2 tip and setup of the nanoscratch experiment. (a) Flow diagram of the preparation process of homemade CeO2 tip. (b) TEM image of the CeO2

nanopowders synthesized by hydrothermal method. (c) SEM image of microstructure of the sintered CeO2 bulk material. (d) SEM image of the rectangular pyramid shape of CeO2 tip
milled by focus ion beam. (e) Enlarged SEM image of the CeO2 tip with a front radius of 180 nm.
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mode. For each test, the force was programed to increase from 0 to
300 mNwhen the scratch distance increases from 0 to 8 mm. Despite
some small differences, the measured coefficient of friction (COF, m,
defined as the ratio of the friction force divided by the normal force
during the scratch) always exhibits three distinctive stages. One
typical example is shown in Fig. 3. The variation of scratch depth
(after tilt correction) as a function of the lateral displacement are
plotted in Fig. 3a. The small fluctuation of the curve indicates that
the sample surface is relatively smooth. And the scratch depth in-
creases near linearly with the normal force, and achievesmaximum
depth of ~280 nm at normal force of 300 mN (pink data, Fig. 3a).
Finally, the postscan was programed to measure the residual depth
of the scratch. The maximum residual depth is ~180 nm which
means the elastic recovery of the copper film is about 100 nmwhen
a normal force of 300 mN was released. The inserted SEM image in
Fig. 3a displays the morphology of the scratch. No detectable plastic
deformation can be foundwhen the normal force is less than 15 mN.
Following this, the scratch becomes deeper and wider along with
increasing normal forces. The extruded copper piles up along the
scratch and reach a maximum height of ~180 nm at the end of the
scratch, as measured by the postscan curve in Fig. 3a.

3.2. Variation of the normal force and coefficient of the friction force
during the scratch experiment under ramp force mode

The normal force and friction force as a function of the lateral
displacement is shown in Fig. 3b. As programed, the normal force
increase linearly with the increasing lateral displacement (black
data, Fig. 3b). However, it is interesting to note that the friction
force (blue data, Fig. 3b) first increases linearly with increasing
lateral displacement (Regime I in Fig. 3b) but elevates its linear
slope suddenly when the lateral displacement reaches a value of
~2 mm. Following this, the friction force increases in a serrated
manner, presumably due to stick-slip behavior [31,32] and poly-
crystalline nature of the copper film (the friction properties can be
affected by grain boundaries and crystal orientation). Fig. 3c dis-
plays the variation of the calculated coefficient of friction force (m)
with the increasing of applied normal load. It is obvious that the m
demonstrates three distinct stages (Fig. 3c). With the increasing
normal force, the m quickly decreases from ~1.6 to ~0.2 in stage I,
increases from 0.2 to ~0.9 in stage II and then fluctuates around ~0.9
in regime III. The observed three friction stages agreeswell with the
adhering, ploughing and cutting regimes described by previous
molecular dynamic simulations [33,34]. To our best knowledge, this
is the first experimental report on observing all three friction
regimes in a single nanoscratching experiment.
3.3. Variation of the scratch depth and coefficient of friction force
during the scratch experiment under constant force mode

In order to confirm the observed three stage frictions are uni-
versal phenomena instead of accidental and also to mimic the
constant down-force condition in CMP, we performed a series of
scratch experiments in constant load mode also, i.e. the normal
force is kept unchanged during the scratch test. One of the tests
with normal force 150 mN is shown in Fig. 4a. Under constant load
mode, scratch depth and residual depth remain almost constant, as
supported by the post-test morphology of the scratch (SEM image
in Fig. 4a inset).

The fluctuations of the depth should result from the anisotropic
grains of the copper film. The summarized evolution of m vs. normal
force is plotted in Fig. 4b. Each data point represents an average of
five sets of experiments under the same normal load condition. It is
obvious that the m also demonstrates three characteristic friction
stages, which is consistent with the results achieved under ramp
load mode.
3.4. Variation of scratch depth, residue depth and elastic recovery
rate with the increasing of normal force

In order to acquire a quantitative understanding of the three
stages of friction coefficient, we have summarized the scratch
depth vs. residual depth data and plotted them in Fig. 5a. Again,
each data point represents the average of five repeated scratches.
And it is obvious that the rising rate of the residual depth is lower
than that of the scratch depth along with the increasing normal
force. The difference between scratch depth and residual depth is
the magnitude of elastic recovery, and the ratio between elastic
recovery value and scratch depth is defined as the elastic recovery
ratio. Fig. 5b shows the variation of elastic recovery ratio as a
function of the normal force. It is interesting that the curve of
elastic recovery ratio can also be divided into three stages, which
matches with the variation of mwith normal force shown in Figs. 3c
and 4b. Despite the large scattering of the data, stage I demon-
strated mainly elastic deformation, and has close to 100% elastic
recovery ratio. Once the normal force passed the first critical point
(about 15 mN in this work) the elastic recovery ratio decreased
quickly in stage II and reached a plateau of 45% when the normal
force reaches the second critical point (about 80 mN in this work).



Fig. 2. The set-up of the nanoscratch experiment. (a) Setup of the nanoscratch experiment with the nanoindenter. (b) The load function of the scratch experiment of the ramp
mode. (c) The load function of the scratch experiment under constant mode.
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4. Discussion

4.1. The elastic dominated deformation of the copper film during
the nanoscratching

From above we can see that the variation of elastic recovery
ratio of copper film with normal force during the scratch process
indicates that there is a direct relationship between deformation
character and the tribology properties. The stage I, II and III of co-
efficient of friction force corresponds to elastic, changing elastic-
plastic and steady elastic-plastic dominated deformation, respec-
tively. The fast removal of materials in CMP is suggested to be
performed in stage II due to the tunable m and relatively gentle
scratch. It might be possible to planarize materials in an atom-by-
atom removal ('atomic attrition') mode [35] in stage I also, if pre-
vious damage has occurred on copper surface.

Our test was carried out in room environment. A mixture of Cu
oxide and adsorption layers can be formed on the surface of copper
(as illustrated in Fig. 6a), which may likely influence the friction
behaviors. The thickness of the top adsorption layer is mainly
affected by the air humidity. In order to minimize its effect, we
purposely controlled the relative humidity of the testing chamber
to be less than 5% by placing dryer (silica gel desiccant) inside the
chamber for 12 h before the test. In addition, cross-sectional view
TEM examination confirmed that the Cu oxide layer is only around
a few nanometers, similar to that reported by Wheeler et al. [36].
Considering the force used in our study is well above mN, the in-
fluence of Cu oxide and adsorption layer can be ignored in this
study.

In stage I, the copper mainly undergoes elastic deformation
(Fig. 5b) and the front end of the CeO2 tip could be considered as a
rigid sphere due to its high hardness. Therefore, it is reasonable to
consider the contact between the CeO2 tip and copper film them as
Hertzian elastic contact. As illustrated in Fig. 6b, the radius of the
front end of the tip is marked as r, the normal force is Fn, the friction
force is Ff, the scratch depth is h and the contact radius is a. The
friction force in stage I is believed to be the breaking of adhesion
junctions between the CeO2 tip and the top surface of copper film
[18,37,38]. According to the theory of the Leonard and Amontons
[39], the friction force introduced by adhesion can be expressed as:

Ff ¼ taAa (1)

where ta is the adhesion shear strength between copper film and
CeO2 tip, Aa is the contact area between tip and copper film. The
contact area between the tip and copper film can be expressed by
the Hertz elastic solution [40]:



Fig. 3. Variation of scratch depth, normal force, friction force and coefficient of the
friction force during the scratch experiment under ramp force mode. (a) Scratch depth
as a function of lateral displacement of the ramp mode. Inserted SEM image illustrates
the scratch morphology under ramp mode. (b) Normal force and friction force during
the scratch as a function of the lateral displacement. (c) Coefficient of the friction force
as a function of the normal force of ramp force mode.

Fig. 4. Variation of scratch depth and coefficient of friction force during the scratch
experiment under constant mode. (a) Scratch depth as a function of the lateral
displacement of the constant force mode, the inset SEM image illustrates the scratch
morphology with normal force of 150 mN. (b) Coefficient of the friction force as a
function of the normal force of the constant force mode.
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Aa ¼ pðr=K$FnÞ2=3 (2)
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and the E1, n1, E2, n2 are the elastic moduli and Poisson's ratios of
CeO2 tip and copper film, respectively. Therefore the variation of m
with applied normal force in stage I can be expressed as:

ma ¼ Ff
.
Fn ¼ tapðr=KÞ

2 =

3F�
1 =

3
n (4)

According to the measured values (using Hysitron TI950) for E1,
E2, n1, n2, (62.4 GPa, 66.5 GPa, 0.3 and 0.35) and Equation (4), ma
decreases with increasing normal force in stage I, consistent with
themeasurement shown in Figs. 3c and 4b. By letting ta¼ 1.05 GPa,
Equation (4) can depict the variation of m with the normal force in
stage I very well, as plotted in Fig. 6d with blue color. Usually the
adhesion strength (ta) is only depending on the contactedmaterials
[18,41,42], and the estimated value of ~1.05 GPa is in the typical
range of the adhering shear strength [43e46]. Therefore, the
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current experimental method likely can be used as a procedure to
measure the interfacial shear strength between two materials.
Fig. 6. Schematic illustration of the contact between CeO2 tip and copper under adherin
adsorption and oxide layer in copper. (b) Schematic of the cross-section view of the spheric
contact condition between the tip and copper film during the ploughing friction. (d) Calcu
4.2. The elastic-plastic and steady plastic dominated deformation of
the copper film during the nanoscratching

Once the applied normal force becomes larger than the first
critical point, m increases sharply while at the same time the elastic
recovery rate continuously decreases with the increasing normal
force until the normal force reaches 80 mN in this work (Figs. 4b and
5b). In addition, more and more wear debris and material pileup
begin to be produced in this stage, as shown by the SEM image in
Fig. 3a. The interaction between the CeO2 spherical tip and copper
film in stage II is illustrated in Fig. 6c. A and S are the projected area
of the contact in lateral direction and normal direction, respec-
tively. The geometric relationship of the parameters is expressed in
the lower right part of Fig. 6c. According to the Bowden-Tabor
model [41], the coefficient of friction in the ploughing regime can
be expressed as:

mp ¼ Ff
.
Fn ¼ �

tpA
���

spS
�

(5)

where tp and sp are the stress in horizontal and vertical orientation
on the copper film during the scratching, respectively. According to
the geometric relationship described in Fig. 4c, the variation of mp in
changing elastic-plastic regime can be derived as:

mp ¼ 4 =3$tp

�
sp$p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2l� l2

q
(6)

where l is the ratio of scratch depth (h) over the tip radius (r), and h
is a function of the applied normal force (h ¼ 0:533F1:12n � 2:057, as
fitted in Fig. 5a). According to Equation (6), the fitting curve of m as a
function of the normal force in stage II is plotted in Fig. 6d with red
color. By letting tp/sp ¼ 2.2, the red curve yielded from Equation (6)
shows an excellent agreement with the experimental data.
tp ¼ 2.2sp indicate that the tip requires more force to set it in
motion in the horizontal direction during the nanoscratching,
which is why the m increases sharply in the second regime. This is
probably due to the necessity to plastically deform and displace the
materials surrounding the tip in addition to breaking the interfacial
shear strength, in order to move horizontally.

So far, both stage I and II can be described well by two different
models, as shown in Fig. 6d. And the blue curve and red curve show
a good agreement with the experiment results in the adhering and
ploughing regime, respectively. In addition, the curves predicted by
these two models do cross each other at which the applied normal
g and ploughing friction. (a) The illustration of the likely topmost layer structure of
al tip and elastic semi-plane under adhering friction. (c) Schematic of spherical tip and
lated COF as a function of the normal force for adhering and ploughing friction.
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stress at the point for transition from elastic to changing elastic-
plastic regime stress is about 1.6 GPa, which is close to the
yielding strength of copper under nanoindentation (H ¼ 1.4 GPa).
That is to say, Equation (4) and Equation (6) can be used to predict
the general trend of the variation of COF as a function of the normal
force in the elastic deformation and elastic-plastic deformation of
the copper during micronano scale scratch, respectively.

Once the normal force higher than 80 mN in this system, the
cutting friction takes over. In this regime, the friction force in-
creases linearly with the applied normal force, as shown in Figs. 3b,
c and 4b. The m keeps constant, which is consistent with Amontons'
1st Law [47]. This result is also in agreement with the experimental
results obtained by Bull et al. [48e50]. Interestingly, the elastic
recovery ratio of the copper in cutting friction also remains stable
as shown in Fig. 5b.

According to the distinct character of three stages, we suggest
that, the elastic and changing elastic-plastic regimes are proper
wear regimes that should be used in CMP removal process because
of the effectively materials removing, tunable m and relatively
gentle scratches. The variation of m in this regime can be well
described by models, which means the material removal rate can
be predicted before CMP via adjusting the parameter of the normal
force (Fn) and the particle size (r) during the real application. The
current investigations pave the way to study the friction mecha-
nism of a single abrasive particle to the flat surface and the effect of
the normal force on friction at the nanoscale.

The elastic-plastic deformation characteristics of copper as well
as the evolution of the COF during the scratch tests are expected to
be close related to dislocation-mediated plasticity. However,
despite of some pioneering efforts [51e56], it remains a puzzle with
regard to the quantified relationship between these factors. It is our
plan next to clarify this through performing systematic studies on
the residual dislocation structures of scratches under different
loading conditions.

5. Conclusions

In conclusion, a newmethod to study the mechanism of friction
and wear of a single particle at nanoscale is established. The friction
processes of the CeO2 tip and copper can be divided into three
stages (elastic, changing elastic-plastic and steady elastic-plastic)
according to the variation of m and deformation of copper. Nearly
elastic deformation of the copper plays the dominant role and m is
negatively correlated with the normal force in regime I. When the
normal force exceeds the first critical normal force, the yield
strength of the copper, the elastic-plastic transformation of copper
occurs and the changing elastic-plastic dominated deformation
takes place, then m increases sharply with increasing normal force.
Once the normal force exceeds the second critical value, the
deformation of the copper and the m both remain stable. Our
findings suggest that an optimal condition of planarization and
removal of material in CMP should be set within the regime I to
reduce the wafer surface to sub-nanometer scale roughness, and
regime II to accomplish high material removing rate with relatively
gentle scratches, respectively. The mechanism of planarization and
removal of other materials, such as the TEOS, Si3N4 and so on, used
in semiconductor industry and the size effect of the tip radius on
nanoscratching behaviors will be further investigated by this
method in the future.
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